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Abstract
In the current work, to identify the bending mode harmonics, 30 microns thin magnetoelastic
ribbons made of metallic glass are embedded inside 6 mm thick PLA plastic cantilever beams
made by 3-D printing. This is possible because the ribbons are of magnetoelastic nature and
thus change their mechanical state inducing a corresponding change in their magnetic state.
The ribbons are placed at four different depths, starting with zero depth at the beam’s
external surface all the way inside to the beam’s mid-plane. This technique is capable of
detecting seven harmonics, and remarkably, these frequencies remain the same within a
marginal error of 1% for all the depths. The amplitude of the modes drops with the increase
in depth but is still strong enough, except at the midplane, to be used as a sensing signal. The
harmonics spectrum is the unique signature of the structure’s state; this is a proof of concept
that in a contactless fashion, the embedded ribbons provide useful information about the
mechanical health of a structure.
Keywords
Magnetoelastic; metallic glass sensors; bending frequencies
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1. Introduction
Mechanical structures are subject to adverse conditions during their use, which affects their
applications. Most damage is caused by the formation and spread of cracks in the materials.
Therefore, the detection and characterization of such faults prevent the material from failing,
thereby ensuring its smooth operation. Two crucial areas of research that deal with the above are
Non-Destructive Evaluation (NDEs) and Structural Health Monitoring (SHM). The most commonly
used techniques are based on mechanical voltage sensors (electric or fiber optics [1]), piezoelectric
and acoustic sensors (acoustic emission and wave propagation control [2]), and accelerometers.
New approaches include Micro Electrochemical Systems (MEMS) [3, 4], piezoelectric paints, Large
Area Electronics (LAE), and contactless laser techniques. Nonetheless, there are several algorithmic
data analysis methods combined with sensor techniques for the detection and characterization of
cracks [5].
Some earlier studies [6-8] explored the use of a continuous grid of piezoelectric lead-zirconatetitanate (PZT) (PZT) elements, which are recording vibrations and mechanical stresses toward the
crack detection in mechanical structures. With the help of wavelet transform, Okafor and Dutta [9]
recorded and analyzed the first six mode shapes of a damaged and undamaged aluminum cantilever
beam using a scanning laser vibrometer. Jassim et al. [10] presented a nice mini-review on vibration
analysis for a damage occurrence of a cantilever beam. Structural fault recognition based on
vibration theory has offered promising results in engineering studies [11, 12]. The work presented
earlier [13] examined the detection of cracks according to changes in curvature mode shapes. A
cantilever and an analytical model were used to explain that the change in the curvature of the
mode shapes is located in the area of the crack. Adams et al. [14] used the reduction in harmonics
and the increase in damping to detect cracks in fiber-reinforced plastics. Loland et al. [15] and
Vandiver [16] used the same principles to identify damage in coastal structures. From the relative
change in physical frequencies, they were able to predict the location of the fault. Yuen [17] used
finite element analysis to a beam to prove that there is a relation between the change of the beam
eigenvectors and the location of the damage.
Dimarogonas [18], Hondros [19], and Dimarogonas and Hondros [20, 21] modeled the crack as
local flexibility calculated by a fracture in a mechanical method. They measured experimentally and
developed a spectral method to identify the crack in various structures by relating the crack depth
to the change in harmonics. Cawley and Adams [22] developed an experimental method to
determine the location and depth of the crack based on the change in harmonics. Anifantis et al.
[23] further developed the spectral method to discover the earthquake-induced faults in reinforced
concrete. The fault was determined through changes in the physical frequencies of the spectrum.
Inagaki et al. [24] estimated the size and location of cracks from the analysis of harmonics by static
deflection in the case of transverse oscillation in rotors.
Following a similar route, our group has been a pioneer in the usage of magneto-elastic ribbons
for identifying and localizing the cracks in metal cantilevers [25, 26] by recording the shift of their
harmonics under bending vibrations. Magnetoelasticity is the change in the magnetic state of these
materials due to the application of mechanical stress on them [27]. It is the magnetic analog of the
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piezo crystals in electricity. The coupling of the magnetic and elastic properties of the magnetoelastic materials makes them ideal sensors for the detection of mechanical vibrations since the
produced signal (EMF voltage) is proportional to the amplitude and possesses the same frequency
as the vibrational displacements. Typically, these materials are made up of amorphous metallic
alloys in the form of thin ribbons known as “metallic glasses”. In the presented work, the alloy
Metglas 2826MB3 is referred to as “Metglas” (for properties, refer to the “Materials and Methods”
section below).
As shown earlier [25, 26], the produced signal from an aluminum cantilever with Metglas ribbons
on it can be Fourier-analyzed to produce the spectrum of the bending modes of the beam when it
is subject to bending excitations. This is a unique signature of the mechanical health of this
structure, and its recording is of paramount importance in damage detection. In these articles, the
experimental results are combined with numerical approaches (finite element method) for the
study of cracks. The presented method exhibits the following advantages over other methods:
• The magneto-elastic material is of low cost (0.40 euros per meter).
• Its small thickness (about 30 micrometers) possesses a minimal disturbance to the structure
that is attached to it (this point will be further clarified in the “Results” section below).
• It is a stable material since it is metallic.
• The produced signal is received contactless, without any wires or other connections.
• The detection technology is easy and of low cost (requires simple electromagnetic equipment
at low frequencies of a few kHz).
The current work is the continuation of our previous work described above. In those works, (a)
plastic is used instead of aluminum cantilever beams, and (b) the sensors are placed inside the
material; this is very difficult to do with metallic beams as the material absorbs the electromagnetic
radiation.
2. Theory of Bending
The differential equation of a thin and long cantilever beam with its length along the z-axis from
z = 0 (fixed end) to z = L (free end) and its thickness along the x-axis is as follows:
𝐸𝐼

𝜕4𝑤
𝜕2𝑤
+
𝜌𝐴
=0
𝜕𝑧 4
𝜕𝑡 2

(1)

where 𝑤(𝑧, 𝑡) represents the vertical deflection of the beam (along 𝑥) from its equilibrium position
which is assumed to be the 𝑥𝑧-plane, 𝑡 indicates the time, 𝐴 is the 𝑥𝑦 beam cross-section area, 𝐼
represents the second moment of area (an integral of the moment of inertia across 𝐴), and finally,
𝐸 and 𝜌 are respectively the elastic modulus and density of the beam material. The solution of the
above differential equation leads to the bending oscillation frequencies 𝑓𝑛 with 𝑛 = 1,2,3 … which
can be represented as:
𝑥𝑛 2 𝐸𝐼
√
𝑓𝑛 =
2𝜋𝐿2 𝜌𝐴

(2)

where the 𝑥𝑛 are plain arithmetic values, one for each harmonic 𝑛, and are mentioned in Table 1
below.
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Table 1 Values 𝑥𝑛 appearing in Eq. 1 describing the bending mode frequencies 𝑓𝑛
(harmonics) of a cantilever beam.
𝑛

1

2

3

4

5

6

7

8

9

10

11

𝑥𝑛 1.87 4.69 7.85 11.0 14.1 17.3 20.4 23.5 26.6 29.8 32.9
3. Materials and Methods
The commercial alloy Metglas 2826MB3 in the form of thin ribbon was purchased from Metglas®
Inc. As illustrated in Figure 1a, the demonstrated sample was a plastic beam of 200 mm × 30 mm ×
6 mm made of PLA (Polylactic acid) material in a 3-D printer. It has two Metglas ribbons having the
properties as mentioned in Table 2 below, embedded in it at different depths d, with zero-depth
corresponding to the attachment of the ribbons at the beam’s top surface. Figure 1b reveals that
the sample was designed in two phases in the 3-D printer: first the bottom part with a height of 6d millimeters, with two 100 µm deep grooves in it, which is the minimum vertical step of the printer,
and then the top part with a thickness of d millimeters. After its completion, the bottom part was
left lying on the printer bed, and two 30 µm thick Metglas ribbons were placed in its grooves tightly
with the help of double sticky tape (the tape was first attached on one side of the ribbons and then
the ribbons were attached to the PLA bottom part). Subsequently, the printing of the top part of
the thickness d took place, with an initial vertical offset equal to 6-d (in mm) to have a beam with a
total thickness of 6 mm. The image in Figure 1c indicates the construction of the beam in the 3D
printer. Prior to their placement in the beam, the two ribbons were annealed at 300 °C for 0.5 h to
get stronger magnetoelastic properties and thus a better signal. The anneal temperature was
chosen to be below the alloy’s Curie temperature of 353 °C (refer to Table 2). For the Metglas
attachment on the beam, the double sticky tape was selected in place of epoxy resin since (a) it
worked well in the previous work [25, 26] and (b) it provided a uniform attachment across the
Metglas ribbons without leading to local stresses due to non-uniformity that a badly spread resin
can cause during the curing. Similarly, it has a uniform thickness down to the sub-millimeter range,
while it would be extremely difficult to create a resin spread of such a small and uniform thickness.
Table 2 Physical and geometrical properties of Metglas 2826MB3 sensing ribbons.
Property

Value

Length

Fe
40–50%
Ni
40–50%
Mo
5–10%
B
1–5%
Co
< 0.3%
100 𝑚𝑚

Width

1/4 𝑖𝑛

Thickness

30 µ𝑚

Composition (average)

Density

7.90 𝑔𝑟/𝑐𝑚3
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Modulus of Elasticity

100 − 110 𝐺𝑃𝑎

Saturation Magnetostriction

12 𝑝𝑝𝑚

Curie Temperature

353 °𝐶

Saturation Induction

0.88 𝑇

Figure 1 The beam sample (a) top view photograph where the two sensing films can be
visibly discerned inside the material, (b) it is designed in two parts so that it could be
manufactured in the 3-D printer, and (c) the manufacturing process.
The experimental set up (schematic and actual photograph) is illustrated in Figure 2, where the
PLA beam is attached to the end of a 96 cm long vibrating aluminum bar to be excited by it. As the
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plastic materials possess low stiffness, it is hard to have them self-excited by an instantaneous, short
pulse, as done using metallic beams in past experiments. Thus, the aluminum bar served as the
external stimulus, exciting the beam at fixed frequencies. The vibrations on the aluminum bar were
imposed using a mechanical vibrator, which was driven by a 10 𝑉𝑜𝑙𝑡 waveform generator (AGILENT
33210A) with simple sinusoidal output. A press (CARVER 10 ton) was used for holding one side of
the aluminum bar fixed (at lower pressure, the results are affected as the anchoring is loose), and
two coils were wrapped around the beam sample, one serving as a detection coil on which an EMF
voltage was generated due to the varying magnetic flux produced by the magnetoelastic material,
and the other as a bias coil providing a constant DC magnetic field to magnetize the Metglas ribbons.
Alternatively, for more practical applications, a permanent magnetic bar can be used in close
proximity to the magnetoelastic sensors as the DC biasing source, as it is done in the magnetoelastic
anti-theft tags. The EMF voltage was recorded using a KEITHLEY-2000 voltmeter, and it was found
to be of the order of a few millivolts. The bias coil was driven by a constant current source (TTi
QL355P) set at 𝐼 = 0.2 𝐴.

Figure 2 Experimental setup (a) schematic and (b) actual photo.
4. Results
4.1 Natural Frequencies
The purpose of the current work is to examine the hypothesis, in a proof-of-concept manner,
that embedded metallic-glass ribbons inside a beam can act as sensors and deliver useful
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information such as the spectrum of the natural bending frequencies. The study also inspects the
dependence of the depth of the ribbons inside the beam with respect to the signal intensity, along
with its effects on the emitted spectrum.
In order to achieve this goal, the frequency generator shown in Figure 2 was operated manually
between 170 Hz and 1100 Hz with steps of 10-15 Hz when the signal was low. Further, it was
operated with shorter steps down to 1 Hz when the signal was getting stronger, indicating the
presence of a peak. The corresponding measurements are represented in Figure 3 where the
sensing ribbons are placed at four different depths d, starting with d = 0 at the beam’s external top
surface, all the way down to the beam’s mid-plane at values of d = 1, 2, and 3 mm. As the beam’s
thickness is 6 mm and it is symmetric around its mid-plane, there is no need to approach the larger
depths below this plane as the results are similar to the ones above the plane.

20

20

V (mV)

0 mm
Blank

0 mm
1 mm
2 mm
3 mm

10

0

0

200

400

600

800

1000

V (mV)

f (Hz)

10

0

200

400

600

800

1000

f (Hz)

Figure 3 Frequency scan of bending vibrations of a plastic beam, with the sensing
elements embedded in different depths of 0 (beam top surface), 1, 2, and 3 mm. The
inset compares the signal from the 0 mm beam (black points) with the blank beam (no
sensor, red points).
It is obvious that the measured EMF voltage exhibits sharp maxima at certain frequencies, which
possibly correspond to the harmonics of bending modes (this will be described in detail in the very
next subsection). In order to ensure that the measured signal was generated by the sensing ribbons
and not from some other external source of radiation, a control experiment was performed under
the same conditions but with a beam without having any sensor mounted on it (blank beam), and
the measured voltage was both insignificant down to the sub-millivolt range and showed no peaks
(represented in the inset of Figure 3 together with the 0 mm data for comparison). Thus, it was
concluded that the results of the experiments were solely due to the presence of the sensors. The
peak frequency values shown in Figure 3 are mentioned in Table 3 (the results for 3 mm are not
mentioned as the peaks are very low and thus possess large errors). It is clear that the mentioned
technique is capable of detecting seven harmonics, and remarkably, these frequencies remain the
same, within a marginal relative error of 1%, for all depths. The error percentage is calculated as
Page 7/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102010

100 (MAX-MIN)/AVG/2, which indicates that it is equal to the difference of the maximum to the
minimum of the three values in the same row (corresponding to the different depths) divided by 2
and by their average value. This relative error is small because the ribbon’s thickness of 30 microns
is negligible with respect to the beam’s thickness of 6 mm. It thus does not disturb the mechanical
structure by introducing new boundary conditions (this point will be further elaborated and
supported experimentally as well as theoretically in the next subsection).
Table 3 The peak frequency values in Hz of the spectra of Figure 1.
Depth
(mm)

0

1

2

Average

Peak No
1
2
3
4
5
6
7

𝑓 (𝐻𝑧)
173
278
402
503
594
771
983

𝑓 (𝐻𝑧)
173
276
396
491
598
768
977

𝑓 (𝐻𝑧)
173
276
396
491
597
767
977

𝑓 (𝐻𝑧)
173.0
276.7
398.0
495.0
596.3
768.7
979.0

%
error
0.0
0.4
0.8
1.2
0.3
0.3
0.3

As derived from Figure 4, the detected amplitude of the different peaks almost halves going from
the beam’s surface d = 0 to the first depth d=1 mm, and continues to drop to almost zero value at
the midplane with an increase in the depth. Hence, at relatively shallow depths, the embedded
ribbons can be efficiently used to derive the beam’s harmonics. The above behaviors can be
explained as follows:

Peak Amplitude (mV)

20

Peak No
1
2
3
4
5
6
7

15

10

5

0
0

1

2

3

Depth (mm)

Figure 4 Peak Amplitudes of the seven peaks measured in Figure 3 as a function of the
depth of the sensing ribbons. The numbers in the legend correspond to peak numbers
and not the harmonics.
The sensor at 0 mm has a free surface and can oscillate unaffectedly. But the embedded sensors
are surrounded by plastic material and are trapped. This imposes some damping to the PLA
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oscillation, justifying the small amplitudes in the spectra. Moreover, as the d increases, the sensor
approaches the central symmetry plain of the rod, which is considered as a strain-free plain in the
classical theory of bending, which suggests less excitation for the sensors. Hence the drop of the
signal with an increase in d is expected from the stress arguments for a state of pure bending.
Nevertheless, the signal is still strong at 1 mm and 2 mm to be used to extract the modes spectra,
as demonstrated in Figure 3.
Concerning the peak amplitude of different harmonics in Figure 4, it seems that the higher the
peak number, the higher the detection signal is, with the exception of the fourth peak number. At
first, this observation seems to be in disagreement with an earlier study [28] where the reduction
of the signal intensity of a similar magnetoelastic sensor was reported at higher resonance modes.
However, there are two main differences between this work and the presented measurements: (a)
the mentioned experiment is in a state of forced excitation by the external vibrator, which is set to
a constant amplitude, which suggests that its energy is proportional to the frequency. This indicates
that the higher harmonics receive more energy. In an earlier study [28], the sensor is first excited
and then left to dissipate naturally in a “bell-ring” fashion. In such a case, the base harmonic is the
stronger one. Quoting from the paper, “to monitor the 2nd and 3rd modes, higher DC biasing fields
were used to improve signal quality”, which signifies higher excitation energy, something that our
vibrator does naturally in the constant amplitude mode. (b) Moreover, in an earlier study [28], the
sensor is forced to vibrate longitudinally while our experiment is in the plain bending vibration
mode. In this mode, it was observed in the previous work with single aluminum bars as cantilevers
[25, 26] that the first n = 1 and n = 2 peaks were very weak compared to the higher peaks.
4.2 Proof of Minimal Sensor Disturbance
In this subsection, it will be proved experimentally as well as theoretically that the attachment
of the thin Metglas ribbons is just a minimal disturbance to the beam structure, with respect to its
mechanical properties. Additionally, the beam Elastic modulus will be extracted from the
experimental data. In order to accomplish this, the experiment shown in Figure 5a was performed
using a PLA cantilever beam similar to the one in the experiment of Figure 2 but with slightly
different dimensions L = 11.6 cm (free length), t = 2.75 mm, and w = 3 cm. The beam was fixed as a
cantilever with the help of a vial, and a light jar was suspended from the free end. A micrometer
was attached at the free end to measure the vertical deflection δ at this point. Different amounts
of water of known mass m were added to the jar, and the deflection was recorded. Figure 5b
represents the data plot of δ versus m for the two cases of a beam with/without the Metglas ribbons
attached to it. The Young modulus E of the beam can be extracted from this dataset with the help
of the known stiffness formula for cantilever beams:
𝛿=

𝐿3
𝐹
3𝐸𝐼

(3)

Here F is the applied vertical load at the free end, 𝐿 represents the free length, and 𝐼 signifies the
second moment of area. For a beam with a rectangular cross-section of width 𝑏 and thickness t, 𝐼 =
𝑏𝑡 3 /12 can be derived, and for the force of gravity, 𝐹 = 𝑚𝑔 is used. When these results are
substituted into eq. 3, they lead to the following result for the slope of the 𝛿 versus 𝑚 line:
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𝛥𝛿

𝛥𝑚

=

4𝑔𝐿3
𝐸𝑏𝑡 3

(4)

The slope is hence inversely proportional to E.

Figure 5 (a) Schematic of the experimental setup for the measurement of the elastic
modulus E and (b) the data taken with this setup.
As demonstrated in Figure 5b, two sets of experiments were performed, one with and one
without Metglas strips attached on the top of the beam. The technique of least square fit was used
to compute the two slopes with values 0.0577 ± 0.001 mm/g and 0.0573 ± 0.001 mm/g for the cases
of no sensor and sensor, respectively. Since the two slopes are equal within the experimental error,
it can be concluded that the sensor attachment on the beam does not lead to a measurable
disturbance on the mechanical properties of the beam.
From eq. (4) and the calculated slope of 0.0577 ± 0.001 mm/g for the “no sensor” case, the value
of 𝐸 = 1.70 GPa was derived for the PLA beam. This value is not necessarily the value of the solid
PLA material as the 3D printer creates solids using infill patterns with lower density than the actual
solid material. The bar in Figure 2 possesses a mass of 25.92 g leading to a density of 0.72 𝑔/𝑐𝑚3 .
To have an estimate, a density of 1.25 𝑔/𝑐𝑚3 and a value of 𝐸 = 3.5 GPa (Table 1 therein) were
found in the literature for PLA [29], which is almost twice as large as our values.
It can also be proved with simple theoretical arguments that the attachment of the thin ribbons
has a minimal or no effect on the mechanical properties of the attached beam. A similar conclusion
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can be derived from laminar composite materials where it is well known that the upper limit of the
elastic modulus of the composite is given by 𝐸 = 𝑉1 𝐸1 + 𝑉2 𝐸2 , where 𝑉1 and 𝑉2 are the volume
fractions of the two phases, and 𝐸1 and 𝐸2 are their corresponding moduli. For 200 mm × 30 mm ×
6 mm PLA sample and 100 mm × 1/4 in × 30 µm Metglas ribbons, the volume fractions are computed
to be 0.9994 and 0.0006, respectively. Using the aforementioned Elastic modulus for PLA and from
Table 2 for Metglas, a “composite” Elastic modulus can be received, which differs only 1% from the
PLA modulus, which is about the difference observed in the slopes of Figure 5b and is rather
insignificant for practical purposes.
4.3 Comparison with the Theory
In Table 4, the average measured frequencies of Table 3 together with the 𝑓𝑛 /𝑥𝑛 2 ratio are
specified, where 𝑥𝑛 are the theoretical values of Table 1. The best fit (roughly constant ratio) is
identified by selecting the modes 𝑛 ≥5. It can be observed that with this choice, the 𝑓𝑛 /𝑥𝑛 2 ratio
is roughly constant with a value of 0.89 ±0.06, from which it can be argued that the measured
peaks correspond indeed to the bending modes 𝑛 = 5, 6, … 11. It is not clear why the 𝑛 ≤ 4
modes are missing; perhaps they are present but with lesser measured signal strength compared
to the noise and thus more accurate experiments are required to reveal them. As it was
mentioned above, in the previous work [25, 26], the 𝑛 = 1 and 𝑛 = 2 peaks were very weak,
and perhaps the additional damping introduced by the plastic beam here causes two more peaks
to disappear (to avoid confusion, it must be recorded that in Figure 4 the mode number n
corresponds to “peak number” + 4).
Table 4 Comparison of the peak spectra of Figure 1 to theoretical values and the
expected values for Aluminum and PLA bar
Experiment

Mode

Ratio

Peak No

Avg 𝑓𝑛 (𝐻𝑧)

𝑛

𝑓𝑛 /𝑥𝑛 2

1
2
3
4
5
6
7

173.0
276.7
398.0
495.0
596.3
768.7
979.0

5
6
7
8
9
10
11

0.87
0.93
0.95
0.89
0.84
0.86
0.90

Aluminum Dev. Al
𝑓𝑛 (𝐻𝑧)
252
376
525
699
898
1122
1371

%
46
36
32
41
51
46
40

PLA
𝑓𝑛 (𝐻𝑧)
2117
3162
4416
5878
7549
9429
11525

Also, from Table 4, it can be analyzed that the corresponding values calculated from eq. 2 are the
bending mode frequencies for the plain aluminum bar that was used in the discussed experiment,
using its dimensions and standard Aluminum values of 𝐸 = 69 GPa and density of 2.7 g/cm3. The
column next to the Aluminum frequencies contains the percentage deviation of these frequencies
to the measured frequencies, and it can be recorded that this deviation is within the range of 30%50%. Perhaps the plastic PLA beam attached on the end of the aluminum beam in Figure 2b acts as
damping to the Al beam with a damping factor within this range. For comparison, the corresponding
peaks of the PLA bar are also mentioned in the last column of Table 4 above, using the density and
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E values found in the previous subsection. Evidently, these values are an order of magnitude higher
than the measured mode frequencies, and hence the plastic beam does not come to bending
resonance, but it just adds damping to the aluminum bar.
5. Conclusions
In the current work, magnetoelastic ribbons of 30-micron thinness made of metallic glass are
embedded inside 6 mm thick PLA plastic cantilever beams made by 3-D printing to test whether
they can act as vibration sensors from within the material by detecting the beam’s harmonics during
bending excitation. This is feasible as the ribbons exhibit magnetoelastic nature and thus changes
in their mechanical state, inducing a corresponding change in their magnetic state. The measured
EMF voltage picked by an external coil reports sharp maxima at certain frequencies, which probably
correspond to the harmonics of bending vibrations of the combined system of the PLA beam and its
stimulus aluminum beam. The ribbons are placed at four different depths in the PLA beam, starting
with zero depth at the beam’s external surface all the way inside the beam’s mid-plane. This
technique is capable of identifying seven harmonics. These frequencies remain remarkably the same
within a marginal error of 1% for all the depths. This is because the ribbon’s thickness of 30 microns
is negligible with respect to the beam’s thickness of 6 mm, and thus it does not disturb the
mechanical structure by introducing new boundary conditions. The detected amplitude of the
modes reduces to almost half going from the beam’s surface to the first depth of 1 mm, and it
continues to drop as the depth increases, all the way down to the beam’s mid-plane, but it is still
strong enough to provide information about the beam harmonics. This means that the embedded
ribbons can be successfully used to detect the mechanical health of a structure, as the set of the
harmonics is a unique signature of the structure’s state, provided the ribbons are not placed too
deep inside the structure. The merits of placing the sensing ribbons inside the material instead of
placing it externally are as follows: (a) the information can be related to the internal state of the
material, like internal cracks, which are difficult to be identified externally, (b) the protection of the
ribbons from harsh environments, and (c) the creation of a composite material, which combines the
properties of the host with the superb mechanical properties of the metallic glasses. A proof-ofconcept study is presented here to prove that this kind of sensing is possible using the sensors
embedded in the host material while transmitting mechanical state information in a contactless
fashion.
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Abstract
The objective of the paper is twofold: first, to review the classical diffusion models and show
the approximations at the origin of the parabolic character of the classical equations; second,
to demonstrate a connection between the quantum and classical models of diffusion. As
diffusion is inherently related to the motion of constituents, the consistent models are framed
within the dynamics of mixtures. The derivation of diffusion equations is then determined
based on the related, pertinent approximations.
Keywords
Diffusion equations; diffusion flux; chemical potential; mass fractions

1. Introduction
Diffusion phenomena are modeled by several differential equations, and classical approaches to
diffusion are considered both interesting and a useful reference in quantum models. In classical
physics, diffusion is naturally framed within the realm of continuum physics, and the theory of
mixtures is considered an essential framework. In this paper, we review some well-known models
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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of diffusion and report the schemes and approximations at the origin of the derivation in some
approaches as discussed in the literature.
Though various approaches are discussed in the literature, the best-known equation of diffusion
is
𝜔̇ = 𝐷𝛥𝜔 + 𝜉,

(1)

where 𝜔 is the mass fraction (or concentration), 𝐷 is the diffusivity, and 𝜉 is a given function of 𝜔.
Equation (1) is parabolic in character and follows the well-known Fick’s law for the mass flux.
Parabolic equations in space-time are associated with an infinite speed of the propagation of the
initial datum, similar to the standard heat equation. Even in a non-relativistic context, from a
physical viewpoint, this feature is often considered an apparent paradox.
Diffusion is quite often observed to be governed by parabolic equations in both classical and
quantum models, except for, of course, the steady-state regimes [1]. The parabolic character follows
from seemingly different starting schemes as shown, e.g., by the Cahn-Hilliard and Allen-Cahn
equations [2]. Furthermore, phase-field models for alloy solidification [3], coupling between
mechanical loading and chemical reactions [4], film growth by vapor deposition [5], and diffusion
based on the Maxwell-Stefan approach [6] lead to parabolic equations.
In essence, this paper has two main objectives: at first, to review the classical diffusion models
and show the approximations at the origin of the parabolic character of the classical diffusion
equations and then establish a relation between the quantum and classical models of diffusion.
Generally, it has been observed that diffusion is inherently related to the motion of constituents.
Consequently, from the physical viewpoint, consistent models should be framed within the
dynamics of mixtures. In this paper, it is described in detail and the derivation of diffusion equations
is determined based on the pertinent approximations.
2. Quantum Derivation of Balance Equations
If a quantum particle moves in free space, the wavefunction ψ evolves in time according to the
Schrödinger equation
𝑖ℏ𝜕𝑡 𝜓 = (−

ℏ2
Δ + 𝑈) 𝜓,
2𝑚

(2)

where 𝑚 is the mass of the particle, Δ = ∇2 is the Laplacian operator and 𝑈 is the potential of an
applied force field. As the wavefunction 𝜓 is complex valued, it can be represented in the polar form
as shown below:
𝜓 = √𝜌 𝑒𝑥𝑝 (𝑖𝑆/ℏ)
where 𝜌 and 𝑆 are the functions of the position 𝑥 and time 𝑡. Of course,
𝜓𝜓 ∗ = 𝜌
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ascribes to 𝜌(𝐱, 𝑡), that is, the probability density, per unit volume, of finding the quantum particle
at the point 𝐱 at time 𝑡. The ratio 𝑆/ℏ denotes the argument of 𝜓. Upon evaluation of 𝜕𝑡 𝜓 and 𝛥𝜓,
it follows from Equation (2) that
1 𝑖
1
1 1
𝑖ℏ [ 𝜌−2 𝜕𝑡 𝜌 + 𝜌2 𝜕𝑡 𝑆] = 𝑈𝜌2
2
ℏ
1

ℏ2
1 3
1 1
𝑖 1
𝜌2
𝑖 1
−
[− 𝜌−2 (∇𝜌)2 + 𝜌−2 Δ𝜌 + 𝜌−2 ∇𝜌 ⋅ ∇𝑆 − 2 (∇𝑆)2 + 𝜌2 Δ𝑆].
2𝑚 4
2
ℏ
ℏ
ℏ

(3)

Observe that 𝜌−1/2 𝛻𝜌 ⋅ 𝛻𝑆 + 𝜌1/2 𝛥𝑆 = 𝜌−1/2 𝛻 ⋅ (𝜌𝛻𝑆) . By equating the imaginary parts of
Equation (3), we obtain the following expressions:
𝜕𝑡 𝜌 = −∇ ⋅ (𝜌𝐯),

𝐯≔

1
∇𝑆.
𝑚

(4)

Equation (4) coincides with the classical continuity equation of continuum physics, where 𝜌 is the
mass density and 𝑣 is the velocity. The real parts of Equation (3) result in
1
ℏ2 1 −1
1
2
(∇𝑆) +
𝜕𝑡 𝑆 = −
[ 𝜌 Δ𝜌 − 𝜌−2 (∇𝜌)2 ] − 𝑈.
2𝑚
2𝑚 2
4

(5)

In view of the identities
∇(∇𝑆)2 = (∇𝑆 ⋅ ∇)∇𝑆,
1 −1
1
𝜌 Δ𝜌 − 𝜌−2 (∇𝜌)2 = 𝜌−1/2 Δ𝜌1/2 ,
2
4
we can apply the gradient operator to Equation (5), replace ∇𝑆/𝑚 with 𝐯, and obtain
𝜕𝑡 𝐯 + (𝐯 ⋅ ∇)𝐯 = −

1
[∇𝑄 + ∇𝑈],
𝑚

(6)

where
ℏ2
𝑄=−
Δ𝜌1/2 .
𝑚𝜌1/2
Equation (6) can be considered as the equation of motion per unit mass1. In relation to the equation
of motion of fluids,
1
𝜕𝑡 v + (v ⋅ ∇)v = − ∇𝑝 + 𝐛,
𝜌
the left-hand side shows the classical form of the Lagrangian or the total time derivative of 𝐯, that
is, the derivative relative to the observer moving with the point under consideration, and 𝜕𝑡 𝐯 + (𝐯 ⋅
1

In a similar form, Equations (4) and (6) trace back to Madelung [7].

Page 17/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102011

𝛁)𝐯 is the acceleration; the right-hand side shows a body force 𝐛 (per unit mass) as −𝛻𝑈/𝑚. The
remaining term is similar to a pressure term. Indeed, the function 𝑄 is often referred to as the Bohm
quantum potential [8].
Concerning the function 𝑈 , and the force −𝛻𝑈/𝑚 , e.g., as reported in the literature on
superconductors [9, 10], the effective potential 𝜙̃ that describes the collective behavior should be
𝜙 − 𝜇/𝑒, where 𝜙 is the electrostatic potential and 𝜇 is the chemical potential. Hence, the equation
of motion (6) comprises a force term −∇𝜇/𝑒𝑚, where 𝑒 is the charge of electrons. It is interesting
to note that a contribution 𝛻𝜇 to the diffusion also occurs in customary classical models.
Diffusion is also modeled on the basis of the Brownian motion that is considered as the
microscopic origin. Let 𝑃 be the probability (spatial) density of the Brownian particles with mass 𝑚.
Hence, from the equation of motion, we have
𝑚𝜕𝑡2 𝑃 + 𝑏𝜕𝑡 𝑃 = ∇ ⋅ (∇Π),
where 𝑏 is the friction coefficient and 𝚷 = 𝑝𝟏 is the pressure tensor, with 𝟏 being the identity. In
the high friction limit, the inertial term 𝑚𝜕𝑡2 𝑃 is neglected as compared to the frictional term.
Hence, taking the ideal-gas expression for 𝚷, it follows that [11]
𝜕𝑡 𝑃 = 𝐷Δ𝑃,
where 𝐷 = 𝑘𝐵 𝜃/𝑏 is the Einstein diffusion constant, 𝜃 is the absoulte temperature, and 𝑘𝐵 is the
Boltzmann constant. The quantum effects are then included by adding [12, 13]
ΠQ = −

ℏ2
𝑃∇∇𝑃
4𝑚

to the pressure tensor. Then, it follows that
𝜕𝑡 𝑃 = ∇ ⋅ (

𝑃∇𝑄
+ 𝐷∇𝑃),
𝑏

where 𝑄 is the Bohm quantum potential.
Diffusion also means the spreading of a given wave packet. If the probability density is Gaussian,
𝜌 = (2𝜋𝜎 2 )−3/2 exp (−x2 /2𝜎 2 ),
then Equation (6) is approximated to
𝑚𝜕𝑡2 𝜎 + 𝑏𝜕𝑡 𝜎 =

ℏ2
.
4𝑚𝜎 3

(7)

Equation (7) describes the evolution of the root-mean-square displacement 𝜎, and the positive
constant 𝑏 is inserted to induce the particle friction [14]. The increasing function 𝜎(𝑡) quantitatively
describes the diffusive process via the wavefunction.
With regard to many-particle systems, it is often assumed that the system is governed by a singleparticle operator 𝜌 satisfying a modified Liouville equation:
𝑖ℏ𝜕𝑡 𝜌 = [ℋ, 𝜌] + 𝑖ℏ𝒬( 𝜌),

(8)
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where ℋ = −(ℏ2 /2𝑚2 )Δ + 𝑈 is the Hamiltonian, [, ] denotes the commutator, and 𝑄 is a collision
operator that describes the interactions between particles [15].
The parabolic character of the diffusion equation in quantum contexts appears to be greatly
influenced by the classical diffusion equation. In this case, classically diffusion means the relative
motion of a constituent in a mixture relative to the other constituents. In order to understand this
fact, a brief review of the equations of motion of mixtures is required. For simplicity, we consider
fluid constituents, which can be used for charged particles.
3. Balance Equations for Fluid Mixtures
Consider a mixture of 𝑛 fluid constituents [16]. Let the suffix 𝛼 = 1,2, . . . , 𝑛 label the quantities
related to the 𝛼th constituent. The continuity equation of the 𝛼th constituent comprises the mass
supply 𝜏𝛼 , per unit volume, and unit time, so that
𝜕𝑡 𝜌𝛼 = ∇ ⋅ (𝜌𝛼 𝐯𝛼 ) = 𝜏𝛼 .

(9)

The conservation of mass of the mixture implies
𝑛

(10)

∑ 𝜏𝛼 = 0.
𝛼= 1

The mass density 𝜌 and the velocity 𝑣 of the mixture are defined by
𝑛

𝑛

𝜌 = ∑ 𝜌𝛼 ,
𝛼= 1

1
𝐯 = ∑ 𝜌𝛼 𝐯𝛼 .
𝜌
𝛼= 1

Hence,
𝜔𝛼 =

𝜌𝛼
𝜌

is the mass fraction (or concentration) of the 𝛼th constituent and
𝐮𝛼 = 𝐯𝛼 − 𝐯
is the diffusion velocity. Moreover, we have
𝑛

∑ 𝜌𝛼 𝐯𝛼 = 𝜌𝐯.
𝛼= 1

The sum of Equation (9) over 𝛼 and use of Equation (10) yield
𝜕𝑡 𝜌 = ∇ ⋅ (𝜌𝐯) = 0

(11)

which is the continuity equation for the whole mixture, similar to Equation (4).
Replace 𝜌𝛼 with 𝜌𝜔𝛼 and 𝐯𝛼 with 𝐯 + 𝐮𝛼 in order to obtain
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𝜔𝛼 [𝜕𝑡 𝜌 + ∇ ⋅ (𝜌𝐯)] + 𝜌(𝜕𝑡 𝜔𝛼 + 𝐯 ⋅ ∇𝜔𝛼 ) + ∇ ⋅ (𝜌𝛼 𝐮𝛼 ) = 𝜏𝛼 ,
hence, in view of Equation (11),
𝜌(𝜕𝑡 𝜔𝛼 + 𝐯 ⋅ ∇𝜔𝛼 ) + ∇ ⋅ (𝜌𝛼 𝐮𝛼 ) = 𝜏𝛼 .

(12)

In this case, 𝜕𝑡 𝜔𝛼 + 𝐯 ⋅ ∇𝜔𝛼 is the derivative with respect to the barycentric observer, which is
denoted by 𝜔̇ 𝛼 . The vector
𝐡𝛼 ≔ 𝜌𝛼 𝐮𝛼

(13)

is the 𝛼th diffusion flux representing the flux of the 𝛼th constituent relative to the barycentric
observer [17]. Hence, Equation (12) can be written in the form
𝜌𝜔̇ 𝛼 + ∇ ⋅ 𝐡𝛼 = 𝜏𝛼 .

(14)

The mass fraction 𝜔𝛼 in the barycentric reference evolves according to Equation (14). The evolution
equation (14) is made operative by specifying 𝜏𝛼 and ℎ𝛼 in terms of 𝜔𝛼 and possibly parameterized
by, e.g., the temperature. The equation of motion of the 𝛼th constituent is written in the form
𝜕𝑡 (𝜌𝛼 𝐯𝛼 ) + ∇ ⋅ (𝜌𝛼 𝐯𝛼 ⊗ 𝐯𝛼 ) − ∇ ⋅ 𝐓𝛼 − 𝜌𝛼 𝐛𝛼 = 𝐦𝛼 ,
where 𝐓𝛼 is the Cauchy stress tensor, 𝐛𝛼 is the body force, and 𝐦𝛼 is the growth of the linear
momentum, that is, the force on the 𝛼-th constituent due to other constituents of the mixture. The
growth {𝐦𝛼 } is subject to the constraint
𝑛

∑ 𝐦𝛼 = 𝟎.

(15)

𝛼=1

4. Classical Diffusion Equations
The simplest and best known model of diffusion traces back to Fick [18] and is based on an
assumption on 𝐡𝛼 that follows the analogy of the Fourier model of heat conduction. First, the total
derivative 𝜔̇ 𝛼 is replaced with the partial derivative 𝜕𝑡 𝜔𝛼 ; it means that diffusion is described
relative to the barycentric observer. Further, Fick’s law assumes that the diffusion flux ℎ𝛼 is
antiparallel to ∇𝜔𝛼 , i.e., 𝐡𝛼 = −𝜅𝛼 ∇𝜔𝛼 , 𝜅𝛼 > 0. Also, divide Equation (14) by 𝜌 and assume ∇𝜌 =
0. Hence, we have
𝜕𝑡 𝜔𝛼 = ∇ ⋅ (𝐷𝛼 ∇𝜔𝛼 ) + 𝜁𝛼 ,
where 𝜁𝛼 = 𝜏𝛼 /𝜌 and 𝐷𝛼 = 𝜅𝛼 /𝜌; the quantity 𝐷𝛼 is called diffusivity. If, instead, 𝜅𝛼 is assumed to
be a constant, ∇𝜅𝛼 = 𝟎, then it follows the well-known parabolic equation
𝜕𝑡 𝜔𝛼 = 𝐷𝛼 Δ𝜔𝛼 + 𝜁𝛼 .

(16)

Other diffusion equations follow the following two main assumptions. Let 𝜇𝛼 denote the
chemical potential and 𝜓𝛼 the free energy. The assumptions are
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𝐡𝛼 = −𝜅𝛼 ∇𝜇𝛼 ,

𝜇𝛼 = 𝜕𝜔𝛼 𝜓𝛼 − ∇ ⋅ 𝜕∇𝜔𝛼 𝜓𝛼 .

(17)

The free energy is taken in the form
1
𝜓𝛼 = ( 𝜔𝛼 , Δ𝜔𝛼 ) = 𝑓𝛼 (𝜔𝛼 ) + 𝜆𝛼 |∇𝜔𝛼 |2 .
2

(18)

For simplicity, let 𝜆𝛼 be a constant. It follows
𝜇𝛼 = 𝑓𝛼′ − 𝜆𝛼 𝛥𝜔𝛼
and hence Equation (14) becomes
𝜔̇ 𝛼 =

1
𝜆𝛼 2
∇ ⋅ (𝜅𝛼 𝑓𝛼′′ ∇𝜔𝛼 ) −
Δ 𝜔𝛼 + 𝜁𝛼 .
𝜌
𝜌

(19)

Equation (19) is usually referred to as the Cahn-Hilliard equation [19, 20]. It is a fourth-order partial
differential equation. If the dependence on 𝛻𝜔𝛼 is ignored, then the Cahn-Hilliard equation formally
reduces to the second-order parabolic equation (16).
Otherwise, it is assumed that the evolution of 𝜔𝛼 is in fact a relaxation toward equilibrium
governed by a parameter 𝛽𝛼 > 0,
𝛽𝛼 𝜔̇ 𝛼 = −𝜇𝛼 .
Hence, considering that 𝜓𝛼 is given again by Equation (18), we obtain
𝛽𝛼 𝜔̇ 𝛼 = −𝑓𝛼′ + 𝜆𝛼 Δ𝜔𝛼 .

(20)

Equation (20) is a second-order partial differential equation when the dependence of 𝜓𝛼 on 𝛻𝜔𝛼 is
allowed. The lower order relative to the Cahn-Hilliard equation (19) is interpreted by the fact that
Equation (20) describes the ordering of atoms within unit cells on a lattice [21], whereas Equation
(19) describes the transport of atoms between unit cells. Equation (20) is referred to as the
Ginzburg-Landau equation (see [22]) or the Allen-Cahn [21] equation.
Equations (16), (19), and (20) follow the assumptions 𝐡𝛼 = −𝜅𝛼 ∇𝜔𝛼 , 𝐡𝛼 = −∇𝜇𝛼 , or 𝛽𝛼 𝜔̇ 𝛼 =
−𝜇𝛼 . All of them are of parabolic character and, as such, they describe propagation with an infinite
speed under transient conditions. We now consider the pertinent differential equation for the mass
fractions 𝜔𝛼 in a scheme consistent with the balance equations.
5. Dynamic Diffusion Equation
The diffusion process in a mixture is given by the evolution of the mass densities {𝜌𝛼 }. In order
to determine these fields, we consider the balance equations of mass and linear momentum,
namely,
𝜕𝑡 𝜌𝛼 = −∇ ⋅ (𝜌𝛼 𝐯𝛼 ) + 𝜏𝛼 ,
(𝜌
)
𝜕𝑡 𝛼 𝐯𝛼 + ∇ ⋅ (𝜌𝛼 𝐯𝛼 ⊗ 𝐯𝛼 ) = ∇ ⋅ 𝐓𝛂 + 𝜌𝛼 𝐛𝛼 + 𝐦𝛼 .

(21)
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Equation (21) represents a system in the 2𝑛 unknowns{𝜌𝛼 }, {𝐯𝛼 }. The system can be solved once
the mass supplies {𝜏𝛼 }, the stress tensors {𝐓𝛂 }, and the linear momentum growth {𝐦𝛼 } are given
in terms of {𝜌𝛼 } and {𝐯𝛼 }. The body forces {𝐛𝛼 } are assumed to be known. In this scheme, the
system (21) is the exact set of equations that describe the evolution of the mixture and hence the
diffusion. If, though, the constituents are allowed to be viscous and/or heat conducting, then also
the balance of energy is considered to account for the temperature.
A simpler form of the system can be obtained by considering some approximations. The time
differentiation of the first equation, divergence of the second one, and substitution of ∇ ⋅ 𝜕𝑡 (𝜌𝛼 𝐯𝛼 )
yield
𝜕𝑡2 𝜌𝛼 = ∇ ⋅ [∇ ⋅ (𝜌𝛼 𝐯𝛼 ⊗ 𝐯𝛼 )] − ∇ ⋅ [∇ ⋅ 𝐓𝛂 ] − ∇ ⋅ (𝜌𝛼 𝐛𝛼 ) − ∇ ⋅ 𝐦𝛼 + 𝜕𝑡 𝜏𝛼 .
Since the constituents are considered as inviscid fluids, we obtain 𝑇𝛼 = −𝑝𝛼 𝟏. It follows
𝜕𝑡2 𝜌𝛼 = ∇ ⋅ [∇ ⋅ (𝜌𝛼 𝐯𝛼 ⊗ 𝐯𝛼 )] + Δ𝑝𝛼 − ∇ ⋅ (𝜌𝛼 𝐛𝛼 ) − ∇ ⋅ 𝐦𝛼 + 𝜕𝑡 𝜏𝛼 .
Let 𝑝𝛼 = 𝑝𝛼 (𝜌𝛼 ), with the temperature 𝜃 being assumed as a parameter. Hence,
∇𝑝𝛼 = 𝜕𝜌𝛼 𝑝𝛼 ∇𝜌𝛼
With 𝐦𝛼 , 𝜏𝛼 being dependent on the whole set of densities {𝜌𝛽 } and velocities {𝐯𝛽 }, we obtain a
system of equations for {𝜌𝛼 } and {𝐯𝛽 }. A simpler system of equations originates by linearizing the
dynamic equations (21). Neglect ∇ ⋅ [∇ ⋅ (𝜌𝛼 𝐯𝛼 ⊗ 𝐯𝛼 )]and let
∆𝑝𝛼 = 𝜕𝜌𝛼 𝑝𝛼 ∇𝜌𝛼
to obtain
𝜕𝑡2 𝜌𝛼 = 𝜕𝜌𝛼 𝑝𝛼 ∇𝜌𝛼 − ∇ ⋅ (𝜌𝛼 𝐛𝛼 ) − ∇ ⋅ 𝐦𝛼 + 𝜕𝑡 𝜏𝛼 .

(22)

For definitness consider a non-reacting mixture, 𝜏𝛼 = 0, of inviscid fluids and let
𝑛

𝐛𝛼 = 𝐠,

𝐦𝛼 = ∑ 𝑀𝛽𝛼 (𝐯𝛽 − 𝐯𝛼 ),
𝛽=1

where 𝐠 is the acceleration gravity and 𝑀𝛼𝛽 = 𝑀𝛽𝛼 . We find the system
𝑛

𝜕𝑡2 𝜌𝛼

= 𝜕𝜌𝛼 𝑝𝛼 Δ𝜌𝛼 + 𝐠 ⋅ ∇𝜌𝛼 + ∑ 𝑀𝛽𝛼 ∇ ⋅ (𝐯𝛽 − 𝐯𝛼 ),
𝛽=1
𝑛

(23)

𝜌𝛼 𝜕𝑡 𝐯𝛼 = 𝜕𝜌𝛼 𝑝𝛼 ∇𝜌𝛼 − 𝜌𝛼 𝐠 + ∑ 𝑀𝛽𝛼 (𝐯𝛽 − 𝐯𝛼 )
𝛽=1

with the unknowns {𝜌𝛼 }, {𝐯𝛼 }. If the cross-coupling terms 𝐦𝛼 are neglected, then the system
decouples, and each equation (for 𝜌𝛼 ) is hyperbolic with the speed of propagation √𝜕𝜌𝛼 𝑝𝛼 . These
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equations are the classical sound waves, and we then observe the analogy between the differential
equations for the mass densities and the differential equations (26) for the mass fractions.
5.1 Dynamic Equation for the Mass Fractions
Equation (14) holds exactly, without any approximation, as a consequence of the balance of mass
for the 𝛼-th constituent of the mixture. The mass flux 𝐡𝛼 = 𝜌𝛼 𝐮𝛼 is described by Fick’s law as a
model equation that is (tacitly) assumed to hold under stationary conditions. Instead, as shown in
earlier studies [23, 24], the mass flux ℎ𝛼 satisfies the rate equation
𝐡̇𝛼 + (𝐋 + ∇ ⋅ 𝐯𝟏)𝐡𝛼 = ∇ ⋅ (𝐓𝛂 − 𝜌𝛼 𝐯𝛼 ⊗ 𝐯𝛼 ) −

𝜌𝛼
∇ ⋅ 𝐓 + 𝜌𝛼 (𝐛𝛼 − 𝐛) + 𝐦𝛼 − 𝜏𝛼 𝐯.
𝜌

(24)

The dynamics of a mixture, at a fixed temperature, is described by the functions 𝜌𝛼 , 𝐯𝛼 , 𝐡𝛼 , 𝜔𝛼
and is governed by the system of equations (24) along with
𝜕𝑡 𝜌𝛼 + ∇ ⋅ (𝜌𝛼 𝐯𝛼 ) = 𝜏𝛼 ,
𝜕𝑡 (𝜌𝛼 𝐯𝛼 ) + ∇ ⋅ (𝜌𝛼 𝐯𝛼 ⊗ 𝐯𝛼 ) = ∇ ⋅ 𝐓𝛂 + 𝜌𝛼 𝐛𝛼 + 𝐦𝛼 .

(25)

Equation
𝜌𝜔̇ 𝛼 = −∇ ⋅ 𝐡𝛼 + 𝜏𝛼
follows the continuity equations and the definition of 𝜌, 𝜔𝛼 , 𝐯, 𝐡𝛼 . The functions 𝐓𝛂 , 𝐦𝛼 , and 𝜏𝛼 are
assumed to be given by the constitutive functions of 𝜌𝛼 , 𝐯𝛼 , 𝐡𝛼 , and 𝜔𝛼 .
Due to the structure of the system (25), it is natural to consider reasonable assumptions. For
formal simplicity, we describe diffusion relative to the barycentric frame, so that 𝐯 = 𝟎, and observe
that if the body force is due to gravity, then 𝐛𝛼 = 𝐛 = 𝐠, with 𝐠 being the gravity acceleration, and
thus 𝐛𝛼 − 𝐛 = 𝟎. Moreover, we consider the linear approximation and neglect
(L + ∇ ⋅ 𝐯𝟏)𝐡𝛼 ,

𝜌𝛼 𝐮𝛼 ⊗ 𝐮𝛼 .

Further, we take
𝐓𝛂 = −𝑝𝛼 1,

T = −𝑝𝟏,

𝑝𝛼 = 𝑝𝜔𝛼 .

Accordingly, Equation (24) simplifies to
𝐡̇𝛼 = −𝑝∇𝜔𝛼 + 𝐦𝛼 .
Observe that
̇
∇ ⋅ 𝐡𝛼 = ∇ ⋅ 𝐡̇𝛼 − L𝐡𝛼 ≃ ∇ ⋅ 𝐡̇𝛼 ,

̇
𝜌𝜔̇ 𝛼 ≃ 𝜌𝜔̈ 𝛼 .

Hence, the time differentiation of (14) results in
𝜌𝜔̈ 𝛼 = ∇ ⋅ (𝑝∇𝜔𝛼 ) + ∇ ⋅ 𝐦𝛼 + 𝜏̇ 𝛼 .

(26)

It is reasonable to set
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𝐦𝛼 = ∑ 𝑀𝛼𝛽 (𝐮𝛽 − 𝐮𝛼 ),

𝜏𝛼 = 𝜏𝛼 (𝜔1 , 𝜔2 , . . . , 𝜔𝑛 ).

𝛽

Hence, for reacting mixtures, the evolution of the mass fractions {𝜔𝛼 } is governed by a system of
second-order differential equations for the 𝑛 -tuple of mass fractions affected by the velocity
differences𝐮𝛽 − 𝐮𝛼 .
It is worth considering the evolution of mixtures with two constituents. Let 𝜔 = 𝜔1 and hence
𝜔2 = 1 − 𝜔. Then, we have a single equation
𝜌𝜔̈ = ∇ ⋅ (𝑝∇𝜔 ) + 𝑀∇ ⋅ (𝐮2 − 𝐮1 ) + 𝑓(𝜔, 𝜔̇ ).

(27)

Apart from the velocity difference 𝐮2 − 𝐮1 , the unknown mass fraction 𝜔 satisfies a nonlinear
hyperbolic equation, with the ratio 𝑝/𝜌 being the speed of propagation.
6. A Continuum Derivation of Fick’s Law
In practical applications, the use of Equation (24) is quite difficult considering the occurrence of
𝐿 and the fact that they are a coupled system of equations. Again, we consider reasonable
approximations. In addition, it is natural to know whether and how dynamic equations justify the
use of Fick’s law.
First, we assume that 𝐛𝛼 = 𝐛, as happens for gravity. Moreover, we select the barycentric
reference and hence take 𝐯 = 𝟎 and also L = 𝟎. Further, we neglect the nonlinear term 𝜌𝛼 𝐮𝛼 ⊗
𝐮𝛼 . The growth 𝐦𝛼 is assumed to be given by the velocity differences between constituents and it
is proportional to the respective densities. Let
𝑛

𝐦𝛼 = 𝜉𝜌𝛼 ∑ 𝜌𝛽 (𝐯𝛽 − 𝐯𝛼 ),
𝛽=1

with 𝜉 being possibly a function of the temperature 𝜃. Since
𝑛

𝑛

(28)

∑ 𝐦𝛼 = 𝜉𝜌𝛼 ∑ 𝜌𝛼 𝜌𝛽 (𝐯𝛽 − 𝐯𝛼 ) = 𝟎,
𝛼=1

𝑎,𝛽=1

constraint (15) is identically satisfied. Moreover, we can write 𝐦𝛼 in the form
𝑛

𝐦𝛼 = 𝜉𝜌𝛼 ∑ 𝜌𝛽 (𝐮𝛽 − 𝐮𝛼 ).
𝛽=1

We now restrict attention to binary mixtures. Hence, 𝐡1 + 𝐡2 = 𝟎 and Equation (28) implies
𝐦1 = 𝜉𝜌1 𝜌2 (𝐮2 − 𝐮1 ) = 𝜉(𝜌1 𝐡2 − 𝜌2 𝐡1 ) = −𝜉𝜌𝐡1
and
𝐦2 = −𝜉𝜌𝐡2 .
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As a consequence, Equation (24) becomes
𝐡̇𝛼 + 𝜉𝜌𝐡𝛼 = ∇ ⋅ 𝐓𝛼 − 𝜔𝛼 ∇ ⋅ 𝐓.

(29)

Further approximations are considered by restricting attention to stationary conditions, 𝐡̇𝛼 = 𝟎,
and considering the constituents as inviscid fluids so that
𝐓𝛼 = −𝑝𝛼 1,

𝐓 ≃ −𝑝1,

𝑝𝛼 = 𝜔𝛼 𝑝.

Hence, Equation (29) reduces to
𝐡𝛼 =

𝑝
∇𝜔 ,
𝜉𝜌 𝛼

(30)

which is just Fick’s law for 𝐡𝛼 , where 𝜅𝛼 = 𝑝/𝜉𝜌.
7. A Thermodynamic Justification of Assumption (17)
It is interesting to show that assumption (17), which is the basis of the Cahn-Hilliard equation, is
seemingly consistent with thermodynamics; it follows as a thermodynamic restriction if we ignore
the dynamic property (24) of the diffusion fluxes {𝐡𝛼 } within an approximated dynamic scheme.
The mixture is considered for a whole body and hence the balance of energy is taken in the form
𝜌𝜀̇ = 𝐓 ⋅ 𝐃 − ∇ ⋅ 𝐪 + 𝜌𝑟,

(31)

where 𝜀 is the internal energy density (per unit mass), 𝑫 is the stretching, 𝐪 is the heat flux vector,
and 𝑟 is the external heat supply. The second law of inequality is assumed in the form
𝜌𝜂̇ + ∇ ⋅ j −

𝜌𝑟
≥ 0,
𝜃

where 𝐣 is the entropy flux to be determined so that the inequality holds depending on the set of
constitutive equations. For generality, let
j=

𝐪
+ 𝐤,
𝜃

with 𝐤 being the extra-entropy flux to be determined. Substituting 𝜌𝑟 − ∇ ⋅ 𝐪 from Equation (31),
we have
1
−𝜌𝜀̇ + 𝜌𝜃𝜂̇ + T ⋅ D − q ⋅ ∇𝜃 + 𝜃∇ ⋅ k ≥ 0.
𝜃
Let 𝜓 = 𝜀 − 𝜃𝜂 be the Helmholtz free energy. The second law of inequality becomes
1
−𝜌(𝜓̇ + 𝜂𝜃̇ ) + T ⋅ D − q ⋅ ∇𝜃 + 𝜃∇ ⋅ k ≥ 0.
𝜃
Let
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Ξ = (𝜃, 𝜌, {𝜔𝛼 }, ∇𝜃, ∇𝜌, {∇𝜔𝛼 },D, 𝜃̇ , 𝜌̇ , {𝜔̇ 𝛼 })
be the set of independent variables, e.g., 𝜓 = 𝜓(𝜃, 𝜌, {𝜔𝛼 }, ∇𝜃, ∇𝜌, {∇𝜔𝛼 }, 𝐃, 𝜌̇ , {𝜔̇ 𝛼 }). Moreover,
let 𝐓 = −𝑝(𝜃, 𝜌, ∇𝜌)𝟏 + 𝓣(𝜃, 𝜌, {𝜔𝛼 }, ∇𝜃, ∇𝜌, {∇𝜔𝛼 }, 𝐃, 𝜃̇ , 𝜌̇ , {𝜔̇ 𝛼 }) with 𝓣 = 𝑂(𝐃) as 𝐃
approaches zero.
Substituting the time derivative 𝜓̇, we obtain
𝑛

̇
−𝜌(𝜕𝜃 𝜓 + 𝜂)𝜃̇ − 𝜌𝜕𝜌 𝜓 𝜌̇ − 𝜌 ∑ {𝜕𝜔𝛼 𝜓 ⋅ 𝜔̇ 𝛼 + 𝜕∇𝜔𝛼 𝜓 ⋅ ∇𝜔̇ 𝛼 + 𝜕𝜔̇𝛼 𝜓𝜔̈ 𝛼 } − 𝜌𝜕∇𝜃 𝜓 ⋅ ∇𝜃 − 𝜌𝜕∇𝜌 𝜓 ⋅ ∇𝜌̇
𝛼=1

1
−𝜌𝜕D 𝜓 ⋅ (𝑫̇) − 𝜌𝜕𝜃 𝜓 𝜃̈ − 𝜌𝜕𝜌̇ 𝜓 ⋅ 𝜌̈ − 𝑝∇ ⋅ v + 𝓣 ⋅ D − q ⋅ ∇𝜃 + 𝜃∇ ⋅ k ≥ 0.
𝜃
The arbitrariness and linearity of 𝜔̈ 𝛼 , 𝜌̈ , 𝐃̈, 𝜃̈ imply
𝜓 = 𝜓(𝜃, 𝜌, {𝜔𝛼 }, ∇𝜃, ∇𝜌, {∇𝜔𝛼 })
and hence
̇
−𝜌(𝜕𝜃 𝜓 + 𝜂)𝜃̇ − 𝜌𝜕∇𝜃 𝜓 ⋅ ∇𝜃 − 𝜌𝜕𝜌 𝜓 𝜌̇ − 𝜌𝜕∇𝜌 𝜓 ⋅ ∇𝜌̇
𝑛

1
−𝜌 ∑ {𝜕𝜔𝛼 𝜓 ⋅ 𝜔̇ 𝛼 + 𝜕∇𝜔𝛼 𝜓 ⋅ ∇𝜔̇ 𝛼 } − 𝑝∇ ⋅ v + 𝓣 ⋅ D − q ⋅ ∇𝜃 + 𝜃∇ ⋅ k ≥ 0.
𝜃

(32)

𝛼=1

Observe
∇𝜌̇ = ∇𝜌̇ − L𝑇 ∇𝜌
and the analog for 𝛻𝜃 and 𝛻𝜔𝛼 . Then, divide it by 𝜃 and consider the identities
𝜌
𝜌
𝜌
− 𝜕∇𝜌 𝜓 ⋅ ∇𝜌̇ = − 𝜕∇𝜌 𝜓 ⋅ ∇𝜌̇ + (∇𝜌 ⊗ 𝜕∇𝜌 𝜓) ⋅ L
𝜃
𝜃
𝜃
𝜌
𝜌
𝜌
= −∇ ⋅ ( 𝜕∇𝜌 𝜓 𝜌) + 𝜌̇ ∇ ⋅ ( 𝜕∇𝜌 𝜓) + (∇𝜌 ⊗ 𝜕∇𝜌 𝜓) ⋅ L
𝜃
𝜃
𝜃
and the same is for 𝜃. Moreover,
𝜌
𝜌
− 𝜕𝜔𝛼 𝜓 ⋅ 𝜔̇ 𝛼 − 𝜕∇𝜔𝛼 𝜓 ⋅ (∇𝜔̇ 𝛼 − L𝑇 ∇𝜔𝛼 )
𝜃
𝜃
𝜌
𝜌
𝜌
= − 𝜇𝛼 𝜔̇ 𝛼 − ∇ ⋅ ( 𝜕𝜔𝛼 𝜓𝜔̇ 𝛼 ) + (∇𝜔𝛼 ⊗ 𝜕∇𝜔𝛼 𝜓) ⋅ L,
𝜃
𝜃
𝜃
where
𝜃
𝜌
𝜇𝛼 ≔ 𝜕𝜔𝛼 𝜓 − ∇ ⋅ ( 𝜕∇𝜔𝛼 𝜓).
𝜌
𝜃
Inequality (32) can then be written in the form
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𝑛

𝑛

𝛼=1

𝛼=1

𝜌
𝜌
𝜌
− (𝛿𝜃 𝜓 + 𝜂) 𝜃̇ − ∑ 𝜇𝛼 𝜔̇ 𝛼 + (∇𝜃 ⊗ 𝜕∇𝜃 𝜓 + ∇𝜌 ⊗ 𝜕∇𝜌 𝜓 + ∑ ∇𝜔𝛼 ⊗ 𝜕∇𝜔𝛼 𝜓) ⋅ L
𝜃
𝜃
𝜃
𝑛

𝜌
𝑝
1
1
𝜌
𝜌
𝜌
− 𝛿𝜌 𝜓 𝜌̇ − ∇ ⋅ v + 𝓣 ⋅ D − 2 q ⋅ ∇𝜃 + ∇ ⋅ (k − 𝜕∇𝜃 𝜓 𝜃̇ − 𝜕∇𝜌 𝜓 𝜌̇ − ∑ 𝜕𝜔𝛼 𝜓𝜔̇ 𝛼 ) ≥ 0.
𝜃
𝜃
𝜃
𝜃
𝜃
𝜃
𝜃
𝛼=1

where
𝜃
𝜌
𝜃
𝜌
𝛿𝜃 𝜓 ≔ 𝜕𝜃 𝜓 − ∇ ⋅ ( 𝜕∇𝜃 𝜓) , 𝛿𝜌 𝜓 ≔ 𝜕𝜌 𝜓 − ∇ ⋅ ( 𝜕∇𝜌 𝜓).
𝜌
𝜃
𝜌
𝜃
Since 𝐋 = 𝐃 + 𝐖 , 𝐖 ∈ Skw is the (skew) spin, then the arbitrariness of 𝑊 implies
𝑛

∇𝜃 ⊗ 𝜕∇𝜃 𝜓 + ∇𝜌 ⊗ 𝜕∇𝜌 𝜓 + ∑ ∇𝜔𝛼 ⊗ 𝜕∇𝜔𝛼 𝜓 ∈ Sym.
𝛼=1

Hence,
𝑛

̂ = 𝓣 + ∇𝜃 ⊗ 𝜕∇𝜃 𝜓 + ∇𝜌 ⊗ 𝜕∇𝜌 𝜓 + ∑ ∇𝜔𝛼 ⊗ 𝜕∇𝜔 𝜓 ∈ Sym.
𝐓
𝛼
𝛼=1

Moreover, since𝜌̇ = −𝜌∇ ⋅ 𝐯, then let
𝑝 = 𝜌2 𝛿𝜌 𝜓.
Then, in light of Equation (14) we replace 𝜌𝜔̇ 𝛼 with −∇ ⋅ 𝐡𝛼 + 𝜏𝛼 and observe
𝑛

𝑛

𝑛

𝑛

𝑛

𝑛

𝛼=1

𝛼=1

𝛼=1

𝛼=1

𝛼=1

𝛼=1

𝜌
1
1
𝜇𝛼
𝜇𝛼 1
− ∑ 𝜇𝛼 𝜔̇ 𝛼 = ∑ 𝜇𝛼 ∇ ⋅ h𝛼 − ∑ 𝜇𝛼 𝜏𝛼 = ∇ ⋅ ∑ h𝛼 − ∑ h𝛼 ⋅ ∇ − ∑ 𝜇𝛼 𝜏𝛼 .
𝜃
𝜃
𝜃
𝜃
𝜃 𝜃
Hence, we can write
𝑛

𝑛

𝛼=1

𝛼=1
𝑛

𝑛

𝛼=1

𝛼=1

𝜌
𝜇𝛼 1
1
1
− (𝛿𝜃 𝜓 + 𝜂) 𝜃̇ − ∑ h𝛼 ⋅ ∇ − ∑ 𝜇𝛼 𝜏𝛼 + T ⋅ D − 2 q ⋅ ∇𝜃
𝜃
𝜃 𝜃
𝜃
𝜃
(33)

𝜌
𝜌
𝜌
𝜇𝛼
+∇ ⋅ (k − 𝜕∇𝜃 𝜓 𝜃̇ − 𝜕∇𝜌 𝜓 𝜌̇ − ∑ 𝜕𝜔𝛼 𝜓𝜔̇ 𝛼 + ∑ h𝛼 ) ≥ 0
𝜃
𝜃
𝜃
𝜃
Inequality (33) hold if
𝑛

𝑛

𝛼=1

𝛼=1

𝜌
𝜌
𝜌
𝜇𝛼
𝜂 = −𝛿𝜃 𝜓, k = 𝜕∇𝜃 𝜓 𝜃̇ + 𝜕∇𝜌 𝜓 𝜌̇ + ∑ 𝜕𝜔𝛼 𝜓𝜔̇ 𝛼 − ∑ h𝛼
𝜃
𝜃
𝜃
𝜃
and
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𝑛

𝑛

𝜇𝛼 1
1
1
̂ ⋅ 𝐃 − 𝐪 ⋅ ∇𝜃 ≥ 0.
− ∑ h𝛼 ⋅ ∇ − ∑ 𝜇𝛼 𝜏𝛼 + 𝐓
𝜃 𝜃
𝜃
𝜃2
𝛼=1

(34)

𝛼=1

Since ∑𝑛𝛼=1 h𝛼 = 𝟎 and ∑𝑛𝛼=1 𝜏𝛼 = 0, then
𝑛

𝑛−1

𝑛

𝑛−1

𝛼=1

𝛼=1

𝛼=1

𝛼=1

𝜇𝛼
𝜇𝛼 − 𝜇𝑛
∑ h𝛼 ⋅ ∇
= ∑ h𝛼 ⋅ ∇
, ∑ 𝜇𝛼 𝜏𝛼 = ∑ (𝜇𝛼 − 𝜇𝑛 )𝜏𝛼 .
𝜃
𝜃

Setting aside cross-coupling effects, we conclude that inequality (34) holds if the single terms are
non-negative. The first term of Equation (34) is non-negative if
h𝛼 = −𝜅̂ 𝛼 ∇

𝜇𝛼 − 𝜇𝑛
,
𝜃

𝜅̂ 𝛼 ≥ 0,

(35)

𝛼 = 1, … , 𝑛 − 1.

Equation (35) is analogous to Equation (17) of classical and quantum models under isothermal
conditions.
The present derivation, however, shows the weak point of the assumption. The theory of
mixtures shows that the free energy of the mixture as a whole is given by
𝑛

1
𝜓 = ∑ 𝜔𝛼 (𝜓𝛼 + u2𝛼 ).
2
𝛼=1

The derivation instead is consistent with the assumption that
𝑛

𝜓 = ∑ 𝜓𝛼 ,

𝜓𝛼 = 𝜓𝛼 (𝜃, 𝜌𝛼 , ∇𝜌𝛼 ),

𝜌𝛼 = 𝜌𝜔𝛼 .

𝛼=1

Neglecting 𝐮2𝛼 /2 eliminates a dynamic term that is considered essential in the diffusion process.
8. Conclusions and Review of Classical Diffusion Equations
According to the Schrödinger equation, quantum models of diffusion are naturally related to the
selection of the potential. Further, a close analogy is observed between the classical models where
the diffusion flux in a mixture is related to the chemical potential. The resulting differential equation
for the mass fraction 𝜔 is qualitatively dependent on the chemical potential function of 𝜔 or 𝜔, 𝛻𝜔.
The classical diffusion equation is formally equal to the heat equation, whereas other models lead
to more involved differential equations that are still of parabolic character. The following table
shows how the main approaches of the literature are used to derive the pertinent diffusion
equations, with the same notation as discussed in this paper.

Fick
Cahn-Hilliard

Assumption
h𝛼 = −𝐷∇𝜔𝛼
𝜕𝑡 𝜔 = −∇ ⋅ h = 𝜅∇𝛿𝜔 𝜓

Diﬀusion equation
𝜕𝑡 𝜔𝛼 = 𝐷Δ𝜔𝛼
𝜕𝑡 𝜔 = 𝜅Δ(𝜕𝜔 𝜓 − 𝛾Δ𝜔)
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Cahn-Allen
Nernst-Planck

𝜕𝑡 𝜔 = −𝑘𝛿𝜔 𝜓
h = −𝐷 (∇𝜔 + (

Onsager

𝑞
) 𝜔∇𝜙)
𝑘B 𝜃

1
𝜕𝑡 𝜔 = 𝑘∇ ⋅ (𝛾∇𝜔 − 𝜕𝜔 𝛾|∇𝜔|2 − 𝜕𝜔 𝜓)
2
𝜕𝑡 𝜔 = 𝐷∇ ⋅ (∇𝜔 + (𝑞/𝑘B 𝜃)𝜔∇𝜙)

h𝛼 = − ∑ 𝐿𝛼𝛽 ∇𝜇𝛽
𝛽

Rescaled potential

h = −𝑘∇(𝜇/𝜃) − 𝑙∇(1/𝜃)

𝜕𝑡 𝜔𝛼 = ∇ ⋅ (∑ 𝐷𝛼𝛽 𝜔𝛽 )
𝛽

𝜕𝑡 𝜔 = −∇ ⋅ h

Though the theory of mixture shows that the correct dynamics is governed by Equation (14), the
mass density 𝜌 is quite often ignored or considered as a constant. In essence, the Cahn-Hilliard and
Cahn-Allen (or Ginzburg-Landau) equations [2] derive the evolution equations considering that the
free energy 𝜓 depends on both 𝜔 and 𝛻𝜔 . Moreover, it is assumed that 𝜕𝜔 𝜓 is given by the
variational derivative 𝛿𝜔 𝜓 = 𝜕𝜔 𝜓 − 𝛻 ⋅ 𝜕𝛻𝜔 𝜓 . The Nernst-Planck model [25-27] describes the
diffusion of ions and generalizes Fick’s model by adding the contribution of the electric potential 𝜙,
where 𝑞 denotes the ionic charge and 𝑘𝐵 is the Boltzmann constant. The definition (13) of the
diffusion flux 𝐡𝛂 is used to determine the diffusion velocity 𝐮𝛂 once the expression of 𝐡𝛂 is
assumed. This is, e.g., the case of earlier studies [28] for the diffusion velocity in terms of the NernstPlanck flux. In an earlier study [29], Onsager’s relation of the diffusion flux is considered as a linear
combination of forces next identified with the gradient of chemical potentials. The above view is
generalized in earlier studies [30] by considering the flux as a linear combination of concentration
gradients. The definition of the flux in terms of the rescaled chemical potential 𝜇/𝜃 mainly occurs
in classical models [31]. This view is found to be consistent with the result of Equation (35).
In this paper, it is emphasized that a correct model of diffusion should be based on the dynamics
(continuity equations and equations of motion) of a mixture. Further, it is shown that how
appropriate approximations (linearizations) lead to known models of diffusion. Conceptually, the
evolution equation (24), characterizing the diffusion fluxes, is tacitly ignored in known models.
It is worth mentioning that the diffusion models analyzed in this paper are suitable for a system
whose space size is in nanoscale. In such cases, constitutive equations that involve the density (or
mass fraction) gradient in addition to the density should be considered. This principle is extensively
discussed in earlier studies [32] in connection with confinement and tunneling in semiconductor
devices. Hence, the balance equations remain unchanged, and the constitutive dependence should
exhibit dependence on the density gradients.
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Light-matter interaction at the nanometer scale lies at the heart of many physical problems
including spectroscopic techniques to characterize lithium-ion batteries (LIBs). One of the most
important topics in time-dependent quantum mechanics for physicists and chemists is the
description of spectroscopy, which refers to the study of matter through its interaction with light
fields. Classically, light-matter interactions are a result of an oscillating electromagnetic field
resonantly interacting with charged particles. Quantum mechanically, light fields will act to couple
quantum states of the matter. Light-matter interactions are fundamentally quantum
electrodynamical. In many cases, they are described as quantum transitions by electrons,
accompanied by the emission, absorption or scattering of quanta of photons [1]. Over the past few
decades, several experiments have investigated electromagnetic waves’ interaction with various
materials used in LIBs for the benefit of society [2-4]. Currently, research in the battery community
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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is still extensive due to novel techniques and their applications in LIBs and beyond [5]. Usually, one
technique is not sufficient to fully characterized LIB materials. One needs to combine more than one
technique to characterize one single material [6-9]. When several techniques are used to
characterize one type of material, these techniques are applied at different timescales and periods.
This fact must be taken into consideration when analyzing data of different techniques obtained at
different life span of the material [10-14].
Batteries are devices that transform chemical energy into electricity and consist of
electrochemical cells that are electrically connected [15]. Historically, the modern battery was
developed by Alessandro Volta in 1800 [16]. Shortly after Volta, Gaston Plante invented the leadacid battery in 1859 [17]. As time went by, Georges Leclanche introduced the zinc-carbon battery
(Leclanche cell) in 1866, which is one of the first modern electric batteries and the precursor of the
modern dry cell battery [18]. In 1899, Ernst Jungner invented the nickel-cadmium battery (NiCd)
[19]. The effort on nickel metal hybrid (NiMH) batteries began at the Battelle-Geneva Research
Center following the technology's invention in 1967. An interest grew in the 1970s with the
commercialization of the nickel-hydrogen battery for satellite applications [20]. Research carried
out by the CNRS in France and the Philips Laboratories developed new high-energy hybrid alloys
incorporating rare-earth metals for the negative electrode [21]. However, these high-energy hybrid
alloys suffered from alloy instability in alkaline electrolyte and consequently insufficient cycle life.
The first consumer-grade NiMH cells became commercially available in 1989 [22]. In 2008, more
than two million hybrid cars worldwide were manufactured with NiMH batteries. The battery
directive in the European Union makes NiMH batteries replace Ni–Cd batteries for portable
consumer use [23]. In advanced Ni-MH batteries, the positive electrode is nickel hydroxide (NiOOH)
used with optimum amounts of additives (such as Co(OH)2, Y2O3, graphite powders, etc.) to enhance
the electrical conductivity of the cathode for higher charge efficiency [24-26]. In the last few years,
nickel hydroxide production technology and its utilization techniques in Ni-Cd and Ni-MH batteries
have increased. Because of the importance of secondary batteries, significant investments have
been made in this area in the last decade. A new perspective on the mass scale production could be
timely to the battery community. Ni-MH batteries have been drawing increasing attention due to
their high discharge rate with relatively less heat dissipation [27, 28]. This technology has gained
worldwide attention throughout the market for its ever-increasing demands for communication,
space, and defense applications due to its unique features such as long-term life cycle at the
profound depth of discharge.
Pioneering work of the lithium battery began in 1912 under Gilbert Lewis, but it was until early
1970s that the first non-rechargeable lithium batteries were commercially available to the general
public [29, 30]. Attempts to develop rechargeable lithium batteries in the 1980s failed due to safety
problems [31]. A breakthrough came out in 1985 when Akira Yoshino and his co-workers identified
that certain qualities of petroleum coke were stable under the required electrochemical conditions
[32]. These effective anode materials allowed Yoshino to develop an efficient and working LIB based
on the ion transfer cell configuration [33, 34]. Thus, the graphite was thus used as an anode and
LixCoO2 was also good enough to be a material used as a cathode [35]. These discoveries and
developments ultimately led to the release of a commercial lithium battery in 1991 by SONY. Today,
this chemistry has become the most promising and fastest-growing battery on the battery
research15. For the past 30 years, LIBs are the most popular rechargeable energy storage devices in
consumer electronics. They are the leading contenders for powering commercially viable electric
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vehicles in the near future [36]. Nearly, 70,000 major scientific journals on LIBs have been published
from 1990 to 2020, but none of these articles (research/review articles) explore all the diagnostic
studies of the different techniques used to investigate the LIBs and beyond. LIBs have enabled the
electronics revolution and electric vehicles are beginning to take off. They are also enabling
renewable energy such as wind and solar [37]. LIBs store chemical energy, delivering it in electric
power with high efficiently and no exhaust emissions [38]. While LIBs are widely used in portable
electronics, their implementation into larger-scale applications is hindered by the electrode
materials’ performance and the electrolyte [39]. Safety is also a significant concern in LIB
technologies, and many high-profile examples of runaway reactions have the community searching
for advanced materials with better stability [40, 41]. For instance, cathode materials such as the
layered oxides (LiMO2) and most commercially available electrolytes exhibit a non-negligible
instability at the end of the charging process [42]. To overcome these safety concerns, alternative
material systems are under intense investigation to enhance safety and chemical stability over a
wide range of ambient and operating temperatures [43]. As recently reported by Whittingham [44],
the success of LIB over the past 30 years comes with several responsibilities such as focusing on the
need for a cleaner environment for both health and climate change mitigation; emphasizing the
science rather than this will make the next greatest battery. A better understanding of the reaction
mechanisms, thermodynamics and kinetics and a focus on fundamental science is important.
Equally important, giving enough data allows direct comparison. The LIB development did not stop
with the above seminal and important discoveries, but many improvements and alternatives have
since been reported [45-53].
Recently, several electrode materials and electrolyte systems have been discovered, leading to
improve the energy storage materials for the benefit of society [40]. Table 1 names some electrode
and electrolyte materials that have been used in the history [40].
Table 1 Electrode and electrolyte materials.
Cathode Materials
Lithium iron (II) phosphate,
LFP (LiFePO4)

Anode Materials
Electrolyte Materials
Lithium titanate, spinel, LTO Lithium aluminum titanium
nano-powder (Li4Ti5O12)
phosphate, LATP
(Li1.3Al0.3Ti1.7(PO4)3)
Lithium cobalt phosphate,
Lithium titanate, LTO (Li2TiO3) Lithium difluoro (oxalato)
LCP (LiCoPO4)
borate, LIF2OB; LIODFB; LIFOB
(LiBC2O4F2)
Lithium nickel manganese Lithium-aluminum alloy (Al- Lithium bis (oxalato) borate,
cobalt oxide, NMC
Li)
LiBOB (LiB(C2O4)2)
(LiNi0.33Mn0.33Co0.33O2)
Lithium
nickel
cobalt Tin (IV) oxide (SnO2)
Lithium hexafluorophosphate
aluminum oxide, NCA
(LiPF6)
(LiNi0.8Co0.15Al0.05O2)
Lithium manganese nickel Lithium (Li)
Lithium trifluoromethaneoxide, (LMNO Li2Mn3NiO8)
sulfonate, (LiTf CF3SO3Li)
Lithium nickel cobalt oxide,
Graphite (C)
Lithium tetrachlorogallate
LNCO (LiNi0.8Co0.2O2)
(LiGaCl4)
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Lithium manganese oxide, Carbon, mesoporous (C)
LMO (LiMn2O4)
Lithium manganese (III, IV)
Carbon (C)
oxide, LMO LiMn2O4
Lithium manganese dioxide
(LiMnO2)
Lithium nickel dioxide, LNO
(LiNiO2)
Lithium trivanadate, LTV
(LiV3O8)
Lithium iron (III) oxide
(LiFeO2)
Lithium cobalt (III) oxide
(LiCoO2)
Lithium molybdate (Li2MoO4)
Germanium (IV) sulfide (GeS2)
Manganese nickel
Carbonate (Mn0.75Ni0.25CO3)

Lithium tetrachloroaluminate (LiAlCl4)
Lithium
tetrafluoroborate
(LiBF4)
Lithium perchlorate
(LiClO4)
Lithium hexafluoroarsenate
(V) (LiAsF6)
Lithium phosphate
Monobasic (LiH2PO4)

Cathode materials, which account for about 45% of the cost of a whole battery, play an essential
and decisive role in cell voltage and capacity. Disordered rock-salt (DRX) materials were shown to
have facile Li transport enabled by a percolating network of Li-rich environments [54, 55]. Their
ability to function without requiring cation ordering has enabled novel cathodes with remarkable
chemical diversity [56]. In some cases, many new cathode materials, containing only earthabundant elements (e.g., Fe, Mn, and Ti) have been developed in this category, such as
Li1.3Mn0.4Nb0.3O2 [57], Li1.2Mn0.4Ti0.4O2 [58], Li1.2Ni1/3Ti1/3Mo2/15O2 [59], Li4Mn2O5 [60], and
Li2FeV0.5Ti0.5O4 [61] as well as their fluorinated variants [62-66].
The objective of this perspective article is to extend knowledge in the fields of materials
chemistry such as the improvement of the capacity of LIBs in ways that will make green energy more
accessible and commercially viable [67]. Building a better LIB involves addressing several factors
simultaneously. For instance, keeping the battery’s cathode electrically and ionically conductive to
making sure that the battery stays safe after many cycles [68]. A recent discovery published in the
article Nature reports the development of a new cathode coating by using an oxidative chemical
vapor deposition technique that can help solve several potential issues with LIBs all in one stroke
[69]. The polymer fabricated in this discovery called PEDOT consists of nickel-manganese-cobalt
(NMC) cathode material, encapsulated with a sulfur-containing polymer [70]. This polymer provides
the cathode a layer of protection from the battery’s electrolyte as the battery charges and
discharges. A recent article by Divakaran et al. [71] reviews a rational design on materials for
developing next generation LIB. Divakaran et al. presents the historical and recent advancements in
cathode and anode materials including the future scope of the lithium nickel manganese cobalt
oxide cathode. The review focuses also on the role of technological advancements in nanomaterials
as a performance improvement technique for new novel anode and cathode materials as well as on
the discussion about lithium based and beyond lithium-based anode materials. In addition, the
review offers rational cell and material design, perspectives, and future challenges to promote the
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application of these materials in practical lithium-ion batteries [71]. With the coating PEDOT
application, it is expected that the NMC-containing battery could either run at higher voltages, thus
increasing their energy output, lifespans, or both. This work is reported in the journals [69, 72].
The progress in energy storage requires new ways of thinking about LIBs and the fundamental
limitations that different material chemistries impose. Research in electrochemistry presents a
potential breakthrough advancement needed for the electrode and solid electrolyte materials to
play a significant role in safer LIBs with longer life and higher efficiency. This would provide an
explicit new understanding of the mechanism of Li-ion conduction and the through-space distance
measurement between lithium spins in different environments [73, 74]. The applications and
further development of the different techniques during the last 30 years of diagnostic studies in LIBs
and beyond cover critical technological developments and scientific challenges for a broad range of
LIBs and beyond. The information that can be derived by applying different techniques to LIBs and
beyond can be used to compare many families of suitable materials. Over the past decades, there
have been many projections on the future depletion of the fossil fuel reserves on Earth as well as
the rapid increase in green-house gas emissions [75]. There is clearly an urgent need for the
development of renewable energy technologies [76]. Reliance on fossil-fuel energy led to countless
resource wars worldwide and has resulted in the climate crisis we now face. Renewable energy
sources such as wind or photovoltaic are intermittent, and their production peaks do not always
follow the increasing demand. Therefore, storing green energy is essential to moving away from
fossil fuels [77]. On a different frontier, the growth, and manipulation of materials on the nanometer
scale have progressed rapidly [78]. Energy is the basic framework unifying the developing
technologies for alternative green energy storage and conversion devices such as batteries, fuel
cells, solar cells for transportation, stationary power and for distributed power generation
applications [79]. This framework is the only framework of its kind that allows a consistent
treatment of the LIBs from electrodes and electrolytes to surfaces or solid-state electrodeelectrolyte interface. LIBs are currently the staple of the video battery industry, and they have
improved our life dramatically. LIBs are approaching their theoretical limits on achievable energy
density and specific energy [36]. If the market demand rises for even higher energy cells, then, the
community must consider new technologies. The drawback of LIBs is due in part to the use of liquid
organic electrolytes. While these organic electrolytes are necessary to the battery, they are highly
flammable [80]. However, what we need for the future is a new battery technology called solidstate battery (SSB), which promises greater safety, longer life, and faster charging [81]. This is
because SSBs contain non-flammable liquid electrolytes. In contrast, LIBs are charged with
electricity generated when lithium-ion travels from cathode to anode. SSB technology is not new
[82]. Michael Faraday discovered the solid electrolytes silver sulfide and lead fluoride, which laid
the foundation for solid-state research [83]. In the late 1950s, efforts were initiated to develop a
SSB, which failed due to design limitations [84]. LIBs are at the center of the advanced rechargeable
batteries and the scientific community has expanded an enormous effort to search for new
electrode and electrolyte materials to enhance the amount of energy stored in electrochemical cells
[85].
LIB development has a promising future as it lays in the intersection of improvement of costefficient energy storage, an ability to wean economies out of oil dependence, and critical
components needed to fight and curb global warming [86]. To look at the future of LIB development,
we must look at the previous techniques and tools used in the battery science formation and how
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those tools have spilled over to other areas of physical science [87]. We also must analyze the basic
structural fundamentals of battery science and see if they still hold up to 30 years of development
and research or if they should be modified or thrown out. LIB is very reactive and can withstand and
achieve a high voltage rate. This makes it an interesting and an excellent choice for the battery
revolution. Since, the growing needs of society are getting more and more demanding, LIBs are
falling short due to the incapability of satisfying certain areas of societal needs. This shows that the
question that one should ask is: Would LIBs still be the future knowing that obviously it does not
satisfy major needs of interest? Researchers are looking forward to improving or increasing energy
density for other lithium-based batteries other than LIB, such as lithium sulfur (Li-S) batteries and
lithium-oxygen (Li-O2) [49]. More recently, to provide more sustainable energy storage solutions,
advancements have been made on sodium-Ion batteries (NIBs), potassium-ion batteries (KIBs) [45],
and magnesium-ion batteries (MIBs) [88]. These sustainable energies storage solutions with the use
of NIBs, KIBs and MIBs are much more present and abundant than lithium. Moreover, they are
promising prospects for large-scale grid energy storage. These facts are enough to conclude that
LIBs are far from being the one lithium-based battery to resolve specific problems. Thus, the
question of it being the future is inadequate! Researchers are looking for replacements of LIBs and
researches show that many batteries can be candidates [44]. For example, Na-based batteries are
candidates for large-scale stationary energy storage applications. Other potential candidates such
as the spinel Li1-xMn2O4 and the disordered rock-salt Li-Excess battery materials have been
discovered to be ever-improving energy storage materials for the benefit of society [89-91]. LIBs are
generally safe, but only so long as there are no defects and the batteries are not damaged. This
presents some issues because a squandering of LIB can cause a lot of damage. We recall the incident
with Samsung Galaxy Note 7, where the problem came from a slight flaw in the battery’s fabrication,
which caused a lot of damage. The battery inside the phone was a lithium-based battery which
means that it can present safety issues. Even though LIBs are failing to satisfy societal needs is the
reason why researchers are looking beyond LIBs, it is important to mention that it has its
advantages. LIBs are by far the most convenient ion-based battery in the industry, making them a
product of preference among the other batteries [92]. All electronic products now require a LIB for
basic functioning. The practical benefits of the LIB are, without a doubt, compelling. The batteries
are lighter in weight than most rechargeable battery alternatives, they hold their charge well, they
have no memory effect, and they can handle hundreds of cycles of discharging/charging [46].
The cost of LIBs used to be high and now we are seeing a decrease in cost over the last few years.
It's so happens that LIB has a lifespan for a large-capacity battery pack and can be as long as eight
or more years [93]. This shows that a LIB is the ideal battery when it comes to longevity because
today, we need a battery that has a long lifespan for it to satisfy the modern society's needs in that
area. LIBs compared to other batteries have the least impact on the environment. More and more
research is being conducted and has been done to ever-improving battery understanding, especially
lithium based-battery. The next step for the scientific community is to change perspective and start
focusing on the other types of batteries that can satisfy societal needs rather than spending a lot of
effort on LIBs again. It is about time to change direction and to use other techniques of application
to other types of batteries to fill in the blank of what LIBs can no longer do. Four perspectives
characterize the evolution from the conventional to the advanced LIBs (e.g., Li-rich transition metal
oxide and Ni-rich transition metal oxide batteries), to the state of-the-art LIBs (e.g., Li-air, Li-sulfur
batteries (LSBs), organic electrode batteries, solid-state batteries, and Li–CO2 batteries), and to the
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hybridized LIBs (e.g., metal halide perovskite batteries). LSB should be a promising candidate for the
next generation of rechargeable batteries, but they are not without problems [94]. The efficiency of
charge transfer is low for lithium, and lithium batteries tend to grow dendrites, thin branching
crystals when charging that do not disappear when discharged. Sulfur is the right battery of choice
because it is inexpensive and has a high-charge capacity and a high energy density. For this reason,
LSB has more energy. However, an LSB forms an inorganic coating in the battery that is brittle and
cannot tolerate changes in volume [95]. In LSB, the electrolyte dries up and the bulk lithium
corrodes. The lithium dendrites that form can create short circuits and other safety hazards [96].
Switching LIB from a flammable liquid electrolyte to a solid is not an easy task as lithium ions in
solids are less mobile than in liquids. This lower mobility limits the battery performance in terms of
charge and discharge rate. Scientists have been looking for materials that could enable all-SSBs.
Recently, materials such as, LiTi2(PS4)3 or LTPS have been discovered [97]. LTPS has the highest
lithium diffusion coefficient ever measured in a solid. The lithium mobility comes directly from the
unique crystal structure of LTPS. This mechanism opens new perspectives in the field of lithium ion
conductors, and beyond LTPS, opens an avenue toward the search for new materials with similar
diffusion mechanisms. This discovery is an important step in the understanding of materials needed
for all-solid-state batteries of the future.
In addition of portable electronic devices, more perspectives on LIBs upon future developing
techniques include in aerospace with applications in satellites and aviation [98].
Recently, Zubi et al. reported the LIBs technology that has the potential to be used in power
supply systems, off-grid and grid-connected. Substantial improvements have been achieved in
medical devices, such as in hearing aids, by exploiting the advances in lithium battery technology.
This development has also guaranteed miniaturized, reliable, high density and hermetically sealed
rechargeable power sources for highly integrated and size-limited low power implantable devices
in applications such as drug-delivery, glucose sensing, and neuro-stimulation [99]. The use of LIBs in
medical devices has been explored, among others, by the US Food and Drug Administration [100].
Many self-powered micro-electronics, such as miniature transistors, sensors and actuators also
integrate tiny LIBs [101]. Furthermore, as professionals continue to demand more powerful,
efficient, and comfortable tools to work with, LIBs offer outstanding specific energy and power
together with low self-discharge rates [102]. Finally, Li-ion cells can also be found in wearable
technology products, flashlights, radio-controlled toys, solar LED systems and wireless vacuum
cleaners, among others [98].
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Abstract
The present study aimed to characterize wastewater fractions obtained after the wet
extraction of proteins from legumes. In addition, the suitability of wastewater fractions for
the potential recovery of high value-added compounds was also examined, and consequently,
the prevention of the environmental impact of these wastes was explored. Similar to the
industrial production of proteins, wet alkaline and acidic extractions of proteins from faba
bean and pea flours were performed in two stages of extraction. The different wastewater
fractions were characterized by measuring their organic matter content, total solids (TS), total
dissolved solids (TDS), electrical conductivity (EC), pH, and turbidity. The value-added
compounds from these wastewater fractions were quantified, which included the protein
content, carbohydrate content, phenolic content, and antioxidant activity. In addition, the
phenolic compounds in these factions were identified and quantified. It was observed that
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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the fractions obtained in the first extraction stage had 60%–90% higher organic matter
content, measured as the chemical oxygen demand (COD), compared to the second fractions,
indicating a higher environmental impact of the former in case of disposal. The results
obtained for COD, TS, TDS, EC, pH, and turbidity demonstrated that microfiltration reduced
only the turbidity (85%), and consequently, a decrease was observed in the particulate matter,
while there was a practically negligible reduction in the soluble matter. Wastewater from faba
exhibited the highest polyphenol content and antioxidant activity, and was, therefore,
considered the most valuable fraction for potential valorization.
Keywords
Protein extraction; food industry; sidestreams; potential recovery; high value-added
compounds

1. Introduction
The wastewater from industrial processes involving the use of fruits and vegetables contains
organic matter and nutrients in huge amounts, which has raised environmental concerns [1]. It
remains a challenge for the food industry to implement wastewater strategies for reducing the
environmental impact of the disposal and recovering potential bioactive substances. Wastewater
from the agro-food industries contains a variety of high value-added nutrients and bioactive
compounds, such as proteins, unsaturated fatty acids, dietary fibers, and polyphenols [2], and
nowadays, there is a growing demand for healthy food products containing such functional proteins
and bioactive ingredients. However, concern regarding the environmental impact of the production
of animal proteins is also increasing these days. As a consequence, the exploration of novel sources
of plant-derived proteins is gaining momentum. In this context, the recovery of high value-added
compounds from the wastewater discarded from the industries using fruits and vegetables is worth
exploring. After the recovery of bioactive compounds from the wastewater, subsequent wastewater
technologies for cleaning and recycling could be better applied. The food industry has large water
consumption, while the reuse of water has been minimal due to legislation constraints and hygiene
concerns [3]. Manzocco et al. [4] reported innovative technological solutions based on either
physical or chemical strategies to treat the wastewater released from processing plants.
Legume proteins may be isolated from the flours obtained from milled seeds using a wet process
of extraction under alkaline or acidic conditions. In this process, low molecular weight water-soluble
components and soluble proteins are extracted from the flour [5], and subsequently, the globular
proteins are isolated using a selective precipitation step at the isoelectric point. The isolated
globular proteins are then neutralized and dried to achieve a final protein content of approximately
85% [5]. Faba beans (Vicia faba) and peas (Pisum sativum) are legumes that are attracting increasing
attention as sources for obtaining plant-based proteins. The chemical compositions of faba beans
and peas may vary with the variety, maturity, and growing conditions of the plants. Faba beans
contain 55%–62% carbohydrates, 26%–35% proteins, and 0.7%–2.0% fats [6]. The faba bean
proteins comprise approximately 80% globulin storage proteins, vicilin, and legumin [7]. Peas
contain 60%–65% carbohydrates, 23%–31% proteins, and 1.5%–2.0% fats [8], and the majority of
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their protein content comprises globulins (55%–65%) and albumins (18%–25%), which together
account for approximately 80% of total protein content [5]. In addition, faba beans and peas contain
small amounts of bioactive compounds, such as vitamins, minerals, and polyphenols [8, 9]. Several
previous studies have reported the polyphenol content in faba and pea flours, with the phenolic
content and antioxidant activity of faba bean flour being higher than that of pea flour [10].
In large-scale industrial processes producing protein isolates, water is consumed in huge
amounts, and consequently, high volumes of wastewater are generated. Therefore, developing
innovative technologies to recycle and reuse this wastewater generated in protein isolation
processes is of great significance. Such technologies should be able to remove the undesirable
physical and chemical components while also controlling and preventing the potential growth of
pathogenic and degradation-causing organisms [3]. Recently, Chen et al. [2] described the
application of different technologies for the recovery of bioactive substances from the wastewater
generated from fruit and vegetable processing industries. Physical methods based on membrane
separation technologies have been applied previously for water recycling and recovery of the byproducts present in wastewaters [3]. Such treatments allow the safe discharge of wastewater after
the potential recovery of high value-added components. Ultrafiltration (UF) and nanofiltration (NF)
membranes have been used to recover bioactive compounds from the wastewater generated from
the agro-food industry [11]. However, such methods have certain limitations as the waste streams
released from different industries are quite different, and the recovery technologies must,
therefore, be tailored for each specific condition [2].
The present study was aimed to characterize different wastewater fractions obtained after the
alkaline and acidic wet extraction processes applied for the production of protein isolates from faba
bean and pea flours, adapting the procedure performed on the industrial upscale to the laboratory
scale. Data were obtained depending on the type of extraction (alkaline and acidic fractions), the
extraction process (first and second stages), and the type of matrix used (faba bean and pea flours).
In addition, the value-added compounds, including carbohydrates and phenolic compounds, that
could potentially be recovered from these wastewater fractions were identified and quantified.
2. Materials and Methods
2.1 Chemicals
The chemical reagents used were: hydrochloric acid solution 32 wt. % in H2O, FCC (Sigma-Aldrich,
Merck, Darmstadt, Germany); sodium hydroxide pellets EMPROVE® ESSENTIAL (Merck, Darmstadt,
Germany); gallic acid monohydrate ACS reagent ≥98.0% (Sigma-Aldrich, Merck, Darmstadt,
Germany); sodium bicarbonate ACS reagent ≥99.7% (Merck, Darmstadt, Germany); methanol ACS
EMSURE® (Merck, Darmstadt, Germany); Folin and Ciocalteu's Phenol reagent (MP Biomedicals,
Valiant Co. Ltd., China); 2,2-Diphenyl-1-picrylhydrazyl (free radical) 95% (Alfa Aesar, Thermo Fisher
Scientific, Kandel, Germany); absolute ethanol ≥99.8%; AnalaR NORMAPUR® ACS (VWR, West
Chester, Pennsylvania, United States); formic acid 98% for ACS analysis (PanReac AppliChem, ITW
Reagents, Chicago, USA); acetonitrile Optima LC/MS grade (Fisher Chemical, Pittsburgh, PA, USA);
and ultrapure water (MilliQ Advantage A10 water purification system, Millipore, Billerica, MA, USA).
2.2 Extraction of Proteins from Faba Bean and Pea Flours and Collection of Wastewater Fractions
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Flours from faba beans (Vicia faba L.) and peas (Pisum sativum L.) provided by local farmers
(Västra Götaland, Sweden) were utilized as the plant material for protein extraction. Both alkaline
and acidic extraction processes were performed for each plant material based on the method
reported by Swanson [12] with a few modifications. The alkaline extraction process was conducted
by mixing 25 g of flour with distilled water in a ratio of 1:15 (w/v) and adjusting the pH to 9.5 using
1 M NaOH. The mixture was stirred for 1 h and then centrifuged at 3400 rpm for 15 min. The
supernatant was retrieved, and its pH was adjusted to 4.5 using 0.5 M HCl to precipitate the proteins
at this isoelectric point. The mixture was then centrifuged at 3400 rpm for 15 min, and the protein
isolate was acquired while the supernatant was collected as the first wastewater fraction from the
alkaline extraction. Subsequently, a washing step was conducted by mixing the protein isolate into
distilled water (1:10 w/v) for 5 min and then centrifuging the mixture at 3400 rpm for 15 min. The
collected supernatant was designated as the second wastewater fraction from the alkaline
extraction, while the precipitate was retained as the washed protein isolate.
The acidic extraction process was performed by progressively mixing 25 g of flour with acidified
(pH 2.5) distilled water (1:15 w/v), and a stable pH of 2.5 was maintained by continuous adjustment
with 0.5 M HCl. The mixture was stirred for 1 h and then centrifuged at 3400 rpm for 15 min. The
supernatant was retrieved, and its pH was adjusted to the isoelectric point at pH 4.5 using 1 M
NaOH, followed by centrifugation at 3400 rpm for 15 min. The protein isolate was acquired, and the
supernatant was collected as the first wastewater fraction from the acidic extraction. Subsequently,
a washing step was conducted by mixing the protein isolate with distilled water (1:10 w/v) for 5 min
and then centrifuging the mixture at 3400 rpm for 15 min. The collected was supernatant
designated as the second wastewater fraction from the acidic extraction, while the precipitate was
retained as the washed protein isolate.
2.3 Characterization of the Faba Bean and Pea Wastewater Fractions
Eight different wastewater fractions were obtained according to the type of matrix used (faba
bean and pea flours), the type of extraction process applied (alkaline and acidic extractions), and
the stage of the extraction process (first and second wastewater fractions). These wastewater
fractions were characterized for their physicochemical parameters, which included chemical oxygen
demand (COD), total solids (TS), total dissolved solids (TDS), electrical conductivity (EC), pH, and
turbidity.
Prior to the characterization process, the wastewater fractions were filtrated through two
different filters of pore sizes 0.2 µm (Acrodisc®, Pall) and 0.1 µm (Acrodisc®, Pall) to evaluate the
effect of membrane filtration. Subsequently, the physicochemical parameters of COD, TS, TDS, EC,
pH, and turbidity, were measured using the 0.2-µm filtrates, while only TS, TDS, EC, and pH were
measured for the 0.1-µm filtrates. COD was measured using a spectrophotometer (Spectroquant,
NOVA 60, Merck) using the standard photometric method [13]. Total solids were determined using
the APHA standard method 2540 B [13], and TDS were measured using a digital refractometer (HI
96801, Hanna Instruments). Electrical conductivity and pH were measured using a conductometer
and pH meter, respectively (FiveGoTM equipped with LE407 and LE703 IP67 probes, Mettler-Toledo
GmbH). Turbidity was measured using a turbidimeter (Turbiquant 300 IR, Merck).
2.4 Analysis of High Value-Added Compounds
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Potential high value-added compounds in the wastewater fractions were identified and
analyzed. The protein content in all the wastewater fractions was measured as described in a
previous study for the analysis of the total protein content [14]. The carbohydrate content was
analyzed after filtration through a 0.22-µm filter (16532-K 0.22 µm, polyethersulfone, and high-flow
syringe, Sartorius Minisart), and the individual separation and quantification were performed using
an HPLC-Refractive Index (HPLC-RI) Detector. The HPLC system (Merck Hitachi, Germany) was
equipped with a column thermostat (Thermostat Merck L-5025 Column), an interface (Interface D7000), an autosampler (AS-2000A Autosampler), a pump (L-6200 Intelligent Pump), and an RI
detector (Elite LaChrom VWR Hitachi L-2490), and was controlled using software (D-7000 HSM). The
analysis was conducted on a C8 column (Phenomenex Rezex RHM-Monosaccharide, 300 mm × 7.80
mm, 8 microns, 00H-0132-K0). The mobile phase was water in an isocratic gradient, used at a flow
rate of 0.5 mL min–1. The injection volume was 20 µL, and the total time of analysis was 25 min.
The phenolic profile was analyzed through HPLC, while the total phenolic content was measured
using the Folin-Ciocalteu reagent method [15] with a few modifications. Gallic acid was used as the
standard for quantification, and the results were expressed as milligrams of gallic acid equivalents
(mg GAeq). Prior to the identification and quantification of individual phenolic compounds in the
samples, a concentration step through a solid-phase extraction cartridge (Chromafix C18 ec
cartridge S; Macherey-Nagel) was conducted. The wastewater fractions were filtrated through the
cartridge (10 mL) prior to being activated using methanol. The polyphenol fraction was retained in
the cartridge and later eluted with methanol (0.5 mL). The methanolic fraction was then filtered
using a 0.22-µm filter (Millipore Millex–GV, PVDF) and analyzed using HPLC-DAD-MSn/ESI.
The HPLC system was equipped with a diode array detector and a mass detector in series (HPLC
1100 Series, Agilent Technologies, Waldbronn, Germany), a binary pump (Model G1312A), an
autosampler (Model G1313A), a degasser (Model G1322A), and a photodiode array detector
(G1315B). The system was controlled using software ChemStation (Agilent, v.08.03). The mass
detector was an ion-trap spectrometer (Model G2445A) equipped with an ESI interface that was
controlled using software LCMSD (Agilent, v. 4.1). Mass spectrometry data were acquired in the
negative ionization mode under the ionization conditions of 350 °C temperature and 4 kV voltage.
Nitrogen was used as the nebulizer gas with a pressure of 65 psi and a flow rate of 11 L·min–1. The
full scan covered the mass range of m/z 50 to m/z 1200. Collision-induced fragmentation was
performed using nitrogen as the collision gas and a voltage of 1V. Total ion chromatograms were
recorded as full-scan mass spectra (MS), with the MS2 for the fragmentation of the three major
significant fragment ions derived from the [M-H] and MS3 breakdown of the significant fragment
ions derived from the MS2. The analysis was conducted on a C18 HPLC column (Agilent Pursuit XRs
100 Å, 250 mm × 4 mm, 5 µm particle size). The mobile phase consisted of two solvents – a mixture
of water and formic acid in a ratio of 99:1 (v:v) (A) and acetonitrile (B). The gradient began with 3%
B and reached 9% in a linear gradient at 5 min, 16% at 15 min, 50% at 50 min, and 90% at 52 min,
and finally returning to the initial conditions at 57 min. The total time of analysis was 62 min, the
flow rate was 0.8 mL·min–1, and the injection volume was 20 µL. The chromatograms were recorded
at 280 nm, 320 nm, 340 nm, 360 nm, and 520 nm. The phenolic standards used for identification
were weighed on a microanalytical balance (0.001 mg) and then dissolved in methanol. Two groups
of standards were prepared: 1) quercetin, caffeic acid, ferulic acid, and hydroxybenzoic acid, and 2)
rutin and p-coumaric acid.
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The antioxidant activity of the samples was analyzed using a previously reported protocol [16]
with a few modifications, and the effective concentration (EC50) was calculated [17].
2.5 Statistical Analysis
All data were analyzed using PASW Statistics 25 for Windows (SPSS Inc., Chicago, IL, USA).
Student t-test (independent two-sample t-test), with the significance threshold of p < 0.05, was
conducted for comparing the means in pairs. Student t-test was applied to study the variations in
the parameters evaluated. The data were compared according to the stage of the extraction process
(first and second wastewater fractions), the type of extraction (alkaline and acidic extraction
fractions), and the type of matrix used (faba bean and pea flours). The filtered and unfiltered
samples were grouped together for the statistical analysis (COD, TS, TDS, EC, and pH parameters) as
the differences between them were not quantitatively relevant.
3. Results and Discussion
3.1 Characterization of the Wastewater Fractions from Faba Bean and Pea Protein Extraction
Processes
In the case of the wastewater fractions acquired from faba bean, most of the evaluated
parameters differed significantly (p < 0.001) between the first and second fractions (Table 1), with
the COD, TS, TDS, and EC values approximately 66%–89%, 88%–92%, 89%–90%, and 87%–90%
higher, respectively, in the first fraction compared to the second one. In regard to the type of
extraction, certain significant differences were observed, although these differences were not
quantitatively relevant, except for the COD parameter measured in the second fraction (p < 0.001),
which was approximately 59% higher in the acidic extraction than in the alkaline one.
Table 1 Physicochemical parameters of the wastewater fractions from the alkaline and
acidic protein extractions from faba bean.
Parameters

Extraction type

Wastewater fractions
First
Second

COD (mg·L–1)

Alkaline
Acidic

5940 ±165
4746 ±37
+++

653 ±17 ***
1599 ±79 ***
+++

Total solids (g·L–1)

Alkaline
Acidic

10.2 ±0.1
9.4 ±0.8
+

0.8 ±0.1 ***
1.1 ±0.2 ***
++

Total dissolved solids (°Brix)

Alkaline
Acidic

0.9 ±0.1
1.0 ±0.1
ns

0.1 ±0.1***
0.1 ±0.0***
ns
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Electrical conductivity (mS·cm–1)

Alkaline
Acidic

4.02 ±0.06
4.49 ±0.40
ns

0.40 ±0.02 ***
0.58 ±0.03 ***
++

pH

Alkaline
Acidic

4.53 ±0.01
4.46 ±0.01
+++

4.64 ±0.04 **
4.50 ±0.08 ns
+

Values are expressed as the mean ±standard deviation of at least three replicates,
corresponding to the data of all samples evaluated for each condition (unfiltered and filtered).
The significant differences based on the extraction stage are presented in the same row, and
those for the type of extraction are presented in the same column. Statistical analysis results
according to Student t-test are denoted as + (p < 0.05), ++ (p < 0.01), +++ (p < 0.001), and ns (not
significant).

In the case of wastewater fractions from pea flour, most of the evaluated parameters differed
significantly (p < 0.001) between the first and second fractions (Table 2), with the COD, TS, TDS, and
EC values approximately 86%–91%, 89%–91%, 88%–90%, and 88%–90% higher, respectively, in the
first fraction compared to the second one. In regard to the type of extraction, certain significant
differences were observed, although these differences were not quantitatively relevant, except for
the COD parameter measured in the second wastewater fraction (p < 0.001), which was higher [by
approximately 36%] in the acidic extraction fraction. When the impact of the matrix was compared
(faba bean and pea), significant differences were observed, although quantitative differences were
obtained only for the COD parameter measured in the first extraction stage (p < 0.001), which was
approximately 25%–39% higher in the pea fraction than in the faba fraction, regardless of the type
of extraction process used.
Table 2 Physicochemical parameters of the wastewater fractions from the alkaline and
acidic protein extractions from pea.
Parameters

Extraction type

Wastewater fractions
First
Second

COD (mg·L–1)

Alkaline
Acidic

7909 ±127
7794 ±332
ns

700 ±37 ***
1095 ±45 ***
+++

Total solids (g·L–1)

Alkaline
Acidic

9.2 ±0.3
9.8 ±0.4
+

0.8 ±0.0 ***
1.1 ±0.0 ***
+++

Total dissolved solids (°Brix)

Alkaline
Acidic

0.8 ±0.1
1.0 ±0.1
+

0.1 ±0.0 ***
0.1 ±0.1 ***
ns
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Electrical conductivity (mS·cm–1)

Alkaline
Acidic

2.57 ±0.08
4.13 ±0.20
+++

0.30 ±0.00 ***
0.42 ±0.03 ***
++

pH

Alkaline
Acidic

4.58 ±0.02
4.42 ±0.02
++

4.63 ±0.04 ns
4.17 ±0.04 **
+++

Values are expressed as the mean ±standard deviation of at least three replicates,
corresponding to the data of all samples evaluated for each condition (unfiltered and filtered).
The significant differences for the extraction stage are presented in the same row, and those for
the type of extraction are presented in the same column. The statistical analysis results
according to Student t-test are denoted as + (p < 0.05), ++ (p < 0.01), +++ (p < 0.001), and ns (not
significant).

Recently, Chen et al. [2] indicated that the wastewaters from the food industry contained a high
organic load, particularly the wastewater from the industries producing soybean products, which
had high levels of COD (16000 mg·L–1), TS (18200 mg·L–1), and total suspended solids (TSS) (4000
mg·L–1). In the present study, the analysis of the first wastewater fractions revealed high COD and
TS as the soluble inorganic, and organic matter present in the flour remained in the supernatant
after the separation of the protein isolate. The second fraction exhibited a lower COD and TS, which
was the result of the washing performed after the first extraction.
In addition, the results revealed that certain factors, such as the pH of the process, the type of
extraction, and the matrix used, caused slight differences in the COD values. Therefore, all the
fractions collected, regardless of the extraction stage, the type of extraction, and the matrix used,
contained high loads of COD, which indicated a negative environmental impact in case of disposal
and warranted the use of a wastewater recovery strategy.
Turbidity results also demonstrated significant differences between the wastewater fractions
depending on the extraction stage and the type of extraction (p < 0.001 in most cases). Turbidity in
the first extraction stage was approximately 90%–97% higher than that in the second stage,
particularly in the alkaline extraction. In the acidic extraction, turbidity was approximately 60%–90%
higher in the second extraction stage compared to the first one. As observed with the other
evaluated parameters as well, turbidity results also indicated that the pH of the first extraction step
of protein isolation was a critical influencing factor.
Wastewater treatment technologies, such as membrane filtration, ozonation, adsorption, and
solvent extraction, might reduce the organic matter present in the wastewater fractions [2], thereby
clearing the fractions and reducing the environmental impact in case of disposal. In the present
study, membrane filtration was used as a first step in the treatment strategy to remove organic
matter from the wastewater fractions, which resulted in a significant decrease (p < 0.001) in
turbidity (Table 3). Reduction in turbidity has been previously associated with the decline of
particulate COD [18]. Although this fraction obtained after filtration might also contain relevant
products to be valorized, this analysis was not performed in the present study. The results
demonstrated that filtration reduced approximately 85%–99% of turbidity, regardless of the type of
extraction and the matrix used, which indicated that the reduction of particulate matter or total
suspended solids was achieved after the filtration process and the dissolved solutes were
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recuperated in the effluent. Van Haute et al. [18] also observed a great decrease in turbidity along
with a slight decrease in COD, indicating the negligible contribution of particulate matter to the total
COD. According to the COD and TS values, it was inferred that the organic matter present in the
wastewater fractions was constituted of dissolved solutes. Microfiltration (MF) (0.1–1.0 µm pore
size) has been applied previously to remove suspended or particulate solids and organic colloids
[19]. In the present study, MF or ultrafiltration (UF) (0.01–0.1 µm pore size) resulted in a clear
reduction in particulate matter or total suspended solids in all the filtered wastewater fractions,
while the dissolved constituents were not removed. In contrast, membrane technologies such as
nanofiltration (NF) and reverse osmosis (RO), designed for the removal of dissolved chemical
constituents, could be suitable for this purpose [20-22]. The rejection rate of NF is approximately
40%–60% of TDS in contrast to the value of 90%–98% achieved in RO [20-23]. These technologies,
therefore, could be effective in series, i.e., using MF or UF as a pretreatment procedure. Aerobic
and anaerobic digestions or flocculation, which have been previously applied in the treatment of
wastewater from fruit and vegetable processing plants [2], could also be used for the wastewater
fractions in the present study.
Table 3 Turbidity (NTU) of the wastewater fractions from the alkaline and acidic protein
extractions from faba bean and pea flours and their corresponding filtrates.
Matrix

Faba bean

Extraction type

Wastewater fractions and filtrates
First
First filtrate
Second

Alkaline

183.9 ±0.3

1.7 ±0.1 ***

5.6 ±0.4

0.2 ±0.0 **

Acidic

9.2 ±0.2

1.3 ±0.1 ***

73.5 ±4.9

3.3 ±0.0 **

+++
Pea

Second
filtrate

++

Alkaline

130.6 ±0.3

4.4 ±0.3 ***

10.1 ±0.5

0.1 ±0.0 **

Acidic

12.7 ±0.3

1.7 ±0.1 ***

39.7 ±0.0

0.8 ±0.0 ***

+++

++

Values are expressed as the mean ± standard deviation of 2 replicates. The significant
differences for the same extraction stage and filtration are presented in the same row, and those
for the type of extraction are presented in the same column. The statistical analysis results
according to Student t-test are denoted as + (p < 0.05), ++ (p < 0.01), +++ (p < 0.001), and ns (not
significant).

3.2 Potential Recovery of Proteins from the Wastewater Fractions from Faba Bean and Pea
The efficiency of the protein extraction was measured indirectly by determining the total protein
content in the wastewater fractions. The wet protein extraction process began with solubilizing the
legume flour in an aqueous medium and adjusting the pH of the solution to either acidic or alkaline
range far from the isoelectric point. Subsequently, the solubilized proteins were precipitated at the
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pH corresponding to their isoelectric point [24]. The impacts of the extraction stage, the type of
extraction, and the matrix used were studied. Significant differences were observed when the
fractions were compared based on the extraction stages (Figure 1). Protein content in the first
wastewater fractions was approximately 65%–88% higher (p < 0.01 in most cases), regardless of the
matrix used and the extraction type. These results demonstrated that a portion of protein did not
precipitate at the isoelectric point while another was solubilized during the washing step after
removing the protein isolate. In general, the protein content in the wastewater fractions indicated
that after the extraction step, a portion of the soluble proteins remained in the supernatant (first
wastewater fraction) even after the isoelectric precipitation. The protein loss might be related to
the type of proteins, i.e., a few proteins might be soluble in the acidic or alkaline media, while having
slightly different isoelectric points compared to the ones selected in the present study. Moreover,
the presence of protein remaining in the supernatant even after precipitation could be attributed
to the fact that certain proteins might require a longer time or a higher acid/alkali molarity for
precipitation.

1000

1000
ns

ns

800

B

Alkaline
Acidic
-1

Total protein content (mg·L )

-1

Total protein content (mg·L )

A

600

400

200

Alkaline
Acidic

800

600

400

**
**

200

0

0
Faba

Pea

Faba

Pea

Figure 1 Total protein content in (A) the first wastewater fractions from the alkaline and
acidic protein extractions from faba bean and pea; (B) the second wastewater fractions
from the alkaline and acidic protein extractions from faba bean and pea. The significant
differences for the type of extraction (alkaline/acidic) and in each extraction stage
according to Student t-test are denoted as * (p < 0.05), ** (p < 0.01), *** (p < 0.001),
and ns (not significant).
When the type of extraction was compared in the statistical analysis, no differences were
revealed in the first wastewater fractions, while significant differences were observed in the second
wastewater fractions (p < 0.01). The protein content in the wastewater fractions from the acidic
extraction from faba bean and pea was 72% and 53% higher, respectively, compared to the
corresponding alkaline extraction fractions. The difference in the protein content between the
acidic and alkaline treatment wastewater fractions could be attributed to the fact that the acidsolubilized proteins are closer to the isoelectric point compared to those solubilized under alkaline
conditions.
In regard to protein isolation efficiency, extraction using acidic media is reportedly a less
favorable process due to lower cell wall degradation caused by the acid, which may lead to low
protein diffusion to the acidic medium. Moreover, the applied acid pH is closer to the isoelectric
Page 56/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102013

point of the protein compared to the pH in the alkaline experiments, which results in lower protein
solubility [25]. In general, alkaline extraction generates higher extraction yields compared to acidic
extractions. Nevertheless, acidic extraction may be preferable in certain cases due to the different
techno-functional properties of the extracts, besides preventing extreme pH conditions that may
cause protein denaturation and high consumption of acids, alkalis, and water [26]. The protein
content in the different isolates varied with the extraction pH and the legume type. Under both
acidic and alkaline extraction conditions, the isolates from peas (pH 2.5, 99.5% DW; pH 9.0, 93%
DW) exhibited a higher protein content compared to the faba bean isolates (pH 2.5, 88.9% DW; pH
9.0, 82.3% DW). In addition, both faba bean and pea isolates exhibited higher protein purity under
acidic extraction.
Various technologies, such as foam separation or UF, have been applied to recover soybean
protein from wastewaters [2]. A system based on two-stage foam separation technology reportedly
achieved recoveries of approximately 80%, while a combination of UF and RO has also been used
for recovering soluble substances [2, 27, 28]. These technologies could be effective in the recovery
of the remnant proteins present in the wastewater fractions.
3.3 Potential Recovery of Carbohydrates from the Wastewater Fractions from Faba Bean and Peas
The HPLC-RI analysis of the wastewater fractions revealed the presence of carbohydrates (Table
4). Among the four sugars investigated, namely, sucrose, fructose, glucose, and galactose, only
sucrose was identified and quantified, and the rest were either not present or were at
concentrations below the detection limit. The extraction stage, the type of extraction, and the
impact of the matrix used were statistically analyzed. The analysis for sucrose revealed a higher
content of approximately 82%–92% in the first wastewater fractions compared to the second ones
(p < 0.001), regardless of the type of extraction and the matrix used. In addition, the sucrose content
after the first acidic extraction from pea was higher (67%) than that in the faba bean wastewater
from acidic extraction (p < 0.001), while the reverse was observed under alkaline extraction. Kontos
et al. [29] studied the methodologies for the recovery and purification of phenolic compounds from
the carbohydrates blend in olive mill wastewater and observed that NF membranes were useful for
separating both types of compounds, retaining approximately 95% of sucrose from tyrosol. The
authors recommended applying a sequence of membrane technologies, such as vacuum distillation,
freeze, drying, and melt crystallization, to recover value-added compounds from olive mill
wastewater.
Table 4 Sucrose content (mg·L–1) in the wastewater fractions from the alkaline and acidic
protein extractions from faba bean and pea.
Matrix

Faba

Pea

Extraction type

Wastewater fractions
First

Second

Alkaline

1598 ±29

115 ±5 ***

Acidic

726 ±21
+++

125 ±7 ***
ns

Alkaline

1215 ±10

138 ±13 ***
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Acidic

2168 ±147
+++

189 ±31 ***
ns

Values are expressed as the mean ±standard deviation of 3 replicates. The significant differences
for the extraction stage are presented in the same row, and those for the type of extraction are
presented in the same column. The statistical analysis results according to Student t-test are
denoted as + (p < 0.05), ++ (p < 0.01), +++ (p < 0.001), and ns (not significant).

3.4 Potential Recovery of Phenolic Compounds from the Wastewater Fractions from Faba Bean
and Peas
The analysis of the total phenolic content in the wastewater fractions was conducted, and the
statistical analysis was performed concerning the extraction stage, the type of extraction, and the
impact of the matrix used. The total phenolic content was approximately 81%–87% higher in the
first wastewater fractions (p < 0.001) compared to the second one, regardless of the extraction type
and matrix used (Figure 2). When the first wastewater fractions were compared, the phenolic
content in the wastewater fraction from faba bean was approximately 34%–39% higher (p < 0.001)
than that in the pea fraction, regardless of the type of extraction.
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Figure 2 Total phenolic content in (A) the first wastewater fractions from the alkaline
and acidic protein extractions from faba bean and pea; (B) the second wastewater
fraction from the alkaline and acidic protein extractions from faba bean and pea. The
significant differences for the type of extraction (alkaline/acidic) and in each extraction
stage according to Student t-test are denoted as * (p < 0.05), ** (p < 0.01), *** (p <
0.001), and ns (not significant).
The identification and quantification of individual phenolic compounds were focused on the first
wastewater fractions as these had the highest total phenolic content. The HPLC-DAD-MSn analysis
of the wastewater fractions from faba bean and pea revealed differences in the individual phenolic
compounds. The wastewater fractions from the alkaline and acidic extractions from faba bean had
similar chromatograms with close signals and low-intensity peaks, rendering the identification
difficult (Figure S1). Two main flavonoid glucosides identified were quercetin-rhamnoside-glucoside
and kaempferol-rhamnoside-glucoside (Table 5). The content of kaempferol glucoside was double
the quercetin content in both alkaline and acidic wastewater fractions. In pea wastewater fractions,
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the chromatograms for alkaline and acidic extractions were similar, with the peaks for more intense
compared to those obtained for faba beans (Figure S2). Caffeic acid-glucoside, trans-feruloyl-malic
acid, trans ferulic acid, trans-p-coumaroyl-malic acid, and p-hydroxy benzoyl-malic acid glucoside
were identified and quantified using the corresponding standards (Table 6). In addition, the
flavonoid kaempferol-triglucoside was identified and quantified as rutin. In pea, the content of
phenolic compounds was slightly higher in the acidic fraction than in the alkaline fraction.

Page 59/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102013

Table 5 Characterization and quantification of phenolic compounds in the first wastewater fractions from the alkaline and acidic protein
extractions from faba bean.

Alkaline
extraction

Acidic
extraction

Group

Compound

Flavonoids

Quercetin-rhamnosideglucoside
Kaempferolrhamnoside-glucoside

Flavonoids

Quercetin-rhamnosideglucoside
Kaempferolrhamnoside-glucoside

Rt
(min)
21.8
23.9

21.9
23.9

λmax
(nm)
258,
356
234,
266,
326

[M-H]–
609

MS2
fragments
447

593

447, 285

258,
356
234,
266,
326

609

447

593

447, 285

MS3
fragments
301

301

Quantified
indirectly as
Quercetin

Concentration
(mg·L–1)
0.15

Rutin
(Quercetin
3-Orutinoside)

0.30

Quercetin

0.14

Rutin
(Quercetin
3-Orutinoside)

0.33
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Table 6 Characterization and quantification of phenolic compounds in the first wastewater fractions from the alkaline and acidic protein
extractions from pea.

Alkaline
extraction

[MH]–
771

MS2
fragments
609

MS3
fragments
285

14.6

314

341

179

trans feruloyl-malic
acid
trans ferulic acid
trans p-coumaroylmalic acid
p-hydroxybenzoylmalic acid glucoside

19.2

240, 320

308

24.8
16.9

238, 324
236, 308

13.5

Kaempferoltriglucoside
Caffeic acid-glucoside
trans feruloyl-malic
acid
trans ferulic acid
trans p-coumaroylmalic acid
p-hydroxybenzoylmalic acid glucoside

Compound

Flavonoids

Kaempferoltriglucoside
Caffeic acid-glucoside

Phenolic
acids

Acidic
extraction

Rt
λmax
(min) (nm)
22.9 264, 346

Group

Flavonoids
Phenolic
acids

Concentration
(mg·L–1)
0.92

135

Quantified indirectly
as
Rutin (Quercetin 3-Orutinoside)
Caffeic acid

193

134

Ferulic acid

0.91

193
278

149
163

134
119

Ferulic acid
p-Coumaric acid

0.62
0.64

248

414

252

136

Hydroxybenzoic acid

0.57

22.9

264, 346

771

609

285

14.6

314

341

179

135

Rutin (Quercetin 3-O- 1.25
rutinoside)
Caffeic acid
0.35

19.3

240, 320

308

193

134

Ferulic acid

1.09

24.9
17.0

238, 324
236, 308

193
278

149
163

134
119

Ferulic acid
p-Coumaric acid

0.45
0.75

13.5

248

414

252

136

Hydroxybenzoic acid

0.79

0.23
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Polyphenols are well recognized for their antioxidant properties, as well as for their contribution
to the prevention of various human illnesses (cardiovascular disease, cancer, osteoporosis,
diabetes, and neurodegenerative diseases) [11]. Therefore, the recovery of these value-added
compounds (polyphenols) from wastewater as by-products recovered from inexpensive input
materials is important. In addition, this would be beneficial for wastewater recycling. Several
methodologies have been applied to recover polyphenols from the wastewater fractions from fruit
and vegetable processing industries. Membrane methodologies, such as NF with different molecular
weights cut-offs, have been applied to recover flavonoids, including anthocyanins, from press
liquors of orange peel, generating yields ranging from 70% to 89% [30]. Membrane technologies
based on RO have reportedly been applied to recover isoflavones from whole soy milk [2, 31].
Moreover, foam fractionation followed by acidic hydrolysis and adsorption on chitosan
microspheres has been used for separating isoflavone aglycone from soy whey wastewater [32].
Soybean isoflavones have also been obtained using wastewater protein extraction. However, most
of these wastewater fractions are usually disposed of in sewage treatment plants [2, 33]
3.5 Antioxidant Activity of the Wastewater Fractions from Faba Bean and Peas
As in the analysis of phenolic compounds, the antioxidant activity was also determined only in
the first wastewater fractions as these fractions had higher polyphenol content. The extraction
process and the matrix used were considered for statistical analysis, although significant differences
were observed only for the type of matrix used. The effective concentration (EC50) in the pea
wastewater fractions was approximately 84%–91%, which was higher than that in the faba bean
fractions, regardless of the type of extraction (Figure 3). A lower EC50 value represents a higher
antioxidant activity. Therefore, the faba bean wastewater fractions exhibited higher antioxidant
activity than the pea fractions.

400
Alkaline
Acidic

ns

EC50

300

200

100
ns
0
Faba

Pea

Figure 3 Antioxidant activity in the first wastewater fractions from the alkaline and acidic
protein extractions from faba bean and pea. The significant differences for the type of
extraction (alkaline/acidic) according to Student t-test are denoted as * (p < 0.05), ** (p
< 0.01), *** (p < 0.001), and ns (not significant).
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While the total phenolic content was 34%–39% higher in the faba bean wastewater than in the
pea fraction, the comparison of the antioxidant activities of the two matrices revealed higher
differences, which could be associated with the presence of different polyphenol families in pea and
faba bean wastewater fractions, as the total antioxidant activity is based on the synergistic effects
of the polyphenols present, the metabolite type, and metabolite concentration [34].
4. Conclusions
Huge quantities of wastewater are generated in the industrial processes for the production of
protein isolates, which are harmful to the environment. In the present study, all the wastewater
fractions from faba bean and peas, particularly the first extraction stage fractions, were indicated
to have a negative environmental impact owing to their high organic matter content, reflected as
COD and total solids. It is suggested that membrane technologies focused on retaining the dissolved
constituents should be implemented, in addition to microfiltration, to reduce the organic and
inorganic loads originating from industrial food residues in the wastewater. Prior to implementing
the cleaning and recycling strategies, the potential high value-added compounds, such as proteins,
sucrose, and polyphenols, should be recovered from the first wastewater fractions, either by
alkaline or acidic extraction. The first wastewater fraction from faba bean in the present study
exhibited the highest total phenolic content and antioxidant activity, and was, therefore, considered
most suitable for the potential valorization. Furthermore, approaches involving the recovery
technologies specifically suitable for each group of value-added compounds, such as membrane
technologies combined with physicochemical technologies, could also be implemented.
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Abstract
Furcal perforation management in root canal retreatment is often challenging as the outcome
of the perforation sealing depends on several parameters. The recent introduction of several
bioactive cements and magnification systems has made the sealing of perforations easier and
the outcome more predictable. This study highlights the clinical outcomes of furcal
perforation management in root canal retreatment using biodentine.
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1. Introduction
Furcal perforations represent pathologic or iatrogenic communication between the root canal
space and the attachment apparatus [1]. Variables considered duringthe management of furcation
include level,location, size, and time of perforation[1].In root canal retreatment, the presence of
perforation would not always be visible on the pre-treatment radiograph but confirmed during
retreatment only [2-4]. A dental operating microscope has become a standard instrument to
predictably and non-surgically repair perforation defects [1]. Materials recommended for sealing of
perforation defects include, but are not limited to, hemostatics, resorbable and non-resorbable
barriers [1]. Bio-active glass materials have shown excellent biocompatibility in perforation repair
[5]. Biodentine is a calciumsilicate-based cement created as dentin support with additional
advantages over mineral trioxide aggregate (MTA). Its advantages arebetter handling
characteristics, self-adhesion to dentin, no shrinkage, better anti-bacterial activity, and induction of
hard tissue formation [1]. The use of biodentineis not limited to furcal perforation, and it has
successfully been applied in other clinical situations during endodontic treatment [6].
The following case reports discuss the application of biodentine in non-surgical furcal perforation
management during root canal retreatment and highlight the predictable clinical successes
achieved. All patients were treated after obtaining written informed consent.
2. Case 1
A 25-year-old male patient presented for post-endodontic restoration in a previously root canal
treated mandibular left first molar (Figure 1A). Clinical examination showed significant loss of tooth
structure; therefore, a fiber post composite core followed by a full-coverage crown was planned.
During post preparation in the distal canal, a strip perforation occurred in the middle third of the
canal close to the furcation. The perforation was managed by placing biodentine (Septodont
Healthcare India Pvt Ltd., Raigad, India) guided by an operating microscope (Labomed Prima,
Labomed Inc., CA, USA). This was followed by the application of endocrown (IPS Emax,
IvoclarVivadent AG, Liechtenstein) as a post-endodontic restoration (Figure 1B-H). An immediate
post-perforation radiograph showed furcal bone loss (Figure 1I). One month after perforation
management, the patientpresented with a periodontal abscess with respect to the treated teeth
with further deterioration of the furcal defect in the radiograph (Figure 2A, B). The gingival
overgrowth and periodontal abscess tissue were excised using a laser (iLase, Biolase, CA, USA). This
was followed with gingival sulcus curettage using an ultrasonic scaler (Figure 2C). A clinical review
at 14-month recall revealed an excellent clinical periodontal healing with no attachment loss,and
radiographic examination showed stabilization of the bone loss at the perforation site (Figure 2D,
E).
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Figure 1 A. Pre-restoration image of mandibular first molar showing extensive crown
structure loss. B. Strip perforation (arrow) in the distal canal during post space
preparation. C. Radiograph depicting the perforation (arrow). D. Perforation sealed with
biodentine (arrow). E. Tooth prepared for endocrown restoration. F. Radiograph
showing strip perforation sealed in the distal canal. G. Immediate post endocrown
restoration image. H. Lithium disilicate endocrown restoration (arrow) in occlusion. I.
Immediate post endocrown restoration radiograph with perforation sealed (arrow).

Figure 2 A. Periodontal abscess in lithium disilicate endocrown restored mandibular first
molar 1 month after perforation sealing. B. Furcation bone loss (arrow) in endocrown
placed mandibular first molar. C. Laser excision of abscess tissue (arrow). D. Normal
gingival attachment 1 year after laser-tissue excision(arrow). E. Furcation bone
stabilized (arrow) after 1 year.
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3. Case 2
A 40-year-old male patient presented to the Department of Endodontics with a chief complaint
of pain in his previously root canal treated right mandibular first molar. Radiographic examination
showed inadequate obturation of both mesial and distal canals; therefore,root canal retreatment
was suggested (Figure 3A). Upon removal of gutta-percha (GP) and refining the access cavity, a
perforation defect was noted at the floor of the pulp chamberthat was not obvious in the pretreatment radiograph (Figure 3B, C). After complete removal of the existing gutta-percha from the
canals, the canals were re-obturatedafter1week of disinfection with intracanal medicament (Figure
3D, E). The perforation defect was closed with biodentine under an operating microscope (Figure
3F). Figure 3G showsan immediate assessment of perforation defect in the radiograph,whereas
Figure 3H shows an excellent furcal bone healing in the biodentine-treated site in a 17-months
radiograph.

Figure 3 A. Pre-treatment radiograph of failing root canal treatment with inadequate
obturation and no obvious perforation evidence (arrow). B and C. Following access
refining and gutta-percha removal from the canals,clear perforations (arrow) were
observed on the lingual side of the pulp floor. D. Following gutta-percha removal, master
cone selection was performed. E. Canals obturated with gutta-percha. F. Perforation site
sealed with biodentine (arrow). G. Radiograph showing gutta-percha removed from the
canals. H. An 18-month post perforation management radiograph showing no furcal
bone loss.
4. Case 3
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A 37-year-old male patient presented with complaints of pain in his failing root canal treated left
mandibular first molar. Radiographic examination showed obturation beyond apex and instrument
separation in the mesial canal (Figure 4A). In addition, periapical lesions were evident in the mesial
and distal canals (Figure 4A). Root canal retreatment and retrieval of the separated instrument were
planned. After removal of gutta-percha from the mesiolingual and distal canals, the canals were reobturated after 1-week disinfection with intracanal medicament (Figure 4B-D). Instrument retrieval
in the mesiobuccal canal was performed with an instrument removal system (IRS, Swiss Machining,
San Diego, CA, USA) under magnification. The core drills, used to create a platform in the system to
remove the separated instrument, created a strip perforation in the middle third of the canal close
to the furcation (Figure 4E, F). Following perforation, the instrument retrieval attempt was
abandoned and the canal space apical to perforation defect was obturated with thermoplasticized
gutta-percha (Super Endo Alpha, B and L Biotech Inc, US) (Figure 4G). Perforation defect and canal
space coronal to perforation were sealed with biodentine (Figure 4H, I). A 12-month review showed
excellent gingival health with no pocket depth.Radiograph examination showed good periapical
healing (Figure 4J-K).

Figure 4 A. Pre-operative radiograph showing failed root canal treated mandibular first
molar with the separated instrument in the mesial canal and periapical radiolucency in
both mesial and distal root canals. B. Radiograph showing an attempt to remove guttapercha. C. Gutta-percha was removed from the root canals. D. Mesiolingual and distal
canals obturated before attempting separated instrument retrieval from the
mesiobuccal canal. E. IRS drill used for staging and creating the platform.F. Strip
perforation (arrow) in the mesiobuccal canal because of IRS drill usage. G. Canal space
apical to perforation site filled with thermoplasticized gutta-percha. H. Perforation site
and canal space coronal to perforation sealed with biodentine (arrow). I. Post
perforation management radiograph. J. One-year post-treatment radiograph showing
no furcal bone, and periapical lesion shows healing. K. One-year post perforation
management image of the mandibular first molar showing no gingival attachment loss.
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5. Case 4
A 40-year-old female patient presented to the endodontic clinic with complaints of pain in her
recently root canal treated left mandibular first and second molar. Radiographic
examinationrevealed multiple defects in the treated root canals in both molars (Figure 5A). It was
evident in the radiograph that first and second molars had over-extended access cavities,
instrument separation beyond apex, gutta-percha placement in furcal perforation, and had missed
canals (Figure 5A). Multiple defects were explained to the patient and an option of non-surgical
retreatment was suggested. Retreatment and gutta-percha removal were performed in the
mandibular second molar, followed by the first molar. Gutta-percha points were removed from both
the molars (Figure 5B), but the separated hand instrument located beyond the apex in the mesial
canals of the mandibular first molar could not be retrieved (Figure 5B, C). Multiple pulpal floor
perforations in the furcal region with over-extended access cavities were observed under an
operating microscope in both molars (Figure 5D, E, H, K, L). Following obturation of the canal system
with gutta-percha after disinfection with intra-canal medicament, the pulpal floor perforations were
sealed with biodentine. Figure 5N shows an immediate post-obturation radiograph of the two
molars.
Six months after retreatment,the patient reported back with a fractured lingual crown of the
mandibular first molar tooth that had occurred 3 months after perforation repair (Figure 5O, P). This
resulted from the over-extended access cavity from the initialroot canal treatment. Gingival tissue
overgrowth into the fractured portion of the molar was excised using laser, followed by fiber post
composite core build-up (Reforpost, Angelus Industrial Products, Londrina, Brazil) (Figure 5Q, R, T).
Following post-placement, the re-exposed perforation sites were sealed with biodentine and
composite (Charisma Smart Composite, Kulzer GmbH, Germany) core build-up was performed
(Figure 5U-W). The patient was recalled 9 months after fracture of her mandibular first molar tooth,
the tooth was asymptomatic, and periodontal probing exhibited pocket presence on the lingual
aspect of teeth with bleeding upon probing (Figure 5X, Y). Radiograph examination showed no furcal
bone loss in the second molar; however, the first molar exhibited a certain amount of furcal bone
loss due to an earlier fracture of the crown portion (Figure 5Z). A 15-month review of teeth showed
the clinical success of the mandibular second molar with good periodontal health. A review at9month recall after crown fracture management revealed the surviving tooth. However, clinical
success can be re-assessed over a longer period.
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Figure 5 A. Pre-treatment radiograph depicting multiple defects such as missed canals
and instrument separation beyond apex in left mandibular first and second molars. B.
Radiograph showing complete gutta-percha removal from the canals with separated
instrument present in the mesial canal of the mandibular first molar. C. Working length
estimation radiograph. D and E. Multiple perforations (arrow) detected in mandibular
first and second molars. F. Master selection radiograph. G. Canals obturated in
mandibular second molar. H. Perforation (arrow) site ready for biodentine sealing after
canal obturation. I. Perforation site sealed with Biodentine. J. Post perforation sealed
radiograph of mandibular second molar. K. Perforation (arrow) in mandibular first
molar. L. Canals obturated before perforation (arrow) sealing. M. Perforation sealed
with Biodentine. N. Post perforation sealed mandibular first and second molar
radiograph. O. Six months post perforation management radiograph displaying fracture
crown structure in mandibular first molar (arrow). P. Gingival tissue overgrowth (arrow)
covering the pulpal floor. Q. Laser tissue excision of the gingival tissue (arrow) showing
extensiveness of the crown structure loss. R. Fiber post placement in distal canal
radiograph. T. Earlier perforation (arrow) sealed sites exposed because of the crown
structure fracture. U. The perforation resealed with biodentine following fiber post
placement in distal canal. V. Composite core buildup of mandibular first molar. W.
Immediate resealed perforation radiograph. X. Mandibular first molar 9 months after
resealing of perforation. Y. Lingual aspect of mandibular first molar exhibiting
periodontal pocket formation. Z. The 15-month post perforation management of
mandibular second molar showing no furcal bone loss, 9-month post perforation
resealed mandibular first molar some furcal bone loss.
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6. Case 5
A 53-year-old female patient reported complaints of pain in her root canal treated left maxillary
second premolar (Figure 6A). Radiographic examination showed an ill-fitting full-coverage crown
and inadequately root canal treated maxillary second premolar, with the widening of the
periodontal ligament space (Figure 6A). Upon removal of the crown and gutta-percha, a coronal
perforation was identified on the mesial aspect of the access cavity, which was not evident in the
pre-treatment radiograph (Figure 6B). Following treatment with intracanal medicament, the canal
was thermoplastically obturated with gutta-percha, and the perforation site was sealed with
biodentine (Figure 6C-E). The access cavity was restored with amalgam.

Figure 6 A. Pre-treatment radiograph of failing root canal treated left maxillary second
premolar with the full-coverage crown. B. Following crown removal and the guttapercha removal from the canals, a perforation (arrow) was detected in the mesial aspect
of the pulpal floor. C. Master cone selection radiograph. D. Perforation site sealed with
biodentinefollowing obturation of canals. E. Radiograph of immediate post perforation
management with amalgam core build up in the maxillary second premolar.
7. Case 6
A 52-year-old female patient presented to the clinic with pain in her attempted root canal treated
left maxillary first molar. Radiographic examination showed a previously prepared access cavity with
possible perforation in the pulpal floor close to furcation (Figure 7A). Root canals were cleaned,
shaped, and subsequently obturated after intracanal medicament. Subsequently, the perforation
was sealed with biodentine and access preparation was restored with composite (Figure 7B-F).
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Figure 7 A. Pre-treatment radiograph of a left maxillary first molar with history of root
canal treatment displaying possible perforation (arrow). B. Radiograph displaying the
presence of perforation in the furcal region. C.Obturation of management canals before
perforation (arrow). D. Radiograph of canals obturated before perforation sealing. E.
Perforation site sealed with biodentine (arrow). F. Immediate post perforation
management radiograph.
8. Case 7
A 32-year-old female patient presented with a painful root canal treated left maxillary first molar,
with a dislodged full-coverage crown. Radiographic examination showed inadequate root canal
treatment (Figure 8A); therefore, non-surgical root canal retreatment was planned. Upon removal
of gutta-percha from the root canals, a pulpal floor perforation was observed in the furcation region
which was not obvious in the pre-treatment radiograph (Figure 8B). Perforation sealing with
biodentine was performed after root canal obturation with gutta-percha (Figures 8C-E). Following
root canal treatment, the tooth had a laser surgical crown lengthening on buccal and palatal regions
andwas restored with a full-coverage zirconia crown (Figure 8F, G). Reviews with radiographs at 5
and 18months revealed no evidence of furcal bone loss (Figure 8H, I). Figures 8J and K are clinical
photographs of the molar tooth restored with zirconia crown with excellent gingival and periodontal
health.
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Figure 8 A. Pre-treatment radiograph of the left maxillary first molar tooth. B. Evidence
of perforation (arrow) observed in the pulpal floor in the furcal region. C. Following
removal of previous gutta-percha fillings, the root canals were re-obturated with guttapercha points. D. Radiograph showing placement of new gutta-percha points. E.
Perforation site sealed with biodentine following obturation of canals. F. Post
endodontic composite restoration to seal the access preparation with inadequate crown
length. G. Laser crown lengthening performed on palatal (arrow) and buccal (arrow)
aspect of maxillary first molar. H and I. Five-and 18-month review radiographs,
respectively, showing no furcal bone loss. J. An 18-month occlusal view of left maxillary
first molar restored with a full-coverage zirconia crown exhibiting good gingival health
in laser crown lengthening region (arrow). K. An 18-month buccal view of left maxillary
first molar restored with a full-coverage zirconia crown exhibiting good gingival health
in laser crown lengthening region (arrow).
9. Discussion
Perforation management in retreatment cases is largely complicated by the presence of other
mishaps, such as instrument separation, inadequate shaping, and cleaning of either the canals,
previous root canal fillings, or periapical lesions, as highlighted by the cases presented in this report.
Several clinical studies have reported a remarkable success rate (90%) achieved with MTA sealing
of perforation defect [7-10]. Pontius et al. [11] analyzed the clinical outcomes of 70 perforation
managementcases in 69 patients and reported no significant difference in the success rate between
primary and secondary root canal treatments and between the presence and absence of apical
periodontitis [10]. The current case report finding is in agreement with the abovefindings of good
clinical success by Pontius et al.Although biodentine, as a new bioceramic material, was introduced
a decade ago in 2010, there are limited long-term clinical studies available in the literature on its
performance in the management of retreatment cases [11].Case reports available in the literature
point to a favorable outcome for biodentine similar to MTA [11].However, biodentine has
advantages over MTA in terms of better maneuverability and faster setting [11]. One drawback with
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biodentine is its lack of radiopacity, which might cause difficulty in detecting this material in
radiographs. Several long-term studies [9, 12] on perforation management with MTA suggest
successful healing; however, more clinical studies are required on the use of biodentine in
perforation management.
One of the main critical factors in perforation management in root canal retreatment is the time
and level of perforations [1], as the perforations might have occurred long back at the initial root
canal treatment. Chronic perforations pose treatment challenges requiring surgical interventions
[1]. However, in the present report, all perforations except in Cases 1 and 3occurred at the time of
primary root canal treatment and were managed with non-surgical interventions except for Cases
1 and 4. These cases (1 and 4) required surgical intervention for perforation repairs that are close
to furcation. This is in concurrence with earlier suggestions that furcal perforations could threaten
the sulcular attachment than apical perforations [1]. Case 1 had better periodontal healing with
lithium disilicate ceramic endocrownfull-coverage crown when compared with Case 4 for two
reasons; first, perforation closure was performed immediately at perforation detection whereas in
Case 4 perforation was exposed to the oral environment and was left unattended for three months.
Second, an inert ceramic material was in contact with sulcular attachment than composite. All other
six cases except Case 2 had perforations close to the furcation. Of these, two teeth that exhibited
extensive tooth structure loss required surgical laser gingival tissue excision. The present report
highlights that furcal perforations in teeth with extensive tooth structure loss might require minimal
surgical intervention. This is because of the long-term exposure of these sites to oral microbes that
could prevent satisfactory healing of the periodontal tissues. All teeth in this report survived beyond
1year, even those having furcal perforations with extensive coronal structure loss. Pontius et al. [10]
recommended thatteeth with chronic apical periodontitis and perforation healing could be
reviewed in 1 year; however, a 2-year assessment would be better. Our experience in the
management of perforation in root canal retreatment showed that a failed treatment tended to
occur before 1 year. However, the affected teeth, which remained functional and asymptomatic
even after 18months of retreatment,was found to be successful for a long period.
The present case reports show the versatility of biodentine, allowing it to be applied in
complicated retreatment cases and achieve predictable clinical success, even in compromised
perforation management. Recent magnification tools such as operating microscopes have allowed
more precise management of perforation cases in root canal retreatment. The present report
highlights the amount of coronal tooth structure loss in retreatment cases, with furcal perforations
influencing the requirement for surgical intervention. Long-term,well-designed clinical trials are
required for better assessment of biodentine as furcal perforation sealing material in root canal
retreatment for teeth with and without extensive coronal tooth structure loss.
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Abstract
The design of nanomaterials for application in diverse fields ranging from photovoltaic to
fluorescence sensing is a research area of increasing interest. Recently, Quantum Dots (QDs),
which are classified as semiconductor quantum dots (SQDs) and Carbon dots (CDs), have
become a hot topic of investigation, owing to their extraordinary tunable fluorescence
emission properties that render them excellent candidates for sensing metal ions. The
detection of metal ions in aqueous solutions with high sensitivity is very important as these
ions have toxicological and environmental impacts. In this short review, we have described
the fluorescence emission properties of CDs and their application for the detection of
different metal ions, such as Hg2+, Pb2+, Cu2+, Fe3+, Cd2+, and Cr6+.
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1. Introduction
In the last decade, the development of novel functional electronic devices had gained much
attention owing to the increasing problems regarding energy consumption and fossil fuels. These
electronic devices are made from organic, inorganic, and combined organic–inorganic materials,
and offer the possibility of tunable long-term stability, conductivity, and photoluminescence
properties through subtle structural changes that resulted in wide-range applications, such as
photovoltaic (PV) [1], artificial photosynthesis [2], and Organic Light-Emitting Diodes (OLEDs) [3].
Among these electronic devices, nanomaterial-based devices gained increasing interest because
their sizes are in the quantum-confined regimen with at least one dimension less than 10 nm and
their excitons are confined in spatial dimensions with quantized energy states resulting in great
physicochemical properties [4, 5]. An example of this kind of nanomaterials would be the
fluorescent quantum dots (QDs), which are applicable in a broad range of fields, such as bio-labelling
[6], bio-imaging [7], drug delivery [8], biochemical sensing [9], and photodynamic therapy [10]. QDs
were first described by Ekimov and Onushenko [11] by exploring the size effects on the exciton
absorption spectrum of CuCl crystals’ growth in a transparent dielectric matrix (glass matrix).
However, the term “Quantum Dot” was coined by Reed and co-workers, referring to nanoparticlebased semiconductors [4, 12]. Thus, the first class of these nanomaterials corresponded to
semiconductor quantum dots (SQDs) that were obtained from the group 13 and 14 elements (e.g.,
gallium-, indium-, silicon-, germanium-, and lead-based QDs). However, colloidal methods were
used for synthesizing the QDs by combining a transition metal, such as zinc, cadmium, and mercury,
with the representative elements such as sulphur, selenium, or tellurium [13, 14]. Another class of
QDs is based on carbon (CQDs), which have received great attention in the last two decades because
of their optoelectronic properties. According to Valcárcel and co-workers [4], CDs could be classified
in carbon nanodots (CNDs, nanodots that lack quantum confinement), carbon quantum dots (CQDs,
nanodots with quantum confinement and a crystalline structure), and graphene quantum dots
(GQDs, which use a -conjugated single sheet of graphene with quantum confinement).
The increasing interest in QDs has been reflected in the huge number of papers published in this
field since the first original report by Ekimov and Onushenko. According to the SciFinder search
performed by our team, in the last two decades, the number of publications introducing the term
QDs in the articles’ titles has increased considerably, with a peak of 9563 publications reached in
2019. Likewise, the number of publications using the term CQDs in their titles has also increased
since their discovery in 2004 (Figure 1).
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Figure 1 Number of publications on QDs and CQDs since 2000, according to SciFinder
database
This review is specifically focused on the fluorescent CDs, which include all three groups
mentioned above (CNDs, CQDs, and GQDs), and their application in heavy metal fluorescence
sensing. We conducted a comprehensive survey on the important aspects of CDs, including their
design, fabrication, principal features, optical properties, and the applications of their fluorescence
emission for the detection of metal ions in aqueous solutions with demonstrated toxicological and
environmental impact. Accordingly, we could provide an overview of the status of these
applications.
2. Synthesis and General Properties of the CDs
CDs are novel nano-sized carbon particles (size < 10nm) with extraordinary features, such as nontoxicity, high quantum yield (QY) with a tunable bandgap, photostability, low cost, and high surface
passivation [15]. Despite these advantages, it is worth mentioning that CDs show some
disadvantages in comparison to SQDs that limit their applications, such as difficulties in preparation,
purification, and characterization. In addition, they often provide low quantum yields and certain
ambiguity in their geometry and structure [16, 17].
CDs can be classified as CNDs, CQDs, and GQDs depending on their nature, crystalline structure,
and quantum confinement as mentioned above, which, in turn, depend on the different precursors
and synthesis methods used for their fabrication (Figure 2) [18]. CNDs are carbon-based
nanoparticles that lack crystalline structure as well as quantum confinement; the carbon core is a
disordered mixture of mostly sp3 carbons. Different top-down and bottom-up strategies have been
reported for the synthesis of CNDs. However, it is very difficult to control their structure and size
[19, 20]. CQDs have a quasi-spherical structure with a carbon crystalline core based on sp2 and sp3
carbons and quantum confinement. In contrast, GQDs are 0 D materials that possess a well-defined
crystalline structure comprising metallic atoms and nanosheets of sp2 carbons [4] with the specific
characteristics that are derived from graphene and CDs [21]. Therefore, GQDs have gained special
attention in the scientific community. Certain characteristics of GQDs, such as FLE properties
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(excitation-dependent FLE, functionalization-dependent FLE), biocompatibility, low toxicity, very
high thermal conductivity, good electron mobility, superior mechanical flexibility, and high photostability (non-photo-bleaching and non-photo-blinking) have increased their application as
biomedical sensors [22], environmental detection of heavy metal ions [23], and drug delivery
systems for anticancer therapy [24].
Top-down methodologies

Carbon source

CDs

✓
✓
✓
✓

Laser ablation
Chemical oxidation
Ultrasonic
Electrochemical oxidation

✓
✓
✓
✓

Pyrolytic process
Microwave
Hydrothermal
Solvothermal

Bottom-up methodologies

Figure 2 Schematic example of top-down and bottom-up methodologies for producing
CDs
Regarding preparation, different synthetic methods using either top-down or bottom-up
methodologies have been reported for obtaining high yields of CDs with high purity, suitable particle
size, and better luminescence behaviour (Figure 2) [25]. Top-down methodologies include protocols
in which carbon sources break down to generate CDs, while bottom-up methodologies happen via
the chemical fusion of small aromatic molecules through pyrolysis or carbonization. In the top-down
methodologies, the most commonly used methods are laser ablation [26, 27], chemical oxidation
using acid-refluxing methods [28], ultrasonic treatment [29, 30], and electrochemical oxidation [31,
32]. On the other hand, the bottom-up methodologies include the classic pyrolytic process and
microwave technique [33-36].
The investigation of novel CDs with different passivation agents has improved their
photophysical properties while maintaining their low toxicity. For example, the application of CDs
in light-emitting diode (LED) technology is an area of increasing interest due to its efficiency in
energy consumption [37-39]. The most important component of LED devices is a sandwich-type
structure known as the emitting layer, which is made of different organic and organic-inorganic
materials with extraordinary emission properties, high photostability, and optimal external
quantum efficiency (EQE) [3, 40]. Recently, the use of organic materials for fabricating OLEDs has
gained immense research interest as these materials are cheaper, thinner, more efficient, and more
flexible than the other technologies used before. However, the use of fluorescent organic
compounds leads to poor colour purity because these materials exhibit a broad fluorescence
emission with a full-width at half-maximum (FWHM) of >60 nm [41]. Therefore, the synthesis of
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novel materials showing narrow FWHM with high EQE is the current field of research with several
pitfalls. As the first approach, colloidal SQDs based on Cd2+ were obtained with an efficient deepblue emission, and quantum yields (QYs) of over 70%, EQE of 8.05%, and brightness of 62,600 cd m–
2
; however, the toxicity of Cd limited their applications [42]. Considering that, Sargent and coworkers synthesized deep-blue CDs from citric acid as the carbon source and diaminonaphthalene
as the passivation agent, which afforded a QY of 70% ±10%, EQE of 4%, and brightness of 2,240 cd
m-2. Interestingly, these CDs showed high colour purity considering the narrow FWHM of ~35 nm
[43].
2.1 Fluorescence Emission in CDs
At this point, it is important to mention that all CDs carry similar absorption and fluorescence
properties regardless of their synthetic procedure; a typical absorption in the UV region (230–320
nm) corresponding to
transitions of the carbon core and n
from the different connected
groups, such as C=O [44], suggests a similarity in the structure and peripheral groups in various CDs
[45]. The fluorescence emission (FLE) in CDs is currently an important topic of discussion because
the exact mechanism of this emission is not yet completely understood. Likewise, another important
feature of CDs corresponds to the dependence of the fluorescence emission on the excitation
wavelength ( exc), which is known as wavelength-dependent behaviour or giant red-edge effect [46].
This behaviour in organic dyes and inorganic complexes results from a variety of solute–solvent
interactions in the ground and excited states under the conditions of restricted mobility [47, 48].
This phenomenon does not fit with Vavilov’s law and Kasha’s rule, which state that the emission
energy is independent of the excitation energy within the absorption band and that fluorescence
normally occurs from the lowest vibrational level of the first excited electronic state, respectively
[49]. This could be attributed to different factors, such as solvation effects and wide distributions of
the sized dots and surface [44]. Figure 3 summarizes a schematic mechanism for the tunable FLE in
CDs in which the presence of the particles of different sizes and different emissive sites on the
surface of the CDs result in multi-colour emission; it also shows the dependent behaviour of the
emission peaks on exc. It is worth noting that this tunable emission in a wide range of the visible
spectrum shown by the CDs results in surface passivation wherein the surface defects are stabilized,
leading to the emission with high quantum yields [16].

or
Different particles

Multiple-core shell structure

E

G
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Figure 3 Emission features of CDs.
Different origins for FLE in CDs have been explored; however, those from the presence of
different particles and multiple-core shell structures have a high grade of acceptance (Figure 3). The
first one is based on the band-gap transitions caused by conjugated -domains, while the second
one considers that the presence of surface defects in CDs are responsible for the high efficient
emission [16]. Gao and co-workers [50] studied the origin of the multi-emission luminescence in
CDs, which was obtained from a mixture of 2,4-diamine toluene, ethylenediamine, and phosphoric
acid through the bottom-up approach by heating at 195 ℃ for 9.5 h. Multi-emission CDs showed
three different emission peaks at 350, 420, and 520 nm, which were exc-dependent, with excitation
ranging from 260–480 nm. The FLE mechanisms were clarified mainly using time-resolved emission
spectra, which revealed that the high-energy peak was associated with the band-gap transitions
caused by the conjugated -domains (carbon core); the peak at 420 nm was attributed to the surface
defects and the peak at 520 nm corresponded to the aggregated molecular state. In this case, an
important conclusion was that the multi-emission luminescence originated from multi-energy states
resulting from the presence of three kinds of CDs. However, these emission phenomena not only
restricted the presence of different particles but also prevented the presence of multiple-core shell
structures (different emissive sites, Figure 3). Lü and co-workers reported the synthesis of multiplecore shell structured CDs via the hydrothermal method from 5-amino-1,10-phenanthroline and
citric acid, which showed triple emission in blue, green, and red regions coming from the core, edge,
and surface bands [51].
Thus, FLE is the main feature of CDs and responsible for their application in different fields.
Considering that, we highlight the applications of CD fluorescence properties, specifically the
applications in biochemical sensing [52]. Fluorescence-based sensing has become an active area of
interest in recent years due to its ability to easily recognize varied target molecules or ions using
versatile sensory materials with high sensitivity and excellent linear response. Different organic and
organic-inorganic materials have been employed as fluorescent sensors, including complexes [53,
54], dyes [55, 56], heterocyclic compounds [57, 58], etc. Likewise, it has been demonstrated that
the use of these organic sensors improves the catalytic activity for detecting the target metals [59].
A recognition unit contains within the structure of sensory material, which results in certain
fluorescence changes upon contacting the target species; the changes in fluorescence include
changes in the intensity, emission peak position, total quenching, anisotropy, or lifetime [60]. Total
quenching of fluorescence (turn-off mode) and fluorescence recovery (turn-on mode) are the most
extensively used principles for sensory applications, in which different mechanisms leading to
fluorescence turn-on and turn-off may occur depending on the interaction with the target ions or
molecules.
Figure 4 summarizes the mechanisms that commonly lead to fluorescence turn-on and turn-off,
which include: i) The photo-induced electron transfer, PET; it occurs through an internal
deactivation process involving electronic interaction between the excited state of the recognition
unit (fluorophore) and the target molecule; ii) The photo-induced charge transfer, PCT; the
fluorescence changes occur by the interruption of the electronic coupling between the donor and
acceptor moieties; iii) the Föster resonance energy transfer, FRET; this is a process in which
deactivation of an excited molecule transfers the energy to another molecule to excite it; iv)
Ratiometric dual emission, RDE; It happens in the presence of two non-overlapping emission peaks
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that respond independently to the target analytes, and v) Inner filter effect, IFE; it occurs when the
absorption of excitation and/or emission radiation happens by a sample matrix and reduces the
fluorescence intensity, thereby resulting in a lower QY [61, 62].

Recognition
units

Fluorescence change mechanisms:
✓
✓
✓
✓
✓

Targets

Fluorescence turn-on mode

Photo-induced electron transfer (PET)
Photo-induced charge transfer (PCT)
Föster resonance energy transfer (FRET)
Ratiometric dual emission
Inner filter effect (IFE)

Fluorescence turn-off mode

Figure 4 Schematic example of the application of CDs in fluorescence-based sensing.
In some cases, the design of the sensory materials that recognize the target analytes with high
sensibility is a complicated aim owing to the difficulties of building the right structure using the
correct energy-transfer mechanisms. A good example of the design of a sensing probe was reported
by Wang and co-workers [63]. For the detection of tetracyclines, they described the synthesis and
characterization of a sensor that was based on boron nitride QDs and Europium ions (Eu3+).
Tetracyclines are broad-spectrum antibiotic compounds extensively used for the prevention and
control of microorganisms. The QDs showed a maximum FLE peak at 414 nm with a QY of 5.6%, and
the presence of Eu3+ did not influence the FLE of the QDs. This sensor recognized the target
molecules by three different mechanisms: i) Excitation spectrum of QDs that was overlapped with
the absorption spectrum of tetracyclines, which might cause the fluorescence turn-off from the IFE
of the QDs towards tetracyclines; ii) the conduction bands of the QDs were calculated to be –2.1 eV,
which is higher than the conduction bands of different tetracyclines derivatives; therefore, a PET
process could take place from QDs towards the target molecules; and iii) tetracyclines had a diketonate configuration within their structures that enabled them to chelate with Eu3+, which was
accompanied by the energy transfer, defined by the authors as the antenna effect; this caused the
enhanced red fluorescence of Eu3+ at 616 nm (ratiometric dual emission). Likewise, the abovementioned mechanisms were used in designing the sensors for detecting heavy metal ions. For
example, Wang and co-workers reported the synthesis of dual-emission SQDs from colloidal
methods using a binary mixture of Cd and Te for the detection of Cu ions. These green emissive
SQDs showed two well-resolved emission peaks at 550 and 650 nm in the presence of Cu2+ under a
single wavelength excitation, which allowed them to explore a ratiometric probe with a linear range,
which resided between 5 × 10–2 to 5 × 10–1 µM, with a LOD of 0.001 µM [64].
3. Application of CDs in Heavy Metal Sensing
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One of the most important sensing applications of CDs corresponds to the recognition of heavy
metals with environmental and biological concerns. Some recent studies reported that the use of
CDs with passivation agents could detect Hg2+, Pb2+, Cu2+, Fe3+, Cd2+, and Cr6+ ions, as summarized
in Table 1. Next, we describe the recent advancements for each metal ion regarding this important
issue.
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Table 1 Summary of different synthesized CDs and their applications
Carbon source and passivation
agents
Citric acid with glutathione or
thiourea
Citric acid with ethylenediamine
Tartaric acid and L-arginine

Synthetic approach
Microwave method
Autoclave and heating
Solvothermal method

Gardenia fruit

Hydrothermal method

Sodium citrate and polyacrylamide

Hydrothermal method

leaves of Ocimum sanctum
Hydrothermal method
Neutral red and 3-aminopropyl Solvothermal method
triethoxysilane
Chitosan and dansyl
Maize starch
Citric acid and L-cysteine
Trisodium citrate and phosphoric acid
2,5-Diaminobenzenesulfonic acid and
4-aminophenylboronic
acid
hydrochloride
E. coli

Hydrothermal method
Solvothermal method
Hydrothermal method
Hydrothermal method
Hydrothermal method

Hydrothermal method

Sensing

Linear range LOD (µM)
(µM)

Hg2+ (FLE turn-off by PET mechanism)

5–50

1.78

Ref.
[65]

Hg2+ (FLE turn-on by FRET mechanism)
0.005–0.2
2+
b
Hg (FLE turn-off by static mechanism )
0–5
3+
b
Fe (FLE turn-off by static mechanism )
0–70
2+
b
Hg (FLE turn-off by static mechanism )
2–20
Cysteine (FLE turn-on mechanism)
0.1–2.0
2+
Pb (FLE turn-off by IFE mechanism)
0.0167–1.0
PPi (FLE turn-on by disruption of IFE
0.67–26.7
mechanism)
Pb2+ (FLE turn-off by PET mechanism)
0.01–1.0
2+
Cu (FLE turn-off by PET mechanism)
10–90
L-Cys (FLE turn-on by disruption of
20–100
PETmechanism)
Fe3+ (FLE turn-off by PET mechanism)
0–100
3+
Fe (FLE turn-off by PET mechanism)
0.1–50
3+
Fe (FLE turn-off by RDE mechanism)
0.1–10
3+
b
Fe (FLE turn-off by static mechanism )
0.020–3.0
3+
b
Fe (FLE turn-off by static mechanism )
0.3–546

0.0026
0.017
0.50
0.320
0.271

1.23
0.1
0.083
0.0095
0.090

[72]
[73]
[74]
[75]
[76]

Cr6+ (FLE turn-off by IFE mechanism)
4-NFa (FLE turn-off by IFE mechanism)

0.06475
0.08889

[77]

0 –25
0 –50

0.0046
0.054
0.00059
0.53
0.41

[66]
[67]
[68]
[69]

[70]
[71]
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Polyethyleneimine
and
P- Pyrolysis
phenylenediamine
Orange peels (CDs modified with Hydrothermal method
EDTA)

Cr6+ (FLE turn-off by IFE mechanism and 2.0 –80.0
electron/hole recombination)
Cr6+ (FLE turn-off by IFE mechanism)
10 –50
c
AA (FLE turn-on by disruption of IFE 0.1 –400
mechanism)

0.39

[78]

0.010
0.1

[79]

a

4-Nitrophenol; b Static quenching mechanism occurs when the molecules form a complex in the ground state, then, -stacked complexes efficiently
suppress fluorescence emission over time scales longer than the fluorescence lifetime; c Ascorbic acid
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3.1 CDs in Mercury Ion Sensing
The detection of Hg2+ ions is very important due to their toxicity and environmental risks. Diverse
diseases are associated with the accumulation of Hg2+ ions in the human body, such as Minamata
disease, which is related to severe neurological pathologies including motion disorders, ataxia, and
paroxysmal convulsion [80]. Different studies have been focused on Hg2+ detection in aqueous
solutions [81], food [82], and living cells [83]. Yang and co-workers reported the bright bluefluorescent N-doped CDs that were synthesized from citric and folic acid [84]. CDs were
demonstrated to be a sensitive fluorescent system for detecting Hg2+ in an aqueous solution through
an ultrafast electron transfer reaction, with a low limit of detection (LOD) of 0.124 µM. Interestingly,
the fluorescence intensities exhibited a pH-dependent behaviour when CDs were excited at the exc
of 390 nm, with an excellent correlation between FLE and pH ranging from 6.8–7.8. Considering the
tunable emission of CDs, different fluorescent systems for the detection of Hg2+ have been
synthesized, with emission in many regions of the visible spectrum. Teng and co-workers developed
N-doped CDs with an efficient green emission that was quenched (turn-off) through PET mechanism
in the presence of Hg2+ ions, showing a LOD of 0.89 µM in water. Interestingly, the fluorescence
could be recovered (turn-on) when the iodide ions were present in the solution, which could
produce HgI2, leading to a LOD for iodide ion detection of 0.50 µM [85]. In recent years, several
studies demonstrating natural products as a highly abundant carbon source for fabricating CDs have
been reported. Citrus juice is a good alternative because of its high content of citric acid. Belachew
and co-workers synthesized the bright blue-fluorescent N-doped CDs from citrus lemon juice as a
carbon source and ethylenediamine as the passivation agent via hydrothermal treatment at 200 ℃
[86]. These CDs showed a narrow size distribution (particle size of ~3 nm), with a high QY of 31%,
high selectivity and sensitivity towards Hg2+ ions, a LOD of 0.0053 µM, and a limit of quantification
(LOQ) of 0.0183 µM. Other CDs have also been synthesized for Hg2+ detection and are summarized
in Table 1 [65-68].
3.2 CDs in Lead Ion Sensing
Pb2+ ions are of great concern as they cause high toxicity in the human body and environmental
damage [87]. Kumar and co-workers reported the synthesis of biocompatible CDs for Pb2+ detection
using a green methodology from Pearl Millet Seed by a hydrothermal approach [88]. The optical
properties of the CDs allowed them to recognize Pb2+ selectively with a LOD of 0.18 nM through
either a colorimetric or fluorometric methodology, which resulted in the modulation of a PCT
process. As can be seen, the use of biomass is a great alternative for obtaining CDs; for example, it
has been reported that the use of extracts of bamboo leaves for the development of nanohybrids
of CDs with multi-emission luminescence for highly sensitive detection of sub-nanomolar Pb2+ and
Hg2+ ions with a LOD of 0.14 and 0.22 nM (ratiometric probe), respectively [89]. Likewise, several
studies using fluorescence sensors based on CDs for the detection of Pb2+ ions have been reported
so far (Table 1) [69,70].
3.3 CDs in Copper Ion Sensing
The oxidized copper species (Cu1+ and Cu2+ ions), which are among the most studied and versatile
catalytic systems [90], play a key role in many biological processes and result in neurodegenerative
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diseases when the cellular homeostasis is altered by the copper ions [91]. However, an excess of
Cu2+ ions in the human body, which could enter through contaminated water, can result in different
diseases including liver or kidney damage and gastrointestinal disturbance [92]. Solanki and coworkers reported the synthesis of highly fluorescent N, S co-doped CDs from banana (Musa
acuminata) juice for the detection of Cu2+ ions. The spherical CDs showed high QY (32%), displaying
the detection of Cu2+ through a “turn-off” response, with a LOD of 0.3 µg/mL in a concentration
range of 1–800 µg/mL. This “turn-off” response likely resulted from the PCT mechanism; upon
coordination of Cu2+ to the functional groups (-OH,-COOH, C =O) on the CD surface, a charge transfer
between NS-CDs and Cu2+ ions was possible, showing non-radiative recombination, and, therefore,
the fluorescence quenching happened [93]. The activation of Metal-Organic Frameworks (MOFs) by
treatment with CDs was explored in recent years for the development of selective sensors towards
the metal ions. Thus, the activation of MOFs based on 2-amino-terephthalic acid using the CDs
obtained from glucan by a hydrothermal method led to enhanced fluorescence, which was
quenched with the removal of CDs by Cu2+ and Fe3+ ions. The detection method using this
fluorescence “on/off” probe showed a LOD of 1.3 ppb and 2.3 ppb for Cu2+ and Fe3+ ions, respectively
[94]. Also, other different fluorescence modes were used to detect Cu2+ ions. Liu and co-workers
synthesized Si-doped CDs using a fluorescent “on-off-on” mode for the detection of Cu2+ and Lcysteine (L-Cys), wherein, upon recognition of Cu2+, the fluorescence was quenched by an electron
transfer process. However, fluorescence could be recovered by the addition of L-Cys (Table 1, ref
[71]).
3.4 CDs in Iron Ion Sensing
Similar to the Cu2+ ions, the detection of Fe3+ ions is also very important because they play a key
role in different biological processes, such as oxygen transportation, enzymatic catalysis, and cell
proliferation [95]. Considering that a disproportion of this metal ion can lead to many diseases, it is
important to evaluate Fe3+ ion levels in the drinking water [96]. A fluorescent “on-off-on” mode was
employed to determine Fe3+ ions using N and P co-doped CDs with a high QY of 84%. Interestingly,
Fe3+ led to quenching of the fluorescence through PET from CDs toward the 3d orbital of Fe3+, which
was recovered when catecholamine neurotransmitters were employed, demonstrating the
versatility of these CDs as sensors. For the detection of Fe3+, co-doped CDs showed a linear range
between 0–40 µM and a LOD of 0.2 µM that was below the recommended Fe3+ levels in drinking
water (5.4 µM) [96]. For dopamine, one of the most important catecholamine neurotransmitters,
the linear range was between 4–15 µM, with a LOD of 0.1 µM. Recently, Geng and co-workers also
reported the synthesis of co-doped CDs for the detection of Fe3+ ions together with Escherichia coli.
CDs were co-doped with nitrogen and boron and resulted in a blue FLE. The recognition of E. coli
was possible due to the presence of charged groups on the CD surface that could bind to the
bacterial cells through electrostatic interaction. The LOD for Fe3+ was 0.74 µM and that for E. coli
was 165 CFUs (colony forming units)/mL. The sensor was tested with real samples of tap water and
orange juice, proving to be practical and effective [97]. Recently, several other studies on the
fluorescence sensors based on doped CDs have been reported using different carbon sources, such
as chitosan and dansyl [72], maize starch [73], citric acid and L-cysteine [74], trisodium citrate and
phosphoric acid [75], benzene sulfonic and phenylboronic acid derivatives [76], etc. A brief
description of these studies is provided in Table 1.
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3.5 CDs in Cadmium and Chromium Ion Sensing
Among other metal ions with toxicological and environmental concerns, Cd2+ and Cr6+ are
important [98, 99]. The investigation of fluorescence sensors for the detection of Cd2+ ions has not
been widely explored. Nanohybrids based on CDs and gold nanocluster (AuNCs) have been
developed as ratiometric fluorescent probes for the detection of Cd2+ ions and ascorbic acid [100].
CDs obtained from alanine and histidine by hydrothermal treatment afforded blue emissive
particles with a QY of 40.8%. The CDs/AuNCs-based system exhibited high selectivity toward Cd2+
with a LOD of 32.5 nM, leading to fluorescence quenching. However, the fluorescence was
recovered in the presence of ascorbic acid (fluorescence “on-off-on” mode). The Cr6+ ions have been
more extensively studied in comparison to the Cd2+ ions. Li and co-workers reported the green
synthesis of CDs from flax straw, which showed a QY of 20.7%. The CDs/AuNCs used for the
detection of Cd2+ led to Cr6+ detection through a “turn-off” response. Using a fluorescence “on-offon” mode, these CDs also detected ascorbic acid based on the reduction of Cr6+ to Cr3+ by this acid,
and the FLE was recovered as well [101]. LOD values for Cr6+ ions and ascorbic acid were 0.19 and
0.35 µM, respectively. On the other hand, the use of P/N dual-doped CDs for the development of a
sensor for Cr6+ ions and ascorbic acid through a fluorescence “on-off-on” mode led to a lower LOD
for Cr6+ (LOD = 0.023 µM), while the LOD was higher for ascorbic acid (LOD = 1.35 µM) [102].
Likewise, Chen and co-workers reported the synthesis of N-doped CQDs that were immobilized in
hydrophilic silica hydrogels for the selective detection of Cr6+ and Re4+ ions by a turn-off fluorescent
sensing platform based on the IFE mechanism. LOD values for Cr6+ and Re4+ ions were about 65 nM
and 2.3 µM, respectively [103]. It is worth noting that more serious efforts were put into the
detection of Cr6+ ions instead of Cr3+ ions because the former shows higher toxicity. A GQD sensor
based on the FLE turn-off mechanism was reported for the detection of Fe3+, Cr3+, and Pb2+ ions in
aqueous media, with low LOD values of 50, 100, and 100 nM, respectively [23]. Different sensing
systems for Cr6+ ions have been reported using different carbon sources and presenting low LOD
[77-79].
The role of CDs has also been studied for the detection of other metals such as Ag+ [104, 105]
and Zn2+ ions [106].
4. Conclusions
The monitoring of heavy metal ions having toxicological and environmental impacts is an
important issue nowadays. The increase in anthropogenic activities, such as mining, agriculture, and
crop eradication, can release huge amounts of these metal ions into the ecosystems. CDs have
emerged as an efficient alternative to detect heavy metal ions due to their extraordinary FLE
properties; in addition, they can perform without generating a negative impact on the environment,
considering their low toxicity and biocompatibility. Although tremendous progress has been made
for decreasing the LOD values in aqueous solution for heavy metal detection, there are still many
barriers to overcome, which include difficult preparation, purification, and characterization, low
quantum yields, selectivity, and reproducibility.
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Abstract
Bio-based earth composites present various environmental benefits, such as usable wastes,
coproducts, abundant or renewable materials, etc. Moreover, the incorporation of
bioaggregates in the earth matrix allows the buildings to act as an effective carbon sink. A
growing number of studies are now focusing on the mechanical and hygrothermal properties
of bio-based earth building materials. However, the durability of these types of material is a
major concern, and knowledge of their various aspects is essential to anticipate maintenance
and sustain the performance levels. Here, the durability of compressed earth composites,
valorizing discarded earth containing 3% of barley straw, hemp shiv, or rice husk, is
investigated. Due to the lack of internationally recognized standards to assess the durability
of earthen materials and products, we proposed some testing procedures and discussed their
relevance. The addition of these three bioaggregates decreases stiffness, as estimated by
ultrasound velocity, and improves the resistance to impact and erosion by water. However,
water absorption under low pressure is increased, and dry abrasion resistance is decreased.
Moreover, the rice husk composite presents the best compromise.

© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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1. Introduction
Earth building materials are continuously being recognized for their large-scale availability, low
environmental impact, and capacity to regulate indoor climate [1]. However, they can present major
drawbacks, such as low resistance to liquid water, ductility, and significant shrinkage. These
drawbacks are barriers to the spreading of earthen architecture, along with difficulty to understand
and predict their long-term behavior, that is, durability [2]. Some of these drawbacks can be
improved partially by the addition of plant aggregates and fibers [3-5], while some other drawbacks,
such as susceptibility to fungal growth, can also occur [6]. These resources are renewable; they are
by-products of agriculture or industry and available in huge amounts. Their use is, thus,
environmentally friendly. Several studies have dealt with bio-sourced earth bricks or plasters [7-9].
However, few of them have focused on durability [10-12].
Biocomposites have been studied for different applications [13] and can contribute to the
comfort and health of the buildings’ occupants. In France, cereal straw is the most common vegetal
by-product, with the availability of 7 Mt/y [14]; therefore, a considerable number of studies have
dealt with straw as an addition to the earth matrix. Among the 50 studies reviewed by LaborelPréneron et al. [15], 17 studies concern straw incorporated in an earth matrix. However, most of
these studies concentrate on mechanical [16-21] or thermal properties [22, 23]. Bouhicha et al. [9],
using barley straw, looked at the durability along with the mechanical properties of earthen
composite materials. Additionally, water shower tests were carried out to observe the impact of
various straw treatments (water-repellent coatings).
The mechanical, thermal, and durability properties of hemp shiv in lightweight concrete
applications have received attention recently [24-27], but its studies in an earth matrix are rare.
Hamard et al. [28] focused on the case of an earth plaster with hemp chaff or sisal to study its
mechanical properties, shrinkage, and bonding with the wall. Gomes et al. [29] characterized earthbased mortars containing one volume of clayish earth and three volumes of sand to repair rammed
earth. The addition of hemp shiv (5% wt. of the earth) decreased the linear and volumetric shrinkage
and decelerated drying. However, after the drying test, it gave rise to undesirable biological growth,
except upon the addition of air lime as a stabilizer. Flament et al. [30] studied the fresh state and
mechanical properties of hemp-clay tiles. Another type of hemp shiv composite, having a sapropel
matrix, was studied by Balciunas et al. [31]. The usual properties, such as thermal conductivity,
compressive strength, acoustic insulation, or water vapor diffusion resistance factor, of these
composites, were investigated, together with water absorption, which provided information about
the durability with respect to different conditions, such as rain.
Portugal and France are two of the five main rice producers in Europe. With this industry, they
produce rice husk, the protective coat of the grain. This agro-industrial by-product is often
considered waste and is either burnt for its high calorific value to produce energy or mixed with the
soil. Moreover, it is known to be rot-proof and resistant to insects. Adding unground rice husk into
unfired earth composites has rarely been studied, although it has been investigated in several other
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building material applications, mainly to create lighter fired bricks that can improve thermal
insulation [32-34] or in the form of ash in an unfired clay material [34]. Lightweight concrete with
rice husk has also been explored in a few studies [35-38]. Chabannes et al. [35] developed a biobased concrete, in the same way as for hemp concrete, with a lime-based binder. The thermal and
mechanical properties of rice husk concrete and hemp concrete are comparable. However, hempbased composites present a slightly better performance. An application of rice husk ash in unfired
earth material was studied by Muntohar [39], who investigated the addition of rice husk ash and
lime in compressed stabilized earth bricks. This addition enhanced the soil bearing capacity, with
the optimal ratio of lime to rice husk ash being 1:1.
The present study explores some durability properties of bio-based earth products. The main
focus of this paper is on several test procedures to assess the durability of unstabilized compressed
earthen materials produced using vegetal waste. The durability depends on many parameters,
environments, and types of degradation. Flammability is one critical aspect, while another is
biological development. However, there is very limited information regarding earth building
materials. One of the reasons is that the protection of the earth is achieved when a low natural fiber
content is used [40, 41].
The major drawback of the earth materials is their poor water resistance, and hence, the aging
and degradation of the organic material are not the main focus. Several recent reviews have focused
on the assessment of their durability [42-44]. Beckett et al. [43] reviewed 60 articles about the
durability of earthen materials. Ten different tests were considered in this review, which highlights
the lack of universally accepted testing methodologies for testing the durability of earth materials.
Most of the tests focus on water resistance, and shrinkage is also assessed as the cracks can create
preferential seepage paths. As stated by Van Damme and Houben [45], an increasing number of
researchers focus on the stabilized earth material to pass the severe tests available instead of
adapting the architectural practice and developing new tests that are closer to real environmental
conditions. Consequently, Medvey and Dobszay [42] reviewed exclusive papers on stabilized earth
durability. They referenced three categories of tests: accelerated erosion tests, indirect tests, and
outdoor natural weathering experiments. Cid-Falceto et al. [44] reviewed the international
durability tests to assess the durability of compressed earth blocks against rain. The authors
compared different spray and drip erosion tests according to different standards and technical
documents. These tests were realized on earth blocks containing no plant aggregates, with some of
them being stabilized by the addition of a binder.
Few specific standardized procedures currently exist in this regard, apart from the German
Standard DIN 18945 [46] and the New-Zealand Standard 4298 [47]. The German Standard [46]
presents three water resistance tests: the immersion test, the capillary absorption test, and the
contact test. Similarly, the New-Zealand Standard also presents three water resistance tests: the
wet/dry appraisal test, the erosion test by spraying, and the Geelong test; the latter being less
aggressive was performed in this investigation. Some durability tests from the literature that could
be used on unstabilized earthen materials were also used, such as low-pressure water absorption
with Karsten tubes [10] or an impact resistance test using the Martinet-Baronnie apparatus [12].
Most of these tests should be conducted on the render applied on earth bricks-based masonry walls,
as the outdoor parts of the walls are often coated with a render. However, the objective of this
study is to discuss the relevance of some durability tests on the unstabilized earth material and
compare the plant aggregates. In order to profit from the contribution of earthen materials to the
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indoor hygrothermal equilibrium, the indoor surface of the wall may not be plastered, and the
earthen bricks are left exposed. In order to allow for a window to be left open when it rains and to
support the daily cleaning activities, durability for water and usage is important. The focus will,
hence, be on the earth bricks only. In this study, 3% weight content of barley straw, hemp shiv, and
rice husk were incorporated into the earth composites to improve their durability properties. The
influence of the type of plant aggregate on ultrasound velocity, dry abrasion resistance, water
absorption under low-pressure, wet erosion resistance, and impact resistance was also analyzed.
2. Materials and Methods
2.1 Raw Materials
We used quarry fines from the washing aggregate sludge as earth, the reference material (RF).
These fines are the waste formed by the washing of limestone aggregates produced for the concrete
industry, where the sludge created is left to dry in the sedimentation basins. This waste is then
reduced to powder and used later. The properties of the earth, determined in a previous study [48],
are presented in Table 1.
Table 1 Physical and mineralogical properties of the earth and plant aggregates.
Earth properties
Atterberg limits
wL (%)
wP (%)
PI (%)
D50a (µm)
Mineralogical composition
Calcite (%)
Dolomite (%)
Kaolinite (%)
Quartz (%)
Illite (%)
Goethite (%)
Plant aggregate properties
Material
Bulk density (kg.m–3)
Water absorption (%)
Diameterb (mm)
Lengthc (mm)
Thermal conductivityd (W.m–1.K–1)

30
21
9
6.5
63
3
11
10
9
3
Barley straw [49]
57.4 ±1.2
414 ±4
2.3 ±1.5
7.6 ±4.4
0.044 ±0.001

Hemp shiv [49]
153.0 ±2.4
380 ±11
2.0 ±1.2
5.6 ±2.6
0.051 ±0.002

Rice husk
97.2 ±1.1
198 ±7
2.1 ±0.7
7.9 ±1.6
0.047 ±0.001

a

Diameter by sedimentation
Corresponding to the average minor axis by image analysis
c
Corresponding to the average major axis by image analysis
d
Dry state
b
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We studied three plant aggregates in this work: barley straw, hemp shiv, and rice husk (Figure 1).
Some of the physical properties of these plant aggregates are recapitulated in Table 1. These three
plant aggregates were studied for their availability and low thermal conductivity. Barley straw and
hemp shiv were collected in France; their properties were determined in a previous study [49] on
plant aggregates, coming from the same batch as the present study. The rice husk was collected in
Portugal, and its properties were measured specifically for the present study using the procedures
from the RILEM TC 236-BBM [50].

Figure 1 Pictures of plant aggregates: a) cut barley straw, b) cut hemp shiv, and c) rice
husk.
2.2 Earthen Specimen Production and Preliminary Characterization
In order to perform various tests, the following four different composite formulations were
prepared to be used as the testing specimens: one reference (RF), made with earth only, and three
composites, each containing 3% by weight of one of the three plant aggregates. The 3% weight
content of the plant aggregate, representing the ratio of the plant aggregates to the total dry mass
(earth and plant aggregates), was chosen because it is possible to manufacture earthen bricks by
extrusion up to this content, as proven in a previous study [51], which is useful in reducing the
thermal conductivity and could be interesting for the industrialization of the process. However, their
volume fraction was also calculated to facilitate the analysis of the results (Table 2). This volume
content was calculated considering the density of the RF specimen and the density and mass
proportion of plant aggregates for each composite. The optimum water content (wopt) of the
formulations was determined by the Proctor test, as described elsewhere [51]. In order to prepare
these composites, the earth and plant aggregate fractions were poured into a blender and mixed
by hand before adding water. The raw materials were mixed a day before molding.
Table 2 Proportions and water content, density, compressive strength, and thermal
conductivity of the composites.
Formulation
Plant aggregate
Weight fraction (%)
Volume fraction (%)
wopt (%)
ρd (kg.m–3)
σc (MPa)
λ (W.m–1.K–1)

RF
0
0
14
1995 ±0
4.0 ±0.4
1.1 ±0.04

B
Barley straw
3
26
19
1519 ±1
3.3 ±0.2
0.36 ±0.02

H
Hemp shiv
3
22
17
1603 ±57
2.4 ±0.2
0.45 ±0.02

R
Rice husk
3
14
17
1769 ±21
3.1 ±0.1
0.60 ±0.05
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We manufactured rectangular prismatic specimens with dimensions 150 mm x 150 mm x 50 mm,
and cylindrical specimens 5 cm in diameter and 5 cm high by static compression at the Proctor
density. The cylindrical specimens were made only for the compressive strength tests.
The specimens were first dried at 40 °C for 24 h; the temperature was then increased slowly to
100 °C and maintained at 100 °C until the weight remained constant (weight variation less than 0.1%
between two weighing measurements 24 h apart). This rise in temperature, although potentially
leading to a transformation of the material microstructure, was inspired by the industrial process of
drying bricks before firing them. The specimens were stored in a room at 20 °C and 65% relative
humidity (RH) and were tested from the moment they were in equilibrium with the environment
(about one week later). Table 2 recapitulates the various proportions (weight and volume fractions
in %), and properties of the specimens studied. We measured the density of the specimens by the
quotient of the sample mass by its volume. The mass was assessed with a scale of 10–2 g precision,
and the volume was assessed using a digital caliper with 10–4 m precision [50]. Their compressive
strength was assessed on cylindrical specimens, 5 cm high and 5 cm in diameter, as described in a
previous study [50], using a 100 kN–capacity hydraulic press, by applying a load at a constant
deflection rate of 3 mm.min–1, with the specimens in direct contact with the steel plates. We tested
the thermal conductivity with a heat transfer analyzer (Isomet 2104) and a 60-mm-diameter API
210412 contact probe. The tests were done in sets of three.
The volume proportions differed between barley straw (26%), hemp shiv (22%), and rice husk
(14%) because of the different types of bioaggregates with different loose bulk densities. Rice husks
are like a shell. These volume fractions are not proportional to the respective bulk densities of the
plant particles (Table 1), a feature that might be linked to their different compressibility. Bulk density
(ρd) and compressive strength (σc) of RF, B, and H specimens were measured in a previous study
[51] while the values for R specimens are new. The compressive strength of RF specimens was the
highest, followed by B, R, and finally, H specimens. The lower the dry density of the composites, the
lower was their thermal conductivity.
2.3 Ultrasound Velocity
This non-destructive technology is helpful in estimating several characteristics of a material, such
as homogeneity, dynamic elastic modulus, and presence of cracks. This test is interesting in the
durability approach as it characterizes some degradation inside the material. For example,
ultrasound velocity measurements were used by Barbera et al. [52] to assess the durability of the
stone, specifically during accelerated aging tests. This approach had already been used by Aubert
and Gasc-Barbier [53] to evaluate the effects of freezing-thawing cycles on clayey soil bricks.
We obtained ultrasound velocity using a Pundit Lab-Proceq device and tested three times for
each of the three specimens of the same type. The measurements were performed by a direct
method, meaning that the two probes (transmitter and receiver) were facing each other on either
side of the specimen. Eight measurements were carried out on each specimen, four for each
direction under consideration (perpendicular to side A and side B), as presented in Figure 2.
Toothpaste, a viscoelastic material, was used to ensure fine contacts between the transducers and
the specimen. The device gave the time of propagation, and the velocity was deduced from this
value and also the distance between the transducers. The dynamic modulus can be calculated from
the following equation (1):
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𝐸=

𝜌𝑉 2 (1 + 𝜐)(1 − 2𝜐)
(1 − 𝜐)

(1)

where ρ is the density in kg.m–3, V is the ultrasound velocity in m.s–1, and ν is the Poisson's
coefficient. However, Poisson's coefficient was not measured in this study because of its unknown
correct value. The findings were thus discussed only concerning the ultrasound velocity linked with
the porosity or the dry density of the material.

B

A

L

B

e
L

Figure 2 Positioning of test points for ultrasound velocity test.
2.4 Dry Abrasion Resistance
This test was carried out on different earth-building elements, such as plasters [10], bricks [12,
54], or bahareque (a technique similar to wattle and daub) [55]. It helps assess the surface resistance
to mechanical erosion due to the repetitive friction of the occupants' activities or to solid particles
blown by the wind.
We evaluated the dry abrasion resistance according to the German Standard DIN 18947 [56] for
unstabilized plastering mortars by measuring the quantity of material removed from the specimens
after 20 rotations with a hard plastic brush. A 65-mm diameter brush was pressed against the
surface of the specimen by a mass of 2 kg (Figure 3). Three tests were performed on each of the
three specimens per formulation. The coefficient of abrasion in g.cm–2 was then calculated with
equation (2), according to Millogo et al. [54]:
𝐶𝑎 =

𝑚1 − 𝑚2
𝑆

(2)

where m1 and m2 are the masses before and after brushing in g, and S is the brushed area in cm2.
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Figure 3 Dry abrasion test.
2.5 Low-pressure Water Absorption
We performed this test to measure the water absorption of a porous wall under low pressure,
which was taken to simulate the action of rain combined with wind. The Karsten tube penetration
test [57] was performed using a glass tube filled with water and sealed to the specimen with waterresistant plasticine (see Figure 4). The tube was graded to measure the volume of water that
penetrated the material, and the time of absorption was measured (EN 16302 [58]). Vertical tubes
were sealed on the horizontal surface of the specimens because it is easier than sealing them on
the vertical surfaces of the materials under investigation. Two measurements were done at different
points for each of the three specimens tested per formulation.

Karsten tube

Plasticine
Specimen

Figure 4 Schematic representation of the test of water absorption under low pressure.
The absorption times were different according to the mixture tested. It was, thus, chosen to
measure the time taken for each 0.5 mL of water to be absorbed for the graphic representation of
the results. The water absorption coefficient (CA in g.m–2.s–1) was also calculated between the water
uptake of 3 mL and 2 mL according to equation (3):
𝐶𝐴 =

𝑚3𝑚𝑙 − 𝑚2𝑚𝑙
𝐴 × (𝑡3𝑚𝑙 − 𝑡2𝑚𝑙 )

(3)

where m3 mL and m2 mL are the masses corresponding to the water uptake of 3 mL and 2 ml,
respectively, A is the contact area between the Karsten tube and the earthen specimens in m², and
t3 mL and t2 mL are the times in s corresponding to the water uptake of 3 mL and 2 mL, respectively.
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This equation was adapted from Stazi et al. [59] and Hendrickx [60], where the difference in water
absorption between 15 min and 5 min was used. For different materials, the period for the water
to be absorbed is too broad to use these original equations.
2.6 Wet Erosion Resistance
We performed the wet erosion test to simulate rain or accidental water droplets when the
unstabilized earth composites are unprotected outdoors or used indoors in contact with liquid
water. This test was first studied by Cid-Falceto et al. [44], who concluded that it was more suitable
for unstabilized compressed earth bricks than the water spray tests. The test was carried out
according to the New-Zealand Standard NZS 4298 [47], intended for unstabilized adobes, possibly
containing straw and pressed bricks, based on the Geelong method. A volume of 100 mL of water
was allowed to drip from a height of 400 mm onto the specimen inclined at 27° (see Figure 5). We
tested four specimens per formulation. The duration of the test ranged between 15 to 25 min
(adapted from the standard, from 20 to 60 min). The pit depth was measured with a digital caliper.
The erodibility index, between 3 and 5 (fail), was deduced from this value according to NZS 4298
[47]. A material with a pit depth between 5 and 10 mm and erosion class 3 was considered as
erosive. With a pit depth between 10 and 15 mm corresponding to class 4, the material was
considered very erosive. Finally, if the pit depth exceeded 15 mm, the class was 5, and the material
was considered to have failed the test.

Water
container
Dripper

Drops of water
400 mm

Specimen
27°

Metal grid

Figure 5 Schematic representation of the Geelong water drop erosion test (based on
NZS 4298 [47])
2.7 Sphere Impact Test
The walls of buildings may be subjected to different kinds of stimuli, such as a stone thrown at
the wall or some impulse by people or furniture. In this study, to evaluate the resistance to such
stimuli, the Martinet-Baronnie impact apparatus was used, and the test was carried out on the
specimens that had already been tested by all the previous methods (ultrasound, thermal
conductivity, dry abrasion, erosion, and low-pressure absorption). As a representative, this test
should be realized on a real scale material: full brick for a load-bearing wall or with render applied
on a substrate or thin material in case of a partition wall (current case). This test was inspired by ISO
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7892 with a small hard impact body [61], currently used for testing External Thermal Insulation
Composite Systems (ETICS) following EN 13497 [62] as well as for renders [63, 64]. The test device
consisted of a spherical metallic mass of 500 g on a metallic stalk that was attached to the wall. It
was dropped from the horizontal position onto the specimen located vertically underneath (Figure
6), in contact with a very rigid wall. The energy generated by the test was 3 joules. The number of
impacts was between 1 and 4, depending on the impact resistance (formed cracks). The test was
conducted on four specimens of each composition as it was very quick and easy to perform. The
properties of the specimens found after the test provided interesting qualitative information. The
diameter of the visible impact area was measured with a digital caliper, and the cracking and general
behavior of the specimens were assessed.

600 mm

Metal ball

Rigid wall

Specimen

Figure 6 Schematic representation of the impact resistance test.
3. Results
3.1 Ultrasound Velocity
The time of ultrasound propagation was measured in 2 directions of the prismatic specimens;
the ultrasound velocity values are presented in Figure 7.

Figure 7 Ultrasound velocity of the composites according to the two directions A and B.
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The velocity differed slightly with the direction of propagation: perpendicular to the molding
pressure (side A) or parallel to the molding pressure (side B) (Figure 7). In the case of B, H, and R
results, the ultrasound velocity was higher. The ultrasound velocity decreased with the addition of
plant aggregates compared to the reference material. This decrease was due to the increase in
porosity and, thus, a decrease in the mechanical strength [65]. It is not only an indirect
quantification of their cracking and porous structure but also external. Compared to the RF
specimen, the decrease in velocity measured between sides A and B in specimens B, H, and R was
65%, 63%, and 56%, respectively. Thus, the ultrasound velocity decreased with density and an
increase in the volume fraction of the plant aggregates. For the RF specimens, velocity was higher
than that of the rammed earth, as studied by Faria et al. [66]; it was 928 m.s–1, although the
specimens with plant aggregates presented velocities closer to that of the lime-earth render, as
studied in Faria's paper [66] (between 551 and 775 m.s–1). Comparing the VA velocity of the R
compacted composite with gypsum, and air lime stabilized casted one using earth and rice husk
[38], a similar value of approximately 750 m.s–1 was achieved for the casted composites with 15%
volume of rice husk. Although these uncompressed stabilized earth-rice composites presented a
density of 1022 kg.m–3, much lower in comparison to the compressed ones in the present study
(Table 2), a similar performance of rice-earth composites, in terms of ultrasound velocity, was
achieved probably due to the balance between the composition and production technology. The
addition of a binder may have densified the earthen matrix of cast rice husk specimens (with high
rice husk volume), while in the present study, the compaction of unstabilized ones may have
densified the composites. Based on a study by Brás et al. [67], the length and orientation of the biosources (which also depend on the composites being just cast or compressed) could also have
influenced the ultrasound propagation velocity results.
3.2 Dry Abrasion Resistance
The results of abrasion are shown in Figure 8. It was found that the smaller the coefficient of
erosion, the higher was the dry abrasion resistance of the composite.

Figure 8 Dry abrasion coefficient of the composites.
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H and RF were the mixtures with the lowest abrasion coefficient (0.04 ±0.01 g.cm–2), followed by
R with 0.05 ±0.01 g.cm–2 and B with 0.06 ±0.01 g.cm–2. Considering the standard deviations, the
differences in the dry abrasion resistances among the various formulations were not particularly
marked. The high abrasion coefficient of B could be because of the length of the straw particles,
which are longer than hemp shiv and closer in length to rice husks but with a higher discrepancy,
thus allow more earth to be removed.
Usually, the abrasion results for different mixtures are compared according to the quantity of
earth removed during the test [55, 68], and the material is classified according to the standard [56];
however, this applies only to the case of mortars. Here, it was chosen to express the result as a
coefficient, depending on the surface under test, to compare the results with others from the
literature. The values obtained in this study were slightly higher than those from the study by
Millogo et al. [54] for pressed adobe blocks and lie between 0.015 and 0.04 g.cm–2. However, their
maximum fiber content was 0.8% by weight, which explains the difference. Moreover, it is
important to note that the abrasion coefficients can also be influenced by the hardness of the brush,
which makes it difficult to compare the results from different laboratories [68]. Using the same
brush and test, Antunes et al. [38] found a much higher abrasion coefficient (0.125 g.cm–2) for
gypsum and air lime stabilized uncompressed earth-rice composites. This difference shows the
impact that the lower content on rice husk (9% instead of 15%, in volume) and the compression may
have on the bio-sourced earthen composites, which compensates the effect of stabilization,
providing alternatives for unstabilized composites.
3.3 Low-pressure Water Absorption
The results of the low-pressure absorption test are presented in Figure 9; the graph shows the
water absorbed per unit of surface (ml.mm–2) as a function of time (min).

Figure 9 Low-pressure water absorption curves of the composites.
The first striking result of this test was that the absorption velocities were very different
according to the materials tested. The time required to absorb the same volume of water was much
shorter for bio-sourced composites than that for the earth-alone specimens. The total amount of
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water, 4 ml, was absorbed in 6.4 ±5.4, 11.9 ±4.2, 31.2 ±8.3, and 66.5 ±10.5 min for B, H, R, and RF
specimens, respectively.
The increase in the absorption rate or liquid water permeability of the bio-sourced composites is
due to the presence of the plant aggregates and their high absorption capacity [55]. The interfacial
zone between the earth matrix and the plant aggregate may also be an important reason. The
absorption rate, expressed by the absorption coefficient CA, varied considerably among the
specimen formulations (Table 3): from 1.85 g.m–2.s–1 for RF specimens to 21.98 g.m–2.s–1 for B
composites. The CA can then be generally related to the density of the composite (Table 2). The
lower the density of the composite, the higher is its water absorption capacity. With a water
absorption coefficient of 3.82 g.m–2.s–1, R is an earthen composite with plant aggregates that is the
most interesting in terms of resistance to liquid water ingress. Its coefficient is quite close to that of
RF, 1.85 g.m–2.s–1, and can be explained by the lower volume content of the plant aggregates than
that in B or H specimens for the same weight content (Table 2).
Table 3 Low-pressure water absorption coefficient CA for each composite.
References
RF
B
H
R

CA (g.m–2.s–1)
1.85
21.98
10.44
3.82

These results are comparable with some absorption coefficients obtained by Stazi et al. [59]. A
water absorption coefficient of 2.33 g.m–2.s–1 was obtained for a basic plaster with barley straw, and
a value of 0.50 g.m–2.s–1 was obtained for a rammed earth wall. Nevertheless, in that study, the
barley straw content was much lower than the 3% by mass used for plant aggregates in the present
study, which explains the big difference between the absorption rates of this plaster and that of the
B composites. The absorption rate of the RF specimens is quite close to that of the basic plaster
found by Stazi et al. [59]; some differences may be due to the difference in clay content and type.
High clay content can reduce liquid water permeability [59]. Moreover, the type of clay may
influence the water permeability. Another comparison can be made with a study by Faria et al. [66];
the absorption observed in the present study for the rammed earth is lower than that observed by
Faria’s study, which shows the absorption of around 15 mL of water in 5 min. Here, the maximum
absorption for B was 4 mL in 6 min. However, the tests were performed with the Karsten tubes
applied horizontally in the present study and vertically in the study by Faria et al. [66], which may
also have introduced the differences.
At the end of the test, each part of the composites in direct contact with water had taken a plastic
state. This behavior, expected because of the characteristics of chemically unstabilized clay, has
been already observed by Mattone et al. [55], from the sixth minute, in a similar test.
3.4 Wet Erosion Resistance
The results of the erosion test are presented in Figure 10.
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Figure 10 Erosion depth of the composites after the Geelong test.
The erosion depth for each type of specimen is presented in Figure 10, and the erodibility index
is added to see the class of erosion of the composites directly. The least erosive composite was B,
with a pit depth of 6.9 ±1.4 mm, followed by R with 9.4 ±0.9 mm, H with 10.3 ±1.2 mm, and RF with
14.2 ±2.2 mm. According to the erodibility index, B and R specimens belonged to class 3, i.e., they
are erosive according to Frencham [69] (cited by Heathcote [70]), and H and RF specimens belonged
to class 4, i.e., they are very erosive. According to the New Zealand standard [47], these formulations
are suitable for adobe bricks for building constructions.
For each test performed, the water that dripped was absorbed by the composites. Higher
resistance upon addition of plant aggregates was also observed by Ashour and Wu [71] with barley
straw, wheat straw, and wood shavings. According to Ashour and Wu [71], the improvement of the
resistance could be attributed to the uniform distribution of water among the particles. The erosion
depth was also measured by Bui et al. [72] on the walls exposed to weather and by Cid-Falceto et
al. [44] with a similar test on the bricks. In both studies, for the unstabilized earth walls and bricks,
the average depth of erosion was around 6 mm. This value is lower than the values observed in this
study. However, in the first study, it was explored in the south-east of France, where rainfall is low,
and in the second study, the test lasted for only 10 min, which clarifies the better performance.
This test is, however, appropriate if the rainfall is less than 500 mm per year [70]. In France, the
rainfall is between 800 and 900 mm per year on average, which is considerably higher. In such a
case, Frencham [69] recommends considering the category of erosion to be one or two classes
higher. A protective coating can also be envisioned.
3.5 Sphere Impact Test
The impact diameters of the specimens tested are presented in Figure 11. The pictures of the
specimens after the test are shown in Figure 12. The occurrence of cracking observed visually
denotes lower deformability, the value of which is negative, while the capacity to recover shape
indicates resilience, which in turn has a very positive value.
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Figure 11 Impact diameter of the composites.

Figure 12 Different specimens after the sphere impact test.
As can be seen in Figure 11, the impact diameters were 13.2 ±0.5, 16.4 ±0.6, 16.7 ±1.7, and
12.9 ±1.8 mm for RF, B, H, and R specimens, respectively. R composites, with the lowest impact
diameter, were the most resistant material with some deformability: there were no cracks, even
after 3 or 4 impacts on the same specimen. B specimens had the second-highest diameter, but the
impact was hardly discernible, and there were only small cracks, except for a bigger one in one
specimen. H specimens showed a huge contrast in behavior after the impact: one specimen was
totally broken, another one had a big crack, and the last one had only a small crack. The worst
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resistance was shown by the RF specimens, which were very brittle, and every specimen was
cracked or broken after the first and the only impact. Thus, the effect of the plant fibers can be
differentiated clearly in Figure 12.
4. Discussion
Three plant aggregates were tested as the components of earth composites: barley straw, hemp
shiv, and rice husk. Their influence on the ultrasound velocity and durability properties was studied.
The main results are presented in a radar chart (Figure 13) that indicates the most interesting (100%)
formulation and the least advantageous (0%) formulation, according to a certain property:
ultrasound velocity, dry abrasion, water absorption, erosion depth, or impact resistance. The
intermediate outcome, calculated in percentage, is proportional to the best and the worst value.
For the impact behavior, the values were arbitrary, depending only on the material behavior and
not on the diameter of the impact. Material behavior, after an impact, is undoubtedly the most
defining factor when considering a building material. The comparison between the formulations is
based on the same weight content of 3% as it is easily available and facilitates fabrication, although
the different properties are more likely to be related to the volume fraction of the plant aggregates
in the material.

Figure 13 Diagram qualitatively comparing the various composites according to the
property.
The properties presented in the chart can be distinguished as follows: ultrasound velocity
represents usefulness, whereas the other four are durability properties.
Choosing one formulation over another requires a compromise among the different properties
and should also consider the place of application of the unstabilized earthen composites, i.e., more
exposed or more protected locations. The merits and demerits of the different composite
formulations tested in this work are summarized below.
• Composites without plant aggregates (RF) present the highest ultrasound velocity or
stiffness, but this property leads to very low impact resistance; the specimens are easily breakable.
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This formulation is best for water absorption resistance (Karsten tubes) and dry abrasion resistance
(equal to H specimens). However, it should be noted that the dry abrasion results were very close
to each other for all the materials (bearing in mind that Figure 13 does not take the uncertainties
into account). The RF specimens are the least resistant to erosion (Geelong test).
• Composites with barley straw (B) are resistant to erosion and impact. Their dry abrasion
resistance was less than that of RF, H, and R but still competitive. Moreover, their stiffness and
water absorption resistance values are very low.
• Composites with hemp shiv (H) present a behavior quite similar to that of B, with a slightly
better dry abrasion resistance and better resistance to water absorption but lower resistance to
erosion.
• Composites with rice husk (R) present the best behavior. These are very good with respect
to the durability property, although the stiffness is much lower than that of the specimens made of
earth alone. The stiffness of R was, however, the highest of the composites with plant aggregates.
The relevance of some tests can also be discussed. The Karsten tubes would determine durability
against rainfall if the test is performed on a vertical specimen (equivalent to an exposed wall, which
is not the common case for unstabilized earthen composites). However, the conditions of this test
can include the case of a window left open and the rainwater coming in contact with a surface.
Moreover, the tube with the specimen is delicate to seal, particularly with the specimens containing
plant aggregates. The ultrasound velocity test used to evaluate the stiffness or the damage caused
by freezing-thawing cycles, in some studies, is easy to perform and has the advantage of being nondestructive. However, no correlation could be found between the measured velocity and the
durability properties from the present investigation.
The drawbacks of the test can be noted as follows. The analysis of the results of the impact
resistance test is not fully reliable. The impact diameter, quite difficult to measure, is not sufficient
to describe the behavior after impact. The impact behavior itself is very subjective. Nevertheless,
this test can simulate the impact of furniture used indoors on the unplastered earthen composite
masonry. Concerning the dry abrasion resistance, the test is quite useful for comparing results
within one study, but it becomes complicated to obtain a real value for comparison with those of
other studies. Nevertheless, this test can simulate abrasion by building users indoors when in
contact with an unplastered earthen composite masonry. As mentioned in the results section, the
material removed during the test depends on the hardness of the brush used. Nonetheless, impact
resistance, dry abrasion, and erosion resistance tests are representative of the real potential
conditions. Here, only the wet erosion resistance is compared to the thresholds. This threshold is,
however, not adapted to all local climates. The comparison between the thresholds should be
assessed once relevant and standardized tests are universally accepted and would be representative
of natural aging. The thresholds would then be determined according to the test, environmental
conditions, geography, and use of the material (load-bearing or not, plastered/rendered or not,
indoor/outdoor).
5. Conclusions
The present study focuses on some durability properties of the earthen composites containing
one of the following plant aggregates: barley straw, hemp shiv, or rice husk.
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The first objective was to characterize the influence, on some durability properties, of adding
these three types of plant aggregates in an earth construction material. The main findings are
summarized here. The addition of these bioaggregates decreased the stiffness, estimated by
ultrasound velocity, up to 53%, in the case of specimens with barley straw. It improved resistance
to impact, particularly with the addition of rice husk and barley straw, and also improved resistance
to erosion by water, from class 4 to class 3, in the case of rice husk and barley straw. However, these
vegetal additions led to an increase of water absorption, under low pressure, due to the high
hygroscopicity of the plant matter and to a slight decrease of the dry abrasion resistance. From the
durability point of view, the tests showed compatibility between earth and straw, hemp shiv, or rice
husk. The formulation containing rice husk (R) seems to be most interesting. It presented a good
result for each durability property tested, i.e., water absorption under low-pressure, dry abrasion,
water drop erosion, and impact, and is thus the best compromise. Deeper knowledge of rice husk
composite, especially concerning its mechanical resistance, fracture behavior, and hygroscopic
buffering ability, would allow an interesting sustainable product to be developed.
The study also aimed to investigate and discuss the relevance of various test procedures to assess
the durability of bio-based earth construction materials. For example, the impact test, which is a
standardized test, allows the characterization of the material only with the impact diameter.
However, it was shown in this study that this parameter alone is not sufficient to characterize the
material behavior after an impact, specifically with the addition of bioaggregates. Moreover, as
discussed before, the tests presented here, which were the tests intended for earth materials
without any bioaggregates, are sometimes difficult to adapt to bio-based materials, such as the
sealing of the Karsten tubes or the determination of the absorption coefficient. Further studies are
necessary to adapt these procedures to earth construction materials containing bioaggregates.
Other complementary tests could also be performed on earthen materials to assess other
durability properties, such as the compressive strength in humid conditions, flammability, and
susceptibility for biological development. However, many existing tests, better suited for outdoorsexposed masonry units, can only be used for binder-stabilized earth, such as the water immersion
test or the accelerated wet spray erosion test. New tests should, thus, be developed in parallel to
indoor and outdoor experiments to be representative of real environmental conditions, thereby
contributing to the wider use of these eco-friendly composites by the building industry.
Acknowledgments
The authors wish to thank the RILEM Technical Committees 274-TCE and 275-HDB for
discussions.
Author Contributions
A. Laborel-Préneron carried out the experiments and wrote the manuscript with support from P.
Faria, J.E. Aubert and C. Magniont, P. Faria conceived the study and designed the experiments, C.
Magniont and J.E. Aubert were in charge of overall production.
Funding

Page 117/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102016

French National Research Agency - France (ANR) - project BIOTERRA - ANR - 13 - VBDU - 0005
Villes et Bâtiments Durables
Competing Interests
The authors have declared that no competing interests exist.
References
1.
2.
3.
4.
5.
6.

7.

8.
9.
10.
11.
12.
13.

14.

15.

Minke G. Building with earth: Design and technology of a sustainable architecture. Basel,
Switzerland: Birkhäuser; 2006.
Morel JC, Charef R. What are the barriers affecting the use of earth as a modern construction
material in the context of circular economy? IOP Conf Ser Earth Environ Sci. 2019; 225: 012053.
Aymerich F, Fenu L, Francesconi L, Meloni P. Fracture behaviour of a fibre reinforced earthen
material under static and impact flexural loading. Constr Build Mater. 2016; 109: 109-119.
Sangma S, Tripura DD. Experimental study on shrinkage behaviour of earth walling materials
with fibers and stabilizer for cob building. Constr Build Mater. 2020; 256: 119449.
Kouta N, Saliba J, Saiyouri N. Effect of flax fibers on early age shrinkage and cracking of earth
concrete. Constr Build Mater. 2020; 254: 119315.
Simons A, Bertron A, Roux C, Laborel-Préneron A, Aubert JE, Roques C. Susceptibility of earthbased construction materials to fungal proliferation: laboratory and in situ assessment. RILEM
Tech Lett. 2019; 30: 140-149.
Rim KA, Ledhem A, Douzane O, Dheilly RM, Queneudec M. Influence of the proportion of wood
on the thermal and mechanical performances of clay-cement-wood composites. Cem Concr
Compos. 1999; 21: 269-276.
Algin HM, Turgut P. Cotton and limestone powder wastes as brick material. Constr Build Mater.
2008; 22: 1074-1080.
Bouhicha M, Aouissi F, Kena S. Performance of composite soil reinforced with barley straw. Cem
Concr Compos. 2005; 27: 617-621.
Faria P, Santos T, Aubert JE. Experimental characterization of an earth eco-efficient plastering
mortar. J Mater Civ Eng. 2016; 28: 04015085.
Sharma V, Marwaha BM, Vinayak HK. Enhancing durability of adobe by natural reinforcement
for propagating sustainable mud housing. Int J Sustain Built Environ. 2016; 5: 141-155.
Giroudon M, Laborel-Préneron A, Aubert JE, Magniont C. Comparison of barley and lavender
straws as bioaggregates in earth bricks. Constr Build Mater. 2019; 202: 254-265.
Gurunathan T, Mohanty S, Nayak KS. A review of the recent developments in biocomposites
based on natural fibres and their application perspectives. Compos Part A Appl Sci Manuf. 2015;
77: 1-25.
FranceAgriMer. L’observatoire national des ressources en biomasse(ONRB): Evaluation des
ressources
disponibles
en
France.
FranceAgriMer.
2012.
Available
from:
https://www.franceagrimer.fr/fam/content/download/48820/document/14122016_Publicati
on-ONRB-VF.pdf?version=5.
Laborel-Préneron A, Aubert JE, Magniont C, Tribout C, Bertron A. Plant aggregates and fibers in
earth construction materials: A review. Constr Build Mater. 2016; 111: 719-734.

Page 118/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102016

16. Binici H, Aksogan O, Shah T. Investigation of fibre reinforced mud brick as a building material.
Constr Build Mater. 2005; 19: 313-318.
17. Mohamed AE. Improvement of swelling clay properties using hay fibers. Constr Build Mater.
2013; 38: 242-247.
18. Parisi F, Asprone D, Fenu L, Prota A. Experimental characterization of Italian composite adobe
bricks reinforced with straw fibers. Compos Struct. 2015; 122: 300-307.
19. Piattoni Q, Quagliarini E, Lenci S. Experimental analysis and modelling of the mechanical
behaviour of earthen bricks. Constr Build Mater. 2011; 25: 2067-2075.
20. Quagliarini Q, Lenci S. The influence of natural stabilizers and natural fibres on the mechanical
properties of ancient Roman adobe bricks. J Cult Herit. 2010; 11: 309-314.
21. Yetgin Ş, Çavdar Ö, Çavdar A. he effects of the fiber contents on the mechanic properties of the
adobes. Constr Build Mater. 2008; 22: 222-227.
22. Ashour T, Wieland H, Georg H, Bockisch FJ, Wu W. The influence of natural reinforcement fibres
on insulation values of earth plaster for straw bale buildings. Mater Des. 2010; 31: 4676-4685.
23. Binici H, Aksogan O, Bodur MN, Akca E, Kapur S. Thermal isolation and mechanical properties
of fibre reinforced mud bricks as wall materials. Constr Build Mater. 2007; 21: 901-906.
24. Magniont C, Escadeillas G, Coutand M, Oms-Multon C. Use of plant aggregates in building
ecomaterials. Eur J Environ Civ Eng. 2012; 21: 17-33.
25. Cerezo V. Propriétés mécaniques, thermiques et acoustiques d’un matériau à base de particules
végétales: Approche expérimentale et modélisation théorique. Lyon: Institut National des
Sciences Appliquées. 2005.
26. Diquélou Y, Gourlay E, Arnaud L, Kurek B. Impact of hemp shiv on cement setting and hardening:
Influence of the extracted components from the aggregates and study of the interfaces with
the inorganic matrix. Cem Concr Compos. 2015; 55: 112-121.
27. del Valle-Zermeño R, Aubert JE, Laborel-Préneron A, Formosa J, Chimenos JM. Preliminary
study of the mechanical and hygrothermal properties of hemp-magnesium phosphate cements.
Constr Build Mater. 2016; 105: 62-68.
28. Hamard E, Morel JC, Salgado F, Marcom A, Meunier N. A procedure to assess the suitability of
plaster to protect vernacular earthen architecture. J Cult Herit. 2013; 14: 109-115.
29. Gomes MI, Gonçalves TD, Faria P. Characterization of earth-based mortars for rammed earth
repair. Earth Constr Tradit. 2015; 1: 259-276.
30. Flament C. Valorisation des fines de lavage de granulats: Application à la construction en terre
crue. Béthune: Université d’Artois; 2013.
31. Balčiūnas G, Žvironaitė J, Vėjelis S, Jagniatinskis A, Gaidučis S. Ecological, thermal and acoustical
insulating composite from hemp shives and sapropel binder. Ind Crops Prod. 2016; 91: 286-294.
32. Carter GW, Cannor AM, Mansell DS. Properties of bricks incorporating unground rice husks.
Build Environ. 1982; 17: 285-291.
33. Chiang KY, Chou PH, Hua CR, Chien KL, Cheeseman C. Lightweight bricks manufactured from
water treatment sludge and rice husks. J Hazard Mater. 2009; 171: 76-82.
34. Rahman MA. Properties of clay-sand-rice husk ash mixed bricks. Int J Cem Compos Lightweight
Concr. 1987; 9: 105-108.
35. Chabannes M, Bénézet JC, Clerc L, Garcia-Diaz E. Use of raw rice husk as natural aggregate in a
lightweight insulating concrete: An innovative application. Constr Build Mater. 2014; 70: 428438.
Page 119/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102016

36. Serrano T, Borrachero MV, Monzó JM, Paya J. Morteros aligerados con cascarilla de arroz:
Diseño de mezclas y evaluación de propiedades. Dyna. 2012; 79: 128-136.
37. Salas J, Alvarez M, Veras J. Lightweight insulating concretes with rice husk. Int J Cem Compos
Lightweight Concr. 1986; 8: 171-180.
38. Antunes A, Faria P, Bras A, Silva V. Rice husk-earth based composites: A novel bio-based panel
for buildings refurbishment. Constr Build Mater. 2019; 221: 99-108.
39. Muntohar AS. Engineering characteristics of the compressed-stabilized earth brick. Constr Build
Mater. 2011; 25: 4215-4220.
40. Laborel-Préneron A, Aubert JE, Magniont C, Lacasta A, Haurie L. Fire behavior of bio-based earth
products for sustainable buildings. Acad Int J Civ Eng. 2017; 35: 160-165.
41. Laborel-Préneron A, Ouédraogo K, Simons A, Labat M, Bertron A, Magniont C, et al. Laboratory
test to assess sensitivity of bio-based earth materials to fungal growth. Build Environ. 2018;
142: 11-21.
42. Medvey B, Dobszay G. Durability of stabilized earthen constructions: A review. Geotech Geol
Eng. 2020; 38: 2403-2425.
43. Beckett CT, Jaquin PA, Morel JC. Weathering the storm: A framework to assess the resistance
of earthen structures to water damage. Constr Build Mater. 2020; 242: 118098.
44. Cid-Falceto J, Mazarrón FR, Cañas I. Assessment of compressed earth blocks made in Spain:
International durability tests. Constr Build Mater. 2012; 37: 738-745.
45. Van Damme H, Houben H. Earth concrete. Stabilization revisited. Cem Concr Res. 2018; 114:
90-102.
46. German Standard. Lehmsteine - Begriffe, anforderungen, prüfverfahren. DIN 18945. Deutsches
Institut für Normung. 2013.
47. NZS 4298. Materials and workmanship for earth buildings. 1998.
48. Simons A, Laborel-Préneron A, Bertron A, Aubert JE, Magniont C, Roux C, et al. Development of
bio-based earth products for healthy and sustainable buildings: Characterization of
microbiological, mechanical and hygrothermal properties. Matér Tech. 2015; 103. DOI:
10.1051/mattech/2015011.
49. Laborel-Préneron A, Magniont C, Aubert JE. Characterization of barley straw, hemp shiv and
corn cob as resources for bioaggregate based building materials. Waste Biomass Valor. 2017;
9: 1095-1112.
50. Amziane S, Collet F, Lawrence M, Magniont C, Picandet V. Round robin test for hemp shiv
characterization. In Bio-aggregates based building materials: State of the art report of the
RILEM Technical Committee 236-BBM. Dordrecht: Springer; 2017.
51. Laborel-Préneron A, Aubert JE, Magniont C, Maillard P, Poirier C. Effect of plant aggregates on
mechanical properties of earth bricks. J Mater Civ Eng. 2017; 29: 04017244.
52. Barbera G, Barone G, Mazzoleni P, Scandurra A. Laboratory measurement of ultrasound
velocity during accelerated aging tests: Implication for the determination of limestone
durability. Constr Build Mater. 2012; 36: 977-983.
53. Aubert JE, Gasc-Barbier M. Hardening of clayey soil blocks during freezing and thawing cycles.
Appl Clay Sci. 2012; 65-66: 1-5.
54. Millogo Y, Morel JC, Aubert JE, Ghavami K. Experimental analysis of pressed adobe blocks
reinforced with Hibiscus cannabinus fibers. Constr Build Mater. 2014; 52: 71-78.

Page 120/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102016

55. Mattone R. Sisal fibre reinforced soil with cement or cactus pulp in bahareque technique. Cem
Concr Compos. 2005; 27: 611-616.
56. German Standard. Earth plasters. Terms and definitions, requirements, test methods DIN
18947. 2013.
57. Karsten R. Bauchemie für Studium und Praxis. 7th ed. Haslach, 1983.
58. EN 16302. Conservation of cultural heritage. Test methods. Measurement of water absorption
by pipe method. British Standards Institution, 2013.
59. Stazi F, Nacci A, Tittarelli F, Pasqualini E, Munafò P. An experimental study on earth plasters for
earthen building protection: The effects of different admixtures and surface treatments. J Cult
Herit. 2016; 17: 27-41.
60. Hendrickx R. Using the Karsten tube to estimate water transport parameters of porous building
materials: The possibilities of analytical and numerical solutions. Mater Struct. 2013; 46: 13091320.
61. ISO 7892. Vertical building elements – Impact resistance tests – Impact bodies and general test
procedures. ISO. 1988.
62. EN 13947. Thermal insulation products for building applications - Determination of the
resistance to impact of external thermal insulation composite systems (ETICS). CEN. 2002.
63. Magalhaes AC, Veiga R. Comparison of “in-situ” mechanical tests on masonry mortars: Sphere
impact and controlled penetration test. Proceedings of the International Conference on
Heritage, Weathering and Conservation; 2006 June 21-24; Madrid, Spain. London: CRC Press.
64. Flores-Colen I, de Brito J, de Freitas V. Expected render performance assessment based on
impact resistance in situ determination. Constr Build Mater. 2009; 23: 2997-3004.
65. Coletti C, Maritan L, Cultrone G, Mazzoli C. Use of industrial ceramic sludge in brick production:
Effect on aesthetic quality and physical properties. Constr Build Mater. 2016; 124: 219-227.
66. Faria P, Silva V, Jamú N, Dias I, Gomes MI. Evaluation of air lime and clayish earth mortars for
earthen wall renders. In Vernacular Heritage and Earthen Architecture. Boca Raton: CRC Press;
2013.
67. Bras A, Antunes A, Laborel-Préneron A, Ralegaonkar R, Shaw A, Riley M, et al. Optimisation of
bio-based building materials using image analysis method. Constr Build Mater. 2019; 223: 544553.
68. Faria P, Santos T, Aubert JE. Experimental Characterization of an Earth Eco-Efficient Plastering
Mortar. J Mater Civ Eng. 2016; 28: 04015085.
69. Frencham GJ. The Performance of Earth Building. Geelong: Deakin University; 1982.
70. Heathcote KA. Durability of earthwall buildings. Constr Build Mater. 1995; 9: 185-189.
71. Ashour T, Wu W. The influence of natural reinforcement fibers on erosion properties of earth
plaster materials for straw bale buildings. J Build Apprais. 2010; 5: 329-340.
72. Bui QB, Morel JC, Venkatarama Reddy BV, Ghayad W. Durability of rammed earth walls exposed
for 20 years to natural weathering. Build Environ. 2009; 44: 912-919.

Page 121/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102016

Enjoy Recent Progress in Materials by:
1. Submitting a manuscript
2. Joining in volunteer reviewer bank
3. Joining Editorial Board
4. Guest editing a special issue

Recent Progress in Materials

For more details, please visit:
http://www.lidsen.com/journals/rpm

Page 122/386

Open Access

Recent Progress in Materials

Review

Machine Learning in Hazardous Building Material Management: Research
Status and Applications
Pei-Yu Wu 1, 2, *, Kristina Mjörnell 1, 2, Claes Sandels 1, Mikael Mangold 1
1. RISE Research Institutes of Sweden, 412 58 Gothenburg, Sweden; E-Mails: pei-yu.wu@ri.se;
kristina.mjornell@ri.se; claes.sandels@ri.se; mikael.mangold@ri.se
2. Department of Building and Environmental Technology, Faculty of Engineering, Lund University,
221 00 Lund, Sweden
* Correspondence: Pei-Yu Wu; E-Mail: pei-yu.wu@ri.se
Academic Editor: Hossein Hosseinkhani
Special Issue: New Trends on Circular Economy Building and Construction Materials
Recent Progress in Materials
2021, volume 3, issue 2
doi:10.21926/rpm.2102017

Received: January 22,2021
Accepted: April 26,2021
Published: May 11,2021

Abstract
Assessment of the presence of hazardous materials in buildings is essential for improving
material recyclability, increasing working safety, and lowering the risk of unforeseen cost and
delay in demolition. In light of these aspects, machine learning has been viewed as a promising
approach to complement environmental investigations and quantify the risk of finding
hazardous materials in buildings. In view of the increasing number of related studies, this
article aims to review the research status of hazardous material management and identify the
potential applications of machine learning. Our exploratory study consists of a two-fold
approach: science mapping and critical literature review. By evaluating the references
acquired from a literature search and complementary materials, we have been able to
pinpoint and discuss the research gaps and opportunities. While pilot research has been
conducted in the identification of hazardous materials, source separation and collection,
extensive adoption of the available machine learning methods was not found in this field. Our
findings show that (1) quantification of asbestos-cement roofing is possible from the
combination of remote sensing and machine learning algorithms, (2) characterization of
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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buildings with asbestos-containing materials is progressive by using statistical methods, and
(3) separation and collection of asbestos-containing wastes can be addressed with a hybrid of
image processing and machine learning algorithms. Analysis from this study demonstrates the
method applicability and provides an orientation to the future implementation of the
European Union Construction and Demolition Waste Management Protocol. Furthermore,
establishing a comprehensive environmental inventory database is a key to facilitating a
transition toward hazard-free circular construction.
Keywords
Machine learning technique; hazardous material management; construction and demolition
waste; systematic review; asbestos-containing material; polychlorinated biphenyls (PCB)

1. Introduction
Hazardous building materials, such as construction products containing substances that are
harmful to human health or the environment, hamper the construction and demolition (C&D) waste
management process and the quality of the recycled materials. Since C&D waste is the largest waste
stream in the European Union (EU) countries, the EU Commission developed the C&D Waste
Management Protocol and level indicators to help the member states achieve a 70 % recycling rate
of non-hazardous C&D waste by 2020 [1, 2]. In the transition toward circular construction, two
forces fuel the development of C&D waste management: the push-force comes from the Waste
Framework Directive 2008/98/EC, whereas the pull-force of regulating hazardous materials derives
from building certification scope extension. Considering the cost and working safety of handling
materials during demolition or renovation that might contain unexpected hazardous components,
obligatory or voluntary pre-demolition audits on environmental inventories have been enforced in
some EU countries [1, 3]. These measures align with the actions stated in the EU C&D Waste
Management Protocol, stressing the importance of waste identification, source separation, and
waste collection [4]. In addition, assessing hazardous materials and waste management in current
building stock has been included in multiple sustainable building certificates worldwide, including
Leadership in Energy and Environmental Design (LEED), Building Research Establishment
Environmental Assessment Method (BREEAM), etc. [5]. Although countries worldwide have
introduced bans on hazardous building materials for decades, harmful substances might enter the
waste stream after a long life span during renovation and demolition [6]. A growing concern of
disturbing residuals hinder the recyclability of the building materials exists. Therefore, the Swedish
Green Building Council launched the Environmental Building Operation and Administration
Certification to extend the evaluation of the existing buildings. Environmental investigations on
building stock facilitate decontamination and can be instrumental for future C&D waste
management plans.
Among the hazardous materials, asbestos and polychlorinated biphenyls (PCB) are the most
investigated substances because of two reasons: their critical hazardous properties and their
extensive use in the middle of the 20th century. Despite the deployment of the mandatory legal
requirements, asbestos-containing materials (ACMs) and PCB-containing joints and sealants are
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diffused in the building stock, making it difficult to determine their location and amount [7]. The
conventional way of quantifying in-situ hazardous materials is by conducting environmental
investigations before demolition or renovation. Depending on the scale and activities in already
completed buildings, environmental audits are performed for the buildings to various extents.
Complex facilities, such as industrial and public buildings, often require thorough environmental
investigations by qualified experts. In most surveys, laboratory analysis of samples and product
labeling recognition were commonly employed by environmental experts for distinguishing harmful
building materials [6]. Although the approach achieves a high accuracy rate in material
identification, it is resource-demanding and time-consuming. Further, field sampling and labeling
recognition are not always possible due to the inaccessibility of the building materials or the ongoing
activities in buildings. Another major limitation lies in the difficulty of upscaling, leading to only a
few buildings having environmental inventories. Since the information on the residual hazardous
materials in the building stock is lacking, the risk of pending demolition work in local municipalities
[8] and the absence of an organized waste policy of the central authority [3] remain.
Several studies have tried to develop innovative and cost-efficient methodologies to overcome
the abovementioned problems. The potential of applying statistical operations in registered records
[8, 9], creating digital tools for field inventory [10-12], etc., was explored as alternative ways for
supplementing the existing methods. These novel methods successfully characterized the amount
and types of ACMs in residential buildings despite the different data input and collection processes.
To broaden the recognition of in-situ hazardous materials on a large scale, supervised machine
learning, which enables the prediction of unknown instances based on the historical labels, presents
a new opportunity to the field. The emergent machine learning techniques can identify critical
features and patterns from heterogeneous data by harnessing the power of statistics, computer
science, and domain knowledge. With the improved data availability and the demand for
decontamination in buildings, researchers started to adopt machine learning techniques to
streamline the traditional modeling process and enhance the hazardous material recognition rates.
Pilot studies showed promising results in estimating the amount and the spatial distribution of insitu hazardous materials [9, 13] and facilitating semi-automated material sorting [14, 15] by
adopting machine learning algorithms.
With regards to the call for improving the quality of C&D waste for resource efficiency, a
comprehensive literature review on the validity of various methods and their practical
implementation will be beneficial. Therefore, this review article aims at examining the existing
approaches and technologies to enhance the efficiency of identifying dangerous building materials.
By summarizing the state-of-the-art research domains, we can pinpoint the potential applications
for data-driven in-situ hazardous materials management. Accordingly, two research questions have
been formulated:
RQ1: What are state-of-the-art methods for probing hazardous building materials using analytic
techniques?
RQ2: What are the available applications for data-driven in-situ hazardous material
management?
This study is, to our knowledge, the first review on the interdisciplinary subject of employing
machine learning applications in the management of hazardous building materials. The outcomes
discussed in this article can add academic value by demonstrating the hotspots and gaps in the field,
as well as contribute to the EU C&D Waste Management Protocol and guidelines and selective
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demolition1 activities in practice. This systematic literature review incorporates quantitative and
qualitative dimensions. Science mapping offers an overview of the research dynamics, whereas the
critical literature review analyzes the contributions of the selected references. The following section
describes the search process and the structural procedure undertaken for conducting the systematic
literature review.
2. Method
The systematic literature review was performed sequentially in two parts to measure the
research dynamics in the quantitative and qualitative dimensions, as illustrated in Figure 1. In Part
I, science mapping (or meta-analysis) contributes to the understanding of the domain evolution and
describes the dynamics of the major disciplines [16]. The underlying structure of the research
development and the conceptual and intellectual structure in hazardous materials areas could be
displayed by performing a bibliometric analysis. The research scope was restricted to only in-situ
hazardous materials in C&D waste management. Therefore, off-site issues such as waste logistics,
waste processing, quality management, policy and framework conditions were not included. After
delineating the knowledge domain, in the critical literature review in Part II, a compilation and
analysis of the highly relevant research identified in Part I has been presented. In this part, the
relevant studies in which data analytic techniques have been applied in hazardous material
management, i.e., hazardous material identification, waste source separation, and hazardous waste
collection, have been described. The applied machine learning techniques, data input, and their
purpose of use in the literature have been illustrated in the results mentioned in Part II. By
associating the outcomes from science mapping and critical literature review, we can answer the
research questions posed in this article.

Figure 1 The comprehensive review presented in this article consists of a quantitative
study (science mapping) and a qualitative study (critical literature review).
The literature search was carried out on April 22, 2020, using the Web of Sciences and Google
Scholar platforms by considering the various strengths and limitations of the different algorithm
capabilities. The literature available on Web of Sciences consists of publisher-neutral, peerreviewed academic papers, whereas Google Scholar provides higher adaptability in full-text
searches on any type of documents. Search phrases including the words “hazard”, “(artificial
intelligence) AI or machine learning”, and “building” topics were combined by using Boolean

Selective demolition means the removal of materials from a demolition site in a pre-defined sequence
before demolition or renovation, in order to maximize recovery and recycling performance.
1
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operators. The studies queried were English-based literature, including article, proceeding paper,
review, conference paper, with the abovementioned terms in the title, abstract, author keywords,
and as input to Keywords Plus2 without a specific timeframe. The preliminary search yielded four
hits, and their topics were not directly relevant to the predefined search scope. Accordingly, the
search was extended to incorporate synonyms of AI and machine learning, such as the words
“assessment”, “evaluation”, “prediction”, “estimation”, “identification”, and “modeling”. Also, the
types of investigated hazardous materials were specified by taking into account of their hazardous
property and universality, such as radon gas from blue concrete and chemical substances from
impregnated wood. The second search resulted in 436 hits, and this was further refined to exclude
the irrelevant phrases or abbreviations. This iterative relevance and duplication check by reviewing
the title and abstract generated 277 relevant results. As a supplement to the initial literature search,
the same procedure was executed in Google Scholar, and 307 papers were finally chosen for the
review. Table 1 outlines the iterative search process, search terms, and search specifications.
Table 1 Steps of the iterative search process and the combination of the search phrases
used in the three topics by using Boolean operators.
Step 1: Apply search phrases in Web of Sciences and refine the irrelevant results
1 Hazard
2 AI/Machine learning
3 Building
Hazardous materials AN Assess*
AN Building*
D
D
OR Asbestos
OR Evaluat*
NOT
(RD&D*
OR
windings*
OR PCB
OR Predict*
OR printed circuit board*
OR
Impregnated
OR Estimat*
OR circularly polarized*
wood
OR Blue concrete
OR Identif*
OR
grammars*
OR
electro*
OR Model*
OR fire* OR flame*
OR AI
OR Earthquake* OR chip*
OR Machine learning
OR desiccant system*
OR Supervised learning
OR antenna* OR port*
OR Pattern recognition
OR Piezotronics*
OR
Statistical
OR Brazilian communist
probability
party* OR mining*
OR official development
assistance*)
Step 2: Add 30 extra relevant papers from Google Scholar for Part I: Science mapping

Hits
436
277

307

Keywords Plus recognize phrases frequently appear in the title an article's references, but not in the article’s
title
itself.
More
information
about
Keywords
Plus:
https://support.clarivate.com/ScientificandAcademicResearch/s/article/KeyWords-Plus-generationcreation-and-changes?language=en_US
2
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Step 3: Title, keywords, abstract screening decreased relevant papers
104
Step 4: Conduct Part II: Critical literature review on the articles with high and medium 57
relevance
Step 5: Identify machine learning techniques and input data for the articles with high 16
relevance
Search specifications:
Search Engines
Web of Science/Google Scholar
Timespan
Years (1900–2020)
Languages
English
Document Types
Article/Proceedings paper/Review/Conference paper
The asterisk (*) is a type of wildcard expression. It implies that any group of characters could be
combined in the search term. For example, model* will comprise model, models, modeling, etc.

Science mapping, or more specifically, bibliometric analysis, was executed on the 307 selected
papers using Biblioshiny3, a bibliometric library in R. Cross comparison among the results provided
insights into the thematic evolution, the collaboration of prominent authors and institutions, and
the influential journals in the field of hazardous materials. Subsequently, supplementary sources
from the references or citation lists and recommendations from search engines were appended
manually to the document pool. Before the critical literature review, the authors performed a quick
literature screening to sort out noteworthy references according to the following criteria: (i) high
relevance to the concepts of hazardous materials AND AI/machine learning/quantitative methods,
(ii) medium relevance to the ideas of hazardous materials OR AI/machine learning in building
materials/quantitative methods and (iii) Low relevance to the umbrella terms of AI in the
architecture, engineering and construction industry, AI in C&D waste management, and AI in circular
construction.
The 57 references identified with high and medium relevance were evaluated by adopting the
preferred reporting items for systematic reviews and meta-analyses (PRISMA) statement,
developed as an appraisal framework to minimize reporting bias [17]. Complying with the guidelines
of the PRISMA statement, the following iterative procedure was adopted: (1) understanding the
research problems addressed in the introduction section, (2) evaluating the effectiveness of the
research procedure to its research objectives in the methodology section, and (3) reviewing the
research results and their applications discussed in the discussion and conclusion section. By
conducting a critical literature review, it is possible to determine the state-of-the-art research fields
and research gaps.
3. Results and Discussion
After acquiring the literature, science mapping was performed to outline the research
development and determine the significant references. We could delineate machine learning
applications within the topics of hazardous material identification, waste sourcing, and hazardous
waste collection through this convergent process. The identified opportunities and challenges

3

Biblioshiny: https://www.bibliometrix.org/Biblioshiny.html
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regarding method implementation in the critical literature review have been synthesized at the end
of the article.
3.1 Science Mapping
By evaluating the meta-data of the acquired 307 references, a full retrospect of the research on
hazardous building materials in the last three decades was created. The analytical results from the
research development exhibited an upward trend in interdisciplinary research activities, mainly
from Environmental Sciences, Public and Environmental Health, and Engineering. Two major
research themes were identified in the conceptual structure analysis: diseases and risks associated
with airborne asbestos and exposure to PCB-containing materials in buildings. Significant
occurrences of the terms “exposure” and “building” dominated the field. By evaluating the
outcomes of the intellectual structure, a gap between the scientific research and management of
hazardous building materials in the field of C&D waste was recognized. Despite the growing number
of studies addressed toward exposure measurement and risk remediation of harmful substances in
buildings, very few can be integrated into the context of in-situ hazardous material management.
3.1.1 Literature Distribution
The first bibliometric analysis performed in this work measured the research developments in
hazardous material management by characterizing the annual scientific production, thematic
distribution, and the publication outlet for the references included in this study. The combined
search resulted in 307 references from 188 sources, including books, journals, and thesis
publications. Studies in this area were published sporadically during a longer timeframe. However,
an upward trend was observed since the 1990s with a publication peak in 2016–2018, as shown in
Figure 2. Over the publication period, the geometric progression ratio was 5.95 %, a constant
quantity by which each scale factor in a geometry progression was multiplied to be the succeeding
ones [18]. It indicates the average increasing rate of papers concerning the accumulated sum of the
published articles. In addition, 70 % of the references were published in the last 15 years. A possible
explanation for this might be that the awareness of hazardous building materials was first raised
after international bans and restrictions imposed since the mid-1970s. During the 1990s, countries
worldwide introduced extensive bans on ACMs in terms of production, import, and sales [19], which
coincides with the growing development of the field and the increase in the number of relevant
research activities.
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Figure 2 Measurement of the research development by quantifying the annual scientific
publications from 1991–2020 (top right) and evaluation of the thematic distribution of
the major source publications (bottom left).
Other than evaluating the number of publications, the thematic distribution of the source
publications indicates the progress of multi-disciplinary studies. Figure 2 highlights a dispersed,
uneven thematic composition of the source publications from the acquired references. The
thematic categories have been listed in descending order according to their proportion. A large
number of source publications were categorized to “Environmental Sciences & Ecology”, “Public,
Environmental & Occupational Health”, and “Engineering” according to the Web of Science
platform. This result indicates the interdisciplinary characteristics of these subjects with general
interests in quantifying environmental and health-related issues.
On the other hand, only a handful of papers were published in “Construction & Building
Technology” related journals, representing 4 % of the total selected references. According to source
clustering, they were primarily published in Environmental Science & Technology, Chemosphere,
International Science and Pollutant Research, Indoor and Built Environment, and Journal of
Hazardous Materials. As a significant number of source publications belong to environmental and
chemical studies, it was not surprising to see research related to sample monitoring of hazardous
substances [21, 22], their mitigation and remediation measures [23], and their risk management
[24]. In the thematic distribution of the publication journals, the references that involved machine
learning concepts were selected before proceeding to the critical literature review.
3.1.2 Conceptual Structure
The conceptual structure benchmarked the research front and domain evolution to identify the
essential issues in the area, represented in the co-word analysis and word dynamic analysis. The coword analysis shown in Figure 3 assembles the most contributing papers and associates similar
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variable categories using multivariate statistics. The multiple correspondence analysis (MCA), a
modified principal component analysis method used for detecting and representing the underlying
structures in a nominal categorical dataset, was applied to the references to identify groups of
words obtained using Keyword Plus with similar profiles and the correlations between the variable
categories. The results from Keyword Plus were represented as data points in factorial planes (or
Euclidean planes) after dimensionality reduction. The axis corresponds to the first and second
principal components, and the percentage accounted for the amount of variance [25]. Correlations
between the results obtained from Keyword Plus were uncovered by calculating the proportional
variance between the categorical variables of Keyword Plus and the individual reference [26]. The
findings indicate that research on asbestos and PCB-related subjects constitutes the most
knowledge base in the acquired literature. In contrast, keywords related to impregnated wood and
blue concrete were missing due to insufficient studies. Based on their positions on the two
dimensions in Figure 3, the variances between the umbrella terms of asbestos (the red group) are
less significant than those of PCB (the blue group). For example, the keyword asbestos and its
synonyms4 were associated closely with “occupational exposure”, “lung cancer and mesothelioma”,
and “mortality risk” in one cluster. On the other hand, the keyword PCB was related to the studies
on “indoor air contamination” and “congeners exposure” in another cluster.

Figure 3 The co-word analysis measures the similarity and dissimilarity between the
generated Keyword Plus from the acquired references using the MCA method.
Dimension 1 (81.86 % explain the variance) covers the opposition between the asbestos
cluster and the PCB cluster. Dimension 2 (10.49 % explain the variance) includes the
opposition within each cluster.

Asbestos has different forms in construction products, such as chrysotile, amosite, crocidolite. All of them
can cause asbestosis, mesothelioma, and lung cancer on high levels of exposure.
4
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On the contrary, references corresponding to impregnated wood and blue concrete are relatively
rare. The fewer articles available on these topics might be due to their low presence in buildings
compared to asbestos and PCB, leading to very few quantitative studies on them. This discrepancy
can also be attributed to the legislative framework, where asbestos and PCB have their regulations
and initiatives in the Nordic countries [7]. Furthermore, the word dynamic analysis shown in Figure
4 presents a divergent tendency of the top 10 research terms cumulated in the past decades. By
creating an overview of the various timespan, the results indicate the evolved topics. The primary
research focus is on the working safety and pollutant exposure to asbestos and PCB in the built
environment. However, the research terms exposure and building experienced explosive growth
since 2012. Surprisingly, terminologies of hazardous material management, such as risk assessment,
identification management, working modeling, etc., were less studied subjects. This might explain
why the literature inquiry to the quantitative research using machine learning techniques yielded
no distinguished hits since the interdisciplinary topic is still in the embryonic phase.

Figure 4 Word dynamic analysis. The cumulated occurrences of the generated Keyword
Plus present the shift in the research terms in the last three decades. The top frequent
terms are identified as exposure, buildings, workers, mortality, polychlorinated
biphenyls, contamination, risk, asbestos, lung cancer, and mesothelioma.
3.1.3 Intellectual Structure
The intellectual structure demonstrates the paradigm shift in a given knowledge domain,
showing the citation relationship between the references [27]. It involves a historical direct citation
network and a three-field plot. The historical direct citation network was presented in the format
of historiographic mapping as it provided a general picture of the research topics with respect to
the citation of core authors and documents. Five primary research paths were identified that are
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presented in Figure 5 with different colors: (1) asbestos concentrations and abatement, (2)
asbestos-related diseases, (3) pollution and health, (4) asbestos investigation, and (5) PCB sources
and emissions. To summarize the science mapping section, a three-field plot was created, as shown
in Figure 6, to determine the correlation between the author's keywords, authors, and publication
journals. The findings show that the included references were mainly published in the journals
related to environmental science, such as Environmental Science and Technology, Indoor and Built
Environment, Environmental Science, and Pollution Research, with various focus areas, in particular,
environmental health, hygiene, and medicine. It suggested that the management of the in-situ
hazardous materials and their risk remediation were studied more in relation to environmental
sciences than in waste management. The critical literature review in the next section explores the
potential synergies between the two disciplines.

Figure 5 Historical direct citation network. The citation links by year of publication have
been categorized into five thematic groups represented in the legends.
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Figure 6 Three-fields plot. The most trending author’s keyword (middle) associate with
the most contributing authors (left) and the frequent publication journals (right).
3.2 Critical Literature Review
Growing concern has been expressed within the construction sector [28] about the presence of
hazardous materials in building products, which hampers circular construction. Thus, various studies
have tried to address the issue of risk management of hazardous substances in the circular
construction value chains and the health and safety aspects of the building stock. Novel tools and
assessment schemes have been developed for quality control of the C&D waste to minimize the use
of recycled materials containing hazardous substances [7]. Continuous research for managing
hazardous residuals in the built environment was found in local contexts. For instance, Donovan and
Pickin [29] modeled the stock and flow for asbestos metabolism in Australia, Kim and Hong [30]
proposed safety management and disposal programs for ACMs in extreme conditions in Korea, etc.
Eventually, the application domains of the 57 references included in the critical literature review
were mapped out in Table 2.
Table 2 Categorization of the research domains in the critical literature review (N = 57).
Research domain
Machine learning in hazardous material identification
Machine learning in source separation
Machine learning in hazardous waste collection
Hazardous building materials
C&D waste management
Asbestos in buildings and related diseases
PCB in buildings

No.
9
2
5
3
5
14
19

References
[8-13,31-33]
[15, 34]
[14, 35-38]
[5, 28, 39]
[2-4, 6, 7]
[24, 40-52]
[21, 23, 53-69]
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Although different quantification approaches were developed, a fundamental challenge in the
risk management of hazardous materials has remained in the disconnected legal frameworks [28].
To resolve the structural problem and harmonize separate guidelines, the EU C&D Waste
Management Protocol and Guidelines were established for improving material identification,
separation, and collection at the source [4]. The protocol has enabled effective in-situ and off-site
hazardous material management in the early stage of C&D waste processing. Therefore, to pinpoint
the significant findings of previous studies within a larger framework, highly relevant studies using
data analytic techniques were organized following the first part of the objectives of the protocol.
Figure 7 presents an overview of the available applied machine learning applications specifically for
data-driven in-situ hazardous material management. Correspondingly, a summary of the critical
references has been presented in Appendix A, and their major contributions to the field have been
compiled in Appendix B.

Figure 7 Overview of the research applications of the corresponding activity flow in the
EU C&D Waste Management Protocol Part I [4]. In-situ hazardous material management
(light green, level 1) comprises of multiple sub-tasks (dark green, level 2) that can be
complemented by adopting the data-driven applications (light blue, level 3) using
applied machine learning techniques (dark blue, level 4).
According to our analysis, the broad concepts of applied machine learning have been adopted
for hazardous material detection, assessment, estimation, and prediction in the previous studies.
Algorithms and statistical methods were employed for quantifying the hazardous materials in the
regional building stock and individual buildings. Mapping the applied machine learning applications
in the present study can not only add to the current C&D waste practice but also advance the longterm building stock research as a whole. By associating the research purpose and the corresponding
machine learning techniques in the acquired literature, we have obtained an overarching picture of
the state-of-the-art research potential and limitations.
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3.2.1 Machine Learning in Hazardous Material Identification
Waste identification requires a clear definition of waste and a thorough environmental inventory
attained from pre-demolition audits (or environmental audits) and waste management plans [4].
The environmental inventories provide critical information about the amount and location of the
hazardous materials, thus increasing safe waste handling by preventing second contamination [6].
In addition, they are regarded as a necessary document for selective demolition and on-site waste
sorting [39]. Therefore, most studies have focused on developing methods for tracing ACMs on
different scales. Our findings show a trend, based on which other data sources and formats can be
combined to achieve this goal. For instance, generic data, such as property registers, historical data,
geographic information system data, etc., and specific data, such as environmental inventory,
description of ACMs, hyperspectral data, etc., are the essential data inputs for machine learning
modeling and statistical analysis. Pre-studies on how to manipulate these data to quantify and
characterize asbestos were recognized from the literature. However, using them as labels to train
machine learning classifiers comes in a later research stage. In this sense, previous studies
contributed an excellent foundation for research by establishing databases and building experience
in operating multiple data types.
Research related to statistical learning, presented in Table 3, for in-situ waste identification can
be approached from a macro- and a micro-perspective. The macro-level involves detection and
estimation of regional ACMs via image recognition in remote sensing. By compiling the aerial
photographs, hyperspectral data, and multispectral imagery, Krówczyńska et al. [13] built a hybrid
database for modeling the quantity and location of asbestos-cement roofing. In their findings, the
convolutional neural networks exhibited an overall high accuracy in classifying nature color images
and color-infrared imagery of asbestos-cement roofing from other roof materials. Apart from
employing the deep learning algorithm, supervised machine learning has also achieved promising
results in modeling the spatial distribution of asbestos-cement products. According to the study by
Wilk et al. [9], the Boruta algorithm extracted features effectively from a pool of diverse datasets
for feature extraction in data preprocessing, including statistical features, building-up areas, field
inventory, and historical information on asbestos manufacturing plants. By applying these features
to the random forest (RF) classifier, a satisfactory accuracy rate for mapping the nationwide spatial
distribution of the amounts of ACMs could be achieved. Their results suggest that the approach is
transferable for other EU countries to uptake the data on the built environment for predicting insitu asbestos.
Table 3 Summary of the statistical learning techniques applied in hazardous material
identification.
Purpose of use
Techniques
Identify asbestos-cement R-Keras, CNNs
roofing
Mapping asbestosBoruta algorithm, RF
cement roofing
LDFA, QDFA, RF

Data specifications
Aerial images, hyperspectral
data, multispectral images
Statistical features, built-up
areas, field inventory,
historical data
WorldView-2 images

References
[13]
[9]

[32]
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Evaluate classifiers
performance in mapping
asbestos-cement roofing
Identify the presence of
ACMs
Assess amount and cost
of ACMs
Predict presence of
ACMs

Bayes, k-NN, SVM, RF

WorldView-2 images

[33]

Cohen's kappa
statistics
Scatterplots,
histograms, Pearson
correlation
Ontology-based
approach,
probabilities

Mobile app questionnaire,
asbestos survey
Building registers, predemolition audits

[10-12]

Approved type project,
asbestos diagnosis, ACM
products

[31]

[8]

* Abbreviation of classifiers: Convolutional neural networks (CNNs); Linear/Quadratic
discriminant function analysis (LDFA/QDFA); Random forest (RF); k-nearest neighbor (k-NN);
Support vector machine (SVM)

Furthermore, researchers explored various image preprocessing techniques and compared the
performance of different classifiers to improve their detection accuracy [32]. For instance, Taguchi
optimization techniques were used for segmenting heterogeneous urban areas before conducting
an object-based image analysis. In differentiating roof-class and urban features, the RF classifier was
found to be superior to the other supervised classifiers, such as Bayes and support vector machine
(SVM), and unsupervised classifiers, such as k-nearest neighbor (KNN) [33]. The results were in
agreement with the study by Abriha et al. [32], where pan-sharpened imagery was used for
discriminant function analysis (DFA). Even though linear DFA (LDFA) and quadratic DFA (QDFA)
helped in classifying the roof class, the accuracy of the RF classifiers outperformed both, in the
three- and six-class. Despite the various image preprocessing techniques and analyzed methods, the
two research results are comparable for the same image type and study object. To summarize,
previous research studies have gained promising progress in developing practical approaches for
monitoring and quantifying the presence of ACMs with the help of machine learning, which could
support the authorities to devise an abatement policy and remediation strategies for hazardous
materials.
Contrary to asbestos detection on a large scale, no research was found where a machine learning
model has been applied directly on the micro-scale. However, statistical learning and the relevant
techniques are observed in statistics to determine in-situ ACMs in a few inference studies. In a case
study at the city level, Pearson correlation and visual analytics were applied to building registers
and demolition datasets for characterizing ACMs in abandoned residential dwellings. According to
Franzblau et al. [8], this approach successfully described the extent and the types of ACMs, and also
the related remediation costs in abandoned residential dwellings. A similar study in assessing ACMs
in a residential environment was conducted by Govorko et al. [10] using a different data collection
approach. Rather than merging the existing datasets from the municipality, they developed a mobile
application to collect information on in-situ ACMs from the property owners. The self-assessment
questionnaire results were validated by performing accuracy tests and agreement with expert
investigations before analyzing Cohen's kappa statistics [11]. Their findings highlighted the frequent
presence of asbestos (82.3 %) in the residential environment [12], not far from the results (95 %) of
the study by Franzblau et al. [8]. Both the top-down and bottom-up research methods identified
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prevalent types of ACMs and prioritized remediation in residence. Depending on the sample age
and dwelling type, results varied in regional contexts. However, the research outcomes can be used
as data labels in the future for supervised machine learning prediction. Beyond the conventional
sampling methods, Mecharnia et al. [31] introduced an ontology-based approach to calculate the
possibility of asbestos presence in buildings based on the temporal data. The limitations of this study
are the insufficient number of variables and a lack of other relevant references for comparison.
However, their inference study achieved a satisfactory result in real datasets and demonstrated
correlation among other parameters. Overall, the statistical elements of these studies contribute to
understanding the underlying pattern of ACMs in the characteristics of buildings, components, and
products. The developed methodology can be used for developing machine learning models in the
future.
3.2.2 Machine Learning in Waste Source Separation
Source separation is essential for eliminating hazardous waste by decontaminating it and
splitting the side-streams [4, 6]. In the case of ACMs, the requirements for the safety program and
decontamination were investigated in vermiculite attic insulation in residential premises [70], vinyl
flooring, asbestos-cement products [47], and asbestos insulation boards in schools [22]. Similarly,
PCB contamination was found extensively in caulk and sealants in school buildings [21]. On-site
investigations are standard practice for planning decontamination and locating the side-streams
before demolition. However, they have limitations and can only be implemented on a small scale
because of their resource-demanding, time-consuming, and circumstance-specific nature. Machine
learning models for material recognition can be used for some of these works and can enable
efficient source separation. The relevant research studies on this aspect have been presented in
Table 4.
Table 4 Summary of the machine learning techniques applied in waste source
separation.
Purpose of use
Discriminate ACMs from the
C&D material
ACMs detection

Techniques
PCA, PLS-DA
PCA, SIMCA

Data specifications
Hyperspectral minerals
images
Hyperspectral minerals
images

References
[15]
[34]

* Abbreviation of classifiers: Principal Component Analysis (PCA); Partial Least-SquareDiscriminant Analysis (PLS-DA); Soft Independent Modeling of Class Analogies (SIMCA)

Effective separation of hazardous materials helps in dividing the mixed C&D waste and increases
their recyclability. Researchers explored the potential of image data and various types of waste data
for training supervised, unsupervised, and reinforcement machine learning. In a study by Bonifazi
et al. [34], an innovative approach based on hyperspectral imaging (HSI) was explored for detecting
and classifying asbestos fibers. By combining the method of principal component analysis (PCA) and
soft independent modeling of class analogies (SIMCA), it was possible to differentiate the different
types of asbestos fibers according to their chemometrics, i.e., amosite, crocidolite, and chrysotile.
Building upon the result, in a subsequent study by Bonifazi et al. [15], PCA and hierarchical partial
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least-square-discriminant analysis (PLS-DA) were further applied to discriminate the ACMs from the
rest of the C&D waste flow stream. Their work achieved non-destructive recognition of ACMs in
C&D wastes. Further research is required to evaluate the accuracy and granularity of the HSI
approach for extensive implementation at the industrial level.
3.2.3 Machine Learning in Hazardous Waste Collection
Hazardous materials cannot be separated entirely as these dangerous substances might
retransfer from the secondary contaminants, which are polluted from the primary pollutants [6].
Therefore, it is necessary to conduct selective demolition and on-site processing to collect
hazardous wastes before destruction [4]. Fueled by the economic incentives in the C&D waste
market and the legislative obligations, a tendency toward semi-selective demolition 5 has been
observed. However, a study by Bergmans et al. [71] expressed concerns about the low quality,
incomplete environmental inventory, and insufficient knowledge on the potential presence of
hazardous materials that could impede the process of selective demolition. Thus, new tracing
systems for C&D waste quality management were developed and tested in Flanders [71]. Novel
techniques for optical identification of C&D wastes were developed by Anding et al. [37, 38]. A high
potential was demonstrated for developing on-site waste management systems by employing
supervised training and reinforcement machine learning models using the images of the recycled
materials and aggregates. A summary of the major machine learning applications in this sub-domain
using image processing is listed in Table 5.
Table 5 Summary of the machine learning techniques applied in hazardous waste
collection.
Purpose of use
Develop a waste
management system
Detect construction
material images
Optical identification for
the C&D waste

Techniques
CNNs, SVM

Data specifications
Material images

References
[14]

MLP, RBF, SVM

Material images

[35]

PCA, LibSVM, RF, k-NN,
J48 Tree, Naive Bayes
k-NN, C-SVM, Nu-SVM,
Naive Bayes, RF, J48 Tree

Material & mineral
aggregate images
Material images in VIS
and IR spectrum

[37, 38]
[36]

* Abbreviation of classifiers: Random forest (RF); k-nearest neighbor (k-NN); Support vector
machine (SVM)); Principal Component Analysis (PCA); Multilayer Perceptron (MLP); Radial Basis
Function (RBF); Convolutional neural networks (CNNs)

These studies explored the application of image processing of materials and minerals due to their
favorable outcome in hazardous waste collection. Among all the supervised machine learning
models, in the study by Kuritcyn et al. [36], the RF and SVM classifiers achieved high total recognition
Semi-selective demolition is a demolition work where the demolition company selectively collects all
hazardous substances and the part of the non-hazardous substances that would overly reduce the quality
of the stony fraction.
5
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rates in classifying images of recycled materials and detecting materials under visible (VIS) and
infrared (IR) spectrum. This result was also accorded with the corresponding results obtained by
Adedeji and Wang [14], Rashidi et al. [35], and Anding et al. [38], where a combination of deep
learning and supervised and unsupervised machine learning was employed. Despite the excellent
performance of the presently available algorithms in recognizing hazardous materials, Anding et al.
[37] suggested further improvement for detecting the digital images of mineral aggregates. The low
identification rate can be attributed to the high phenotypical object variabilities within the
subclasses. Tese studies open the possibility of automatic optical identification of C&D waste and
provide advantages of saving time and cost. Future works are suggested to assess the feasibility of
adopting intelligent waste collection in practice and potential challenges.
3.2.4 Opportunities and Risks of Adopting Applied Machine Learning
Previous studies that applied machine learning in ACM identification, separation, and collection
have achieved good progress. They have proved the potential of using multiple data inputs to train
supervised machine learning classifiers. Their results showed that high-quality data, adequate
sample size, and the use of domain knowledge are the key factors that lead to high prediction rates.
Hence, establishing comprehensive databases for compiling the information of buildings and their
environmental records are prerequisites for enabling data-driven hazardous material management.
Additional empirical studies are required for addressing the risk of lacking patterns, which is still
unclear when scaling up the research to the building stock level and extending the data scope to
multiple hazardous materials. Further, to bridge the gap between theoretical and practical
implementation, it is necessary to consider the stakeholders' perspectives when determining the
subjects for prediction. By creating a deeper understanding of the potential opportunities and risks
of applied machine learning, researchers and practitioners in the relevant domains can make a joint
effort to expedite long-term progress in circular construction.
4. Conclusions
The rapid development of C&D waste management has been shaped by the tightened legislation
for circular construction and extending the assessment for a healthy building stock in certification.
This is because very large amounts of ACMs and PCB-containing materials have diffused into the
built environment from the middle of the 20th century, leading to extreme difficulty in the
decontamination of the building environment. Therefore, researchers have tried to develop datadriven approaches to improve hazardous material management. The purpose of this paper is to
review the up-to-date quantitative studies and identify the research gaps and implementation
opportunities. The deficiency of the relevant literature has indicated that only a few studies have
been conducted on this emergent subject. The science mapping findings have also suggested an
interdisciplinary research field based on the wide distribution of the publication journals and their
scopes. In the case of building-related publication, remediation and risk assessment for asbestos
and PCB were observed to be the most addressed topics, whereas hazardous materials in C&D waste
were studied as a minor stream. This fact signifies that the research of in-situ hazardous material
management and demolition processing is not integrated. Further, despite the understanding of the
dangerous properties of these materials and the advanced techniques developed for monitoring
them, investigation of hazardous materials is still restricted to a limited scale. Difficulty in their visual
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recognition, lack of regulatory mandates, costly and time-consuming laboratory sampling are a few
attributes that explain the stagnant development in this field. The introduction of new investigation
approaches to exploit the existing environmental information effectively can provide an alternative
solution.
Machine learning is a promising method that can supplement environmental investigations due
to its power of predicting unknown instances based on historical records. In the critical literature
review, we analyzed the various applied machine learning techniques and data input with respect
to hazardous material identification, separation, and collection. This analysis has shown that a
combination of algorithms and preprocessing techniques achieve high accuracy in distinguishing
ACMs without intrusive sampling. Supervised machine learning was, foremost, the most explored
subarea, and the RF and SVM classifiers vector machine perform the best in most cases. Mapping
and quantifying ACMs on the regional scale can be achieved via remote sensing, whereas
characterization and identification of buildings contaminated by asbestos can be attained using
statistical techniques. Although studies on the building environment have not yet reached the
machine learning level, their results offer valuable insights for feature selection.
On the other hand, hazardous waste separation and collection can be realized by employing
image processing for separating the ACMs in C&D wastes. Most studies have adopted imagery data
to train the classifiers, whereas the other research direction exploits the established databases. Our
work contributes to an in-depth overview of machine learning applications in hazardous material
management and facilitates the implementation of the EU C&D Waste Management Protocol. Even
though applied machine learning research in the field of hazardous material is still in the early stage,
great potential has been demonstrated, and further practical implementation awaits to be explored.
Acknowledgments
The work is financed by the project fund for the prediction of hazardous materials in buildings
using AI (FID18-0021) from the Swedish Foundation for Strategic Research and supported by the
Research Institutes of Sweden.
Additional Materials
The following additional materials are uploaded at the page of this paper.
1. Table S1: Summary of the references using machine learning techniques from the critical
literature review (N = 16).
2. Table S2: Main contributions of the references using machine learning techniques from the
critical literature review (N = 16).
Author Contributions
Claes Sandels conceived the idea of conducted the literature review of machine learning
application in hazardous building material field. Pei-Yu Wu and Kristina Mjörnell performed the
literature search together. Pei-Yu Wu executed the science mapping and the critical literature
review and drafting the initial manuscript. All of the authors participated in results discussion and
manuscript revision. Mikael Mangold provided suggestions for answering the reviewers and helped

Page 141/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102017

disseminate the research outcome. Proofreading was performed by Pei-Yu Wu and Kristina Mjörnell,
who is responsible for the project management and fund acquisition.
Funding
The Swedish Foundation for Strategic Research funds the four-year PhD project.
Competing Interests
The authors declare there is no conflict of interest in the reported work.
References
1.

Dodd N, Donatello S. Level(s) indicator 2.2: Construction and demolition waste and materials
user manual: Overview, guidance and instructions (publication version 1.0) [Internet]. Brussels:
European Commission; 2020 [cited 2021 January 17th]. Available from:
https://susproc.jrc.ec.europa.eu/product‐bureau/sites/default/files/2020‐
10/20201013%20New%20Level(s)%20documentation_2.2%20C&d%20waste_Publication%20
v1.0.pdf.
2. Akbarieh A, Jayasinghe LB, Waldmann D, Teferle FN. BIM‐based end‐of‐lifecycle decision making
and digital deconstruction: Literature review. Sustainability. 2020; 12: 2670.
3. Wolff G. Resource efficient use of mixed wastes improving management of construction and
demolition waste [Internet]. Brussels: European Union; 2017 [cited 2021 January 17th].
Available from: https://op.europa.eu/en/publication‐detail/‐/publication/78e42e6c‐d8a6‐
11e7‐a506‐01aa75ed71a1/language‐en.
4. ECORYS. EU construction & demolition waste management protocol [Internet]. Brussels:
European Commission; 2016. Available from: https://ec.europa.eu/growth/content/eu‐
construction‐and‐demolition‐waste‐protocol‐0_en.
5. Kim JT, Yu CW. Hazardous materials in buildings. Indoor Built Environ. 2014; 23: 44‐61.
6. Wahlström M, Teittinen T, Kaartinen T, van Cauwenberghe L. Hazardous substances in
construction products and materials: PARADE. Best practices for pre‐demolition audits ensuring
high quality raw materials. Brussels: EIT RawMaterials; 2019.
7. Wahlström M, zu Castell‐Rüdenhausen M, Hradil P, Hauge‐Smith K, Oberender A, Ahlm M, et al.
Improving quality of construction & demolition waste: Requirements for pre‐demolition audit.
Copenhagen: Nordic Council of Ministers; 2019.
8. Franzblau A, Demond AH, Sayler SK, D'Arcy H, Neitzel RL. Asbestos‐containing materials in
abandoned residential dwellings in Detroit. Sci Total Environ. 2020; 714: 136580.
9. Wilk E, Krówczyńska M, Zagajewski B. Modelling the spatial distribution of asbestos‐cement
products in Poland with the use of the random forest algorithm. Sustainability. 2019; 11: 4355.
10. Govorko MH, Fritschi L, White J, Reid A. Identifying asbestos‐containing materials in homes:
Design and development of the ACM check mobile phone app. JMIR Form Res. 2017; 1: e7.
11. Govorko MH, Fritschi L, Reid A. Accuracy of a mobile app to identify suspect asbestos‐containing
material in Australian residential settings. J Occup Environ Hyg. 2018; 15: 598‐606.
12. Govorko M, Fritschi L, Reid A. Using a mobile phone app to identify and assess remaining stocks
of in situ asbestos in Australian residential settings. Int J Environ Res Public Health. 2019; 16:
Page 142/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102017

4922.
13. Krówczyńska M, Raczko E, Staniszewska N, Wilk E. Asbestos‐cement roofing identification using
remote sensing and convolutional neural networks (CNNs). Remote Sens. 2020; 12: 408.
14. Adedeji O, Wang Z. Intelligent waste classification system using deep learning convolutional
neural network. Procedia Manuf. 2019; 35: 607‐612.
15. Bonifazi G, Capobianco G, Serranti S. Hyperspectral imaging and hierarchical PLS‐DA applied to
asbestos recognition in construction and demolition waste. Appl Sci. 2019; 9: 4587.
16. Chen C. Science mapping: A systematic review of the literature. J Data Inf Sci. 2017; 2: 1‐40.
17. Moher D, Liberati A, Tetzlaff J, Altman DG, Altman D, Antes G, et al. Preferred reporting items
for systematic reviews and meta‐analyses: The PRISMA statement. PLoS Med. 2009; 6:
e1000097.
18. Merriam‐Webster. Ratio of a geometric progression [Internet]. Springfield, MA: Merriam‐
Webster; 2021 [cited 2021 March 11th]. Available from: https://www.merriam‐
webster.com/dictionary/ratio%20of%20a%20geometric%20progression.
19. Laurie Kazan‐Allen. Chronology of asbestos bans and restrictions [Internet]. International Ban
Asbestos
Secretariat;
2020
[cited
2021
January
17th].
Available
from:
http://www.ibasecretariat.org/chron_ban_list.php.
20. Wikipedia. Geometric progression [Internet]. 2021 [cited 2021 March 9th]. Available from:
https://en.wikipedia.org/wiki/Geometric_progression.
21. Herrick RF, Stewart JH, Allen JG. Review of PCBs in US schools: A brief history, an estimate of the
number of impacted schools, and an approach for evaluating indoor air samples. Environ Sci
Pollut Res. 2016; 23: 1975‐1985.
22. Burdett G, Cottrell S, Taylor C. Airborne fibre and asbestos concentrations in system built schools.
In: Journal of physics: Conference series. Bristol: IOP Publishing; 2009. pp.012023.
23. Brown KW, Minegishi T, Cummiskey CC, Fragala MA, Hartman R, MacIntosh DL. PCB remediation
in schools: A review. Environ Sci Pollut Res. 2016; 23: 1986‐1997.
24. Paglietti F, Malinconico S, Molfetta VD, Bellagamba S, Damiani F, Gennari F, et al. Asbestos risk:
From raw material to waste management: The Italian experience. Crit Rev Environ Sci Technol.
2012; 42: 1781‐1861.
25. STHDA. MCA‐multiple correspondence analysis in R: Essentials‐articles‐STHDA [Internet]. 2017
[cited 2021 January 17]. Available from: http://www.sthda.com/english/articles/31‐principal‐
component‐methods‐in‐r‐practical‐guide/114‐mca‐multiple‐correspondence‐analysis‐in‐r‐
essentials/#dimension‐description.
26. Wikipedia. Multiple correspondence analysis [Internet]. 2021 [cited 2021 March 11th].
Available from: https://en.wikipedia.org/wiki/Multiple_correspondence_analysis.
27. Garfield E. Historiographic mapping of knowledge domains literature. J Inf Sci. 2004; 30: 119‐
145.
28. Bodar C, Spijker J, Lijzen J, Waaijers‐van der Loop S, Luit R, Heugens E, et al. Risk management
of hazardous substances in a circular economy. J Environ Manage. 2018; 212: 108‐114.
29. Donovan S, Pickin J. An Australian stocks and flows model for asbestos. Waste Manag Res. 2016;
34: 1081‐1088.
30. Kim YC, Hong WH. Optimal management program for asbestos containing building materials to
be available in the event of a disaster. Waste Manage. 2017; 64: 272‐285.
31. Mecharnia T, Chibout Khelifa L, Pernelle N, Hamdi F. An approach toward a prediction of the
Page 143/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102017

32.

33.

34.
35.

36.

37.
38.

39.

40.
41.
42.
43.

44.
45.

46.

presence of asbestos in buildings based on incomplete temporal descriptions of marketed
products. Proceedings of the 10th International Conference on Knowledge Capture; 2019
September 23rd; Marina del Rey, United States. New York: Association for Computing Machinery.
pp.239‐242.
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Abstract
Climate change has been identified as one of the biggest issues plaguing human life at present.
Hence, immense attention is being paid to developing methods that can potentially reduce
carbon dioxide emission. With the help of carbon-negative concrete, manufactured from
alternative binders and cured with waste carbon dioxide, a major part of the manufacturing
industries that emit carbon dioxide can be potentially turned into a carbon sink. In this study,
the waste material streams in Finland, suitable for disposing carbon-dioxide-cured concrete,
were mapped. Mine tailings, blast furnace and steel slags, recycled concrete, biomass, coal
and municipal waste incineration ashes, green liquor dregs, and foundry sands were studied.
It was found that there were sufficient amounts of potential secondary raw materials (about
27 Mt/a) for the preparation of Finnish cement and the production of concrete (requirement:
approximately 1.4 Mt/a and 11.2 Mt/a, respectively). The total carbon dioxide uptake
potential was estimated to be approximately 1.9 Mt/a (vs. emissions from the cement
industry in Finland, 0.84 Mt/a). In addition, the carbon footprints of the conventionally
manufactured concrete block were compared with the carbon footprint produced by a
modeled carbon-dioxide-cured blast furnace slag block. If such novel concrete were used to
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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produce all the concrete-based substances, it would bring down the emission of carbon
dioxide from 1.9% to negative 1.3% in Finland.
Keywords
Concrete; alternative binder; mineralization; circular economy; carbon footprint

1. Introduction
Climate change is one of the largest problems faced by humanity in our time. The importance of
reducing the emission of greenhouse gas by 2030, especially in the industry and transportation
sectors, is stressed in the IPCC 1.5 °C report [1]. The Finnish government has reacted to this global
concern by setting an ambitious goal. The government programme aims to reach carbon neutrality
in Finland by 2035 [2]. In this paper, CO2-cured, carbon-negative concrete is studied as a means of
reducing CO2 emissions in the cement and concrete industry in Finland (an example case). The goal
of the study is to find out whether CO2-cured concrete could potentially be used to reduce emissions
in Finland. The research questions are as follows:
- What kind of material streams could be suitable for achieving large-scale CO2-cured concrete
in Finland?
- How big are the volumes in which those material streams are available in Finland?
- What is the CO2 uptake potential in the selected material streams?
- How does the carbon footprint of a modeled CO2-cured blast furnace slag block compare with
that of a conventional concrete block?
We expect to obtain vital information on the CO2 emission reduction potential, sustainability,
and limitations of the carbon-negative concrete concept. Moreover, we aim to gain necessary
insights on the role of major parameters of the carbon-negative concrete concept, such as the raw
material selection process and transportation distance for the carbon footprint of the product.
2. Background
2.1 CO2 Emission during Cement and Concrete Production
Global cement production of over 4000 Mt per year accounts for 8% of the global CO2 emission
[3]. This is more than three times the CO2 emission from global aviation [4]. Most of the emissions
originate from two sources in the cement kiln: about 40% of the emission can be attributed to the
combustion of fuels (about 30% in Finland due to energy efficiency and waste fuels) and about 50%
from the calcination reaction (about 60% in Finland) as presented in Equation 1 as follows:
CaCO3 → CaO + CO2

(1)

where calcium carbonate decomposes into carbon dioxide and calcium oxide, an important
constituent of conventional cement. Approximately 10%, is related to raw material grinding and
transportation [5, 6]. The global average for total CO2 emission per ton of cement is approximately
890 kg CO2/t cement [7].
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In Finland, the total production volume of cement in 2016 was 1.34 Mt (or 1.12 Mt as clinker),
the emissions at the cement plants were 0.827 Mt of CO2 (excluding raw material processing and
transportation), and the average CO2 emissions per ton of cement (CEM I) was approximately 740
kg CO2/t cement [6]. Quarries of raw-materials are present around Finnsementti (e.g., limestone is
produced in Nordkalk). These constitute the secondary raw materials, resulting in low amounts of
pre-factory emissions. Approximately 1.1 kg/kg of cement and 0.3 kg/kg of other raw materials, such
as fly ash and blast furnace slag, are required for cement production [8]. Approximately 2-5 g of
CO2/kg is produced from natural stone according to the different Environmental product
declarations (EPDs) presented in the Finnish construction database for CO2 production [9]. Other
raw materials, wastes (fly ash), or byproducts (slags) exert little or no [10] impact on the process.
The process of transportation of raw materials does not exert a significant impact because most of
the main raw material (e.g., limestone) is available nearby, and the specific emission is 39
gCO2e/tonne-km [11]. Thus, it is estimated that the total share of CO2 emission for the raw material
acquisition process is approximately 1.5% (1-2%) of the emission during the production of Finnish
cement. The total emission during the production of cement can be expressed by Equation 2 as
follows:
𝑇𝑜𝑡𝑎𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 = 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑙𝑎𝑛𝑡𝑠
/(100% − 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 [%])
= 0.839 𝑀𝑡 𝐶𝑂2

(2)

This corresponds to 1.4% of the total greenhouse gas emission (58.8 Mt CO2) in Finland in 2016
[12]. In addition to the emissions from cement, the concrete industry greenhouse gases can also be
emitted from aggregate and additive use. Emissions can also be attributed to the transportation
process and concrete production energy. The most greenhouse gases is emitted from cement used
for the preparation of concrete; however, the share varies from product to product. The annual
steel consumption of the concrete industry in 2016 was 56 700 t/a [13], and the related CO2
emissions were approximately 0.113 Mt/a when the assumed specific CO2 emissions of steel were
2.0 t CO2/t steel [14] (p.7). The total amount of greenhouse gases emitted during the production of
cement and concrete in Finland can be estimated using Equation 3.
𝑇𝑜𝑡𝑎𝑙 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑎𝑛𝑑 𝑐𝑒𝑚𝑒𝑛𝑡 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦 𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡𝑠
𝑀𝑡
= 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 [ ]
𝑎
/𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 [%]
𝑀𝑡
+ 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 [ ]
𝑎
= 0.839 𝑀𝑡 𝐶𝑂2 /𝑎/0.85 + 0.113 𝑀𝑡 𝐶𝑂2 /𝑎 = 1.1001 𝑀𝑡 𝐶𝑂2/𝑎 ≈ 1.1 𝑀𝑡 𝐶𝑂2 /𝑎

(3)

This was approximately 1.9% of the entire CO2 emission in Finland. The actual annual emission
from the cement and concrete industry depends on the cement export and import volumes. CO2
emissions from the imported cement (the year 2016 was chosen because there was no export or
import of cement), fluctuations in the construction markets, and changes in manufactured product
types were studied.
2.2 Carbonation of Concrete
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The carbonation of concrete is the process where concrete reacts with carbon dioxide, either via
the natural carbonation process (occurring over years when concrete stays in contact with
atmospheric CO2 during use, at the end-of-life phase, and beyond the life cycle) or the accelerated
carbonation process (CO2 curing of concrete products).
Carbonation is often considered undesirable because it lowers the pH of concrete, resulting in
the corrosion of steel reinforcements. The safe pH level for the protection of steel reinforcements
is estimated to be higher than 9.5 [15]. However, carbonation also has positive impacts as it
increases the compressive and tensile strength of concrete. Recently, it has been revealed that it
can act as a potential sink for atmospheric carbon [16-18]. The current research on the natural
carbonation of concrete has focused on modeling and optimizing the later stages of the life cycle by
increasing the exposed surface area. The surface area was increased by crushing it. The resulting
aggregate should be exposed to ambient air conditions for many years (or decades) to achieve high
CO2 uptake [19-21].
The chemical reaction for carbonation is expressed as follows [22]:
𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 → 𝐶𝑎𝐶𝑂3 + 𝐻2 𝑂

(4)

The theoretical maximum CO2 uptake correlates to the amount of CaO in binders. According to
the simplified approach, maximum theoretical CO2 uptake can be calculated as follows [22]:
𝑈𝑡𝑐𝑐 = 𝑤 ∗ 𝐶𝑐 ∗ (

𝑚𝐶𝑂2
)
𝑚𝐶𝑎𝑂

(5)

where Utcc is the maximum theoretical uptake of CO2 in totally carbonated concrete [kg]; w
represents reactive CaO [kg CaO/kg binder]; CC is the mass of clinker [kg]; mCO2 denotes the molar
weight of CO2 (44 g/mol); and mCaO denotes the molar weight of CaO (56 g/mol).
The CO2 uptake (carbonation) capacity for the cement types CEM I/A, CEM II/A, and CEM II/B were
found to be 0.49, 0.41, and 0.36 kg CO2/kg cement, respectively. These values also differ largely in
conventional types of cement. The prerequisite was that reactive CaO should constitute 65% and
the clinker fraction should constitute 95%, 80%, or 70% of the total amount [22].
During the process of carbonation, CO2 from the atmosphere diffuses into the concrete through
the surface. The carbonation depth is approximately proportional to the square root of time. The
total quantity of CO2 taken up during the use phase depends on the concrete application, time of
concrete exposure, concrete porosity, type of cement used, and water/cement ratio.
The carbonation depth coefficient (k) under conditions of varying concrete strength (cylinder),
exposure times, and degree of carbonation (Dc) can be calculated according to the protocol
presented in EN 16757 [22]. CO2 uptake (kg/m2 of the concrete surface) over the number of years t
can be calculated as follows:
∗
√𝑡
∗
∗
(6)
𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒 = 𝑘 𝐾𝑐 (
) 𝑈𝑡𝑐𝑐 ∗ 𝐶 ∗ 𝐷𝑐 ,
1000
where k is a coefficient, which takes into account concrete strength and conditions [16], outlined in
EN 16757 (Table BB.1) [22], Kc is the correction factor that takes into account cement containing
additional constituents or concrete with mineral additives, Utcc is the maximum theoretical uptake
in kg CO2/kg cement (0.49 for Portland cement (CEM I), presented above), C is the cement content
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in kg/m3 of concrete, Dc is a coefficient that takes into account the degree of carbonation [16],
present in EN 16757 (Table BB.1) [22].
Using the above equation for a concrete sample with a service life of 100 years, the CO2 uptake
could be 2.5 kg/m2 (indoor conditions; cement content: 280 kg/m3) and 1.8 kg/m2 (exposed surface
and cement content 400 kg/m3). The calculation of carbonation depth depends on the exposure
conditions. Hence, a lower-strength concrete can potentially exhibit a higher carbonation depth as
the correction factor under indoor conditions is significantly higher than the correction factor of the
higher-strength concrete under outdoor conditions, which was also exposed to rain (correction
factors for those were accordingly 1.1 and 4.6). The precise theoretical CO2 uptake can be calculated
for all types of concrete used in buildings using Equation 6.
At the end of life, when all the prerequisites are as described, improved carbonation can be
achieved using concrete ground into small particles. When laboratory-based experiments were
conducted under conditions of optimal humidity and pressure that is 10–100 times the atmospheric
CO2 partial pressure, up to 50-90% of the total CaO was carbonated in medium to high water-cement
ratio concretes. [21] The results from a case study where the Itaipu Dam was studied revealed that
when 12.7 million cubic meters of concrete was used, the structure had absorbed 13,384 tons of
CO2 during service life of 35 years [23], which was about 0.5% or less of the CO2 emission from the
used concrete. However, the results obtained from the carefully conducted on-site experiments for
the process of natural carbonation (especially that obtained at the end of the life cycle) is still
incomprehensive.
2.3 Carbonation of Secondary Raw Material
Alkaline waste material streams usually contain calcium, magnesium, potassium, and sodium
oxides that make them suitable for carbon capture and storage. It has been verified that these waste
materials are capable of binding CO2, and the process can be accelerated following various
treatment methods [24-28]. Reactive waste materials need less pre-treatment and less energyintensive carbonation conditions in comparison to raw minerals [29]. High variability in waste
volumes and chemical composition is a major obstacle in the field of carbon capture and storage
[27].
It has been estimated that the current global annual CO2 uptake potential of alkaline material
streams via carbonation is 1 GtCO2, and it may increase to 2.3-3.3 GtCO2 by 2050 and 2.9-5.9 GtCO2
by 2100 [30]. Blast furnace and steel slag, red mud, cement kiln dust, concrete in building products
and demolition waste, ultramafic waste rock and mine tailings, and fuel ashes were studied.
2.4 Alternative Methods to Achieve Reduced CO2 Emission in the Concrete Sector
The proposed measures for further lowering the emissions from concrete include the use of
alternative fuels. Levels of emission can also be lowered by decreasing the amount of clinker in
cement (for example, the use of supplementary cementitious materials (SCM)), using novel
cement), or adopting carbon capture and storage (CCS). The processes can result in reduced cement
demand with a better design and longer lifetime [3, 7, 31, 32]. Even though all these measures are
significant for a quick and cost-efficient reduction of emissions, only novel cements and CCS have
the potential to make concrete carbon-neutral [3] (Figure 1). Thus, widespread use of novel clinker-
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free cement, the implementation of CCS to all cement kilns, or a combination of both will be
essential to develop a concrete industry that is striving to become carbon neutral.
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Figure 1 Carbon footprint of conventional concretes of different strengths and a hollow
core slab (HCS) (life cycle stages A1-3).
2.4.1 Novel Cement and SCMs

Share of blended components,
Finnish cements

The replacement of Ordinary Portland Cement (OPC) with novel binders, entirely or in part, with
supplementary cementitious materials, is a complex process. Firstly, the current standard for
cement limits the raw materials used in cement mixtures: 95 wt.% or more must be clinker, blast
furnace slag, silica fume, pozzolana, coal fly ash, burnt shale, or limestone [33]. In Figure 2, the share
of blending components in common Finnish cement is presented [34].

0,4
0,35
0,3
0,25
0,2
0,15
0,1
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CEM II/B-M (S-LL)
42.5 N

CEM II/A-LL 42.5 R

CEM I/ 52.5 R

CEM II/A-LL 52.5 N

Cement types

Figure 2 Mass fractions of blending components used in Finnish cement. For cement,
blending limestone and blast furnace slag are used.
Secondly, the properties of cement, such as strength development, are affected by the
composition of the clinker, the mineral binder additives used, and the fineness of the cement. For
example, the difference between cement CEM I 42.5 R and CEM II/A 42.5 R lies primarily in their
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binder additive content. CEM I does not contain more than 5% of the additives, whereas CEM II/A
may contain 6-20% of additives. Both types of cement belong to the same strength class, and at the
age of 28 days, the strength must be at least 42.5 MPa.
The alternatives can be used to lower the carbon footprint of concrete. However, when
substituting OPC with high amounts of fly ash or blast furnace slag, the compressive strength
decreases with the increase in the amount of Portland cement replaced [35]. Moreover, all changes
in the materials must be designed and tested carefully to provide safe materials for long-lasting use.
Thus, piloting in low-risk environments is necessary.
2.4.2 Carbon Capture and Storage
Building carbon capture, transportation and storage systems take time, because there are no
suitable geological formations for CCS in Finland [36]. CO2 should be transported, for example, by
ship to Norway to a CO2 hub [37, 38]. Moreover, the urgency of building CCS capabilities contradicts
short-term business sense as long as it is cheaper to pay for the CO2 emission allowance price that
is currently approximately 44 €/t CO2 [39] compared to the CCS cost for cement kilns that is
approximately 40-80 €/t CO2 [40] (Figure 3). Nevertheless, CCS, alternative energy sources, and
energy efficiency are seen as the most feasible large-scale emission reduction method that will be
employed by the concrete industry in Finland by 2030 [41, 42]

Raw-materials, hollow core slab [wt%]
Cement
14 %

Fly ash
2%

Pre-stressed steel
1%

Gravel
50 %
Crushed stone
33 %

Figure 3 Raw material shares of a representative hollow core slab [43].
Long international transportation of CO2 could be avoided following the process of
mineralization, an alternative to geological storage. During the process of mineralization, crushed
rock, like serpentinite, or industrial waste streams, like steelmaking slags and ashes, react with CO2
of the flue gases. Minerals such as carbonates are formed [44, 45]. Although serpentinite is available
in Finland in enough quantities for CCS, mineralization in serpentinite for CO2 storage requires high
energy costs for the regeneration of used chemicals [45, 46]. The European legal framework for CCS
and ETS currently only includes geological storage [47], and thus, mineralization does not yet bring
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the same cost savings from the reduced amount of emission allowance needed. However, a legal
case on CO2 captured from a lime kiln and transported to precipitated CaCO3 production [48] shows
that CO2 captured from a cement kiln and used for concrete production might be an even faster way
of reducing emission allowance. In any case, compensation and emission removal markets can
already bring additional revenue.
2.4.3 Carbon-Negative Concrete Production
Carbon-negative concrete manufactured using alternative binders and cured with waste CO2 has
been proposed as one solution to mitigate the climate impact of concrete [3, 31, 49]. It can be
viewed as a combination of novel cement and CCS: permanent carbon capture via mineralization
with financial benefits from the manufactured product. The product performance is a limitation. If
these demands can be addressed, the concept appears to promote all aspects of sustainability with
lower environmental impact. The economic value can be increased by utilizing waste, and new job
opportunities can be created. The diagram in Figure 4 illustrates the main features of the carbonnegative concrete concepts.

Figure 4 Schematic representation of a precast CO2-cured concrete product.
The main difference lies in the curing phase, where the fresh concrete is placed in a CO2-rich
atmosphere. Carbon-containing minerals, mainly carbonates, are formed. The material is hardened
following various reactions (other than the hydration reaction). The process is similar to that
observed during the hardening of conventional concrete [44]. In addition, the raw mix may or may
not contain Ordinary Portland cement. Both ready-mix and precast concrete can find their
applications [50-52]. In recent years, several interesting precast concrete applications in the
presence of alternative cementitious materials, like steelmaking slags or coal fly ash, have emerged
that claim to generate carbon-negative footprints [52-54]. This is possible if the binder material has
a very low carbon footprint, significant amounts of waste CO2 are bound, the processing is not very
carbon-intensive, and the transportation distances are reasonable. However, it has been recently
cautioned that not all CO2 utilization methods adopted by the concrete manufacturing industry
necessarily result in climate benefits. A life-cycle assessment approach is required to determine the
benefits [55]. Previous research has focused on the CO2 uptake in specific materials and the
mechanical properties of concrete samples manufactured from those materials. The roles of
temperature, pressure, humidity, and duration of the curing process have also been studied [28, 56-
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58]. Also, the durability and resistance to seawater conditions [59] and the effect of activator
chemicals [60] have been of interest.
3. Methodology
Our research methodology is illustrated in the flowchart presented in Figure 5.

Figure 5 Research methodology flowchart. Each section is covered in more detail in the
illustrated subchapters.
The alternative raw materials were selected, and their volumes were estimated based on the
literature reports. The total volume was compared with the volume of concrete production to check
if secondary raw material availability is a limiting factor. The CO2 uptake potentials were estimated
using Steinour’s and Huntzinger’s formulae. In some cases, specific literature values were used. The
total CO2 uptake potential was compared with the emission volume of the cement industry to see
if the CO2 uptake potential is a limiting factor for emission reductions. It was also checked if the
transportation of CO2 abroad for CCS could be avoided. The carbon footprints of CO2-cured concrete
prepared using alternative binders and conventional concrete were compared and the difference
between the CO2 uptake and CO2 emission reductions was highlighted. Finally, the impact of CO2
emission was studied under conditions of widespread implementation scenarios.
3.1 Selection of Materials
We required first to pre-select the materials that might have the maximum potential for CO2cured concrete applications. In a review on CO2-cured concrete [44], the studied materials included
blast furnace and steel slags, cement kiln dust, waste cement, fossil fuel combustion ashes and
municipal solid waste incineration ashes as well as serpentinite. In general, materials with high
proportions of non-carbonate calcium and magnesium have shown the potential to bind significant
amounts of CO2. For the Finnish case, the utilization of biomass combustion ashes and pulp mill
wastes constituted the vital segments of wastes and these were also analyzed. In other countries,
the size of each industry sector and the local geology (e.g., the availability of volcanic ashes or
magnesium-containing minerals) play essential roles for material selection.
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The materials that are already used in blended cement, like blast furnace slag and coal fly ash,
are common to the industry and are included in the current cement standard SFS-EN 197-1 [33].
The use of these materials offer easier market penetration. A few companies have developed pilotscale processes using waste or byproduct streams employing the concept of CO2-cured concrete
concepts [52, 54, 61]. The limited availability of these raw materials is a drawback of the process.
The materials can be used for other carbon-footprint-lowering processes, such as the production of
blended cement. The upcoming ban on coal combustion in Finland by 2029 [62] is going to further
limit the availability of coal fly ash in Finland. Other materials may not be easily available in today’s
market, but their utilization is favorable for other reasons. The availability of the materials in large
volumes can help the ambitions of the Finnish government toward achieving a circular economy.
3.2 Volumes and Compositions of Selected Materials
We sourced our data on waste materials by studying the statistics of wastes produced in Finland.
We also studied the scientific literature, environmental permits, and annual and environmental
reports published by selected major companies. A comprehensive view of the material volumes was
gained by compiling field of industry report data and the individual material stream data. The
chemical compositions of the explored materials were gathered from the literature except for
biomass ashes and green liquor dregs, whose elemental compositions were determined in a
commercial analysis laboratory using samples that were taken from a Finnish pulp mill.
We wanted to compare the waste material stream volumes, available in tons per year, with the
volumes of the produced ready-mix and precast concrete in the same units. The annual production
statistics available from the concrete industry are compiled on an m2-basis for concrete elementswalls and slabs. For the ready-mix concrete and blocks, the information is compiled on the m3-basis
(Table 1) [13].
Table 1 Production of concrete products [13].
Unit
m2
m2
m2

Concrete elements
Concrete panel shells
Partition walls from concrete
Concrete slabs (incl. also Hollow core
m2
slabs)
Ready-mix concrete
m3
Concrete blocks
m3

Production amount
873 000
275 000
814 000
3 357 000
2 627 000
92 000

The ready-mix concrete production in Finland (in tons) was then estimated using Equation 7.
𝑡
𝑅𝑒𝑎𝑑𝑦 − 𝑚𝑖𝑥 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝐹𝑖𝑛𝑙𝑎𝑛𝑑 [ ]
𝑎
𝑡
= 𝐶𝑒𝑚𝑒𝑛𝑡 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑟𝑒𝑎𝑑𝑦 − 𝑚𝑖𝑥 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 [ ]
𝑎
/𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [𝑤𝑡%]
/𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 [𝑤𝑡%]
= 934000𝑡/𝑎/0.14/0.90 = 7412000𝑡/𝑎 ≈ 7.4 𝑀𝑡/𝑎

(7)

Page 156/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102018

To determine the amount of precast concrete, Equation 8 was used.
𝑡
𝑃𝑟𝑒𝑐𝑎𝑠𝑡 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝐹𝑖𝑛𝑙𝑎𝑛𝑑 [ ]
𝑎
𝑡
= 𝐶𝑒𝑚𝑒𝑛𝑡 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑝𝑟𝑒𝑐𝑎𝑠𝑡 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 [ ]
𝑎
/𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡[𝑤𝑡%]
/𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 [𝑤𝑡%]
= 479000𝑡/𝑎/0.14/0.90 = 3802000𝑡/𝑎 ≈ 3.8 𝑀𝑡/𝑎.

(8)

The concrete industry association of Finland estimates that their statistic covers about 90% of
the concrete industry in Finland [13]. These amounts are only illustrative and to be used for
reference only, as they are based on a rough estimation of the average cement content in concrete.
In reality, concrete belonging to different strength classes contains different amounts of cement.
3.3 CO2 Uptake Potential in Selected Material Streams
The specific CO2 uptake potential values for different material streams were estimated using
Steinour’s formula (Equation 9) [63] and Huntzinger’s formula (Equation 10) [64]. The values for
recycled concrete and mine tailings were sourced from the literature.
𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒[%] = 0.785(𝐶𝑎𝑂 − 0.7𝑆𝑂3 ) + 1.09𝑁𝑎2 𝑂 + 0.93𝐾2 𝑂

(9)

𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒[%]
= 0.785(𝐶𝑎𝑂 − 0.56𝐶𝑎(𝐶𝑂)3 − 0.7𝑆𝑂3 )
+1.091𝑀𝑔𝑂 + 0.71𝑁𝑎2 𝑂 + 0.468𝐾2 𝑂

(10)

The CO2 uptake potential for the selected waste and byproduct streams was determined by
multiplying the volumes with the specific CO2 uptake potentials (Equation 11).
𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 [𝑡

𝐶𝑂2
]
𝑎

𝑡
= 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 [ ]
𝑎
𝐶𝑂2
∗ 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 [𝑔
𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙]
𝑔

(11)

The CO2 uptake potentials were compared with the annual emissions from the cement industry
in Finland (approximately 0.839 Mt CO2; Chapter 2.1). This provides a simple and reasonable
comparison when the aim is to reduce and/or reuse the CO2 emissions from the cement industry.
3.4 Carbon Footprint of a CO2-Cured Concrete Product
The life cycle assessment (LCA) method is used for assessing the carbon footprint of concrete
products. The carbon footprint is defined as the sum of the greenhouse gas emissions and
greenhouse gas removals in a product system and is expressed as CO2 equivalents (CO2e) based on
an LCA under the conditions of a single impact category climate change [65].
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The carbon footprint of the product is calculated and presented according to different stages in
the life cycle: product stage (A1-3), construction (A4 and A5), use (B1-7), and end-of-life stage (C14) (Figure 6).
BUILDING LIFE CYCLE
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Raw material A1,
Transport A2,
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Refurbishment B5,
Operational
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Operational
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Benefits and
loads beyond
the system

End of life
stage

Demolition C1,
Transport C2,
Waste processing
C3,
Disposal C4.

Recycling
Reuse
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Figure 6 Stages of the life cycle for construction [66].
In this study, we have only assessed the product stage. We have studied A1 (raw materials), A2
(transportation), and A3 (manufacturing) (EN 15804 + A1) stages because the research is focused
on material development, and the full life cycle of data is missing.
The main ingredients required for the preparation of conventional concrete are cement, coarse
and fine aggregates (such as sand, gravel, and crushed stone), additives (e.g., for air entrainment or
plasticizing), and water. For reducing the use of cement, which significantly influences CO2
emissions, concrete mix is blended (with silica, ground blast furnace slag, or coal combustion fly
ash). The reduction in emission is based on the LCA process, where the emission due to material
production is allocated to the main product and the waste user gets the waste without allocated
emissions from the main product manufacturing. When waste material reaches the end-of-waste
state (EoW), it can be categorized as a product. Impact allocations between the main and waste
product should be used for the studies. However, according to EN 15804, EoW is reached when the
material that is commonly used fulfills the technical requirements and legislation. Its use will not
lead to adverse environmental or human health impacts andthere is significant market demand.
In our assessment, most side streams, with the exceptions of blast furnace slag and purified CO2,
are without allocated emissions and are considered as wastes. If they are considered as byproducts,
a small share of emissions can be potentially allocated to them. However, the main product gets the
main share. Blast furnace steel slag is a byproduct of the steelmaking industry, and thus, allocation
is done (slag 42 kg CO2/t vs. steel 2100 kg CO2/t). The examples of the raw material shares of a
conventional concrete hollow core slab are shown in Figure 3.
Each type of concrete is designed for specific use and must meet specific material requirements
(such as compressive strength). The material requirements affect the concrete composition (i.e.,
the share of cement), which affects the carbon footprint of the product. Example compositions of
concretes of different strength classes C16/20, C12/15, and C8/10, based on an earlier study [67],
are presented in Table 2 to illustrate these interdependencies.
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Table 2 Concrete mix design and carbon footprint of concrete for OPC strength classes
C16/20, C12/15, and C8/10 based on an earlier study [67] and a modeled mix for the
preparation of CO2-cured concrete using blast furnace slags.
CO2-cured
concrete

Unit impact and data
source,
gCO2e/kg
(Life cycle stage A1–3)

kg/m

210
300
260
(9
(13 wt%) (11 wt%)
wt%)

-

702 [68]

kg/m3

1100

1100

1110

-

13.9 [69]

Sand 0/8 mm

kg/m3

740

790

860

-

2.4 [69]

Water

kg/m3

140

130

120

140

0.276 [69]

kg/m3

-

-

-

2140

42 [10]

kg/m3

-

-

-

300

76 *

kg/m3

-

-

-

300 × 2.5

18.1 **

kg/m3

-

-

-

300 × 2.5

kWh/m3

20

20

20

200

Unit

3

Plus-cement
Crushed
8/16 mm

C16/20

stone

Blast furnace slag
(granulated)
Case A: Pure CO2
(100 wt%)
Case
B:
compressed flue
gas CO2 (40 wt%)
Case C: Flue gas as
such CO2 (40 wt%)
Finnish Electricity

C12/15

C8/10

0 (assumption: flue gas
as such)
0.109 kg/kWh (average
Finnish electricity) ***

* Calculated according to the Linde-engineering process and specific energy demand of 2.5 GJ/t
CO2 regenerated [70]. It is assumed that the energy type for CO2 capture is electricity and the
CO2 emission recorded is the average Finnish electricity.
** Calculated value, flue gas (40 wt.% CO2) compressed to 1 bar of CO2 pressure; compression
electricity: 171.6 kJ/kg flue gas.
*** Delivered electricity calculated using VTT’s Sustainability tool (SULCA) [71] and Finnish
average Electricity production data, based on the energy data for the year 2018 [72].

In addition, Table 2 also presents a hypothetical blast furnace slag block mix design for CO2 curing.
This case is calculated for different sources of CO2: purified CO2 (Case A), CO2 from compressed flue
gas (Case B), and CO2 from flue gas (Case C).
The carbon footprint of the class C16/20 concrete is 43% higher than that of class C8/10. A
comparative assessment between conventional and CO2-cured concretes was carried out. The
concretes in the strength class C16/20 were chosen for comparison because based on experiments
published in a patent, this strength class is also achievable with CO2-cured alternative binder
concrete [73]. In addition, the carbon footprints of a few conventional concrete products were
calculated to gain a better understanding of the range of carbon footprints of the current concrete
products.
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In this study, we compared a conventional concrete block with a modeled CO2-cured blast
furnace slag block. The blast furnace slags were sourced from the Raahe Steel mill, and the blocks
were produced following a similar process as piloted in Belgium [74]. The process can be followed
to bind 0.30 tons of CO2 per every m3 of concrete block produced. The method causes 0.08 tons of
CO2/m3 of product (energy demand: 200 kWh/m3 product). In our assessment, we use the stated
energy demand and the average emission intensity of electricity production in Finland (0.109 kg
CO2/kWh; delivered electricity in 2018, calculated using SULCA [71] based on [72]).
In both cases, we assumed that the concrete blocks are produced in Raahe, Finland. The cement
factory is located in Parainen. Industrially separated, purified, and compressed CO2 is produced at
the Kilpilahti oil refinery in Porvoo [75]. Waste CO2 was available at the flue gas of the on-site lime
kiln at the Raahe steel mill [76]. However, the CO2 concentration of the lime kiln flue gas is assumed
to be approximately 40 wt.% ([77]; first combustion with no re-circulation). Thus, 2.5 times the CO2containing gas is needed for the completion of the process in comparison to 99.8% of pure CO2 [78]
from Porvoo. The flue gas could be used as such or dried and compressed. The assumed
transportation distances of raw materials are presented in Table 3.
Table 3 Estimated raw material transportation distances.

Plus-cement
Crushed stone 8/16 mm
Sand 0/8 mm
Granulated blast furnace
slag
Additive
99.8% CO2
Flue gas (40 wt% CO2)

Reference
case:
Conventional
concrete

Case A:
CO2-cured
blast furnace
slag (99.8%
CO2)

Case B:
Compressed
flue gas (40
wt% CO2) cured
blast furnace
slag

Case C:
Noncompressed
flue gas (40
wt% CO2) cured
blast furnace
slag

597 km
50 km
50 km

-

-

-

1 km

1 km

1 km

1 km

100 km
-

581 km
-

1 km

1 km

It is more appropriate to use bottled and purified CO2 during the piloting stage of a process. In
large-scale production, the availability of on-site high-concentration CO2 waste gas is assumed to
bring major benefits. The aspect of CO2 source, as well as the following major parameters and their
influence on the production of carbon footprint, are explored using a sensitivity analysis method:
⚫ the emission intensity of the CO2 used
⚫ transportation distance of the used binder material
⚫ the emission intensity of the used electricity
⚫ CO2 uptake ability of the material
The transportation distance changes if the concrete block production was planned at a site far
from the Raahe steel mill. The emission intensity of electricity could change in Finland over time. It
can also change if the concrete producer had a specific electricity purchase agreement or own
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power production. The CO2 uptake could change based on the additives used, process conditions,
and the use of different raw materials.
4. Results and Discussion
We have studied the CO2 emission reduction potential of CO2-cured alternative binder concrete
using the case of Finland as an example. Our research questions were as follows:
- What kind of material streams could be suitable for large-scale, CO2-cured concrete
applications in Finland? (Chapter 4.1)
- How big are the volumes in which those material streams are available in Finland? (Chapter
4.1)
- What is the CO2 uptake potential in the selected material streams? (Chapter 4.2)
- How does the carbon footprint of a modeled CO2-cured blast furnace slag block compare with
that of a conventional concrete block? (Chapter 4.3)
Based on the obtained results, we discuss the role of the CO2-cured alternative binder concrete
in emission reductions in Finland (Chapter 4.4).
4.1 Volumes of Material Streams Potentially Suitable for CO2-Cured Concrete
Based on the results presented in the literature, patent, and company analysis reports, we chose
different types of ashes, green liquor dregs, blast furnace, and steel slags, crushed concrete, mine
tailings, and foundry sands for further analysis. The total volume of these material streams was
approximately 27 Mt/a. The maximum volume was attributed to the mine tailings, an unutilized
waste material stream (volume: 23 Mt in the year 2017 in Finland) [79]. Blast furnace and
steelmaking slags, with a combined annual production volume of approximately 1.8 Mt, also
contribute significantly to the material stream. Recycled concrete with an annual production of 1
Mt can also be used to substitute virgin raw materials and different kinds of ashes produced during
the process of energy production and waste incineration. They have a combined volume of 1.2 Mt/a.
The combined volume of potential waste streams for CO2-cured concrete applications is higher than
the volume of the binder used (479000 t/a) during the process of precast concrete production
(Figure 7).
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Figure 7 Volumes of selected wastes and byproduct streams produced annually in
Finland.
Mine tailings are a group of materials with different mineralogical and chemical compositions.
These are primarily stored in the form of slurry in impounding basins [80]. Inert tailings are typically
used as construction materials at mining sites. They are also used for road construction. They can
also be used as backfill and dam support materials [81]. Even if the inert tailings could not function
as a binder in CO2 cured concrete, the ease in availability is important for constructing a circular
economy-based concrete production. These could be used as a substitute for virgin aggregates. A
part of the mine tailings can react and act as binders (such as serpentinite containing mine tailings).
These are found in Finland, for example at the site of the Hitura mine in the region of Northern
Ostrobothnia. These can also be found at the Outokumpu mine in the region of North Karelia [82].
We estimated that the amount of binder-suitable mine tailings was approximately 10% or 2.3 Mt/a.
In addition to mine tailings in operating and closed mines, such minerals are found in large amounts
in the virgin rock of Finland. The storage capacity is in the range of 2000-3000 Mt CO2 [83]. It will be
a great benefit to have such a reserve if the CO2 emission allowance price rises high enough to drive
the extra-production for the sake of CO2 capture.
Blast furnace slags and steel slags are mainly classified as byproducts and have a utilization
degree of up to 90-100%. According to the Environmental report of Finnsementti [6], 95000 tons of
blast furnace slag was used for producing cement in Finland (2017) together with other waste
materials, such as coal fly ash, nickel slag, and rolled sludge. Slag products can also replace virgin
materials in road construction or be used as fertilizers. However, if less than 100 000 tons of the 1
800 000 tons is currently used for producing cement, it might be worthwhile to re-evaluate the use
of those raw materials.
Page 162/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102018

Crushed concrete wastes, especially fines, are difficult to utilize currently. Yet they are produced
in large amounts, in close collaboration with the industry producing new concrete. This can also
lower the transportation costs when the distances are less. In Finland, crushed concrete is currently
utilized for secondary earth construction applications. Refining processes have become more
common, and products with higher quality are produced. There is also a growing interest in using
crushed concrete as recycled aggregates in the production of concrete. Finely crushed concrete can
absorb CO2 from the atmosphere if good contact is allowed with ambient air for decades. Similar to
laboratory experiments, when finely crushed recycled concrete is used as a raw material for the
production of CO2-cured concrete, accelerated carbonation proceeds in a matter of hours. The
carbonation potential is utilized in full without the limitations of the sub-optimal conditions (passive
open-air carbonation). The speed of the process is a significant benefit considering the urgency of
the deep greenhouse gas emission cuts.
Ashes constitute a thermally-activated material stream, but traces from harmful substances and
variation in the composition may bring challenges. For ashes produced during biomass combustion,
the sulfuric compounds may cause expansion and cracking in steel-reinforced concrete structures
[84]. CO2 curing may change this, however, allowing the materials to expand more rapidly under
aggressive conditions. The maximal volume can potentially be reached prior to full-strength
development. The current utilization degree of ashes in Finland is estimated to be 70-80%.
Nevertheless, in most cases, ashes have a low or negative value. Coal fly ashes, with an acceptable
quality level, are utilized in cement production or as binder materials in concrete applications and
fillers in asphalt. Biomass ashes that fulfill the criteria of national fertilizer legislation can be used as
fertilizer products in the fields of agriculture or forestry. These above-mentioned utilization options
cover only about 25% of the total ash amount, and roughly 50% is used in earth construction. The
final 25% is landfilled. The volume of coal ashes is decreasing rapidly and will be zero in ten years.
The amount of biomass ashes is expected to increase. Increasing energy utilization of waste has
increased the amount of waste derived from ashes. However, it is difficult to predict how the circular
economy and targets set for material recycling will affect the ash amounts in the future.
Green liquor dregs (GLD) are currently landfilled. The utilization options are being intensively
researched. GLD contains nutrients that could be utilized as or in fertilizer products. According to its
role in removing non-process elements from the chemical recovery process of a pulp mill, it also
contains metals that can be harmful to the environment. It has also been proposed that the mineral
content of GLD could be used in construction products. Further research should be conducted to
verify the potential of GLD in this application. The composition of GLD differs from one pulp mill to
another, and sometimes it also contains a remarkable amount of lime mud that is used as a precoat in the washing and dewatering processes. These quality variations may cause challenges in
utilization. The elevated concentrations of calcium and magnesium in GLD could promote CO2
binding.
Waste foundry sands have usually been landfilled, but the tightening of the legislation has forced
the producers to search for utilization options. Foundry sands can be used in certain earth
construction applications by a notification procedure if the requirements of the Government Decree
on the Recovery of certain wastes in Earth Construction (843/2017) [85] are fulfilled. Most of the
waste foundry sands exceed the leaching limit values of the decree, and an environmental permit is
needed for their utilization in earth construction applications. The utilization of foundry sands as
aggregates in concrete production, raw material in mineral wool production, bed sand in energy
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production by fluidized bed boilers, and structuring material in composting have also been
researched [86].
4.2 Compositions and Specific CO2 Uptake Potentials of Selected Materials
The materials used in this study and the sources of their constituents (Table 4) are described as
follows:
1. Blast furnace slag is formed when iron ore or iron pellets, coke, and flux (limestone or
dolomite) are melted together in a blast furnace [87].
2. Electric arc furnace slag is a byproduct of the steelmaking process in electric arc furnaces [88].
3. Basic oxygen furnace slag is a byproduct of the steelmaking process in a wholly integrated
steel mill [88].
4. Bark fly ash 1 is separated from the flue gases of the bark-fuelled boiler (the composition of
a fly ash sample from a bark-fuelled 104 MW bubbling fluidized bed boiler was determined
in a commercial analysis laboratory using the X-ray fluorescence technique).
5. Bark fly ash 2 (50% of the analyzed calcium content of bark fly ash 1 was assumed to exist as
carbonate (CaCO3) and 50% as oxide (CaO)).
6. Green liquor dregs originate from the chemical recovery cycle of the kraft wood pulp
production process, where sodium hydroxide and sodium sulfide are effectively regenerated
from black liquor (Composition of a green liquor dreg sample was determined in a
commercial analysis laboratory by the ICP-OES technique (waste characterization EN 13656)).
7. Recycled concrete (CO2 uptake potential from literature (Fang et al., 2017 [89]; maximum
value)).
8. Coal fly ash, bituminous [90].
9. Municipal solid waste incineration (MSWI) bottom ash [91]; Mixture of MSWI fly ash and air
pollution control residues (APC) [92].
10. Foundry sand is silica sand that has been used in foundry casting processes [93].
11. Mine tailings (CO2 uptake potential from the literature [94]).
The material stream compositions and specific CO2 uptake potential values calculated using
Steinour’s and Huntzinger’s formulae are presented in Table 4.
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Table 4 Composition and specific CO2 uptake potential of selected materials.

Blast
furnace
slag
EAF slag
BOF slag
Bark fly ash 1
Bark fly ash 2
Green
liquor
dregs
Recycled
concrete
Coal fly ash
(bituminous)

CaO

CaCO3

MgO

Na2O

K2O

SO3

Steinour
[t CO2/t material]

Huntzinger
[t CO2/t material]

42.3

0

7.86

0.62

0.61

2.54

0.33

0.41

47.52
39.4
17.35
8.68

0
0
0
8.68

7.35
9.69
2.37
2.37

0.06
0.25
2.88
2.88

0.02
0.05
5.72
5.72

2.28
0.12
8.21
8.21

0.36
0.31
0.18
0.11

0.44
0.42
0.16
0.06

1.63

40.79

15.90

2.67

0.17

7.79

0.08

0.01

Literature
[t CO2/t material]

0.04
3.92

0

1.75

0.87

2.77

3.34

0.05

0.05

Bottom ash

16.3

0

2.6

6.0

1.10

7.49

0.16

0.16

Fly ash + APC

36.27

0.30

0.29

Foundry sand
Mine tailings
Serpentinite

0.14

0.01

0.01

MSWI:

2.04
0

0.3

0.19

0.25

0.09

?
0.40
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The estimated specific CO2 uptake potential of steel and blast furnace slags, municipal waste
incineration ashes, biomass fly ashes, bituminous coal fly ashes, and green liquor dregs were
approximately 30-45, 15-30, 5-20, about 5, and 1-10 g CO2/g binder, respectively. The ‘?’ for mine
tailings indicates that the mineral composition and CO2 uptake potential vary greatly between
different tailings. Some tailings, such as those obtained in the Hitura mine containing serpentinite,
are known to be effective [82].
The total annual CO2 uptake potential of the selected Finnish waste and byproduct streams was
estimated (Figure 8). It was assumed that 10 wt.% of mine tailings and all other selected material
streams were available for CO2 binding.

2 200 000
2 000 000
1 800 000
1 600 000

t CO2/a

1 400 000
1 200 000

600
600
20000
40000
55 000
60000

Mine tailings
Blast furnace & Steel slags
Municipal waste incineration ashes
Biomass ashes
Recycled concrete
Coal combustion ashes
Foundry sands
Green liquor dregs

777 000

1 000 000
839000
800 000
600 000

920000

400 000
200 000
0

Uptake potential in material streams

Emissions of cement production

Figure 8 Annual CO2 uptake potential in selected waste and byproduct streams. The total
CO2 uptake potential is large enough to bind the CO2 emissions of all cement production
in Finland.
This estimated total annual CO2 uptake potential was 1.9 Mt, which was 2.3 times the annual
emission from the cement production in Finland. If a significant part of this CO2 uptake potential
was available for binding the CO2 produced by the current cement industry, there would be no need
for CCS abroad. The highest annual CO2 uptake potential is exhibited by mine tailings (0.92 Mt),
followed by blast furnace and steel slags (0.78 Mt), municipal waste incineration ashes (0.06 Mt),
and biomass ashes (0.055 Mt). Other material streams exert a less significant effect on the annual
uptake potential of CO2.
There can be large quality variations within waste and byproduct material streams that may
hinder their utilization in concrete products. For example, there is a lot of variation in ash
compositions resulting from different fuels, combustion technology, process parameters, flue gas
cleaning system, and possible additives that are used for controlling fouling and corrosion. The CO2
uptake potential of recycled concrete aggregates is highly dependent on the cement content, the
particle size of aggregates, and CO2 uptake of the previous lifetime. Waste materials can also include
harmful elements or substances (e.g., heavy metals or salts) that may limit their use in concrete
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applications. These possible health, safety, and environmental effects have not been accounted for
in this study. Another limiting factor is not all the concrete products (CO2-cured alternative binder)
can be applied at an industrial level. For instance, by controlling the CO2 uptake to a certain level by
tuning the curing time and CO2 pressure, the pH level could be retained at a safe level of 9.5 or
higher [15] to protect steel reinforcements. Thus, these can be used for the preparation of various
precast concrete products.
Although a huge CO2 uptake potential is exhibited by wastes and byproducts, the same materials
can also be used as cheap raw materials for other uses. For example, the most important elements
that affect the CO2 binding capacity of material are Ca, Mg, and K, the same elements that are also
essential for preparing fertilizer products. Moreover, ashes and slags are used as alternatives for
natural gravel and sand in different construction and civil engineering applications. The maximum
added value will dictate the uses in the future.
4.4 Carbon Footprint of Conventional and CO2-Cured Alternative Binder Concrete
Concrete is used in different fields, requiring different mix designs. It also results in different
carbon footprints. The raw material compositions used in our analyses for conventional and CO2cured concrete are summarized in Table 2 and Figure 3. The carbon footprints of conventional
concrete in strength classes C16/20, C12/15, and C8/10 and for a hollow core slab (HCS) are
presented in Figure 1.
As can be seen, the carbon footprints of conventional concrete varied from 179 to 244 kg/m3,
and the main CO2 impact is related to cement use. It constituted approximately 82-86% of the total
impact in these products. This highlights the importance of selecting the right concrete based on
material requirements. For example, if class C16/20 concrete is used, where class C8/10 concrete
would suffice, the carbon footprint would already be 36% higher.
Figures 9a and 9b show the carbon footprint assessment results for the ordinary concrete block
(OPC with strength class C16/20) and a CO2-cured concrete block (Case A), which is made of blast
furnace slag (Table 2). For the CO2-cured concrete (Case A), purified CO2 is acquired from Porvoo
and presumably produced following the Linde process.
In Figure 9a, the CO2e impact is presented for life cycle stages A1–3 (raw-material production,
transport, and concrete production). The results reveal that the CO2 curing process (CO2 uptake +
CO2-caused from the life cycle stage A3) has a carbon-negative impact of –278 kg CO2/m3, while the
impact from raw material production and transportation (A2 and A3) in total is + 122 kg CO2e/m3
(Figure 9a). The net carbon footprint for life cycle stages A1–3 of the studied materials is presented
in Figure 9b.
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Figure 9 a(left) and b(right). Carbon footprint (kg CO2e/m3) for the concrete
(OPC/C16/20) and the CO2-cured concrete (Case A, made from slag and cured with
purified CO2). The individual carbon footprint for the life cycle stages A1–3 (9a) and net
carbon footprint for the life cycle stages A1–3 (9b).
In total, the carbon footprint of the carbon-cured concrete still remains carbon negative, (-278 +
122 = ) - 157 kg CO2e/m3. The production of CO2-cured blast furnace slag concrete, instead of OPC
production, would lead to CO2 savings over the life cycle stage A1-3. When the impacts from OPC
production and impacts from CO2-cured concrete production are avoided, it totals ( - 243 - 157 = ) 400 kg CO2e per every m3 of concrete produced (Figure 9b).
A sensitivity analysis of the carbon footprint of OPC (C 16/20) and CO2-cured concrete (Case A) is
made (the assessment considers life cycle stages A1-3):
⚫ CO2 uptake of the CO2-cured concrete is presented in Figure 10 (20 kg ... 300 kg CO2/m3) (OPC
carbonation during the service life is not considered, as this process does not happen during
the concrete production),
⚫ The transportation distance of binder material is presented in Figure 11 (1 km...1500 km),
⚫ Carbon intensity for electricity production is presented in Figure 12 (10 g CO2e/kWh (wind
power) … 1000 g CO2e/kWh (coal-based electricity)
⚫ Emission intensity for the CO2 source used during the CO2 curing process is presented in Figure
13:
 Case A-purified (99.8%) bottled CO2 from Porvoo/Linde process and concrete production
in Nordkalk/Raahe,
 Case B-compressed flue gas from Nordkalk Raahe, concrete production in Nordkalk/Raahe
(for ensuring the same CO2 amount as that used in Case A, the volume of CO2 containing
flue gas was 2.5 times that of the volume presented in Case A),
 Case C-flue gas obtained from Nordkalk/Raahe, concrete production in Nordkalk/Raahe
(for ensuring the same CO2 amount used in Case A, CO2 containing flue gas volume was
2.5 times that of the volume used in Case A).
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Figure 10 Sensitivity of carbon footprint to CO2 uptake in the material, Case A
(assessment is made for the life cycle stages A1-3).
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Figure 11 Sensitivity of carbon footprint to transport distance of binder material: 1 km
… 1500 km. OPC is the concrete C16/20 and CO2-cured concrete represents Case A.
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Figure 13 Sensitivity of carbon footprint to CO2 footprint of the CO2 source (Case A: CO2
source: pure CO2 from the Linde process; Case B: CO2 source: compressed flue gas from
Nordkalk/Raahe; and Case C: CO2 source: flue gas obtained from Nordkalk/Raahe).
The sensitivity assessment for the amount of bound CO2 shows that CO2 curing could outweigh
carbon footprint emissions from the blast furnace slag concrete production stage (A1–3) when more
than 100 kg of CO2 was bound to the concrete.
The transportation distance of cement exerts a much lower impact on the carbon footprint of
concrete compared to that of blast furnace slag because of the lower binder content (13 wt.%
cement vs. 83 wt.% slags). It can also be attributed to the relatively strong influence of the raw
materials compared to that of the blast furnace slag. Even so, the CO2 curing case could achieve a
negative carbon footprint ( - 6 kg CO2/m3) with a transportation distance as high as 1500 km.
Figure 12 presents the sensitivity of the carbon footprints vs. the emission intensity of the electricity
used. Conventional concrete production requires electricity (20 kWh/m3), But more energy is
needed for CO2 curing (200 kWh/m3). The energy may be in the form of heat or electricity. While
the specific process is not fully determined, we assume the full energy needed should be in the form
of electricity. The difference in energy use is also seen in the carbon footprint pattern for life cycle
stages A1-3. The carbon footprint result for OPC, between using wind power or coal-fired power, is
not as critical for the process of concrete production as the CO2-cured concrete production process.
The consequent differences are (261-241 = ) 20 kg CO2/m3 and (21 - ( - 177) = ) 198 kg CO2e/m3.
The sensitivity analysis for the CO2 source shows that a negative carbon footprint of - 157 kg
CO2e/m3 is achieved when 300 kg CO2 is bound to concrete during the production process in Case
A. An even higher benefit of - 187 kg CO2e/m3 could be achieved when the source for CO2 curing is
flue gas (Case C).
4.5 Role of CO2-Cured Alternative Binder Concrete
The underlying bigger question that we try to answer in this study is “Could CO2-cured alternative
binder concrete help in significantly reducing the CO2 emissions?” Figure 7 shows that in Finland,
there seem to be enough potential secondary material streams (about 27 Mt/a) that could be
utilized to substitute the entire concrete production of Finland (11.2 Mt/a) with alternative binders
if logistics can be efficiently arranged. In the case of Finland, long transportation distances may
hinder the development of some otherwise potential uses. The current annual concrete production
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in Finland amounts to approximately 11 Mt/a or 4.97 Mm3 (assuming an average density of 2250
kg/m3). The emissions (including used steel reinforcements 0.113 Mt CO2) are estimated to be
approximately 1.1 Mt of CO2. The carbon footprint of concrete (excluding reinforcements) could be
lowered from about 200 kg CO2/m3 (179 kg CO2/m3… 244 kg CO2/m3) to - 170 kg CO2/m3 ( - 157 kg
CO2/m3… - 187 kg CO2/m3) (saving: 370 kg CO2/m3 of concrete produced).
Two substitution scenarios are considered: (1) substituting all concrete production and (2)
substituting only precast concrete. Note that the emissions from steel reinforcements are not
affected in either scenario. In the first scenario, if all the concrete produced in Finland were
substituted with the presented CO2-cured alternative binder concrete, it would lead to an annual
net reduction that can be estimated from Equation 12 as follows:
𝑁𝑒𝑡 𝐶𝑂2 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [

𝑘𝑔
]
𝑎

(12)

𝑚3
𝑘𝑔
] ∗ 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 [ 3 ]
𝑎
𝑚
= 4970000 𝑚3/𝑎∗ 370 𝑘𝑔 𝐶𝑂2 /𝑚3 = 1838900000 𝑘𝑔 𝐶𝑂2 /𝑎 ≈ 1.84 𝑀𝑡 𝐶𝑂2 /𝑎,
= 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐹𝑖𝑛𝑙𝑎𝑛𝑑 [

This corresponds to a 167% reduction in the emissions of the entire concrete industry. In
comparison, CCS and switching to bioenergy in the cement industry was estimated to have a CO2emission reduction potential of approximately 1.1 Mt CO2/a [37] (p. 31).
In the second scenario, if only precast concrete production was substituted with the presented
CO2-cured alternative binder concrete, the net CO2 reduction, based on production volume shares
of ready-mix and precast concrete (7.4 Mt/a and 3.8 Mt/a, respectively), would be approximately
(3.8 Mt/a/(3.8 Mt/a + 7.4 Mt/a)) * 1.84 Mt CO2/a = 0.62 Mt CO2/a.
The net emissions are calculated for the first scenario according to Equation 13 as follows:
𝑁𝑒𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝐶𝑂2 − 𝑐𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 [𝑀𝑡

𝐶𝑂2
]
𝑎

= 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑀𝑡

𝐶𝑂2
]
𝑎

(13)

𝐶𝑂2
]
𝑎
= 1.1𝑀𝑡 𝐶𝑂2 /𝑎 − 1.84 𝑀𝑡 𝐶𝑂2 /𝑎 = −0.74 𝑀𝑡 𝐶𝑂2 /𝑎.
−𝑁𝑒𝑡 𝐶𝑂2 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑀𝑡

This corresponds to the concrete industry shifting from currently emitting 1.87% of the CO2
emissions in Finland to removinge 1.26% of the emissions in Finland, i.e., a saving of 3.13% of the
entire CO2 emissions of the country.
Similarly, in the second scenario, if only precast concrete was substituted, the net emission from
concrete would be 1.1 Mt CO2/a-0.62 Mt CO2/a = 0.48 Mt CO2/a, which would still be a significant
reduction in emission. Relative to the total CO2 emission in Finland, this correlates to a reduction
from 1.87% to 0.82%.
These considerations bring us to a conclusion that, in the case of the concrete industry in Finland,
CO2-cured alternative binder concrete has the potential to become a breakthrough technology that
can be used to reduce the emission from the industry. This can significantly contribute to the
emission reductions in Finland. These quantitative results cannot be generalized for other countries
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as such, but it clearly shows that, at least in some countries where pulp and paper industries, mining
or steel industries, or a significant number of combustion-based power plants are present, the
potential of CO2-cured alternative binder concrete is worth studying.
CO2-cured alternative binder concrete can address the most difficult process emissions in the
field of cement production. Moreover, valuable carbon-negative products can be obtained. The
transformation of waste to raw materials adds value to the economy. This allows the development
of new business opportunities, jobs, and sustainable growth. The immediate economic drivers
include the avoided landfilling cost of wastes and savings from raw materials, which create a margin
for the transportation costs of secondary raw materials. To optimize logistics and enable widespread
use of secondary raw materials, broad collaboration efforts are needed. Moreover, the economic
feasibility of these concepts will depend on the efficiency of both logistics and processing. For
instance, the selection of the location of the production facility affects both the quality and volume
of available raw materials, both solids and CO2. Good locations would benefit from nearby highlyconcentrated CO2 sources (e.g., cement kilns and biogas plants), high-volume, good-quality
secondary raw material sources (power plants, mines, and steel mills), good transport connections
(railroad and shipping lines), and proximity to product delivery sites (cities and large developing
industrial sites).
However, the technology has been proven in pilots only with blast furnace slags, cement kiln dust
and coal fly ashes for other materials and more demanding products, such as bridges, the
technology readiness level is still low. There is great difficulty in using various types of raw materials
in an industry producing vast amounts of bulk products that should be safe and reliable. To speed
up the implementation of this high-potential technology, more experience with new materials is
needed. Rapid development would greatly benefit from specific product demonstrations (e.g.,
blocks, block wall elements, and hollow-core slabs), process development, local secondary raw
material explorations, heavy investment subsidies, a strict CO2 budget for buildings, a standard for
alternative binder concretes, and the inclusion of mineralization in the EU ETS legislation or similar
CO2 emissions trading schemes outside Europe.
Only 15 years remain to reach the pledged goal of carbon-neutral Finland (by 2035) and only 15
more for the targeted carbon-neutral European Union (by 2050) [95]. This is a short period of time
to implement new technology, and the sooner strategic choices are made by the governments and
major companies, the better it would be. In the meanwhile, immediate actions can help in reducing
the emissions. Improved construction design, longer lifespans of concrete structures, improved
recycling, switching to biofuels, transporting with biogas trucks, buying renewable electricity or
installing own production, energy efficiency, and use of blending cement can help in reducing
emission. Energy transition measures can especially be applied throughout the concrete production
chain.
5. Conclusions
We have assessed the CO2 emission reduction potential of CO2-cured alternative binder concrete
with respect to the amount of available alternative binders suitable for CO2 curing. The respective
amounts of CO2 bound (for the case of Finland) were also studied. In addition, we used a life-cycle
assessment tool to compare the carbon footprint of a conventionally manufactured concrete block
and a modeled CO2-cured blast furnace slag block.
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Our primary observations are as follows:
- Nationwide in Finland, there are enough potential secondary raw materials for CO2 curing
(about 27 Mt/a) to replace the current cement production (1.4 Mt/a) or even the entire
concrete production (about 11.2 Mt/a).
- The CO2 uptake potential of these streams was estimated to be 1.9 Mt CO2/a (vs. emissions
of cement production in Finland 0.84 Mt) if all available material streams were fully
carbonated.
- The most potential material streams were mine tailings and recycled concrete (large volumes,
but with low reactivity), steelmaking and blast furnace slags (large volumes, piloted
technology, but mostly utilized already), and biomass ashes (exhibiting good CO2 uptake
potential and high reactivity; sulfur content may cause risks).
- CO2 curing is most feasible for use in precast concrete products, such as concrete blocks,
pavement stones, and hollow-core slabs, where products can be sealed in an atmosphere of
CO2. The size of the surface area exposed to CO2 is large compared to the product volume.
CO2 uptake control is needed to retain safe pH levels for steel reinforcements.
- The carbon footprint calculation for LCA stages A1-3, assuming a CO2 uptake of 300 kg CO2/m3
concrete, resulted in a negative carbon footprint of - 157 kg CO2e/m3 (with purified CO2) and
–187 kg CO2e/m3 (with flue gas) (vs. conventional concrete 243 kg CO2e/m3). The maximal
emission savings represents the difference in carbon footprints (430 kg CO2e/m3) when
substituting conventional concrete with CO2-cured blast furnace slag concrete (using flue gas
as such).
- If all the concrete produced in Finland could be replaced with CO2-cured alternative binder
concretes, the emission from concrete production would change from 1.9% of the emissions
in Finland to - 1.3% (a net reduction by 3.1%). If only precast concrete is substituted, the
emissions from the concrete industry would be lowered: a remaining emission of 0.8% (of the
national CO2 emission; a net reduction by 1.1%) would be observed.
CO2-cured alternative binder concrete can address even the most difficult process emissions of
cement production and result in the generation of valuable carbon-negative products. The present
study has shown that it could advance sustainability in many ways. It can enable better use of
secondary raw materials and significantly reduce CO2 emissions. The method can also provide new
business opportunities. The barriers of low technology readiness levels for many locally interesting
materials and unknown long-term properties could be overcome by employing well-tested local raw
material testing methods and financially supported demonstrations in specific products. The
changes in regulation and standardization processes and a more specific and well-communicated
CO2 emissions reduction strategy promoted by the governments (especially with regards to CCS)
can help in the process. The quantitative results obtained by studying the cases in Finland are not
representative of other countries because the construction methods, the readiness of the industry
to change, secondary raw material streams, political pressure, and legislation are likely to vary.
Nevertheless, the study shows that at least in countries where pulp and paper industries, mining or
steel industries, or a significant number of combustion-based power plants are present, the
potential of CO2-cured alternative binder concrete is worth studying. Such studies can help in
drastically lowering the emissions of the construction industry.
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Abstract
Advanced optical stealth techniques are of growing importance in the role of manned and
unmanned aircraft or ship platforms. We consider here the concept of using passive reflective
display elements rather than high power active light projection to achieve a low observable
camouflaged ship platform. This paper presents practical consideration towards minimal
radiated power user-driven requirements using adaptive liquid crystal electro-optical
methods. Optical reflectivity for a multi-layer liquid crystal cell structure composed of a glass/
ITO/ aligning layer/ liquid crystal/ aligning layer/ ITO/ glass will support optical guided modes.
Reflectivity as a function of angle and voltage are compared with theory generated from a
Fresnel matrix formalism. Voltage device modulated reflectivities are then simulated across a
ship platform to evaluate this method for low power consumption, with minimal radiated
optical radiation.
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1. Introduction
Optical or optimal stealth technology today is seen as essential to the role of manned and
unmanned aircraft, with active projection or passive reflective display elements. In the same way
optical methods may help to reduce the optical signature of a small stealth warship platform like
the Swedish Visby stealth corvette following the method demonstrated recently by Lavers and
Johnson [1], although proposed seven years ago [2]. Optical prism-coupling is an established
method used to probe advanced electro-optical materials such as Liquid Crystal (LC) layers, to
provide vital optical information on material parameters, and is a potential means to providing large
switchable display surface areas. Leaky cells fabricated from consecutive multiple layers of: glass/
ITO/ alignment layer/ LC/alignment layer/ ITO/ glass will support propagating optical guided modes.
Reflectivity as a function of both incident angle and applied voltage are compared with theory
generated from Fresnel optical theory. Real achievable reflectivities may be used to simulate
contrast across a ship’s platform with typically up to 60,000 pixel elements, to evaluate methods for
minimising passive power consumption.
1.1 History of Optical Stealth
Stealth, or Low Observable Technology (LOT), is concerned with making any platform: surface
combatant warship, Unmanned Aerial Vehicle (UAV), or manned aircraft, less visible to Radar, InfraRed or other detection methods. During World War One, Britain was losing many warships, so the
Royal Navy, desperate for a solution, attempted to hide them though bizarre dazzle camouflage
paints schemes of colourful and abstract cubist blocks and stripes, so vessels would ‘blur’ into a
complex background of sky, sea, and coastline. Normal Wilkinson CBE, primarily maritime painter,
was the first artist credited with the use disruptive naval camouflage patterns. Dazzle or ‘razzledazzle’ camouflage was used widely at the end of World War One and to a lesser extent in World
War Two, figure 1, which shows British HMS Uranus and HMS Jervis engaged in the Normandy
landings. Detection whether it is visual, radar, or infra-red (heat) is largely about contrast. Clothing,
airframes, ships or vehicles matching the background land or littoral environment forms the basis
of concealment. Addition of various coloured patterns makes it less likely to be detected in a
complex environmental and forms the basis of disruptive camouflage. The German Air Force (1913)
was the first to try to make aircraft invisible with a transparent monoplane of light colours,
detectable at a height of 900ft. Today, such invisibly cloaked maritime stealth aircraft may thus also
be hidden flying over their enemies, safely undetected.

Figure 1 The Normandy landings of 6 June 1944 HMS Uranus and HMS Jervis, in the early
morning with landing craft waiting to go in, painting by Norman Wilkinson, held at
Britannia Royal Naval College, Dartmouth © CR Lavers.
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Current maritime dazzle camouflage is entirely passive, and can only be changed by painting the
platform. Active methods alter appearance in near real time to confuse enemies. Active or adaptive
camouflage uses emerging technologies which blend objects into their surroundings with panels or
coatings to alter colour, luminance or reflectivity. Active camouflage provides concealment from
visual detection. One proven practical military application of this concept was during World War
Two in efforts to defeat the U-boat menace. Allied aircraft trying to target surfaced submarines had
a significant problem because German submarine lookouts could spot the dark silhouettes of
incoming aircraft a long distance away, diving to the safety of deeper waters. By 1940 US
researchers made aircraft effectively ‘invisible’, adjusting the brightness of lights on leading wing
edges to hide them. Project Yehudi’s Avenger bombers suitably camouflaged were able to reduce
their own platform detection down to about 2 miles. In the same manner the prototype F-117A
used distributed optical fibre lighting on its lower wing surfaces to minimise optical contrast against
the background sky [3], now optimised with the X47B Pegasus UAV (figure 2), recording sky and
using lights below to blur outline, reducing overall contrast. This military detection phenomenon is
often termed isoluminance, which arises when the eye detects equal brightness from both a target
and its background, making recognition of the target difficult, and ideally impossible to the human
eye, which cannot distinguish the outline of the platform for it to be perceived.

Figure 2 X47B Pegasus.
However, projection requires high power levels, and power consumption reduces endurance and
other important user platform design factors. The importance of endurance (106 responses), and
power consumption (41 responses) from military and civilian UAV communities, from a user-led
upstream/downstream UAV sensors market project [1]. It is critical to develop platforms around
key customer requirements, appreciating limitations which include: power consumption and
endurance, see figure 3. Without evaluation of what military customer require, there cannot be a
proper technical evaluation.
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Figure 3 Unmanned Aerial Vehicle platform military and civilian questionnaire
responses, using a Likert scale from 1 to 5, where 1 is not at all important, to 5 very
important.
2. Theoretical Approach
Conformable optical reflectivity element design uses Fresnel theory for multi‐layer modelling of
liquid crystals. Liquid crystal cell model design allows optimal cell reflectivity changes to simulated
real reflectivity across proposed ship or UAV platform surfaces. A FORTRAN scattering matrix
method [4] accounts for reflection / transmission coefficients at media interfaces, coupling incoming
fields with a stable matrix for data fitting (figure 4). Our method calculates reflectivity as a function
of incident angle for multi‐layer media as a series of isotropic slabs of thickness below a wavelength,
but can accommodate uniaxial layers for electro‐optical materials such as ferroelectric liquid
crystals. This scattering method [4] is an inherently more stable approach than traditional transfer
matrix methods developed by Berreman and Scheffer, and Azzam and Bashara [5, 6] (figure 4). As
illustrated in figure 4, the forward and backward travelling electric field vectors in media 1 at the
interface are related to the forward and backward travelling electric field vectors in medium 2.
Writing all these together in matrix form, generates what is known as the scattering matrix S.

Figure 4 Scattering matrix approach.
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We employ this methodology to simulate the level of optical manipulation possible using liquid
crystal materials as the electro-optical element. The simple approach of altering platform reflectivity
in response to ambient environmental conditions is hardly new, but the low power advantages of
adjusting ambient reflection levels is attractive to the military. Accurately modelled liquid crystal
cell voltage dependent reflectivity provides the ability to control large number of pixels optically in
near real-time. Non-optical active systems exist, e.g. BAE recently demonstrated an active thermal
technique now in production [7], besides an adaptive thermal camouflage using graphene [8], and
even an adaptive infra-red reflectivity system inspired by cephalopods [9], whilst other users have
demonstrated this principle in the NIR spectra. Several active camouflage designs are currently
under development, based upon that started with the Lockheed Have Blue Stealth prototype in the
1970s [3] which had active light ports on the bottom surface. These light ports were connected to
fibre optic lines which were modulated by a detector on the opposite side of the aircraft.
Depending on the altitude of the aircraft, colour and brightness of the environmental
background, visual detection may be reduced. However, the first serious attempt to develop
maritime active stealth was in 2002 when Global Atlantic Inc., in collaboration with Olins Smart Boat
Corporation, and Boston Whaler attempted to produce a working, active camouflage system for a
small multi-purpose vessel [10]. Their system used OLEDs in conjunction with a small 360 degree
camera to display images of the vessel’s surrounding onto its surface, following Moynihan and
Langevin [11] who purposed lightweight optoelectronics systems that use image sensors and display
panels, to ‘cloak’ an object 10m long, by 3m high, by 5m wide, weighing less than 45kg. Limited
optical camouflage using retroreflective projection has been demonstrated [12]. However, the
requirement for a retroreflective layer behind any cloaked object and projection camera currently
is not practical. The UK, and NASA, are also working on active camouflage, as are Canadian and
German military researchers with a chameleon-like armoured vehicle [13], all including a network
of electronic flat-panel displays with cameras.
Instead, liquid crystal technology lends itself to flexible displays. Reflective LCDs offer longer
battery lifetimes than transmission-based LCD systems, because no extra illumination is needed,
relying on ambient light, but may suffer from reduced contrast. Several companies are working on
cholesteric LCD technology (Kent display, OH) and nematic (LCDs relying on bistability normally
associated with SC* phase ferroelectric LCDs, with Zenithal Bistable Displays (ZBD). Active
camouflage is also underway in aviation with voltage-driven FLC display panels of thin films that
change colour when an electric current is passed through them, but require a lot of energy. The
same principle is examined by Yablonovitch [14] in a report on electrochromic adaptive infra-red
camouflage, fabricating the first all polymer electrochromic cell, achieving 80% contrast and
switching in 67ms, essentially at video rates.
We demonstrate how to minimise the optical reflectivity of a Visby stealth corvette in the public
domain, (figure 5) used in varied littoral environment roles relevant to the maritime operations of
the Royal Swedish Navy.
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Figure 5 Visby Stealth Corvette, Helsingborg, off Gotska, Sandön.
Once an optical structure is modelled this permits optimised liquid crystal cell fabrication, and
further modelling for various scenarios, including stealth operational modes. Actual cell
experimental data obtained from reflectivity monitoring is compared with theoretical modelling,
permitting further LC cell design optimisation. Comparison of theoretical predictions with
experimental data as a function of voltage provides a realistic estimation of real contrast variation
for potential UAV or maritime platform skins covered with pixelated LC cells.
The electromagnetic response of an optical system can be calculated numerically, using the
scattering matrix approach, a convenient method for determining the dispersion relations of guided
and surface waves, as stated. A schematic of the simplest case, with a single interface between two
adjacent media is described simultaneously by their electrical permittivities (ε1,2) and magnetic
permeabilities (µ1,2) which are functions of frequency and often complex, as shown in figure 4.
The elements of the system’s scattering matrix are the well‐known Fresnel coefficients in
transmission and reflection, and the matrix equation relating the field amplitudes is:
−
𝐸1(𝑠,𝑝)
+
𝐸2(𝑠,𝑝)

= 𝑺(

+
𝑟𝑠,𝑝
𝐸1(𝑠,𝑝)
) = (𝑡
−
𝐸2(𝑠,𝑝)
𝑠,𝑝

𝑡𝑠,𝑝
𝑟𝑠,𝑝 )

(1.1)

+
−
where 𝐸1(𝑠,𝑝)
and 𝐸1(𝑠,𝑝)
are the forward and backward travelling electric field amplitudes (in the z‐
direction) for incident s‐polarised or p‐polarised (TE and TM mode light respectively) in the ith
medium. S is the scattering matrix, whilst 𝑟𝑠,𝑝 and 𝑡𝑠,𝑝 are the Fresnel reflection and transmission
amplitudes at the interface. The FORTRAN scattering modelling method can accommodate 97 layers,
with uniaxial layer characteristics.

3. Experimental Arrangement and Results
3.1 SPR Experimental Arrangement
The Kretschmann‐Raether experimental configuration (figure 6) records reflectivity from
fabricated LC cells [15], but the Otto configuration with an air gap between the device surface layer
may also be used in cell characterisation [16].
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Figure 6 Optical reflectivity Kraetschmann-Raether experimental arrangement.
Cell fabrication is achieved by deposition of 40nm Indium Tin Oxide (ITO), with a sputter
deposition rate of 10nm min-1. A polyimide layer is then spun onto substrate glass (E06 Soveril)
leaving a polymer layer approximately 50nm thick. The polyimide is mechanically rubbed
unidirectionally several times and cured to achieve low surface tilt alignment of the Ferroelectric
Liquid Crystal (FLC) in question. The sample cell has glass surfaces displaced 4mm to expose
electrode regions for voltage work, and cell surfaces are spaced with 3.5 micron thick mylar,
characterised with our reflectivity method. The sample was enclosed in a temperature controlled
oven (± 0.10C) and heated until above the nematic to isotropic phase transition prior to filling.
Temperature stabilisation typically took the order of an hour. Filling was achieved by capillary action
from the bottom of the assembled cell to prevent creation of air bubbles that interfere with
formation of a uniform liquid crystal structure. The cell is placed in a temperature-controlled
housing, mounted on a rotating stage along the optical bench. The liquid crystal parameters used in
this paper were from a characterised Smectic C* cell of SCE8 from Clariant, (figure 7), with the
following phase transitions: SC* 60 °C SA 80 °C N* 102 °C I. The spontaneous polarisation and
rotational viscosity of the SCE8 FLC, measured at 25 °C, are - 4.5 nC/cm2 and 76 mPa, respectively
(data provided by Clariant). Alignment of SCE8 molecules for parallel aligned surfaces is primarily in
the plane of the surface, twisting out quickly in the plane to a fixed angle dependent on cell thickness
[17]. We also characterised the visible and near infra-red wavelength response of typical FLC cells
[18]. Determination of the optical dielectric constants and deformation effects, after surface
treatment of a polyimide alignment layer used within a ferroelectric liquid crystal has also been
extensively covered in previous work using surface plasmon resonance [19].
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Figure 7 SCE 8 FLC.
An available Helium Neon (He-Ne) laser operating at 632.8nm provided coupling to the FLC cell
guided modes, stepped in angle under computer control, and is a key wavelength for consideration
of dawn/dusk stealth platform operation, being scattered less by the atmosphere and battlefield
obscurants under those conditions than other wavelengths. Other non-laser visible wavelengths
were examined to determine SCE8 and other liquid crystal wavelength dispersive characteristics
[18], as well as under an applied electric field [20]. A Frequency Modulated (FM) chopper permits
signal and reference with Phase Sensitive Detection (PSD) using lock-in amplifiers to minimise noise
(figure 6).
Experimental reflectivity data acquisition takes place with a National Instruments USB 6210. A
LabView program controls a motorised rotation stage, recording diode reflectivities from sample /
reference beams. A θ prism movement gives a 2θ diode turn, ensuring reflected beams strike a
diode. As the stage rotates we record reflectivity data against steps. Cells are examined with the
Krestchmann configuration (figure 8). Experimental SCE8 liquid crystal cell data under applied
voltage: 0 - 12V, recorded at 632.8nm, is shown (figure 9). The recorded angle range illustrated was
chosen as it covers the ‘direct‐reflective’ threat angular regime, including ‘glint’, critical for most
platform detection, and bounded by experimental limits on permissible coupling angles. Little useful
structural information is obtained below the external critical angle of 140 at the onset of total
internal reflection.

Figure 8 Typical FLC cell showing surface mode excitation.
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Figure 9 Experimentally recorded reflectivities Rss (s‐polarised incident light in, s‐
polarised light out) as a function of applied DC Voltage and externally incident angle in
degrees for the Ferroelectric Liquid Crystal SCE8 at room temperature. Intensity is given
in arbitrary units prior to fitting against absolute Fresnel theory values.
4. Optical Predictions and Discussion
Figure 9 shows the resulting experimental cell reflectivity changes as a function of applied DC
voltage. Whilst AC stabilisation FLC cell characteristics have been examined extensively by other
workers [21]. Such experimentally obtained reflectivity values allow us to predict the likely
achievable adaptive contrast variation at different wavelengths which are most likely facilitate
optical detection. Once corrected for Fresnel reflections at the glass surfaces and for internal glass
interface angles, experimental data may be compared with theoretical predictions for the modelled
in‐plane and out‐of‐plane liquid crystal optical director configuration to achieve extremely good data
fits, figure 10.

Figure 10 Comparison of experimental data (crosses) with a theoretically predicted
reflectivity curve (continuous line) for incident TE polarised light taken from a 3.5 micron
parallel aligned SCE 8 FLC cell in the SC* phase at 39 C.
Using best fit parameters absolute reflectivity values for differing applied cell voltages are
obtained. These reflectivity values may then be used to generate a simulated test grid. A pixel test
grid shows the possible minimum / maximum contrast and variation for different reflectivity values:
minimum black chequers, maximum white chequer, the chosen voltage value provides the other
alternating grid chequer (figure 11. 0 V applied), figure 12. 6 V applied, and figure 13. 12 V applied
with images generated in Matlab.
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Figure 11 Matlab simulated pixellated test grid with Zero 0 V Applied DC Voltage.

Figure 12 Matlab simulated pixellated test grid with 6 V Applied DC Voltage.

Figure 13 Matlab simulated pixellated test grid with 12 V Applied DC Voltage.
To model the likely contrast changes possible for a real platform we took a silhouette for the Visby
Stealth corvette; we viewed the model in broadside looking sideways towards the platform, a
common missile threat attack scenario. Optical values were entered into Matlab in an overall space
of almost 60,000 pixel elements, with 64 levels of brightness (0 to 63), although we have used
Matrices with up to 120,000 elements [1]. The image space maximised contrast, with some
necessary manual edge of platform pixel editing, with the ‘0’ level corresponding to most of the
Visby silhouette, and the ‘63’ level for the background, combining both elements of sky and sea, as
shown in figure 14.
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Figure 14 Maximum contrast Visby silhouette.
Normalised contrast may be calculated for target Intensity IT against background IB using the
following equation:
𝐶=

𝐼𝑇 − 𝐼𝐵
𝐼𝑇 − 𝐼𝐵

(2)

which for the initial ship outline conditions provides a maximum contrast of 1. This approach has
been used successfully elsewhere to quantify specific space-based earth imaging assessments of
before and after imagery assessment, using a combination of visible and near infra red imagery
taking atmospheric absorption and scattering contributions into account [22, 23].
Simulated platform reflectivity elements at 632.8nm show nearly the maximum silhouette
contrast conditions for 0 V applied, and 12 V applied, which are both given in figure 15, and figure
16 respectively, with an intermediate applied voltage value (figure 17). It is seen that figure 15
closely matches figure 14 in terms of overall platform contrast, whilst figure 16 with 12V applied,
has simulated a much reduced contrast against its background, making it much harder to ‘see’ the
platform as a distinct object against its background. For future research a disrupted pattern will likely
have a greater impact on platform visibility / invisibility. Figure 17, unsurprisingly is observed to have
an intermediate output optical performance when compared with figures 15 and 16 respectively.

Figure 15 Matlab simulation 0 V applied.
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Figure 16 Matlab simulation 12V applied.

Figure 17 intermediate applied potential difference.
5. Conclusions
We have investigated the proof-of-concept validity of using liquid crystal display technology and
current readily available liquid crystal materials to achieve low cost platform optical ship stealth in
the same manner as in our previous optical UAV platform optical stealth considerations [1].
Although, a simple concept in theory the practical realisation of this in display terms has previously
been limited in terms of projection methods and lack of sufficient platform pixelation, limited by
power requirements. Modelling and subsequent visualisation with Matlab of a prospective ship
platform, coated with a pixelated surface composed of a large number of liquid crystal cells shows
large scale changes in overall contrast are possible with potentially low voltage power supply
systems, relying upon adaptive incident light illumination manipulation. Small ship platforms, with
other low cross sections, themselves carrying smaller UAVs camouflaged with liquid crystal panels
in the range 0 - 12V applied voltage, may provide significant contrast changes closely approaching
theoretical maximum / minimum contrast conditions. There is little point in applying voltages above
12V for two reasons, namely: there is no obvious further benefit in platform reflectivity modification
achieved, and secondly the main point of using low voltage passive liquid crystal display materials
is to reduce the overall system power consumption burden. An increase in applied voltage will
increase power consumption as the square of the applied voltage and so this is a counter-productive
strategy for no stealth gain. Future work between the Dartmouth Centre for Seapower and Strategy,
with the Changing Character of Warfare Centre, Pembroke, Oxford will look at emerging
technologies, with respect to the potential afforded by new synthetic electro-optical materials with
temperature, angle, voltage and wavelength dependent effects. When combined with disruptive
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contrast ‘patch’ applications stealthy ship platforms will provide transformational capabilities. We
will also look at how this will influence interactions and dynamics between human actors, the spatial
and time domain, and any ethical and moral limitations, which such isoluminant approaches may
introduce.
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Abstract
Prefabricated zirconia crowns (ZRCs) require a passive fit and more reduction than stainless
steel crowns (SSC). To determine the mean and maximum reduction depths in the mesialbuccal and occlusal areas for three ZRC brands and one SSC in posterior primary typodont
molars and to compare reduction depths to existing literature to determine the preparation’s
proximity to pulpal tissue. Four primary maxillary and mandibular typodont teeth (J and S)
were prepared according to the manufacturers’ guidelines for three ZRCs and an SSC. The
teeth were scanned before and after preparation with an optical scanner, and the mean and
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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maximum depths of reduction for each tooth were calculated in triplicate with custom
software and statistically compared among the types of crown. The results were compared to
existing data on primary tooth enamel and dentin thickness. Maximum mesial-buccal and
occlusal depth respectively of preparation for any ZRC for tooth J was 1.19 mm and 1.58 mm
while for tooth S it was 1.06 and 2.07mm Both EZ Crowns and Kinder Krowns required an
additional 0.5mm occlusal reduction beyond the manufacturer’s recommendation for tooth
S. Ideal preparations of ZRCs require more reduction than SSCs. Both EZ Crowns and Kinder
Krowns require more reduction than the manufacturer’s recommendation for a mandibular
first primary molar.
Keywords
Pediatric dentistry; primary molars; zirconia; zirconia pediatric crown

1. Introduction
Stainless Steel Crowns (SSCs) have been the restorative material of choice for multi-surface
restorations since 1950 [1]. When comparing the failure rates of SSCs to those of amalgam or
composite restorations, SSCs are superior in their durability and longevity [2, 3]. SSCs have
effectively been used for grossly carious teeth, those with significant wear or developmental
defects, following pulpal therapy, and as an abutment for a space maintainer [4]. Despite the history
of clinical superiority of the SSC, there are some negative aspects such as poorly fitting margins or
hypersensitivity reactions in some children [4]. A primary drawback of the SSC is poor esthetics
which is a major concern for parents [5, 6]. The introduction of the pre-veneered SSC with white
facing was an attempt to keep the durability of the SSC and improve the esthetic aspect. However,
the pre-veneered SSC has been shown to be prone to fracture of the esthetic facing, which would
leave the stainless steel exposed, thus diminishing the desired esthetic results [7].
Prefabricated zirconia crowns (ZRC) have increased in popularity and are significantly more
esthetically pleasing to parents. In several parental surveys, ZRCs receive a high acceptance rating
for esthetics [8-10]. Two clinical studies examining ZRCs in comparison to SSCs in posterior teeth
have found ZRCs and SSCs to be clinically comparable [10, 11]. In the Taran and Kaya study, ZRC had
lower plaque index and gingival index scores compared to SSCs at 12 months of follow up [11]. Two
ZRCs decemented and one fractured; all SSCs were retained. In the Donly et al. randomized
controlled trial, researchers compared the two restoration types in eleven different clinical
categories at 24 months of follow up and determined that the only major difference between the
two options was an overwhelming approval from parents for esthetics of the ZRCs [10]. The need
for pulpal therapy was not an exclusion criterion; however, none of the teeth required pulpal
therapy, and all of the teeth that were available at follow up were clinically successful [10].
While ZRCs are esthetically more pleasing, they also require significantly more reduction than
SSCs [12]. Additionally, practitioners are unable to crimp or adjust ZRCs to adapt to the margins of
the tooth; all brands of ZRCs require a passive fit [13-15]. Previous research by Clark et al. has shown
that a posterior primary tooth requires twice as much reduction compared to an SSC [12]. However,
the Clark study determined differences in weight of typodont teeth as a surrogate measure of tooth
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reduction and did not identify specific areas of reduction (ie. occlusal areas close to pulp horns). To
achieve a passive fit, clinicians have a tendency to over-reduce the tooth beyond the clinical
guidelines that are recommended by the manufacturer [16]. Currently, no studies examine the
extension of the ZRC preparation and the potential for pulpal involvement. Clinicians would be
interested in knowing how much margin of error they might have if the preparation deviates from
the ideal ZRC preparation, especially since pulp horns are higher in primary molars compared with
permanent molars [17].
The purpose of this pilot study was to determine the mean and maximum reduction depths in
the mesial-buccal and occlusal areas for three ZRC brands and one SSC brand in posterior primary
molars and to compare reduction depths to existing literature to determine the preparation’s
proximity to pulpal tissue.
2. Materials and Methods
2.1 Initial Typodont Tooth Dimensions and Crown Size Selection
Eight primary typodont teeth, four maxillary left second primary molars (J) and four mandibular
right first primary molars (S), (Kilgore International, Inc. Coldwater, MI, USA) were used. The eight
unprepared primary typodont teeth were initially scanned to determine each tooth’s dimensions
using an optical scanner (COMET xS, Steinbichler Optotechnik GmbH, Neubeuern, Germany). Three
commercially available posterior ZRC brands and one SSC brand were utilized: 1) NuSmile ZR
Zirconia (NuSmile, Houston, TX, USA); 2) EZCrown Zirconia (Sprig, Loomis, CA, USA); 3) Kinder
Krowns Zirconia (Kinder Krowns, St. Louis Park, MN, USA); and 4) Stainless Steel Crown Primary (3M
ESPE, St. Paul, MN, USA). Based on the mesial, distal, buccal, and lingual dimensions of typodont
teeth S and J an appropriate crown size from each manufacturer was selected to achieve a passive
fit (Table 1).
Table 1 Typodont teeth dimensions, selected crown sizes, and ideal manufacturers’
preparation instructions for zirconia and stainless steel (SSC) crown preparations.
M-D Width
Typodont Tooth
8.6 mm
S

B-L Width

Crown Size Preparation Instructions

6.7 mm
Occlusal Reduction:

SSC

8.2 mm

6.9 mm

D5

Mesial-Distal Reduction:
Buccal-Lingual Reduction:
Subgingival Margin:
Occlusal Reduction:

NuSmile

8.9 mm

7.3 mm

D5R

Mesial-Distal Reduction:
Buccal-Lingual Reduction:

11.5mm
Slice
None
Feather
1.01.5mm
0.51.25m
m
Reduce
20%
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Subgingival Margin:
Occlusal Reduction:
Mesial-Distal Reduction:
EZCrowns

8.1 mm

7.4 mm

S5
Buccal-Lingual Reduction:
Subgingival Margin:
Occlusal Reduction:

Kinder

8.9 mm

7.1 mm

S5

Mesial-Distal Reduction:
Buccal-Lingual Reduction:
Subgingival Margin:

Typodont tooth
9.2mm
J
SSC
9.1mm
NuSmile
8.8mm
EZCrowns
8.9mm
Kinder
9.2mm

9.6mm
10.2mm
9.8mm
10.2mm
10.5m

Feather
1.5 mm
1.0 mm
each
1.0 mm
each
Feather
1.0-1.5
mm
0.851.5 mm
0.851.5 mm
Feather

Same instructions as listed above.
E3
E2L
J2
J2

2.2 Typodont Tooth Preparation
The typodont teeth were then ideally prepared according to the manufacturers’ guidelines (Table
1, also previously published in Clark et al. [12]) by following a systematic protocol utilizing depth
guides. Typodont teeth were placed into a typodont and an impression putty (Affinis Perfect
impressions, Coltene/Whaledent, Cuyahoga Falls, OH, USA) was used to create depth reduction
guides. Two separate putty molds were made for each tooth with one cut in a mesial-distal direction
and the other in a buccal-lingual direction.
A #330 bur (Komet FG#330, Rock Hill, SC, USA) was used for initial 1 mm occlusal depth cuts; a
diamond football bur (Komet FG023, Rock Hill, SC, USA) was used for occlusal reductions; and a
tapered diamond bur (Komet FG012, Rock Hill, SC, USA) was used for the interproximal, buccal, and
lingual reductions. The same three burs were used for all crown preps. The teeth were initially
reduced according to the recommended manufacturers guidelines. To ensure that gross reductions
did not occur on the teeth; the sectioned putty molds and a periodontal probe were used to
measure and adjust the reduction of the teeth to the appropriate dimensions to achieve the proper
“snap on” fit for the SSC and the passive fit for the ZRCs. If the appropriately sized ZRCs did not
achieve a passive fit after the initial guideline preparations; the teeth were incrementally reduced
until the crowns achieved a passive fit. Occlude Aerosol Indicator Spray (Pascal Company, Inc.,
Bellevue, WA, USA) was applied to the intaglio surfaces of the zirconia crowns and placed on the
prepared teeth. The teeth were only reduced in the areas where the spray was visible, making sure
to avoid over-reducing the typodont teeth. Once a passive fit was achieved, the opposing typodont
was placed into occlusion to ensure all teeth were occluding appropriately. Once occlusion was
achieved, the preparations were considered complete.
Page 198/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102020

2.3 Typodont Tooth Dimensions after Preparation
The eight prepared primary typodont teeth were rescanned with the COMET xS Optical Scanner.
The pre- and post-preparation scans were aligned using Cumulus software (Copyright Regents of
the University of Minnesota, Minneapolis, MN, USA). The software determined an optimal fit by
minimizing the root-mean-square differences of the unchanged reference surfaces (root portion)
and fit 90 percent of the points with within 5 μm. Once the scans were aligned, a custom developed
software was used to determine the mean and maximum depths of the preparations on the occlusal
surface and on the mesial-buccal (MB) surface (Figure 1). The occlusal surface was selected as an
area of measurement in order to estimate the remaining dentin thickness above the mesial pulp
horn. The MB surface was selected because the MB line angle may be one of the most reduced
areas of the coronal portion of the crown for the ZRC preparation because of the prominent bulge.
The area selection was done in triplicate. One-way ANOVA statistics followed by Student-NewmanKeuls post-hoc tests at 0.05 significance level were used to compare differences in the mean and
maximum depths among the crown preparations (SuperANOVA, Abacus Concepts Inc, Berkeley,
CA).

Figure 1 Typodont tooth S scanned with COMET xS Optical Scanner. The area to be
measured was selected from the scan of an unprepared tooth with occlusal surface
highlighted in red and buccal surface highlighted in green (A). Tooth S prepared for a
stainless steel crown (B) had less reduction than a tooth prepared for a zirconia crown
(Kinder) (C). Colors on the coronal portion represent depths of tooth reduction in mm
according to the color scale.
2.4 Comparing Maximum Preparation Depths to Existing Hard Tissue Thickness Measurements
Previous research has used micro-computed tomography to determine the average enamel and
dentin thickness of maxillary primary second molars and mandibular primary first molars [17-21].
Considering the enamel and dentin thicknesses reported in the literature18,20, the total hard tissue
thickness (enamel and dentin) on the buccal surface of tooth J is 4.039 mm and of tooth S is 3.383
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mm (Table 2). The maximum depths of each preparation were compared to the existing hard tissue
thickness measurements for primary teeth.
Table 2 Average thickness of enamel and dentin of primary mandibular first molars
(Tooth S) and primary maxillary second molars (Tooth J) [17, 19, 21].

#
J

#
S

Mesial (mm)

Distal (mm)

Buccal (mm)

Lingual (mm)

Enamel

0.713±0.14

0.96±0.15

1.033±0.11

0.827±0.18

Dentin

2.13±0.22

2.192±0.23

3.006±0.23

2.73±0.43

Total Hard Tissue
2.843±0.36
3.152±0.38
4.039±0.38
3.557±0.61
Thickness
Occlusal measurement: Distance from Mesial Buccal Cusp tip to Pulp
4.84±0.51
Chamber Ceiling (mm)
Enamel

0.893±0.12

0.867±0.14

0.953±0.10

0.893±0.14

Dentin

1.655±0.19

1.664±0.54

2.43±0.11

1.869±0.41

Total Hard Tissue
2.548±0.31
2.531±0.68
3.383±0.21
2.762±0.55
Thickness
Occlusal measurement: Distance from Mesial Buccal Cusp tip to Pulp
3.34±0.69
Chamber Ceiling (mm)

3. Results
3.1 Tooth Reduction
The mean and maximum reduction depths of the occlusal and mesio-buccal areas for each tooth
and each crown type are reported in Table 3. The greatest areas of tooth reduction for all teeth
preparations occurred on the occlusal and mesio-buccal surfaces of the teeth. The maximum depth
of preparation on the occlusal surface for any ZRC for tooth J was 1.58 mm while for tooth S it was
2.07 mm. The SSC required the least amount of tooth reduction while the ZRC reductions were all
within 0.5 mm of each other. For both areas of measurement, Kinder Krowns ZRC required the most
reduction for tooth S while the EZ Crown and Kinder Krowns required more reduction than NuSmile
ZR crown for tooth J. Both Kinder Krowns ZRC and EZ Crowns required more occlusal reduction than
the manufacturer’s recommendation of 1.0-1.5 mm [14, 15], which was more than 0.5 mm for the
occlusal surface of tooth S. The maximum mesial-buccal depth of reduction of any preparation was
1.19 mm for tooth J and 1.06 mm for tooth S. The SSC preparation required less than half of the
mesial-buccal reduction required for any ZRC.
Table 3 Mean and maximum depths (mean±standard deviation) of reduction of
prepared typodont teeth (Tooth J and S) for the SSC and ZRCs.
Crown
Type

Tooth #J
Occlusal

Mesiobuccal

Tooth #S
Occlusal

Mesiobuccal
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Mean
Max
Mean
Max
Mean
Max
Mean
Max
Depth
Depth
Depth
Depth
Depth
Depth
Depth
Depth
0.69±0.0 1.22±0.0 0.06
0.45±0.0 0.74±0.0 1.34±0.0 0.12±0.0 0.33±0.0
SSC
2A
0
±0.01 A 3 A
2A
0A
1A
2A
EZCrow 1.11±0.0 1.58±0.0 0.54±0.0 1.13±0.0 1.39±0.0 2.00±0.0 0.42±0.0 0.74±0.0
ns
1C
0
6B
2C
5C
0C
2B
0B
0.91±0.0 1.43±0.0 0.52±0.0 1.02±0.0 1.04±0.0 1.63±0.0 0.44±0.0 0.80±0.0
NuSmile
0B
0
3B
0B
3B
0B
5B
0C
0.90±0.0 1.55±0.0 0.62±0.1 1.19±0.0 1.39±0.0 2.07±0.0 0.73±0.0 1.06±0.0
Kinder
1B
0
2B
6C
1C
0D
5C
1D
Different letters indicate significant difference among crown types (one-way ANOVA
followed by Student-Newman-Keuls post hoc tests at 0.05 significance level).
3.2 Proximity to the Pulp Chamber
The occlusal measurement from the mesial buccal cusp tip to the pulp chamber has been
reported in previous literature to be 4.84 +/- 0.51 mm for tooth J and 3.34 +/- 0.69 mm for tooth S.
The largest maximum depth of occlusal reduction was for Kinder Krown ZRC at 2.07 mm, indicating
sufficient tooth structure remaining for pulpal protection if the tooth is ideally prepared.
4. Discussion
Remaining tooth structure after crown preparation is necessary for crown retention and pulpal
protection [22]. Laboratory data has shown that at least 2 mm of remaining occluso-cervical height
is crucial for crown retention [22]. The ideal preparation of the occlusal surface of any ZRC for teeth
J and S should not exceed approximately 2 mm which would ensure adequate wall height for
retention. However, this study was unable to evaluate how extensive caries, in which a large portion
of tooth structure is already missing, may alter occlusal reduction and affect retention.
Remaining dentin thickness (RDT) has been found to be an important factor in mediating pulpal
inflammatory activity with a minimum of 0.5 mm RDT recommended for tertiary repair activity [23,
24]. The maximum mesial-buccal depth of reduction of any preparation was 1.19 mm for tooth J
and 1.06 mm for tooth S, indicating sufficient remaining tooth structure for pulpal protection. For
occlusal reduction, the results of this pilot study support that a mechanical pulp exposure on a
maxillary second molar is unlikely even if the practitioner is slightly more aggressive than the
manufacturer recommends. However, for the primary mandibular molar, the practitioner has less
margin of error. If 0.5 mm of RDT is required, the practitioner has approximately 1 mm of margin of
error for two of the brands of ZRCs. Both EZ Crowns and Kinder Krowns ZR have altered intaglio
surfaces to increase mechanical retention with cements while NuSmile ZR utilizes chemical bonding
with its recommended cement [25]. The two brands which have altered intaglio surfaces may
require more reduction to account for this alteration in the crown design.
Recent clinical data suggests ZRCs are promising for full coverage restoration of primary teeth
[8-10]. The study by Donly and colleagues used a split-mouth design and reported no periapical
pathology after 24 months with ZRC or SSC restoration. The study examined the NuSmile brand of
ZRC which, in the current study, had the lowest value of maximum depth of reduction of all the
brands. Though pulpal therapy was not an exclusion criterion, none of the teeth required pulpal
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treatment. However, the study did not report how many of the teeth were primary mandibular first
molars versus other primary molars. The results of this pilot study suggest that pulpal inflammation
and/or pathology could potentially occur in the mandibular primary first molar if the practitioner
were more aggressive than the ideal preparation recommendations.
This study had several limitations inherent to in vitro studies. The study teeth were typodont
teeth which allowed comparison between brands of ZRCs since they were the same dimensions, but
typodont teeth may not represent human primary dentition accurately. The process for obtaining
the ideal preparation with the use of matrices and disclosing spray is not clinically relevant.
Additionally, the study design assumes intact to mildly cavitated lesions and does not address the
reduction of grossly carious teeth. Only one tooth per group was used because the typodont teeth
were carefully prepared to ideal specification, which in essence is not variable. The typodont teeth
were the same dimensions and the preparation method was standardized which ensures that
reduction measurements could be compared across brands. The aim of the pilot study was to obtain
baseline reduction data for various brands of ZRCs was therefore met. A future study could compare
reduction measurements in more samples by simulating the clinical situation in which practitioners
“eyeball” their reduction and re-try the ZRC until a passive fit is obtained which could potentially
result in over-reduction.
This pilot study gives the practitioner baseline data for how much tooth structure is removed
from the occlusal and MB portion of two types of primary molars for various brands of ZRCs.
Practitioners must reduce the MB aspect of the tooth more aggressively they do for SSCs. For two
brands of ZRCs, EZCrowns and Kinder Krowns ZR, a clinician has approximately 1 mm “margin of
error” for a primary mandibular first molar’s occlusal reduction given the hard tissue thickness of
the tooth is 3.34 +/- 0.69 mm and the ideal reduction was 2 mm. As practitioners incorporate ZRCs
into their practices, understanding differences in brands may aid clinicians in their use of the
material or in their selection of restorative materials.
5. Conclusions
Ideal preparations of ZRCs require more reduction than SSCs. Both Kinder Krown ZRCs and EZ
Crowns require more reduction than the manufacturer’s recommendation for a mandibular first
primary molar.
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Abstract
This paper concerns a poroelastic half-space in which plane compressional waves are
scattered by a spherical inclusion. Addition theorems for the spherical wave functions are
utilized to meet the boundary conditions on the plane, and the satisfaction of the given
conditions on the boundary of the sphere leads to three infinite series equations, whose
solution can be acquired by successive approximations. Further, its existence and uniqueness
are discussed.
Keywords
Half space; poroelastic material; spherical cavity; scattering; elliptic equation

1. Introduction
The use of the Biot formulation of a porous medium is well cited in the literature; see examples
[1-5]. Some of the works in this area have also sought to use the Biot formulation of a poroelastic
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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material to determine the bone rigidity coefficients. Buchnan and Gilbert [6, 7] used the Biot
formulation of poroelastic material to determine bone rigidity coefficients by Gilbert et al. [8, 9]. In
a recent work, Lee [10] considered the scattering of the plane compressional waves by two rigid
inclusions in an infinite poroelastic medium.
It is well known that Biot’s theory predicts a fast and slow compressional wave. Since the second
compressional wave does not occur for a purely elastic material, the detection of the two different
compressional waves indicates the poroelastic nature of the specimen. Hosokawa and Otani [11]
studied the use of the Biot formulation of bone. Additionally, they also identified both fast and slow
waves in the cancellous bone.
In this paper, Biot’s equation of motion is solved analytically when a plane, compressional wave
impinges on a rigid spherical inclusions in a poroelastic half space. The incident wave is composed
of a linear combination of the Biot “fast” and “slow” waves. An image method is applied to Biot’s
equation of motion to obtain three infinite series equations, using an equation [12], and
subsequently, a successive approximation technique is employed to obtain the solution. The
existence and uniqueness of this solution are discussed below.
2. Biot Equations
The homogeneous media Biot equations for the displacements have been given earlier [13, 14]
as follows:
𝛻⋅𝜎
⃗ 𝑠−𝑏
𝛻𝑠 + 𝑏

⃗⃗
⃗⃗
𝜕
𝜕2 𝑈
𝜕2 𝑉
′
′
⃗⃗ − 𝑉
⃗ ) = 𝜌11
(𝑈
+
𝜌
,
12
𝜕𝑡
𝜕𝑡 2
𝜕𝑡 2

⃗
𝜕
𝜕 2 ⃗𝑈
𝜕 2 ⃗𝑉
′
′
⃗⃗ − 𝑉
⃗ ) = 𝜌12
(𝑈
+
𝜌
,
22
𝜕𝑡
𝜕𝑡 2
𝜕𝑡 2

(1)

(2)

⃗⃗ (𝑥
where position (𝑥
⃗ ) and time (t) are two independent parameters, 𝑈
⃗ , 𝑡) represents the solid
⃗ (𝑥
displacement, ⃗𝑉
⃗ , 𝑡) represents the fluid displacement, and 𝜎
⃗ 𝑠 is the defined solid stress tensor
so that 𝜎
⃗ 𝑠𝑛
⃗ is the force, per unit area of the bulk material, applied to the solid part of the material.
Additionally, 𝑠 is the negative of the pore pressure (𝑝𝑝 ) times void volume fraction 𝑓 of the
material. The total stress is given by 𝜎
⃗ =𝜎
⃗ 𝑠 + 𝑠 𝐼 , where 𝐼 is the identity tensor.
For the rest of the analysis, we will be considering the case of harmonic motion. Hence, the
displacements can be expressed as:
⃗𝑈
⃗ (𝑥
⃗ , 𝑡) = 𝑢
⃗ (𝑥
⃗ )exp(−𝑖𝜔𝑡)
⃗𝑉
⃗ (𝑥
⃗ , 𝑡) = 𝑣
⃗ (𝑥
⃗ )exp(−𝑖𝜔𝑡)
where 𝜔 is the circular frequency. The Biot equations have too many unknown functions when both
the fluid and the solid displacements are used. Therefore, it is better just to use the solid
displacement and the fluid pressure [15]. To see how this is done, we recall the constitutive
equations for a Biot-type material, which are given by:
𝑄2
𝜎 : = (𝜆 + )𝛻 ⋅ ⃗𝑢 𝐼 + 𝜇(𝛻 𝑢
⃗⃗⃗
⃗ + (𝛻 𝑢
⃗ )𝑇 ) + 𝑄𝛻 ⋅ 𝑣
⃗ 𝐼 + 𝑠𝐼,
𝑅
Page 206/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102021

where,
𝑠 : = 𝑄𝛻 ⋅ 𝑢
⃗ + 𝑅𝛻 ⋅ 𝑣
⃗ .
The second of the above equations can be used to eliminate the fluid displacement from the
equations of motion. To this end, we derive an equation that is satisfied by 𝑠 by first obtaining from
equation (2):
𝛻𝑠 + 𝜔2 (𝜌12 𝑢
⃗ + 𝜌22 𝑣
⃗ ) = 0,
′
where 𝜌12 = 𝜌12
−

𝑖𝑏
𝜔

, 𝜌22 = 𝜌22 ′ +
△ 𝑠+

𝑖𝑏
𝜔

(3)

and then

𝜔2 𝜌22
𝜌12 𝑄
𝑠 + 𝜔2 𝜌22 (
− )𝛻 ⋅ 𝑢
⃗ = 0.
𝑅
𝜌22 𝑅

(4)

Following an earlier study [15], we identify a pressure 𝑝 given by:
𝑝 ≔−

𝑠
𝜔√𝜌22

.

(5)

Now from equation (4), this pressure can be seen to satisfy the equation:
△ 𝑝 + 𝛽𝜔2 𝑝 − 𝛼𝛻 ⋅ 𝑢
⃗ = 0,

(6)

where,
𝛼 : = √𝜌22 𝜔 (

𝜌12 𝑄
𝜌22
− ) , 𝑎𝑛𝑑 𝛽 : =
.
𝜌22 𝑅
𝑅

From equations (3) and (5), the fluid displacement 𝑣
⃗ can be given in terms of the solid displacement
⃗ and the scaled pore pressure 𝑝 as:
𝑢
⃗ =
𝑣

𝛻𝑝
𝜔√𝜌22

−

𝜌12 𝑢
⃗
.
𝜌22

(7)

If 𝜎𝑠 : = 𝜎 − 𝑠 𝐼 , then the other equation of motion (1) may be written as:
𝛻⋅ 𝜎
⃗ 𝑠 + 𝜔2 (𝜌11 𝑢
⃗ + 𝜌12 𝑣
⃗ ) = 0.
𝑖𝑏

where, 𝜌11 = 𝜌11 ′ + . Further, by eliminating the water displacement vector 𝑣
⃗ , we obtain the
𝜔

form:
2
𝜌12
𝜌12
𝛻 ⋅ ⃗𝜎𝑠 + 𝜔 (𝜌11 −
)𝑢
⃗ −
𝛻𝑠 = 0,
𝜌22
𝜌22
2

which simplifies to the form:
(𝜆 + 𝜇)𝛻(𝛻 ⋅ 𝑢
⃗ ) + 𝜇𝛻 ⋅ 𝛻 𝑢
⃗ + 𝛼𝛻 𝑝 + 𝜔2 𝜌 𝑢
⃗ = 0.

(8)
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Following Zimmerman and Stern, we use the representation of solid displacement and pressure
as given by:
⃗⃗ ,
⃗𝑢 = 𝛻𝜙𝑓 + 𝛻𝜙𝑠 + 𝛻 ∧ 𝛻 ∧ 𝜓
𝑝=
𝐴𝑓 △ 𝜙𝑓 + 𝐴𝑠 △ 𝜙𝑠 ,
Substituting these into equations (6) and (8), we obtain the equations for the scalar and vector
potentials. These are [15].
𝑎𝑓 △ 𝜙𝑓 + 𝜔2 𝜌 𝜙𝑓
𝐴𝑓 △ 𝜙𝑓 − 𝑑𝑓 𝜙𝑓

+ 𝑎𝑠 △ 𝜙𝑠 + 𝜔2 𝜌 𝜙𝑠 = 0,
+ 𝐴𝑠 △ 𝜙𝑠 − 𝑑𝑠 𝜙𝑠 = 0,

(9)

{△ + 𝑘𝑡2 }𝛻 ∧ ⃗⃗𝜓 = 0.

(10)

Here the following notation is used:
𝑎𝑓,𝑠 ≔ 𝜆 + 2𝜇 + 𝛼𝐴𝑓,𝑠 ,
𝑑𝑓,𝑠 ≔ 𝐴𝑓,𝑠 𝛽𝜔2 − 𝛼,

2
𝜌11 𝜌22 − 𝜌12
𝜌 ≔
,
𝜌22
𝜌𝜔2
2
𝑘𝑡 ≔
.
𝜇

(11)

In order to decouple these waves 1 we require the following conditions to be met:
𝑑𝑓
𝜌𝜔2
𝑑𝑠
𝜌𝜔2
=
, and
=
.
𝐴𝑓
𝑎𝑓
𝐴𝑠
𝑎𝑠

(12)

This leads to
𝐴𝑓,𝑠 ≔

−𝐷 ± √𝐷2 + 4(𝜆 + 2𝜇)𝛼 2 𝛽𝜔 2
,
2𝛼𝛽𝜔 2

(13)

where 𝐷 : = (𝜆 + 2𝜇)𝛽𝜔2 − 𝛼 2 − 𝜌𝜔2 . The fast and slow compression waves then satisfy
2
△ 𝜙𝑓,𝑠 + 𝜅𝑓,𝑠
𝜙𝑓,𝑠 = 0,

(14)

where
2
𝜅𝑓,𝑠
≔

𝑑𝑓,𝑠
𝜌𝜔2
=
.
𝐴𝑓,𝑠
𝑎𝑓,𝑠

(15)

⃗⃗ = r𝜓𝑒𝑟 where e𝑟 =
Let us suppose that 𝜓 satisfies △ 𝜓 + 𝑘𝑡2 𝜓 = 0 . If we take￼ 𝜓
unit vector in r-direction, then we see that ⃗⃗𝜓 satisfies equation (10).

1

Zimmerman and Stern say for reasons of "compatibility".
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3. Boundary Conditions on the Plane
In this paper, we consider the problem of half space. Hence, we employ both spherical (𝑟, 𝜃) and
cylindrical (𝜌, 𝑧) coordinates. The center of the spherical inclusion is at (𝜌, 𝑧) = (0,0), and the
plane face of the half space is located at 𝑧 = −𝑑. On the planar surface, the boundary conditions
(𝑟)
(𝑟)
are 𝑢𝑧 = 𝜎𝜌𝑧 = 0. Here (𝑟) refers to reflected waves. The incident compressional wave is made
up of both fast and slow compression components but no shear component; therefore, the incident
wave scalar potential is composed of a fast and a slow contribution. We write:
(𝑖)

(𝑖)

𝜙 (𝑖) = 𝜙𝑓 + 𝜙𝑠 ,
and
(𝑖)

(𝑖)

(𝑖)

(𝑖)

𝜙𝑓 = 𝜙0𝑓 {𝑒 𝑖𝜅𝑓𝑧 + 𝑒 −𝑖𝜅𝑓(𝑧+2𝑑) }, 𝜙𝑠 = 𝜙0𝑠 {𝑒 𝑖𝜅𝑠 𝑧 + 𝑒 −𝑖𝜅𝑠 (𝑧+2𝑑) }.

(16)

Since the displacements in cylindrical coordinates [13, 14] are
⃗ = 𝛻𝜙𝑓 + 𝛻𝜙𝑠 + 𝛻 ∧ (𝛻 ∧ ⃗⃗𝜓).
𝑢
If 𝜓 = 0, then displacements are
𝑢𝜌 =

𝜕𝜙𝑓 𝜕𝜙𝑠
+
,
𝜕𝜌
𝜕𝜌

𝑢𝑧 =

𝜕𝜙𝑓 𝜕𝜙𝑠
+
.
𝜕𝑧
𝜕𝑧

Therefore, the tangential stress is:
𝜎𝜌𝑧 = 𝜇 (
(𝑖)

𝜕 2 𝜙𝑓 𝜕 2 𝜙𝑠
𝜕𝑢𝑧 𝜕𝑢𝜌
+
) = 2𝜇{
+
}.
𝜕𝜌
𝜕𝑧
𝜕𝜌𝜕𝑧 𝜕𝜌𝜕𝑧

(𝑖)

We see that 𝑢𝑧 = 𝜎𝜌𝑧 = 0 at 𝑧 = −𝑑. Thus the boundary conditions on 𝑧 = −𝑑 are
(𝑖)

(𝑟)

(𝑖)

(𝑟)

𝑢𝑧 + 𝑢𝑧 = 𝑣𝑧 + 𝑣𝑧

(𝑖)

(𝑟)

= 𝜎𝜌𝑧 + 𝜎𝜌𝑧 = 0 𝑎𝑡 𝑧 = −𝑑,

Thus, we use the image method, i.e., we symmetrically extend the status to the region 𝑧 < 0, and
as a result, the present problem gets converted into a problem of two spheres in a full space. The
second sphere is located at ￼(𝜌, 𝑧) = (0, −2𝑑) whose coordinate systems are (𝑟′, 𝜃′).
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Figure 1 C Configuration of the sphere.
4. Boundary Conditions on the Sphere
The appropriate functions for 𝜙𝑓 , 𝜙𝑠 , and 𝜓 are:
∞

𝜙𝑓 = ∑

∞
(1)
𝑐𝑛𝑓 ℎ𝑛 (𝜅𝑓 𝑟)𝑃𝑛 (cos𝜃)

𝑛= 0
(1)

𝜋

(1)

+ ∑ 𝑐′𝑞𝑓 ℎ𝑞 (𝜅𝑓 𝑟 ′ )𝑃𝑞 (cos𝜃 ′ ),

(17)

𝑞= 0
𝜋

(1)

(1)

where ℎ𝑛 (𝑟) = √ 𝐻𝑛+1/2 (𝑟). Here √ 𝐻𝑛+1/2 (𝑟) is the spherical Bessel function of the third
2𝑟

2𝑟

kind. Similarly, we can write:
∞

𝜙𝑠 == ∑

∞
(1)
𝑐𝑛𝑠 ℎ𝑛 (𝜅𝑠 𝑟)𝑃𝑛 (cos𝜃)

(1)
+ ∑ 𝑐′𝑞𝑠 ℎ𝑞 (𝜅𝑠 𝑟 ′ )𝑃𝑞 (cos𝜃 ′ ),

𝑛= 0

(18)

𝑞= 0

We can further express functions in (𝑟′, 𝜃′) by (𝑟, 𝜃) using the addition theorems for spherical wave
functions. Using the relations:
∞
(1)
ℎ𝑞 (𝑘𝑟 ′ )𝑃𝑞 (cos𝜃 ′ )

(2)

= ∑ 𝑄0𝑞0𝑛 (2𝑑)𝑗𝑛 (𝑘𝑟)𝑃𝑛 (cos𝜃),

(19)

𝑛= 0
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(2)

in [12], and the expression 𝑄0𝑞0𝑛 (2𝑑) is given in an earlier study [12]. Thus, equation (17) can be
written as:
∞
(1)

𝜙𝑓 = ∑ [ 𝑐𝑛𝑓 ℎ𝑛 (𝜅𝑓 𝑟) + 𝑏𝑛𝑓 𝑗𝑛 (𝜅𝑓 𝑟)]𝑃𝑛 (cos𝜃) ,

(20)

𝑛= 0

where
∞

(21)

𝑏𝑛𝑓 = ∑ 𝑐 ′𝑞𝑓 𝑄𝑞𝑛 ,
𝑞= 0
(2)

Here, we have used the short-hand notation 𝑄𝑞𝑛 : = 𝑄0𝑞0𝑛 (2𝑑).
Likewise, equation (18) can be written as:
∞
(1)
𝜙𝑠 = ∑ [ 𝑐𝑛𝑠 ℎ𝑛 (𝜅𝑠 𝑟) + 𝑏𝑛𝑠 𝑗𝑛 (𝜅𝑠 𝑟)]𝑃𝑛 (cos𝜃) ,

(22)

𝑛= 0

where
∞

𝑏𝑛𝑠 = ∑ 𝑐 ′𝑞𝑠 𝑄𝑞𝑛 ,
𝑞= 0

Also,
∞

∞

𝜓= ∑

(1)
𝑐𝑛𝑡 ℎ𝑛 (𝑘𝑡 𝑟)𝑃𝑛 (cos𝜃)

(1)

+ ∑ 𝑐′𝑞𝑡 ℎ𝑞 (𝑘𝑡 𝑟′)𝑃𝑞 (cos𝜃′)

𝑛= 0

𝑞= 0
∞

(1)
= ∑ [ 𝑐𝑛𝑡 ℎ𝑛 (𝑘𝑡 𝑟) + 𝑏𝑛𝑡 𝑗𝑛 (𝑘𝑡 𝑟)]𝑃𝑛 (cos𝜃) ,

(23)

𝑛= 0

where
∞

𝑏𝑛𝑡 = ∑ 𝑐 ′𝑞𝑡 𝑄𝑞𝑛 ,
𝑞= 0

The displacements in spherical coordinates are:
𝑢𝑟 =

𝜕𝜙𝑓 𝜕𝜙𝑠
1 𝜕
𝜕𝜓
+
−
(sin𝜃 ),
𝜕𝑟
𝜕𝑟 𝑟sin𝜃 𝜕𝜃
𝜕𝜃

1 𝜕𝜙𝑓 1 𝜕𝜙𝑠 1 𝜕 2 𝑟𝜓
𝑢𝜃 =
+
+
,
𝑟 𝜕𝜃
𝑟 𝜕𝜃 𝑟 𝜕𝑟𝜕𝜃
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𝑣𝑟 =

1
𝜔√𝜌22

(−𝐴𝑓 𝜅𝑓2

𝜕𝜙𝑓
𝜕𝜙𝑠
𝜌12
− 𝐴𝑠 𝜅𝑠2
)−
𝑢 .
𝜕𝑟
𝜕𝑟
𝜌22 𝑟

The last expression is from equation (7) and thus can be written as:
∞

(𝑟)
𝑢𝑟

1
= ∑ [ 𝑐𝑛𝑓 ℰ11 + 𝑐𝑛𝑠 ℰ12 + 𝑐𝑛𝑡 ℰ13 + 𝑏𝑛𝑓 ℱ11 + 𝑏𝑛𝑠 ℱ12 + 𝑏𝑛𝑡 ℱ13 ]𝑃𝑛 (cos𝜃) ,
𝑟

(24)

𝑛= 0

where
(1)

(1)

(1)

(1)

ℰ11 = −𝜅𝑓 𝑟ℎ𝑛+1 (𝜅𝑓 𝑟) + 𝑛ℎ𝑛 (𝜅𝑓 𝑟),
ℰ12 = −𝜅𝑠 𝑟ℎ𝑛+1 (𝜅𝑠 𝑟) + 𝑛ℎ𝑛 (𝜅𝑠 𝑟),
(1)

ℰ13 = 𝑛(𝑛 + 1)ℎ𝑛 (𝑘𝑡 𝑟),
ℱ11 = −𝜅𝑓 𝑟𝑗𝑛+1 (𝜅𝑓 𝑟) + 𝑛𝑗𝑛 (𝜅𝑓 𝑟),
ℱ12 = −𝜅𝑠 𝑟𝑗𝑛+1 (𝜅𝑠 𝑟) + 𝑛𝑗𝑛 (𝜅𝑠 𝑟),
ℱ13 = 𝑛(𝑛 + 1)𝑗𝑛 (𝑘𝑡 𝑟),
∞

(𝑟)
𝑢𝜃

1
𝜕𝑃𝑛 (cos𝜃)
= ∑ [ 𝑐𝑛𝑓 ℰ21 + 𝑐𝑛𝑠 ℰ22 + 𝑐𝑛𝑡 ℰ23 + 𝑏𝑛𝑓 ℱ21 + 𝑏𝑛𝑠 ℱ22 + 𝑏𝑛𝑡 ℱ23 ]
,
𝑟
𝜕𝜃

(25)

𝑛= 0

where
(1)

(1)

(1)

(1)

ℰ21 = ℎ𝑛 (𝜅𝑓 𝑟), ℰ22 = ℎ𝑛 (𝜅𝑠 𝑟), ℰ23 = −𝑘𝑡 𝑟ℎ𝑛+1 (𝑘𝑡 𝑟) + (𝑛 + 1)ℎ𝑛 (𝑘𝑡 𝑟),
ℱ21 = 𝑗𝑛 (𝜅𝑓 𝑟), ℱ22 = 𝑗𝑛 (𝜅𝑠 𝑟), ℱ23 = −𝑘𝑡 𝑟𝑗𝑛+1 (𝑘𝑡 𝑟) + (𝑛 + 1)𝑗𝑛 (𝑘𝑡 𝑟),
∞

(𝑟)
𝑣𝑟

1
= ∑ [ 𝑐𝑛𝑓 ℰ31 + 𝑐𝑛𝑠 ℰ32 + 𝑐𝑛𝑡 ℰ33 + 𝑏𝑛𝑓 ℱ31 + 𝑏𝑛𝑠 ℱ32 + 𝑏𝑛𝑡 ℱ33 ]𝑃𝑛 (cos𝜃) ,
𝑟

(26)

𝑛= 0

where
(1)

(1)

(1)

(1)

ℰ31 = −{−𝜅𝑓 𝑟ℎ𝑛+1 (𝜅𝑓 𝑟) + 𝑛ℎ𝑛 (𝜅𝑓 𝑟)}𝐴𝑓2 ,
ℰ32 = −{−𝜅𝑠 𝑟ℎ𝑛+1 (𝜅𝑠 𝑟) + 𝑛ℎ𝑛 (𝜅𝑠 𝑟)}𝐴𝑠2 ,
ℰ33 = −

𝜌12
(1)
{𝑛(𝑛 + 1)ℎ𝑛 (𝑘𝑡 𝑟)},
𝜌22

ℱ31 = −{−𝜅𝑓 𝑟𝑗𝑛+1 (𝜅𝑓 𝑟) + 𝑛𝑗𝑛 (𝜅𝑓 𝑟)}𝐴𝑓2 ,
ℱ32 = −{−𝜅𝑠 𝑟𝑗𝑛+1 (𝜅𝑠 𝑟) + 𝑛𝑗𝑛 (𝜅𝑠 𝑟)}𝐴𝑠2 ,
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ℱ33 = −

𝜌12
𝑛(𝑛 + 1)𝑗𝑛 (𝑘𝑡 𝑟),
𝜌22

with
𝐴𝑓2 =

𝐴𝑓 𝜅𝑓2
𝜔√𝜌22

+

𝜌12
𝐴𝑠 𝜅𝑠2
𝜌12
, 𝐴𝑠2 =
+
,
𝜌22
𝜔√𝜌22 𝜌22

Now incident waves are
∞
(𝑖)
𝜙𝑓

=

(𝑖)
𝜙0𝑓

∑ ( 2𝑛 + 1){1 + 𝑒 −2𝑖𝜅𝑓𝑑 (−1)𝑛 }𝑗𝑛 (𝜅𝑓 𝑟)𝑃𝑛 (cos𝜃),
𝑛= 0
∞

(𝑖)
𝜙𝑠

=

(𝑖)
𝜙0𝑠

∑ ( 2𝑛 + 1){1 + 𝑒 −2𝑖𝜅𝑠 𝑑 (−1)𝑛 }𝑗𝑛 (𝜅𝑠 𝑟)𝑃𝑛 (cos𝜃),
𝑛= 0
∞

(𝑖)
𝑢𝑟

1
= ∑ ℰ1 𝑃𝑛 (cos𝜃),
𝑟
𝑛=0
∞

(𝑖)
𝑢𝜃

1
𝜕𝑃𝑛 (cos𝜃)
= ∑ ℰ2
,
𝑟
𝜕𝜃
𝑛=0
∞

(𝑖)
𝑣𝑟

1
= ∑ ℰ3 𝑃𝑛 (cos𝜃),
𝑟
𝑛=0

where
ℰ1 = ℰ1𝑓 + ℰ1𝑠 , ℰ2 = ℰ2𝑓 + ℰ2𝑠 , ℰ3 = ℰ3𝑓 + ℰ3𝑠 ,
ℰ1𝑓 = 𝑖 𝑛 (2𝑛 + 1){1 + 𝑒 −2𝑖𝜅𝑓𝑑 (−1)𝑛 }{𝑛 𝑗𝑛 (𝜅𝑓 𝑟) − 𝜅𝑓 𝑟 𝑗𝑛+1 (𝜅𝑓 𝑟)}𝜙0𝑓 ,
ℰ1𝑠 = 𝑖 𝑛 (2𝑛 + 1){1 + 𝑒 −2𝑖𝜅𝑠 𝑑 (−1)𝑛 }{𝑛 𝑗𝑛 (𝜅𝑠 𝑟) − 𝜅𝑠 𝑟 𝑗𝑛+1 (𝜅𝑠 𝑟)}𝜙0𝑠 ,
ℰ2𝑓 = 𝑖 𝑛 (2𝑛 + 1){1 + 𝑒 −2𝑖𝜅𝑓𝑑 (−1)𝑛 }𝑗𝑛 (𝜅𝑓 𝑟)𝜙0𝑓 ,
ℰ2𝑠 = 𝑖 𝑛 (2𝑛 + 1){1 + 𝑒 −2𝑖𝜅𝑠 𝑑 (−1)𝑛 }𝑗𝑛 (𝜅𝑠 𝑟)𝜙0𝑠 ,
ℰ3𝑓 = 𝑖 𝑛 (2𝑛 + 1){1 + 𝑒 −2𝑖𝜅𝑓𝑑 (−1)𝑛 }{𝑛 𝑗𝑛 (𝜅𝑓 𝑟) − 𝜅𝑓 𝑟 𝑗𝑛+1 (𝜅𝑓 𝑟)}𝐴𝑓2 𝜙0𝑓 ,
ℰ3𝑠 = 𝑖 𝑛 (2𝑛 + 1){1 + 𝑒 −2𝑖𝜅𝑠 𝑑 (−1)𝑛 }{𝑛 𝑗𝑛 (𝜅𝑠 𝑟) − 𝜅𝑠 𝑟 𝑗𝑛+1 (𝜅𝑠 𝑟)}𝐴𝑠2 𝜙0𝑠 ,
The boundary conditions at 𝑟 = 𝑐 are as follows
(𝑖)

(𝑟)

(𝑖)

(𝑟)

𝑢𝑟 + 𝑢𝑟 = 0,
𝑢𝜃 + 𝑢𝜃 = 0,
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(𝑖)

(𝑟)

𝑣𝑟 + 𝑣𝑟

= 0,

These will lead to the following equation
⃗ (𝑛) + 𝔉(𝑛) 𝐵
⃗⃗ + ⃗⃗⃗⃗
𝐸(𝑛) 𝐶
𝐸1 = 0,
Or using relations (21) in the above equation, we find
∞

⃗ (𝑛) + 𝔉 ∑ ⃗⃗⃗
𝐸𝐶
𝐶 ′ (𝑚)𝑄𝑚𝑛 + ⃗⃗⃗⃗
𝐸1 = 0 ,

(27)

𝑚= 0

where
E = [ℇ𝑖𝑗 ]3 × 3 , 𝔉 = [ℱ𝑖𝑗 ]3×3 𝑎𝑡 𝑟 = 𝑐
⃗𝐶 (𝑛) = [c𝑛𝑓 , c𝑛𝑠 , c𝑛𝑡 ]𝑇 , ⃗⃗⃗
𝐶′ (𝑛) = [c′𝑛𝑓 , c′𝑛𝑠 , c′𝑛𝑡 ]𝑇 ,
⃗𝐵
⃗ (𝑛) = [b𝑛𝑓 , b𝑛𝑠 , b𝑛𝑡 ]𝑇 , ⃗𝐸
⃗ 1 = [ℰ1 , ℰ2 , ℰ2 ]𝑇 ,
After using the backward translational theorem to equation (19)
∞
(1)
ℎ𝑞 (𝑘𝑟)𝑃𝑞 (cos𝜃)

(2)

= ∑ 𝑄0𝑞0𝑛 (2𝑑)𝑗𝑛 (𝑘𝑟′)𝑃𝑛 (cos𝜃′)(−1)𝑞+𝑛 ,
𝑛= 0

from the second sphere, similarly, we obtain following relation
⃗ ′(𝑛) + 𝔉(𝑛) 𝐵
⃗⃗ ′(𝑛) + ⃗⃗⃗⃗
𝐸(𝑛) 𝐶
𝐸1 (−1)𝑛 = 0,
⃗ ′(𝑛), we find
Solving for 𝐶
∞

⃗ ′(n) = −𝐸
𝐶

−1

⃗ (𝑚)𝑄𝑚𝑛 (−1)𝑚+𝑛 − 𝐸 −1 (𝑛) ⃗⃗⃗⃗
𝔉(𝑛) ∑ 𝐶
𝐸1 (𝑛)(−1)𝑛 ,

(28)

𝑚=0

Therefore, if we substitute from equation (28) into equation (27), we obtain
∞

𝐸(𝑛) ⃗𝐶 (n) − 𝔉(𝑛) ∑ A (n, ℓ) ⃗𝐶 (ℓ) − 𝔉(𝑛)G(𝑛) + ⃗⃗⃗⃗
𝐸1 (𝑛) = 0,

(29)

ℓ=0

where
∞

𝐴(n, ℓ) = (−1)ℓ ∑ 𝐸 −1 (m)𝔉(𝑚)𝑄ℓ𝑚 𝑄𝑚𝑛 (−1)𝑚 ,
𝑚=0
∞

𝐺(𝑛) = ∑ 𝐸 −1 (𝑚) ⃗⃗⃗⃗
𝐸1 (𝑚)𝑄𝑚𝑛 (−1)𝑚
𝑚= 0
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⃗ (𝑛)to equation (29) exists and is unique.
Theorem. The solution 𝐶
Equation (29) can be written as
∞

⃗𝐶 (𝑛) = ∑ 𝐵 (𝑛, 𝑘) ⃗𝐶 (𝑘) + ⃗𝐹 (𝑛),

(30)

𝑘=0

where
𝐵(𝑛, 𝑘) = 𝐸 −1 (𝑛)𝔉(𝑛)𝐴(𝑛, 𝑘)
⃗ (𝑛) = 𝐸 −1 (𝑛){𝔉(𝑛)𝐺(𝑛) − ⃗⃗⃗⃗
𝐹
𝐸1 (𝑛)}
Let us seek the solution of equation (28) by a method of successive approximations. For the zeroorder approximation, let us take
⃗𝐶

(0)

(𝑛) = ⃗𝐹 (𝑛).

Let us substitute the zero-order approximation in the righthand side of equation (28) and take the
resulting expression as the first-order approximation
∞

⃗𝐶

(1)

(𝑛) = ⃗𝐹 (𝑛) + ∑ 𝐵 (𝑛, 𝑘) ⃗𝐹 (𝑘),
𝑘= 0

Moreover
∞

⃗
𝐶

(2)

⃗
⃗ (𝑛) + ∑ 𝐵 (𝑛, 𝑘) 𝐶
(𝑛) = 𝐹

(1)

(𝑘)

𝑘= 0
∞ ∞

∞

⃗ (𝑛) + ∑ 𝐵 (𝑛, 𝑘) 𝐹
⃗ (𝑘) + ∑ ∑ 𝐵 (𝑛, 𝑘)𝐵(𝑘, ℓ) 𝐹
⃗ (ℓ)
=𝐹
𝑘= 0
∞

𝑘= 0 ℓ= 0
∞

= ⃗𝐹 (𝑛) + ∑ 𝐵 (𝑛, 𝑘) ⃗𝐹 (𝑘) + ∑ 𝐵2 (𝑛, ℓ) ⃗𝐹 (ℓ),
𝑘= 0

ℓ= 0

In the above equation, we write, for brevity
∞

𝐵2 (𝑛, ℓ) = ∑ 𝐵 (𝑛, 𝑘)𝐵(𝑘, ℓ).
𝑘= 0

Similarly we find:
∞

⃗𝐶

(3)

(𝑛) = ⃗𝐹 (𝑛) + ∑{ 𝐵1 (𝑛, 𝑗) + 𝐵2 (𝑛, 𝑗) + 𝐵3 (𝑛, 𝑗)} ⃗𝐹 (𝑗),
𝑗= 0

where
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∞

𝐵3 (𝑛, 𝑗) = ∑ 𝐵 (𝑛, ℓ)𝐵2 (ℓ, 𝑗).
ℓ= 0

In general,
⃗𝐶

(𝑚)

𝑚

∞

(𝑛) = ⃗𝐹 (𝑛) + ∑ ∑ 𝐵𝑘 (𝑛, 𝑗) ⃗𝐹 (𝑗),

(31)

𝑘= 1 𝑗= 0

where 𝐵𝑘 (𝑛, 𝑗) is determined by the recurrence relationship, given by:
∞

𝐵1 (𝑛, 𝑗) = 𝐵(𝑛, 𝑗), 𝐵𝑘 (𝑛, 𝑗) = ∑ 𝐵 (𝑛, ℓ)𝐵𝑘−1 (ℓ, 𝑗).
ℓ= 0

Assuming that the approximations do converge and are proceeding to the limit in equation (31), we
can obtain a solution of equation (28) and express it in the form of an infinite series
∞

∞

⃗𝐶 (𝑛) = ⃗𝐹 (𝑛) + ∑ ∑ 𝐵𝑘 (𝑛, 𝑗) ⃗𝐹 (𝑗).

(32)

𝑘= 1 𝑗= 0

Hence, we can show that the series (32) converges and also has a unique limit when the radius of
the spheres is small.
Here norms are defined as:
⃗ (𝑛) ∥= 𝑚𝑎𝑥{c𝑛𝑓 , c𝑛𝑠 , c𝑛𝑡 }, ∥ 𝔉(𝑛) ∥= max𝑖,𝑗 {ℱ𝑖𝑗 } 𝑠𝑜 𝑜𝑛.
∥ E ∥= max𝑖,𝑗 {ℇ𝑖𝑗 }, ∥ 𝐶

(33)

For small values of 𝑟 [16, 17]:
(1)
ℎ𝑛 (𝑟)

𝜋 (1)
1 ⋅ 3 ⋅ 5 ⋯ (2𝑛 − 1)
𝑟2
= √ 𝐻 1 (𝑟) = −𝑖
(1 −
+ ⋯) + ⋯,
2𝑟 𝑛+2
𝑟 𝑛+1
2(1 − 2𝑛)
𝜋
𝑟𝑛
𝑟2
𝐽𝑛+1 (𝑟) =
(1 −
+ ⋯).
2𝑟
1 ⋅ 3 ⋅ 5 ⋯ (2𝑛 + 1)
2(3 + 2𝑛)
2

𝑗𝑛 (𝑟) = √

(34)

(35)

By an elaborate work on the above equations, we find:
∞

∥ 𝐴(𝑛, 𝑘) ∥≤ ∑ ∥ 𝐸 −1 (𝑚) ∥∥ 𝐹(𝑚) ∥∥ 𝑄𝑘𝑚 ∥∥ 𝑄𝑚𝑛 ∥
𝑚= 0
∞

𝑟 𝑚−1 𝑚
𝑟𝑚
𝑚+1
< ∑
𝑐
𝑐2
𝑚(𝑚 + 1)𝑐1𝑚 𝑐3 𝐾𝑘𝐾𝑚
1 ⋅ 3 ⋯ (2𝑚 − 1) 1
1 ⋅ 3 ⋯ (2𝑚 + 1)
𝑚= 0

∞

< 𝐾1 𝑘 ∑ (
𝑚= 0

𝑟 𝑚−1
𝑚2 (𝑚 + 1)
)2 𝑟𝑐12𝑚+1 𝑐2 𝑐3
< 𝐾2 𝑘,
1 ⋅ 3 ⋯ (2𝑚 − 1)
2𝑚 + 1

(36)
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Here, we used ∥ 𝑄𝑘𝑚 ∥< 𝐾𝑘 [12] in equation (36)
Thus,
𝑟 𝑛−1 𝑛
𝑐 𝑛+1 𝑐2
1 ⋅ 3 ⋯ (2𝑛 − 1) 1
𝑟 𝑛 𝑛(𝑛 + 1)
𝑟 2𝑛−1 𝑐12𝑛+1 𝑐2 𝑐3 𝑛2 (𝑛 + 1)
𝑛
𝑐 𝑐 𝐾𝑘<
𝐾 𝑘,
1 ⋅ 3 ⋯ (2𝑛 + 1) 1 3 2
{1 ⋅ 3 ⋯ (2𝑛 − 1)}2 2𝑛 + 1 3

∥ 𝐵(𝑛, 𝑘) ∥<∥ 𝐸 −1 (𝑛) ∥∥ 𝐹(𝑛) ∥∥ 𝐴(𝑛, 𝑘) ∥<

∞

∥ 𝐵2 (𝑛, 𝑗) ∥= ∑ ∥ 𝐵(𝑛, ℓ) ∥∥ 𝐵(ℓ, 𝑗) ∥
ℓ=0

<

𝑟 2𝑛−1 𝑐1𝑛+1 𝑐2 𝑐3

𝑛

{1 ⋅ 3 ⋯ (2𝑛 − 1)}2

∞

+ 1)
𝑟 2ℓ−1 𝑐12ℓ+1 𝑐2 𝑐3 ℓ2 (ℓ + 1)
𝐾3 𝑗 ∑
𝐾 ℓ<
2𝑛 + 1
{1 ⋅ 3 ⋯ (2ℓ − 1)}2 2ℓ + 1 3

2 (𝑛

ℓ= 0

∥ 𝐵(𝑛, 𝑗) ∥ 𝑐4 ,
where

∞

𝑐4 = ∑
ℓ= 0

𝑟 2ℓ−1 𝑐12ℓ+1
ℓ2 (ℓ + 1)
𝑟𝐶
𝐾3 <
<1
2
{1 ⋅ 3 ⋯ (2ℓ − 1)} 2ℓ + 1
(1 − 𝑟 2 𝑐12 )2

by choosing a value of 𝑟 that is small enough to satisfy the above inequality.
∞

∞

∥ 𝐵3 (𝑛, 𝑗) ∥< ∑ ∥ 𝐵2 (𝑛, ℓ)𝐵(ℓ, 𝑗) ∥≤ 𝑐4 ∑ ∥ 𝐵(𝑛, ℓ) ∥∥ 𝐵(ℓ, 𝑗) ∥≤ 𝑐42 ∥ 𝐵(𝑛, 𝑗) ∥.
ℓ= 0

ℓ= 0

Generally,
∥ 𝐵𝑚 (𝑛, 𝑗) ∥≤ 𝑐4𝑚−1 ∥ 𝐵(𝑛, 𝑗) ∥.
Thus from (32), we have:
∞

∞

∞

∞

∥ ⃗𝐶 (𝑛) ∥≤∥ ⃗𝐹 (𝑛) ∥ + ∑ ∑ ∥ 𝐵𝑘 (𝑛, 𝑗) ∥∥ ⃗𝐹 (𝑗) ∥≤∥ ⃗𝐹 (𝑛) ∥ + ∑ 𝑐4𝑘−1 ∑ ∥ 𝐵(𝑛, 𝑗) ∥∥ ⃗𝐹 (𝑗) ∥. (37)
𝑘=1 𝑗=0

𝑘=1

𝑗=0

Equation (37) is convergent, if we choose a small enough value of. From equation (31),
∞

lim ∥ ⃗𝐶

𝑚→∞

(𝑚)

(𝑛) − ⃗𝐶

(𝑚−1)

∞

(𝑛) ∥= lim ∥ ∑ 𝐵𝑚 (𝑛, 𝑗) ⃗𝐹 (𝑗) ∥≤ lim 𝑐4𝑚−1 ∑ ∥ 𝐵(𝑛, 𝑗) ∥∥ ⃗𝐹 (𝑗) ∥
𝑚→∞

𝑗= 0

𝑚→∞

𝑗= 0

= 0.
Thus, the solution is unique.
5. Discussions and Conclusion
In this paper, we have considered the problem of the scattering of plane waves by a rigid
inclusion in a poroelastic half space by an image method. This problem can be considered equal to
the problem concerning two identical spheres in an infinite medium. Here we have discussed the
existence and the uniqueness of the solution. We have also concluded that the results obtained in
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this paper will be useful for the treatment of osteoporosis, which affects elderly people, and is also
a threat for potential astronauts.
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Abstract
Depending on the availability of aggregate sources pertaining to their geographic locations,
the concrete industry utilizes conventional aggregates such as marine sand, dredged gravel,
or crushed rocks. This method requires high energy and high processing costs for washing and
grinding. The objective of this work is to use Modified Ferro silicate slag (MFS), a by-product
obtained from the copper industry, as an alternative to the conventional fine aggregates
found in mortar. No additional processing such as washing or grinding is required. By using
the MFS slag as an aggregate in mortar or concrete, the factors of sustainability and a circular
economy are enhanced. The current study focuses on the characterization of the MFS slag,
including the mortar mixes with the MFS slag as a fine aggregate, and shows that the MFS slag
can be a promising raw material to replace conventional aggregates in mortar. The leaching
of its heavy elements such as Sb, As, Cr, Mo, Pb, and Zn was conducted well within limits
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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(VLAREMA 4). The SEM and MIP analyses indicated that the porosity of the MFS slag mortar
was higher compared to the standard aggregate mortar. Moreover, the MFS slag mortar
showed acceptable resistance toward the alkali-silica reaction and carbonation.
Keywords
MFS slag; aggregate; microstructure; leaching, compressive strength; sustainability

1. Introduction
On the one hand, due to growing concern over global warming and climate change, there is
increased pressure on the construction industry for using sustainable building materials. Concrete
is one of the main materials used in the construction industry, and its aggregates form the major
component in it. Depending upon the availability of the aggregate in specific geographic locations,
the construction industry uses conventional aggregates such as marine sand, dredged gravel or
crushed rocks, often granite or limestone [1]. These conventional aggregates are usually extracted
from natural resources, further depleting them [2].
On the other hand, an increased demand for copper (Cu) metal in the world market has resulted
in pyro-metallurgical industries producing Cu metal on a large scale. Pyro-metallurgy processes
involve the oxidation and reduction of the copper ore or scrap in a smelter [3]. As a result, two
separable liquid layers of Cu rich matte and slag (oxides) are formed [4]. When the slag is discharged
from the furnace and cooled with water, it forms a glassy and dissolvable structure. It has been
estimated that the annual production of Cu slag has reached approximately 24.6 million tons
worldwide, 5.56 million tons in Europe, and 180-kilo tons in Belgium [5-7]. This Cu slag is mostly
land-filled or used in a limited number of applications, such as for sandblasting industries and the
manufacturing of abrasive tools [8].
Usage of industrial by-products such as the ground granulated blast furnace slag (GGBFS) fly ash
(FA), and silica fume (SF) as supplementary cementitious materials (SCM) is well appreciated among
environmentalists. A wide range of studies, including Cu slag as a partial replacement for cement in
concrete, displayed interesting results due to its glassy structure, which mainly contains the oxides
of Fe, Si, and Al. For instance, when Cu slag is used as a substitute for cement in concrete, the Sirich glass structure reacts with the porous alkaline solution (enriched in CH) as a result of the
pozzolanic reaction. In the work of Sivakumar et al., the pozzolanic reactivity of one particular type
of clean Cu slag as SCM was assessed using TGA analysis by replacing 0%, 15%, 30%, and 50% of
CEM I in a paste [9]. The conclusions were that the CH was consumed through the pozzolanic
reaction. Cu slag is mostly land-filled but could be a promising candidate as a partial/full
replacement for cement.
Literature has already shown that the Cu slag could qualify as a promising candidate for a fine
aggregate in both mortar and concrete [10-15]. In work performed by Al-Jabri et al., the workability
and compressive strength of high-performance concrete (w/c = 0.35) was investigated using Cu slag
as fine aggregate [16]. The authors stated that the workability of the concrete tends to improve
with the increase in the addition of the Cu slag and concluded that 50% of the Cu slag substitution
was presented with the highest compressive strength after 28 days. In addition, Ishimaru et al.
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investigated the basic properties of concrete using Cu slag as the fine aggregate [12]. The final
observations of the author were that up to 20% (in volume) of Cu slag used as fine aggregate served
as an ideal replacement level. Moreover, Wu et al. studied the dynamic compression behavior of
the concrete reinforced by Cu slag [17]. The study showed that the Cu slag reinforced the concrete
with a 20% replacement and generally showed improved mechanical properties compared to the
reference concrete having standard aggregate. Note that other industrial by-products have been
widely used as fine aggregate replacements. Shi et al. used air-cooled blast furnace slag (ACBFS) as
a high volume replacement for fine aggregates to produce full volume slag alkali-activated mortars
[18]. The results showed an improvement in the flowability and mechanical properties of the mortar
with an increase in the replacement level of the ACBFS. In addition, ACBFS presence also increased
the compactness of the microstructure, improving the permeability.
In work conducted by Sharma et al., the durability of self-compacting concrete (SCC) containing
Cu slag as fine aggregate with a replacement level of 0%, 20%, 40%, 60%, 80%, and 100% at a
constant w/c ratio of 0.45 was studied [15]. The investigation suggested that 60% of Cu slag
replacement was an ideal level of replacement for enhanced or comparable durability behavior to
SCC possessing conventional aggregate. However, 100% Cu slag as fine aggregate in the presence
of FA and SF in SCC showed better performance in strength and absorption characteristics compared
to a reference mix [14]. Moreover, the concrete having 100% Cu slag as fine aggregate made with
varying percentages of slags showed the lowest level of water absorption.
In addition, Chithra et al. investigated the effect of colloidal nano-silica on the properties of
durability, such as rapid chloride penetration, water absorption, sorptivity, and abrasion resistance
of high-performance concrete with 40% Cu slag replacement as the fine aggregate. Cement was
replaced by colloidal silica at 0.5%, 1%, 1.5%, 2%, 2.5% and 3%, respectively [19]. The final
observations stated that the resistance to chloride penetration, water absorption, and sorptivity
was maximum when the Cu slag replacement as a fine aggregate was at 40%, with 2% colloidal
nano-silica replacement in the binder. Cu slag can also be used as fine aggregates in the hot-mix
asphalt concrete [20]. The result indicated a compressive strength reduction as the Cu slag content
increased within the mixes when compared to the reference mix (standard concrete), while 10%
replacement improved the indirect tensile strength.
Alnuaimi investigated the effect of Cu slag as a fine aggregate on the behavior and ultimate
strength of the reinforced concrete beams [21]. The results showed that the replacement of up to
40% of the fine aggregate with Cu slag caused no major changes in the strength. However, further
increase in the replacement levels reduced the concrete strength and flexural stiffness. The author
stated that a reduction in the strength was due to an increased void content caused by the coarser
particles and angular shape of the Cu slag as compared to the standard aggregate. Several authors
also studied the effect of Cu slag as a fine aggregate on the concrete strength with FA and the GGBFS
as partial Portland cement replacement [22-24]. The main finding again showed a decrease in the
compressive and flexural strength for more than 50% Cu slag replacement compared to the control
mixture having standard aggregate (quartz). Shi et al. reviewed the characteristics of different
copper slags. As an interesting discovery on the use of copper slag as a fine aggregate, the author
stated that a wide range of research supports the use of Cu slag as a fine aggregate in concrete
floors and pavements due to its reasonable hardness [25]. Moreover, the author stated that from
an environmental point of view, the Cu slag can be considered as a safe material based on the
criteria prescribed by different standards such as the United States Environmental Protection
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Agency and the United Nations based convention on the Transboundary Movement of Hazardous
Wastes and their Disposal, which classifies Cu slags as “Non-hazardous wastes”.
Analyzing a wide range of literature provides information that the usage of Cu slag as a fine
aggregate improved the mechanical properties and also its durability in some cases. Furthermore,
based on these studies, it could be deduced that an ideal replacement level tended to vary between
40% to 60%. However, detailed knowledge on compressive strength related to the microstructure
and morphology of this particular MFS slag aggregate is still missing. Moreover, due to the presence
of a silica-rich amorphous phase, resistance toward alkali-silica reaction (ASR) and leaching are
certain concerns that are noted while using the MFS slag as an aggregate. Alkali silica gel formation
can absorb water and swell, causing internal stresses leading to the formation of cracks and causes
further durability issues. Resistance toward ASR depends on certain factors such as 1) availability of
the reactive silica in the system 2) alkalis in the pore solution 3) availability of water [26, 27]. Some
literature also points out the importance of permeability of the mortar/concrete, where more
permeable structures are more prone to the formation of the ASR gel [28, 29]. The present work
aims to completely replace the fine aggregate with processed Cu slag, further designated as the
Modified Ferro Silicate (MFS) slag. These slags are similar to the Cu slags. However, the initial source
of Cu is taken from Cu scrap instead of the Cu ore. The resistance toward alkali-silica reaction,
carbonation, leaching behavior of the mortar containing 100% MFS slag aggregate along with the
compressive strength and the microstructure and porosity were investigated.
2. Materials and Methods
2.1 Cement and Aggregates
The cement used in the study was Portland Cement (PC), supplied by Holcim (CEM I 52.5 N). The
CEN standard sand was used as the standard aggregate. As an alternative for the conventional
standard aggregate, the patented Modified Ferro Silicate (MFS) slag (WO 2016156394 A1) was used.
2.2 Specific Density, Water Absorption, Hardness and Sieve Analysis of Fine Aggregate (MFS Slag)
The specific density and water absorption were determined as per the norm NBN EN 1097–6.
Water absorption was determined after a soaking period of 24 h and was expressed as a percentage
of the oven-dried mass of the aggregate sample. The hardness of the aggregates was expressed in
the Mohs hardness scale and examined through the Mohs hardness standard method. NBN EN 933–
1 test method was used to determine the grading of the materials proposed for the utilization as
aggregates. The results show the particle size distribution expressed in cumulative passing (%) vs.
particle size (mm).
2.3 X-Ray Fluorescence and X-Ray Diffraction
Wavelength dispersive X-ray fluorescence spectrometry was used to determine the chemical
composition of the proposed aggregate. The mineralogy of the MFS slag was determined by X-ray
diffraction using 10 wt.% internal standards (crystalline Al2O3). The internal standard was used for
quantifying the diffractogram pattern using Rietveld analysis. An X-ray scan using Cu K alpha
radiation with an acceleration voltage of 30 kV, a current of 30 mA, a step size of 0.020°, and a
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counting time of 2.5 s per step was carried out. The diffraction pattern was obtained in a 2θ-range
from 8°to 70° and quantified with Topas academic V.5 software by using the Rietveld technique.
2.4 Microstructural Analysis
Microstructural analysis was carried out using Scanning Electron Microscopy (JSM 6510LV) on
the polished MFS slag samples (Back Scattered Electron mode) and on the unpolished samples
(Secondary Electron) of mortar having the MFS slag as an aggregate. Polished samples were
prepared as follows: MFS slags were embedded in an epoxy resin, oil-polished and coated with a 5
nm layer of Pt.
2.5 Leaching Analysis Through Column Test
The aim of the column test (in accordance with NEN 7383) was to simulate the leaching of the
inorganic components from the powder and the granulated material. The test was carried out in an
aerobic environment, with a liquid (L)/Solid (S) value of 10 liters per kg of dry matter. The test
determines the cumulative leaching. A sample having a specific particle size distribution (95% ≤ 4
mm) was placed into a vertical column (h = 28 cm and d = 10 cm). Demineralized water was flown
through the column for three weeks. Five eluate fractions were collected after three weeks and
were immediately filtered, and the eluates were preserved. Later, these eluates were combined in
proportions of the right volume for the chemical analysis using Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES). Similar leaching analyses through column tests for bottom ashes
before and after the treatments can be found elsewhere [30].
2.6 Mortar Preparation and Compressive Strength
The test method described in the NBN EN 196–1 was used for determining the compressive
strength of the prismatic mortar specimens having dimensions of 40 mm x 40 mm x 160 mm. The
samples were prepared by mechanical mixing and were compacted in a mold using a jolting
apparatus as per the norm EN 196–1. The reference mortar contains one part by mass of cement,
three parts by mass of CEN standard sand, and one-half part of water (w/c ratio 0.50), whereas the
MFS mortar contains one part by mass of cement, three parts by mass of fine MFS slag and one-half
part of water (Table 1). The prepared samples were cured at a temperature of 20° C with a relative
humidity of 95% for 24 h. Subsequently, the mortars were de-molded and stored in a curing
chamber (20° C and 95% relative humidity) until the compressive strength was examined after 2, 7,
28, and 90 days.
Table 1 Mortar composition in grams.
Samples

water

Cement

Standard aggregate

MFS aggregate

Reference

225

450

1350

0

MFS

225

450

0

1350

2.7 Oberholster Test
Page 224/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102022

The Mortar specimens containing the MFS slag as fine aggregates and reference samples having
standard aggregates (6 replicates) of dimensions 40 mm x 40 mm x 160 mm were prepared and demolded after 1 day, and was stored at a temperature of 20°C and 95% relative humidity for 28 days.
After 28 days of curing, the mortars were tested with respect to their resistance to the alkali-silica
reaction based on the South-African NBRI method or the Oberholster test. However, the sample
size (test specimens were mortar bars instead of drilled cores), curing age, and the measurement
days slightly deviated from the standard procedure. The MFS slag mortar and a reference sample
(steel) were placed in a tank set up with a dial gauge installation, as shown in Figure 1. The tank was
filled with water and was maintained at a constant temperature of 80° C. After 24 h, the water in
the tank was completely replaced by 1 M NaOH solution, and an initial reference measurement was
carried out at 80° C after 1 h. Expansion measurements of the MFS slag aggregate mortar were
taken after 2, 7, 14, 28, 35, 42, 49, 56, and 63 days.

Figure 1 Oberholster set up to investigate the resistance to ASR.
2.8 Mercury Intrusion Porosimetry (MIP)
An automatic mercury porosimeter (Autopore IV 9500 series – Micromeritics) was employed to
characterize the porosity of the mortar. The MIP measurements were carried out on crushed
reference and the MFS slag mortars after curing for 1 year. The samples were placed in a container
of a sealed penetrometer, which was connected to a capillary stem. The mass of the penetrometer
was measured before being placed in a low-pressure port. The test chamber was then evacuated,
and the penetrometer was filled with mercury. Later, the pressure was gradually increased, and the
mercury intruded into the specimen, first into the largest pores. After intrusion at low pressure (0
to 200 kPa), the penetrometer was weighed again and was moved to the high-pressure chamber.
The smaller pores were filled with mercury when the pressure increased up to 200 MPa. Finally, the
mercury was partially extruded from the mortar sample in the high-pressure range from 200 – 0.1
MPa. Two replicates per mortar mix were performed.
2.9 Carbonation Test
Three prisms having dimensions of 40 mm x 40 mm x 160 mm were made per mixture to
investigate the carbonation resistance of the specimens. After demolding, the samples were stored
and cured in a wet room at 20 °C and > 95% RH for 28 days. Cured samples were further
preconditioned for 14 days by placing them in an acclimatized room at 20 °C having 60% relative
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humidity. After the preconditioning, the specimens were stored in the controlled CO2 chamber with
a concentration of 1% CO2 at a temperature of 21 ±2 °C and relative humidity of 60 ±10% as
prescribed in the norm EN 13925:2004. The depths of carbonation of the mortar were measured
after 0, 7, 14, 28, and 91 days by spraying phenolphthalein on the split cross-section of the mortar.
The solution of phenolphthalein indicator contained 1 g of phenolphthalein dissolved in 70 mL of
ethanol, diluted to 100 mL of distilled water.
3. Results
3.1 Specific Density, Water Absorption, Hardness and Sieve Analysis of Fine Aggregate (MFS Slag)
Table 2 shows the mean values (3 repetitions) of specific density and water absorption of the
MFS slag and the standard aggregate. The MFS slag has a specific density of 3.40 g/cm3, whereas
the standard aggregate possesses a density of 2.77 g/cm3. Therefore, due to a higher density of the
MFS slag, the mortar produced shall possess a higher density than the reference mortar. Moreover,
the water absorption for the MFS slag was 0.4%, but meanwhile, 1.1% for the standard aggregate.
These results suggest that the MFS aggregate in the mortar would absorb less water compared to
the standard aggregate. Figure 2 shows the sieve analysis of the MFS slag and the standard
aggregate. It is seen that the MFS slag shows a similar range of grading as the standard aggregate;
however, it is somewhat coarser.
Table 2 Specific density, water absorption and hardness.
Sample

Density g/cm3 Water absorption (%) Mohs scale

Reference sand

2.77

1.1

6–7

MFS

3.40

0.4

6–7

Figure 2 Sieve analysis (% passing vs. sieve size at logarithmic scale).
3.2 X-Ray Fluorescence and X-Ray Diffraction
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Table 3 presents the measured chemical compositions of the cement, the standard aggregate,
and the MFS slag through X-ray fluorescence. The MFS slag mainly contains oxides of Fe and Si,
whereas the standard aggregates only have SiO2. The CEM I 52.5 N contains significant components
such as CaO and SiO2 and minor components such as Fe2O3 and Al2O3. The MFS slag mainly possesses
a glassy structure due to the pyro-metallurgy process followed by quick water quenching. It also
contains minor crystalline phases such as spinel and metallic iron (Table 4).
Table 3 Chemical composition of raw materials in wt%.
Component
(FeO+Fe2O3) SiO2 Al2O3 CaO Others
MFS
40.9
32.3 11.0 3.9
11.9
Standard aggregate
97
3
Cement
3.5
20.8 4.7 63.0
8
Table 4 Mineralogy of MFS and standard aggregates in wt%.
Component
Amorphous Spinel Iron Quartz Others
MFS
92.7
6.7
0.6
0
0
Standard aggregate
2.5
0
0
97.5
0
3.3 Microstructural Analysis
Figure 3a shows the backscattered image of the MFS, which is mainly composed of non-porous
tiny angular crystals. Microstructural investigation revealed that these crystals contain a multiphase
structure. By interpreting the microstructural analysis with XRD results, we can state that the MFS
slag mainly possesses amorphous phases and trace amounts of crystalline spinel phases (Figure 3b).
The rapid quenching of the liquid slag explains the presence of the amorphous phase with water.
As expected, the composition of the amorphous phase was rich in oxides of Fe and Si (Table 5). The
composition of the spinel phase determined by the EDX point analysis showed that it consisted of
Mg, Zn, Fe, and Al in oxides form.
Table 5 Composition of the MFS slag amorphous phase.
Component

FeO

SiO2

Al2O3

CaO

others

wt%

41.2 ±2.6

29.8 ±2.6

9.5 ±2.6

6.2 ±2.6

13.3 ±2.6
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Figure 3 BSE image of MFS: a) an overview of the MFS slag; b) amorphous grain of the
MFS slag.
3.4 Leaching Analysis Through Column Test
Heavy metals in the slag are prone to leaching due to chemical and physical processes [31].
However, the pH and oxidation state of elements are essential parameters that control the leaching
behavior. For instance, Zhang et al. showed that the oxidation state might be a vital factor in
maintaining the leaching behavior of Cr [32]. Since this project is executed in Flanders, Belgium,
certain limits prescribed by the government (VLAREMA 4) must be satisfied by the aggregates
before being used in the construction application. Table 6 shows the leaching behavior of the MFS
slag through the column test and compares it to the maximum allowed limit. All elements showed
leaching values well below the limit prescribed by the legislation policy due to the possible
encapsulation of heavy metals in the spinel phases [33]. Thus, MFS slag potentially is a safe
alternative replacement for standard aggregate.
Table 6 Leaching from MFS slag (5 replicates) with maximum allowed limit.

Parameters
Antimony (Sb)
Arsenic (As)
Barium (Ba)
Cadmium (Cd)
Chromium (Cr)
Copper (Cu)
Mercury (Hg)

Cumulative column test release for L/S = 10 (mg/kg)
Batch 1
Batch 2
Batch 3
Batch 4
0.038
0.023
0.022
0.021
0.068
<0.050
<0.050
<0.050
<0.60
<0.60
<0.60
<0.60
<0.00100
0.0017
<0.00100
<0.00100
<0.100
<0.100
<0.100
<0.100
<0.050
<0.050
<0.050
<0.050
<0.00040
<0.00040
<0.00040
<0.00040

Batch 5
0.056
<0.050
<0.60
0.0019
<0.100
<0.050
<0.00040

Limit
1
0.8
20
0.03
2.6
0.8
0.02
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Lead (Pb)
Nickel (Ni)
Selenium (Se)
Tin (Sn)
Vanadium (V)
Zinc (Zn)

<0.100
<0.050
0.013
<0.020
<0.20
<0.20

<0.100
<0.050
0.009
<0.020
<0.20
<0.20

<0.100
<0.050
0.013
<0.020
<0.20
0.26

<0.100
<0.050
0.013
<0.020
<0.20
<0.20

<0.100
<0.050
0.014
<0.020
<0.20
0.22

1.3
0.75
2
1
2.5
2.8

3.5 Compressive Strength
An assessment of the compressive strength was carried out for the mortars containing a standard
aggregate and the MFS slag (Figure 4). Moreover, a statistical analysis was carried out to check
whether the compressive strength of the MFS slag mortar showed a significant difference relative
to the standard mortar or not.
The 2-days compressive strength of the MFS slag mortar showed relatively similar values (around
43 MPa), whereas the 7-days strength showed slightly lower values compared to the standard
aggregate mortar. This increase in strength could be due to the higher density of the MFS slag than
the standard aggregate. At 28 and 90 days, the MFS slag mortar showed higher compressive
strength (70 MPa at 28 days and 78 MPa at 90 days) relative to the standard aggregate mortar (66
MPa at 28 days and 75 MPa at 90 days). It can also be proposed that finer particles of the MFS slag
potentially reacted and formed binders due to pozzolanic reaction at later ages [9].
A t-test (significance level 0.05) of the compressive strength of the MFS slag mortar after 2, 7,
28, and 90 days relative to the compressive strength of the standard mortar indicated a significant
difference in the strength only at the later ages of 28 and 90 days. This statistic supports the possible
claim of the reactivity of fine particles and the contribution to the binding phases; thus, forming a
dense microstructure.

Figure 4 Compressive strength of the mortar with a standard sand and MFS slag.
3.6 Microstructural Investigation and Elemental Mapping
Page 229/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102022

A microstructural investigation was carried out on the mortar containing MFS slag as an
aggregate after a curing period of 1 year. The experiment was performed on unpolished samples to
see the morphology of the binder and to obtain information on the ITZ. Figure 5 shows a secondary
electron (SE) image of the mortar containing the MFS slag as aggregate, where the interfacial
transition zone (ITZ) divides the aggregate and binder.

Figure 5 Microstructural analysis of binder, aggregate, and ITZ in the MFS slag mortar
after one year.
The ITZ is a transition zone, and its effective “width” depends upon the used aggregate and the
reaction degree of the binder [34-36]. Figure 6 shows a typical ITZ in an MFS slag mortar. Firstly, to
determine the width of the ITZ, the boundary of aggregates needs to be defined. From Figure 5, it
can be stated that the microstructure of the cement paste was dense. The images in Figure 6 were
mainly captured in and around the MFS slag mortar interface, where the MFS slag mortar interface
mainly contained loose granular C-S-H and ettringite crystals. As a result, the ITZ of the MFS slag
mortar was porous compared with that of the standard aggregate mortar (Figure 7). The following
reasons can be stated for the more porous ITZ in the MFS slag mortar: (1) the shape of the MFS slag
particles was more angular and irregular compared to that of natural sand; (2) MFS slag was more
rigid compared to natural sand; similar results were also reported elsewhere regarding the presence
of harder grains (mainly aggregates) which lead to porous ITZ; (3) water absorption of the MFS slag
is relatively low compared to the natural sand, which leads to increased local w/c factor [37]. Due
to the more porous ITZ, the porosity of the MFS slag mortar as a whole was higher compared to the
standard aggregate mortar, as also explained in Section 3.8. Figure 7 illustrates the denser ITZ of the
standard aggregate mortars; large pores between cement paste and aggregates are hardly seen.
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Figure 6 Microstructural analysis around the interface in the MFS slag mortar after one
year: a) binder region, b) ettringite needles, c) C-S-H gel.

Figure 7 Microstructural analysis of the ITZ in the standard aggregate mortar after one
year.
3.7 Mercury Intrusion Porosimetry
The Mercury intrusion measurements were performed on the standard and the MFS slag mortar
at one year. Figure 8 shows the results of the pore size distribution, where the capillary and gel
pores can be found in the densely packed PC binder mortars [38]. During hydration of the PC binder,
capillary pores are formed due to the formation of the hydration product. The total capillary
porosity consists of the capillary pores and capillary water in the first stage of hydration. However,
the gel pores are present in the C-S-H phase itself. Therefore, the volume of the capillary pores
decreases while the volume of the gel pore increases during later ages [39-41]. Typically, capillary
pores and the corresponding capillary porosity are present in the range of 0.01 µm < D < 10 µm [38].
In contrast, the gel pores can be present in the range D < 0.01 µm [42]. As seen in Figure 9, there
is a massive peak at 0.7 µm, around the proposed region of capillary porosity for the MFS mortar.
Thus, the MFS slag aggregate in the PC binder increases the capillary porosity compared to the
standard aggregate. Moreover, the MFS slag mortar also showed increased porosity in the gel pores
region. The following factors can be considered for the increased porosity: 1) the MFS slag mortar
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contains more paste in general (because the density of standard sand and MFS slag are different);
thus, more C-S-H binder leads to an increase of gel pores, 2) C-S-H can also be formed due to the
pozzolanic reaction of more refined MFS slag grains. As a result, the standard and MFS slag mortar
showed a total porosity of 4.9% and 6.1%, respectively. These porosity values can be considered
relatively low, but it is related to the pore refinement at later ages (1 year). Similar results were also
mentioned in the work of Pandey et al., where the PC binder mortar at later ages (90 days) showed
total porosity less than 7% due to its finer microstructure [43].

Figure 8 Pore size distribution, MFS slag mortar, and standard mortar after one year.

Figure 9 Expansion vs. time for MFS slag & standard mortars (1 M NaOH solution at 80°
C).
3.8 Resistance to the Alkali-Silica Reaction (ASR)
Figure 9 shows an expansion in mortars' function with the MFS slag aggregate exposed to the
Oberholster test. Based on the literature, there are two limit values giving the boundaries between
three zones: 1) <0.1%: unreactive region, 2) 0.1 – 0.2%: undefined region, 3) >0.2% reactive region
[44]. However, these limits are for samples cured for two days during an exposure period of 28 days.
From literature and experience, it was seen that the older samples subjected to the Oberholster
test showed a higher expansion rate [45-47]. Several authors have speculated that the samples at
an earlier age possess an open pore structure, which provides space for the swelling of the alkalisilica gel; thus, showing no/undetectable expansion in the dial gauges [48-50]. However, gel in the
dense microstructure at a later age creates high swelling pressures, leading to higher expansion. For
this reason, the MFS slag and standard mortars were cured for 28 days aiming for a dense
microstructure, and were then subjected to the Oberholster test to monitor their expansion.
The expansion of the MFS slag mortar is seen to be higher than the standard mortar. However,
it still fits in the unreactive region and thus can be considered as a safe aggregate. A possible reason
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for this could be the presence of a high amount of FeO in the glass phase. A wide range of authors
also reported that the mortars with Cu slag aggregates showed limited expansion [51-53]. However,
it is also noticed that the reason behind the limited expansion was not explicitly mentioned in these
studies. It can be hypothetically stated that the reactive silica present in the amorphous phase is
surrounded by the FeO and spinel phase (Figure 3); thus, preventing the dissolution and reaction
toward ASR. Moreover, the high density of the MFS slag and lower water absorption are also vital
factors preventing the ASR reaction in the MFS slag aggregate.
3.9 Resistance to the Carbonation
Figure 10 shows the carbonation depth of the MFS slag mortar and standard aggregate mortar
after exposure for 0, 7, 28, 56, and 91 days to an environment with 1% CO2. By comparing the MFS
slag and the standard aggregate mortar's carbonation depth, the MFS slag mortar showed increased
carbonation depth. Since both mortars contain Portland cement as a binder, the addition of MFS
slag as an aggregate decreases the carbonation resistance of the cement matrix. The lower
carbonation resistance for the MFS slag mortar can be related to the possible pozzolanic reaction
and increased porosity in the MFS slag mortar compared to the standard aggregate mortar, as
explained in Sections 3.5 and 3.8. In addition, the replacement of standard sand by the MFS slag is
carried out by mass. Due to the higher density, the MFS mortar has a lower fraction of aggregates
in volume and, therefore, has relatively more binder. In the exciting work conducted, the effects of
the binder content on the carbonation depth were studied. It is stated that increasing the amount
of the binder (exceeding 400 kg/m3) also increases the carbonation depth [54]. Moreover, in a
recently made detailed review study, it was also stated that the carbonation tests conducted in the
case of mortars could only give an indication of concrete performance and that usually, the
carbonation coefficients of mortar can be higher by a factor of 1.2–2.3, respectively (depending on
the binder type and CO2 concentration), compared to the carbonation coefficients of concrete [55].
Thus, the carbonation effect of the MFS slag while applied in the concrete system can be considered
relatively low.

Figure 10 Carbonation depth at 1% CO2 conc.
4. Conclusions
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The present work showed that the currently studied MFS slag could replace standard sand in
mortar. Using MFS slag as aggregate serves many sustainability goals and has some vital advantages,
such as; (1) reduction in energy consumption, (2) preserving natural resources from depletion, (3)
maintaining ecological balance, and (4) reduction in the cost of concrete.
The following can be stated as the essential findings of the current feasibility study on the use of
modified copper slag as a sustainable fine aggregate in mortar:
1) Due to its high specific density and hardness, mortar synthesized with MFS slag showed good
mechanical properties. Further microstructural analysis showed that the amorphous phase was rich
in oxides of Fe and Si. Due to the presence of FeO in the amorphous phase, the MFS slag aggregate
mortar showed good resistance toward the ASR reaction according to the Oberholster test, and It
could be considered an unreactive aggregate. However, further experiments such as selective
dissolution on the slag must be carried out to understand the amorphous phase's dissolution better.
2) A column test showed limited leaching for the MFS slag. All elements showed leaching values
well below the limit suggested by the legislation policy. Therefore, this MFS slag is seen as a
sustainable source of alternative aggregate by the construction companies since there are no
additional processing needs.
3) The application of the MFS slag in mortar resulted in an adverse effect on the carbonation
resistance. However, the product can still be considered reasonably low. The MFS slag and standard
aggregate mortar showed a 5 mm and 3 mm carbonation depth, respectively, after 91 days at 1%
CO2 concentration.
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Abstract
This paper aims to highlight the result of a new progression of mathematical estimation
methods of stochastic bio-hydrodynamic lubrication parameters for arbitrary, curvilinear,
non-rotational, co-operating, living biological surfaces coated with phospholipid bi-layers.
Movable, non-rotational, co-operating surfaces occur in various biological friction nods like
the collar bone, the blade bone, the jump joint, and the wrist joint. Specifically, the author
presents a synthetic and comprehensive estimation of stochastic bio-hydrodynamic
lubrication parameters for co-operating, rotational cartilage bio-surfaces with phospholipid
bi-layers occurring in human spherical hip joints and cylindrical elbow joints. The method of
research discussed in this paper focuses on a review of stochastic analytical considerations
performed by the author. This research is based on the measurements of the gap height
between two movable, non-rotational bio-surfaces. The gap is restricted between two cooperating biological surfaces. After several experiments, it could be inferred that there are
symmetric as well as asymmetric random increments and decrements in the gap height. Such
changes are applicable to the hydrodynamic pressure, load-carrying capacity, friction forces,
and wear of the co-operating biological surfaces in human friction nods and contacts. The
prime purpose of this paper is to demonstrate the influence of variations in the expected
values and standard deviation of the gap height on the hydrodynamic lubrication parameters
that occur during the friction process. It can thus be concluded that the apparent dynamic
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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viscosity of biological lubricant varies in the ultra-thin gap height direction, depending on the
susceptibility of the superficial layer of the lubricated bio-surface. The results presented in
this paper are obtained considering the 3D variations in the dynamic viscosity of the biological
fluid, particularly the random variations crosswise the film thickness in non-Newtonian
biological fluid properties.
Keywords
Non-Newtonian; bio-liquid; nano-layer; viscosity 3D-variations; stochastic solutions;
theoretical; experimental results

1. Introduction
The subject of this paper reflects new progressive probabilistic estimation methods of lubrication
solutions for movable, non-rotational, arbitrary, living biological surfaces. The superficial layer of
living bio-surfaces and the overlaying phospholipid bilayer membrane, which is several nanometers
thick, shape the height of the gap between two co-operating, curvilinear, non-rotational biosurfaces [1-3]. Based on numerous recent studies conducted with the use of the Atomic Force
Microscope (AFM), it can be established that the phospholipid layer and the superficial layer are not
static [4]. The dimensions of the surface coated with phospholipids (PLs) as well as the total gap
height T between the co-operating surfaces is subject to several stochastic changes in relation to
the nominal mean value. Abrupt changes can be caused by micro-vibrations, discrete load
cumulated on the friction nod, or changes in the roughness geometry of the co-operating surfaces.
Another cause of random variations in gap height is the genetic and volumetric growth of live cells
on the living surface with a phospholipid layer. Such small random changes are significant [5-7].
Numerous previous experimental studies on the scope of influence of the phospholipid membrane
on the hydrodynamic process of surface lubrication have chiefly focused on the theories and
experiments only for the human rotational joints in the field of chemistry without considering any
random changes [8-19]. There has been no previous stochastic research about the frictional forces,
and the coefficients of friction based on experimental methods and analytical-numerical
hydrodynamics for lamellar and laminar lubricant flows between two non-rotational biological
surfaces [12, 19]. Random changes in the gap height between two co-operating surfaces directly or
indirectly influence the lubrication parameters, such as pressure, load-carrying capacity, and friction
forces. The direct influence is demonstrated by an integral formula determining the lubrication
parameters in the area of the lubricating layer. The indirect influence of random changes in the gap
height on the value of lubrication parameters occurs through random changes in the dynamic
viscosity of the lubricant biofluid, which randomly affects the changes in the friction forces and
pressure [20]. In order to explain this phenomenon, it is necessary to consider the fact that with a
random increase (decrease) in the gap height, the flow velocity of the fluid in the gap decreases
(increases). This leads to a decrease (increase) in the shear rate. Owing to the non-Newtonian
properties of the lubricant biofluid, dynamic viscosity would eventually increase (decrease).
Moreover, the indirect influence of random changes in the region of an articular bio-surface coated
with PL on the value of lubrication parameters occurs through random changes in the dynamic
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viscosity of the biofluid, which abruptly affects the changes in friction forces and pressure. In order
to explain this phenomenon, it must be noted that the apparent viscosity of the biofluid T in the
gap is directly proportional to the surface coating of PL [20-24]. The concentration of PL in the
superficial layer of the surface flowed around, and the degree of wettability of these surfaces have
a significant influence on the change in the viscosity of the physiological fluid accumulated in the
boundary areas, values of the frictional forces, load-carrying capacity of the joint, and coefficient of
friction [13]. Viscosity changes not only in the direction of the length and width of the flow but also
in the direction of the nanometer thickness of the layer [20].
The objectives of the research presented in this work were as follows:
1. To study the direct and indirect influences of the randomly changing gap height between
two co-operating, movable, non-rotational curvilinear, orthogonal bio-surfaces on the values of
viscosity and flow velocity of the bio-lubricant, i.e., the bio-fluid, as well as on the values of
hydrodynamic pressure and friction forces.
2. Using experimental measurements, define a new model of random variations of lubricant
dynamic viscosity based on the features of the superficial layer of co-operating non-rotational biosurfaces.
3. To present an estimation of the expected values of the main bio-tribology parameters based
on the performed measurements, obtained probability density functions of the gap height, and
semi-analytical and numerical solutions of stochastic hydrodynamic equations.
2. Materials and Tools for Measurements and Semi-Analytical Solutions: Random Gap Height,
Density Function, and Standard Deviation
In the jump joint, the collar bone, or the blade bone, the lubrication regions are found between
two movable, non-rotational but unparallel or seldom parallel co-operating surfaces (Figures 1a, 1b,
and 2c). A new phenomenon of hydrodynamic sweat lubrication in a random form is observed in
movable, non-rotational, curvilinear, non-parallel, or exceptionally parallel surfaces, e.g., in the
external human skin surface and the tightly fitting dress surface during gymnastic training (Figures
1c, 1d, 1e, 2d, and 2e). Half-rotational, curvilinear, co-operating living surfaces are found in the
human wrist joint and knee joint (Figures 1a, 1b, and 2b. Rotational co-operating biological bone
surfaces are found in the hip joint and the elbow joint (Figures 1a, 1b, and 2a).

Figure 1 Biological human friction nods lubrication: a) Upper human limb: 1-collar bone,
2-blade bone, 3-radial bone, 4-wrist joint; b) Lower human limb: 5-hip bone, 6-sacral
bone, 7-hip joint, 8-femoral bone, 9-knee cap, 10-knee joint, 11-calf bone, 12-tibia, 13syndesmosis, 14-jump joint, 15-phalangeal joint; c), d), and e) human skin-tight dress
(Based on author’s studies).
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Figure 2 Random gap height T between two co-operating biological surfaces: a)
rotational; b) half-rotational; c) movable non-rotational; d), e) movable non-rotational
(skin-sweat-sport dress); 1-phospholipid bilayer, 2-hydrated phospholipid, 3-biological
liquid, 4-subchondral bone, 5-dress, 6-sweat, 7-opening of sweat duct, 8-human skin, 9muscle, 10-gland, 11-hair follicle, 12-sweat duct, 13-sweat pressure, 14-sweat out, 15heat flux; W-load, R-repulsion force, Pp-force of hydrodynamic pressure, -angular
velocity (Based on author’s studies).
The variety in the curvature shapes of the analyzed non-rotational, co-operating bio-surfaces in
the particular case of human joint surfaces dictates the description of the surface in a curvilinear
orthogonal coordinate system: α1, α2, α3. Hence, the α1-width direction of the non-rotational
surfaces or the circumferential direction is accepted in the case of a rotational surface, α3longitudinal direction, and α2-gap height direction.
The joint gap is filled with physiological bio-fluid lubricant. A characteristic constant dimensional
gap height value 0[m] and the dimensionless total gap height function T1 based on variables α1 and
α3 were accepted in this experiment. This function takes on the following equation [3]:

 𝑇1 =

𝑇
𝜀0

=  𝑇1𝑠 (𝛼1 , 𝛼3 )[1 + 1 (𝛼1 , 𝛼3 )].

(1)

The dimensional symbol εT [m] denotes the total gap height. Symbol T1s represents the
dimensionless gap height limited by the nominally smooth biological movable and non-rotational
surfaces. Random changes in the gap height are results of random hyper-elastic deformations of the
articular superficial layer as well as random protrusions of the superficial layer or phospholipid
bilayer surface roughness. The dimensionless random variable of corrections for the gap height is
denoted by 1. The expected value for the random variable of corrections 1 is defined by equation
(2a), and the expected function for the entire gap height is explained using equation (2b) [25-26]:
+∞

𝐸𝑋(𝛿1 ) ≡ ∫ (𝛿1 ) × 𝑓(𝛿1 )𝑑𝛿1 , 𝐸𝑋(𝛿1
−∞

+∞

)2

≡ ∫ (𝛿1 )2 × 𝑓(𝛿1 )𝑑𝛿1 ,

(2𝑎)

−∞

𝐸𝑋(𝜀𝑇1 ) = 𝐸𝑋[𝜀𝑇1𝑠 (1 + 𝛿1 )] = 𝜀𝑇1𝑠 [1 + 𝐸𝑋(𝛿1 )].

(2𝑏)

The symbol EX denotes the operator of the expected function. Probability density function f
assigns probability values as a function of the random variable of correction 1.
The ordinates of the density function f denote the probabilities established for the random
variable of corrections 1 of the joint gap height. These values were determined experimentally,
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considering the articular superficial layer roughness. Standard deviation , from a random variable
of corrections, is determined using the following equation [25, 26]:
𝜎 ≡ √𝐸𝑋(𝛿1 )2 − 𝐸𝑋 2 (𝛿1 )

(2𝑐)

Gap height T, phospholipid-coated surfaces, apparent dynamic viscosity T, hydrodynamic
pressure, temperature, and several other values are subject to random change corrections. The
surface structure of the tested samples was irregular owing to the occurrence of random roughness
(from 10 nm to 50 nm) or disease [20]. Based on the comparisons made between the random
changes in the rough superficial layer surface structure measured in Cwanek’s research [1] and
Dowson’s measurements [2], the probability density function was found to be unsymmetrical. This
suggests that there is a difference in the probabilities of random increases and decreases in the gap
height.
The measurements of the random height changes in the surface roughness on the co-operating,
non-rotational bio-surfaces were conducted using a sample (10 mm  10 mm) of diseased superficial
layer taken from a human blade bone, as shown in Figure 3a and Figure 3b., and a sample (1 mm 
1 mm) of artificial friction nod cf. Figure 3c and Figure 3d. The experiments were conducted using a
laser micro-sensor installed in a Rank Taylor Hobson-Talyscan 150 Apparatus. The results were
compiled using Talymap Expert and Microsoft Excel computer software. The measured gap height
limited by the rough surfaces of the articular superficial layer of the presented sample exhibited a
variation in the range of 0.005 mm and 0.35 mm [1].

Figure 3 Friction nod surface structure and visualization of random changes 1 in total
gap height T caused by hyper-elastic deformations, unsteady load, and diseases, for
sample: a), b), 10 mm  10 mm, in the articular friction nod; and for sample: c), d), 1.0
mm  1.0 mm, in the artificial friction nod; 1-surface limiting the gap height, 2-smooth
surface limiting the gap without random changes, 3-random variable surface (Based on
author’s studies).
Figure 3 illustrates the measured positive and negative values of random variable gap height
variations 1, which represent the differences between the probabilistic, variable surface coordinate
3 and its primary localization on the theoretical smooth surface 2, limiting the gap height without
any random changes.
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3. Semi-Analytical Methods
3.1 Basic Lubrication Equations of Two Arbitrary Surfaces in Curvilinear Coordinates
The lubrication problem of the human movable, non-rotational friction nods is represented using
the conservation of momentum, continuity, Maxwell equations, conservation of energy, and YoungKelvin-Laplace’s equation for biological non-Newtonian liquid, particularly for a synovial or sweat
liquid lubrication flow. A non-rotational, unsteady, non-isothermal, incompressible flow of
viscoelastic biological liquid in an electromagnetic field has been assumed. The above-mentioned
equations are in the following forms [21]:
The equation of motion:
𝐷𝑖𝑣 𝑺 + 𝑚 (𝑵)𝑯 + 𝑱𝑩 + 𝜌𝑒 𝑬 = 𝜌 𝑑𝒗⁄𝑑𝑡 ,

(3𝑎)

𝑑𝑖𝑣(𝒗) = 0,

(3𝑏)

2
 2 𝑯𝑚 𝑒  𝑯⁄ 𝑡 2 , 𝑱 = 𝑒 𝑬

(3𝑐)

The continuity equation:

The reduced Maxwell equation:

The conservation of energy equation:
𝑑𝑖𝑣 (𝜅 𝑔𝑟𝑎𝑑 𝑇) + 𝛷𝐹 − µ𝑚 𝑇𝛯(𝝂)𝑯 = 0, 𝛷𝐹 𝑑𝑖𝑣 (𝝂𝑺) − 𝝂𝐷𝑖𝑣𝑺,

(3𝑑 )

The Young‐Kelvin‐Laplace equation:
+
𝐾𝑎
𝐾𝑎
𝑎𝐻
𝛾 = 𝛾𝑚𝑎𝑥 + 2𝑠𝑅𝑔 𝑇 ln (√ + 1) − 𝑠𝑐 𝑅𝑔 𝑇 ln [( + + 1) ( + 1)] ,
𝐾𝑏
𝑎𝐻
𝐾𝑏

(3𝑒)

where S [Pa] is the stress tensor in the biological fluid, E [V/m] denotes the electric intensity vector,
J [A/m2] represents the electric current density, B [T = kg/s2A] indicates the magnetic induction
vector in bio-fluid, v [m/s] is the biological fluid velocity, H [A/m] represents the magnetic intensity
vector with components (H1, H2, H3), N [A/m] denotes the magnetization vector with components (N1,
N2, N3), e [S/m] is the electrical conductivity of phospholipids bilayer,  m [mkgs–2A–2] signifies the
magnetic permeability coefficient of biological fluid, e [s4A2 m–3 kg–1] is the electric permeability
coefficient of the biological fluid, κ[W/mK] denotes the thermal conductivity coefficient for the
biological fluid, F [W/m3] indicates the dissipation of energy,  [A/mK] denotes the first derivative
of the magnetization vector with respect to temperature, T [K] signifies the temperature, ρe [C/m3
= As/m3] is the electric space charge in the biological fluid, Rg indicates the gas constant (8.3144598
J/K·mol), sc = (NA∙A)–1 [mol/m2] is the concentration of phospholipid particles, γ[J/m2 = N/m] denotes
the interfacial energy, γmax is the maximum interfacial energy of the lipid membrane such that 0.1
mN/m < γmax < 4 mN/m, Ka [J] is the acid equilibrium constant (denotes the amount of energy needed
to stretch the bilayer), Kb [J] represents the base equilibrium constant (denotes the amount of
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energy needed to bend or flex the bilayer), aH [J] indicates the energy activity of protons, A [m2]
denotes the boundary regions between the areas of different concentrations of phospholipid
molecules, NA = 6.024∙1023 [1/mol] represents the Avogadro number, and [kg/m3] signifies the
biological fluid density. Due to the presence of phospholipid bi-layers on the cartilage or superficial
layer surface and the presence of liposomes, micelles, macromolecules, and lamellar aggregates in
the biological fluid, this liquid has non-Newtonian as well as pseudo-plastic properties.
For the synovial fluid, the relation between stress tensor S and displacement velocity tensor 2Td
= , i.e., the constitutive equations, are accepted in the following form [21]:
𝑺 = −𝑝  +  𝑇  ,

(3𝑓)

where unit tensor  and strain tensor  [s–1] possess the following components: ij, and ij. The ij
denotes Kronecker Delta and p [Pa] is the pressure. For a non-Newtonian synovial fluid with RivlinReiner type, the constitutive dependencies for apparent viscosity T [Pas] take the following form
[21]:
1
𝜂 𝑇 = 2𝑛−1 𝑀𝑐𝑜𝑛 ⋅ | 𝜤𝟐𝟏 (𝛩) − 𝜤𝟐 (𝛩)|
2

𝑛−1
2

1
, 𝜤𝟏 (𝛩) = 𝛩𝑘𝑘 , 𝜤𝟐 (𝛩) = 𝑒𝑖𝑗𝑘 𝑒𝑖𝑚𝑛 𝛩𝑗𝑚 𝛩𝑘𝑛 ,
2

(3𝑔)

where I1()[s–1], I2()[s–2] are the invariants of the shear rate components ij [s–1], n is the
dimensionless flow index dependent on the phospholipid concentration in the biological fluid (0.8
 n  1.2), Mcon (n, pH, T, We) [Pasn] denotes the fluid consistency coefficient, eijk indicates tensor
Levi-Civita, 500  We  800 represents the superficial layer wettability, and 2  pH  12 denotes the
power hydrogen ion concentration. Geometrical non-linear relations between shear rate Θij [s–1]
and biological fluid velocity component vi [m/s] are as follows [21]:
1
Θ𝑖𝑗 = (𝜈𝑖|𝑗 + 𝜈𝑗|𝑖 ),
2

3

𝜈𝑖|𝑗

1 𝜕𝜈𝑖 𝜈𝑗 𝜕ℎ𝑗
𝜈𝑘 𝜕ℎ𝑖
≡ (
−
+ 𝛿𝑖𝑗 ∑
),
ℎ𝑖 𝜕𝛼𝑗 ℎ𝑖 𝜕𝛼𝑖
ℎ𝑘 𝜕𝛼𝑘

(3ℎ)

𝑘= 1

where hi denotes the Lamé coefficient. The lubrication equation in curvilinear coordinates for the
conservation of momentum, continuity equation, energy conservation equation, and Young-KelvinLaplace equation (3a, b, c, d, e) are expanded and written in the following curvilinear directions: α1,
α2, α3. The expected functions (2a, b) of hydrodynamic pressure EX [p(α1,α3)], temperature
EX [T(α1,α2,α3)], the velocity of synovial fluid EX [vi(α1,α2,α3)], the viscosity of lubricating fluid
EX [ηT(α1,α2,α3)], and gap height EX [εT(α1,α3)] are taken into consideration. The incompressibility of
biological fluid enables mitigating the influence of changes in the density of bio-fluid on the equation
for biological fluid flow continuity. The known dependencies between interfacial energy γ[N/m] and
power of hydrogen ion concentration, pH, and wettability We [14-16, 18] are used. In the basic
equations (3a, b, c, d), the influence of the electrostatic field on the viscosity of bio-fluids studied
by the authors [21] is considered, while the magnetic field is neglected. Further, in equations (3a,
b, c, d, e, f), the classic boundary simplification of the hydrodynamic equations is applied in the
boundary layer by omitting the terms of the order of relative radial clearance  with a value of 10–
4
.  is defined as the ratio of the thickness of the thin bio-fluid layer T [m] to the length of the
lubricated region of the movable, non-rotational surface, or curvature radius of the rotational
surface flowed around. For two arbitrary co-operating biological surfaces, the curvilinear,
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orthogonal system of coordinates  1,  2,  3 is applied to the respective Lamé coefficients h1, h2,
h3. The aforesaid boundary simplifications of the arbitrary, curvilinear, non-rotational, non-parallel
thin-layer surfaces follows h2 = 1 and h1 = h1(1, 3), h3 = h3( 1, 3). This case is valid for the jump
joint, collar bone, and blade bone coated with a thin liquid layer. Moreover, this case is applicable
for the thin sweat layer between the non-rotational, movable, external skin surface and leggings or
a tight training dress surface. For the thin liquid layer restricted by the two rotational surfaces in  1
direction and the non-monotone-generating line in  3 direction, the Lamé coefficients follow h2 =
1, h1 = h1( 3), h3 = h3( 3), or h3 = 1 for the monotone generating line. This case is valid for the human
elbow joint and hip joint lubrication. After performing the above transformations with boundary
simplifications and applying the probabilistic changes (2a, b, c), taking PL into account [20-22], the
system of equations (3a, b, c, d) for the hydrodynamic lubrication of two arbitrary, non-rotational,
biological co-operating surfaces tend to take the following form [26-28]:
0 =−

1 𝜕𝐸𝑋(𝑝)
𝜕
𝜕𝐸𝑋(𝜈1 )
+
[𝐸𝑋𝜂 𝑇 (𝛼1 , 𝛼2 , 𝛼3 )
] + 𝜌𝑒 𝐸1 ,
ℎ1 𝜕𝛼1
𝜕𝛼2
𝜕𝛼2
0 =

(4)

𝜕𝐸𝑋(𝑝)
,
𝜕𝛼2

(5)

𝜌𝐸𝑋(𝜈1 )2 𝜕ℎ1
1 𝜕𝐸𝑋(𝑝)
𝜕
𝜕𝐸𝑋(𝜈3 )
−
=−
+
[𝐸𝑋𝜂 𝑇 (𝛼1 , 𝛼2 , 𝛼3 )
] + 𝜌𝑒 𝐸3 ,
ℎ1 ℎ3 𝜕𝛼3
ℎ3 𝜕𝛼3
𝜕𝛼2
𝜕𝛼2

(6)

1 𝜕
𝜕𝐸𝑋(𝜈2 )
1 𝜕
[ℎ3 𝐸𝑋(𝜈1 )] +
[ℎ 𝐸𝑋(𝜈3 )] = 0,
+
ℎ1 ℎ3 𝜕𝛼1
𝜕𝛼2
ℎ1 ℎ3 𝜕𝛼3 1

(7)

2

2

𝜕
𝜕𝐸𝑋[𝑇(𝛼1 , 𝛼2 , 𝛼3 )]
𝜕𝐸𝑋(𝜈1 )
𝜕𝐸𝑋(𝜈3 )
𝐽2
{𝜅
} + 𝐸𝑋𝜂 𝑇 (𝛼1 , 𝛼2 , 𝛼3 ) {[
] +[
] } = ⁄𝜎𝑒 .
𝜕𝛼2
𝜕𝛼2
𝜕𝛼2
𝜕𝛼2

(8)

Combining equation (3e) with equation (3f-h) using the transformations among apparent
dynamic viscosity, molecular velocity, and interfacial energy, it becomes evident that the expected
function of viscosity ηT [Pas] [21, 26] is as follows:
𝐸𝑋[𝜂 𝑇 (𝛼1 , 𝛼2 , 𝛼3 )] = 𝐸𝑋[𝜂 𝑇 (𝑛, 𝑝𝐻 , 𝑊𝑒 , 𝑇, 𝛾, 𝐸)] ≡
𝛾𝑚𝑎𝑥 (𝑝𝐻 , 𝑊𝑒 ) + 𝑘𝐸𝑋(𝐴−1 ) ∙ 𝐸𝑋(𝑇) ln 𝐿
=
𝛿𝜈 ∙ 𝐸𝑋(𝜈0 )
2

2

𝑛−1

𝜕𝐸𝑋(𝜈11 )
𝜕𝐸𝑋(𝜈31 )
[1 + 𝛿𝐸 (𝑝𝐻 , 𝐸) ∙ 𝐸 2 ] (√[
] +[
] )
𝜕𝛼21
𝜕𝛼21

,

(9𝑎)

2

(√𝐿𝑘 + 1)
𝐾𝑎
𝑎+
𝐻
0<𝐿≡
< 1, 𝐿𝑎 ≡ + , 𝐿𝑏 ≡ , 𝐿𝑘 ≡ 𝐿𝑎 𝐿𝑏 ,
(𝐿𝑎 + 1)(𝐿𝑏 + 1)
𝑎𝐻
𝐾𝑏
2

(𝐿𝑎 + 1)(𝐿𝑏 + 1) > (√𝐿𝑘 + 1) .

(9𝑏)
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where 0  h11  2a, –b  h33  b, and 0  2  EX(T). Symbol 2a [m] and 2b [m] denote the width
and length, respectively, of the friction region between the two co-operating surfaces. k =
1.38054∙10–23 [J/K] represents the Boltzmann constant. It follows the formula (9a), according to
which, apparent viscosity ηT of the biological liquid in the gap is directly proportional to the
boundary surfaces A [m2] between the areas of different phospholipid (PL) concentration having
different superficial layer susceptibility of 10 −16 m 2  A  10 −14 m 2 . Symbol δv occurring in formula
(9a) represents the dimensionless random coefficient (0.2 < δv < 0.6). Suppose index δv increases
from 0.2 to 0.6, the dynamic viscosity of the bio-fluid undergoes a significant reduction. Coefficient
δv describes the concentration cc of collagen fibers in the bio-fluid. For δv = 0.2, the value of cc is
100,000 mol/mm3, while for δv = 0.6 concentration, the value of cc is 100 mol/mm3. The dimension
of parameters La and Lb was determined by the formula (9b). Since 0 < L < 1, lnL is a negative number,
while it is always the case that γmax >-kA–1T lnL, where –100 < lnL < –10.
The symbol 0.03 m/s <v0 < 0.04 m/s indicates the characteristic dimensional value of linear
velocity for the bio-surface being flowed around. The derivatives in the dimensionless gap height
direction 21 of the dimensionless functions v11 and v31 of velocity vector components v1[m/s] and
v3[m/s] in directions α1 and α3 in formula (9a) are the result of dimensionless transformations, and
calculations of constitutive dependences of apparent viscosity (3g), where v1 = v0 v11, v3 = v0 v31.
Newtonian fluid is used if the dimensionless flow index n (0.8 < n < 1.2) has the value of ‘1’. The
following points have been assumed: δE [m2/V2] is the experimental coefficient of the influence of
electrical intensity E and concentration of hydrogen ions pH in the bio-fluid. The value of coefficient
δE [m2/V2] for the bio-fluid has not yet been accurately measured. Though, it has been observed that
for E = 10 V/m and pH = 8, the value of δE = 0.0003 m2/V2 [29]. It thus follows that the dimensionless
increase in the dynamic viscosity of the bio-fluid resulting from the influence of the electrostatic
field in the phospholipid layer is 1+δEE2 = 1.03, which is only a 3% increase. Based on the obtained
estimations, it can be inferred that the direct influence of the electrostatic field in the tissue
boundary layer is negligible.
Formula (9) was derived from known dependences of interfacial energy γ(pH, We), describing
the relationship between the power of hydrogen ion concentration pH and wettability We.
Interfacial energy was analytically transformed into apparent dynamic viscosity of the lubricating
fluid ηT. Such dependencies are explained graphically in [21] for two types of phospholipids, PC and
PS, with dimensionless values for acid pKa and base pKb equilibrium constants. An increase in pKa
enhances the viscosity increase in the interval of 2 < pH < 4 and enhances the viscosity decrease in
the interval of 4 < pH < 10. Bio-fluid dynamic viscosity for PC and PS lipids increases with the
increasing power of hydrogen ion concentration pH to a certain iso-electric point IP ( = 3.5 mJ/m2),
with the established values of We, δv, T, and v0. A further increase in pH leads to a decrease in
dynamic viscosity. The dynamic viscosity of the bio-fluid decreases with decreasing wettability We
at established values δv, T, and v0. A drop in wettability from 70° to 50° indicates a transition from
hydrophobic to hydrophilic properties in the bio-surfaces flowed around by the bio-fluid.
Similarly, for formula (1) and formula (2a), by specifying the random gap height changes, the
expected functions of pressure, temperature, and lubricating fluid velocity components in the
system of equations (4)-(8) take the following forms [26]:
𝐸𝑋(𝑝) = 𝑝[1 + 𝐸𝑋(𝛿𝑝 )], 𝐸𝑋(𝑇) = 𝑇[1 + 𝐸𝑋(𝛿𝑇 )],
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𝐸𝑋𝜈𝑖 = 𝑣𝑖 [1 + 𝐸𝑋(𝛿𝜈𝑖 )], 𝑓𝑜𝑟 𝑖 = 1,2,3.

(10)

where the symbols δp, δT, and δvi represent unknown random variables of pressure, temperature,
and biological fluid velocity component corrections. If the random variable of gap height corrections
δ1 = 0, then δp = δT = δvi = 0. In this case EX(δp) = EX(δT) = EX(δvi) = 0; therefore, under the
assumption (10), EX(p) = p, EX(T) = T, and EX(vi) = vi for i = 1, 2, 3. Thus, in this specific case, the
system of equations (4)-(8) loses the stochastic properties.
The system of partial differential equations (4)-(8) determines the following expected functions
of random variable unknowns: three bio-fluid velocity vector components EX [vi(α1,α2,α3)] [m/s] for
i = 1, 2, 3; hydrodynamic pressure EX [p(α1,α3)] [Pa]; and temperature EX [T(α1,α2,α3)] [K]. The term
on the left side of equation (6) indicates the centrifugal forces occurring during the cooperation of
two bio-surfaces. These forces occur only when Lamé coefficient h1 is a function of 3. This is
applicable either to the non-rotational curvilinear bio-surface or to rotational surfaces with a nonmonotone generating line, i.e., spherical, conical, parabolic, or elliptical shapes, but not a cylindrical
shape where coefficient h1 is a constant value.
3.2 Integrals for Random Hydrodynamic Lubrication of Non-Rotational Surfaces
Integration of the system of equations (4)-(8) describing the lubrication of two non-rotational
bio-surfaces with the participation of phospholipids (PL) was carried out in curvilinear coordinates
(α1,α2,α3). These phospholipids are separated by a thin layer of biological fluid, with viscosity
variations in the gap height direction. This lubricated bio-surface performs a non-rotational motion
with linear velocity U1(α1,α3) [m/s] in α1 direction and U3(α1,α3) [m/s] in α3 direction, while the
second bio-surface is stationary and limits a gap filled with a layer of bio-fluid with randomly varying
height T. The following boundary conditions are applied to the functional components of the
expected randomly varying viscous bio-fluid velocities EX(v1), EX(v2), and EX(v3) in the directions α1,
α2, and α3, respectively [25, 28]:
𝐸𝑋(𝜈1 ) = 𝑈1 𝑓𝑜𝑟 𝛼2 = 0, 𝐸𝑋(𝑣1 ) = 0 𝑓𝑜𝑟 𝛼2 = 𝐸𝑋( 𝑇 ),

(11)

𝐸𝑋(𝜈2 ) = 0 𝑓𝑜𝑟 𝛼2 = 0, 𝑎𝑛𝑑 𝐸𝑋(𝑣2 ) = 0 𝑓𝑜𝑟 𝛼2 = 𝐸𝑋( 𝑇 ),

(12)

𝐸𝑋(𝜈3 ) = 𝑈3 𝑓𝑜𝑟 𝛼2 = 0, 𝐸𝑋(𝑣3 ) = 0 𝑓𝑜𝑟 𝛼2 = 𝐸𝑋( 𝑇 ).

(13)

By applying condition (11) to the general solution of equation (4), the following form of function
of the expected randomly variable component of the bio-fluid velocity vector is obtained in direction
α1 of the non-rotational movable bio-surface [23, 26]:
𝐸𝑋[𝜈1 (𝛼1 , 𝛼2 , 𝛼3 )] = (

1 𝜕𝐸𝑋(𝑝)
− 𝑀1 ) 𝐴𝜂 + (1 − 𝐴s )𝑈1
ℎ1 𝜕𝛼1

(14)

where the subordinate functions As [1] and Aη [m4/Ns] are as follows:
1
𝑑𝛼
𝐸𝑋(𝜂 𝑇 ) 2
𝐴𝑠 (𝛼1 , 𝛼2 , 𝛼3 ) ≡
, 𝐴𝜂 (𝛼1 , 𝛼2 , 𝛼3 ) ≡
𝐸𝑋(𝜀𝑇 )
1
𝑑𝛼2
∫0
𝐸𝑋(𝜂 𝑇 )
𝛼2

∫0
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𝛼
𝐸𝑋(𝜀 )
1
𝛼2
𝑑𝛼2 ) ∙ (∫0 𝑇
𝑑𝛼 )
(∫0 2
𝛼2
𝐸𝑋(𝜂 𝑇 )
𝐸𝑋(𝜂 𝑇 ) 2
∫
𝑑𝛼 −
𝐸𝑋(𝜀𝑇 )
1
𝐸𝑋(𝜂 𝑇 ) 2
𝑑𝛼
∫0
0
𝐸𝑋(𝜂 𝑇 ) 2
𝛼2

(15)

Here, 0  h11  2a, –b  h33  b, 0  2  EX(T), EX(T) = EX [T( 1,3)], h11[m], h33[m], 2[m],
a [m], and b [m], U1 = U1(1,3) [m/s]. Besides, As [1,2 =EX(T),3] = 1, and A[1,2 =EX(T),3] = 0.
Substituting solution (14) into equation (6) and then applying condition (13), the function of the
expected randomly variable component of the bio-fluid velocity vector is obtained in the
longitudinal direction α3 of the non-rotational bio-surface:
𝐸𝑋[𝜈3 (𝛼1 , 𝛼2 , 𝛼3 )] = (

1 𝜕𝐸𝑋(𝑝)
𝜌 𝜕ℎ1
− 𝑀3 ) 𝐴𝜂 + (1 − 𝐴s )𝑈3 −
𝐴 ,
ℎ3 𝜕𝛼3
ℎ1 ℎ3 𝜕𝛼3 𝑝

(16)

where U3 = U3(α1, α3) [m/s]. Moreover, Mi = ρeEi [N/m3] for i = 1, 3 are the electrical terms.
The last term on the right-hand side of equation (16) represents the influence of the suction or
inertial force of the non-rotational bio-surface on the distribution of the bio-fluid velocity in the gap.
The characteristic function of the centrifugal effect Ap [m6/Ns3] was assumed to be as [22]:
2

1 𝜕𝐸𝑋(𝑝)
𝐴𝑝 (𝛼1 , 𝛼2 , 𝛼3 ) ≡ (
− 𝑀1 ) 𝐴𝜌1 (𝛼1 , 𝛼2 , 𝛼3 ) +
ℎ1 𝜕𝛼1
−2𝑈1 (

1 𝜕𝐸𝑋(𝑝)
− 𝑀1 ) 𝐴𝜌2 (𝛼1 , 𝛼2 , 𝛼3 ) + 𝑈12 𝐴𝜌3 (𝛼1 , 𝛼2 , 𝛼3 ),
ℎ1 𝜕𝛼1

(17𝑎)

The auxiliary functions for non-rotational surfaces and the viscosity variations in gap height
directions are represented as follows [21-22]:
𝛼2

𝛼2

0

0

𝐸𝑋(𝜀𝑇 )

1
𝐴𝜌1 (𝛼1 , 𝛼2 , 𝛼3 ) ≡ ∫ (
∫ 𝐴2𝜂 𝑑𝛼2 ) 𝑑𝛼2 − 𝐴𝑠 ∙ ∫
𝐸𝑋(𝜂 𝑇 )
0

𝛼2

1
∫ 𝐴2𝜂 𝑑𝛼2 ) 𝑑𝛼2 ,
(
𝐸𝑋(𝜂 𝑇 )
0

𝐴𝜌2 (𝛼1 , 𝛼2 , 𝛼3 ) ≡
𝛼2

𝛼2

0

0

𝐸𝑋(𝜀𝑇 )

1
∫(
∫ (1 − 𝐴𝑠 )𝐴𝜂 𝑑𝛼2 ) 𝑑𝛼2 − 𝐴𝑠 ∙ ∫
𝐸𝑋(𝜂 𝑇 )
0

𝛼2

1
∫ (1 − 𝐴𝑠 )𝐴𝜂 𝑑𝛼2 ) 𝑑𝛼2 ,
(
𝐸𝑋(𝜂 𝑇 )
0

𝐴𝜌3 (𝛼1 , 𝛼2 , 𝛼3 ) ≡
𝛼2

𝛼2

𝐸𝑋(𝜀𝑇 )

1
∫(
∫ (1 − 𝐴𝑠 )2 𝑑𝛼2 ) 𝑑𝛼2 − 𝐴𝑠 ∙ ∫
𝐸𝑋(𝜂 𝑇 )
0

0

0

𝛼2

1
∫ (1 − 𝐴𝑠 )2 𝑑𝛼2 ) 𝑑𝛼2 ,
(
𝐸𝑋(𝜂 𝑇 )

(17𝑏)

0

where 0  h11  2a, –b  h33  b, 0  2  EX(T), EX(T) = EX [T( 1, 3)], h11[m], h33[m], 2[m],
a [m], b [m], U1 = U1(1,3)[m/s], A1[m12/N3s3], A2[m8/N2s2], and A3[m4/Ns].
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The influence of the centrifugal forces disappears when the Lamé coefficient h1 is independent
of 3. Such a situation occurs if there are two co-operating plates or rotational bio-surfaces, like
cylindrical co-operating surfaces where the generating line is a straight line parallel to the axis of
rotation. Integration of the continuity equation (7) with the boundary condition (12), where v2 = 0
for 2 = 0, leads to the following form of function of the expected random variable component of
bio-fluid velocity in the direction 2 of gap height [20, 26]:
𝛼2

𝛼2

1 𝜕[ℎ3 𝐸𝑋(𝜈1 )]
1 𝜕[ℎ1 𝐸𝑋(𝜈3 )]
𝐸𝑋[𝜈2 (𝛼1 , 𝛼2 , 𝛼3 )] = − ∫
𝑑𝛼2 − ∫
𝑑𝛼2 .
ℎ1 ℎ3
𝜕𝛼1
ℎ1 ℎ3
𝜕𝛼3
0

(18)

0

where 0  h11  2a, –b  h33  b, h11[m], h33[m], 2[m], a [m], and b [m].
Further, the functions (14)-(16) are substituted into equation (18), and then boundary condition
(12) is applied in the form of EX(v2) = 0 for 2 = EX(T), i.e., to the component of the bio-fluid velocity
vector in the direction of gap height 2. The new forms (19a, 19b, 19c) of the hydrodynamic pressure
equations are derived after intense calculations.
For arbitrary, cooperating, biological, non-rotational surfaces in 1 and 3, directions, where h2
= 1, h1 = h1(1, 3), and h3 = h3( 1, 3), for a movable surface with linear velocity U1 in 1 direction
and U3 in 3 direction, the stochastically modified Reynolds type equation is derived. The biosurfaces are lubricated with a thin liquid layer with dynamic viscosity T(1,2,3) varying in three
directions. This equation determining the expected function EX [p(1,3)] of randomly variable
hydrodynamic pressure has the following form:
𝐸𝑋(𝜀𝑇 )

1 𝜕
𝜕𝐸𝑋(𝑝)
− 𝑀1 ) ∙ ( ∫
[ℎ3 (
ℎ1 ℎ3 𝜕𝛼1
ℎ1 𝜕𝛼1

𝐴𝜂 𝑑𝛼2 )]

0

𝐸𝑋(𝜀𝑇 )

1 𝜕
𝜕𝐸𝑋(𝑝)
+
− 𝑀3 ) ∙ ( ∫
[ℎ1 (
ℎ1 ℎ3 𝜕𝛼3
ℎ3 𝜕𝛼3

𝐴𝜂 𝑑𝛼2 )] +

0

𝐸𝑋(𝜀𝑇 )

1 𝜕
𝜕ℎ1
−𝜌
∫
(
ℎ1 ℎ3 𝜕𝛼3 ℎ3 𝜕𝛼3

𝐴𝑝 𝑑𝛼2 ) =

0

𝐸𝑋(𝜀𝑇 )

1
𝜕
=
{
[𝑈 ℎ ( ∫
ℎ1 ℎ3 𝜕𝛼1 1 3
0

𝐸𝑋(𝜀𝑇 )

𝜕
𝐴𝑠 𝑑𝛼2 − 𝐸𝑋(𝜀𝑇 ))] +
[𝑈 ℎ ( ∫
𝜕𝛼3 3 1

𝐴𝑠 𝑑𝛼2 − 𝐸𝑋(𝜀𝑇 ))]} , (19𝑎)

0

where, 0  h11  2a, –b  h33  b, h11[m], h33[m], 2[m], a [m], b [m], U1 = U1(1, 3), and U3 =
U3(1, 3) [m/s]. The terms multiplied by the linear velocity components U1 and U3 represent the
influence of surface motion on the hydrodynamic pressure. The integrals mentioned in equation
(19a) are enclosed in Appendix 1. The mathematical derivations presented in the two appendices
are crucial as they illustrate the influence of bio-fluid viscosity variations across the very thin gap
height on the lubrication parameters. The aforementioned influences have never been referred to
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in any of the previous works on classical lubrication. Hence, such derivations have not been
considered until now.
For rotational, biological, movable surfaces with angular velocity  in 1 direction and nonmonotone generating line in  3 direction, where h2 = 1, h1 = h1( 3), and h3 = h3( 3), for the
motionless surface in 3 direction, where, U1(3) = h1, U3 = 0, and for the surfaces lubricated with
a thin liquid layer with dynamic viscosity varying in three directions, T(1, 2,3), the following
stochastically modified Reynolds equation, which determine the expected function EX [p(1,3)] of
randomly variable hydrodynamic pressure, is valid:
𝐸𝑋(𝜀𝑇 )

1 𝜕
𝜕𝐸𝑋(𝑝)
− 𝑀1 ) ∙ ( ∫
[(
ℎ1 𝜕𝛼1
ℎ1 𝜕𝛼1
0

𝐸𝑋(𝜀𝑇 )

1 𝜕
𝜕𝐸𝑋(𝑝)
𝐴𝜂 𝑑𝛼2 )] +
− 𝑀3 ) ∙ ( ∫
[ℎ1 (
ℎ1 ℎ3 𝜕𝛼3
ℎ3 𝜕𝛼3

𝐴𝜂 𝑑𝛼2 )]

0

𝐸𝑋(𝜀𝑇 )

1 𝜕
𝜕ℎ1
−𝜌
∫
(
ℎ1 ℎ3 𝜕𝛼3 ℎ3 𝜕𝛼3
0

𝐸𝑋(𝜀𝑇 )

𝑈1 𝜕
𝐴𝑝 𝑑𝛼2 ) =
[( ∫
ℎ1 𝜕𝛼1

𝐴𝑠 𝑑𝛼2 − 𝐸𝑋(𝜀𝑇 ))] ,

(19𝑏)

0

where 0  h11  2a, –b  h33  b, h11[m], h33[m], 2[m], a [m], b [m], and U1 = U1(3).
For rotational, cooperating, biological surfaces with angular velocity  in 1 direction and
monotone motionless generating line in  3 direction, where h2 = 1 and h1 = h1( 3), U1 = h1, U3 = 0,
and for the surfaces lubricated with a thin liquid layer with dynamic viscosity varying in three
directions, T(1, 2,3), the stochastically modified Reynolds equation (19b) is valid with h3 = 1.
For rotational, co-operating, biological surfaces with angular velocity  in 1 direction and
motionless in  3 non-monotone direction, where h2 = 1, h1 = h1( 3), and h3 = h3( 3), U1 = U1(3) =
h1, U3 = 0, and for the surfaces lubricated with a thin liquid layer with dynamic viscosity varying
only in two directions and being constant in the gap height direction, T(1,3), the following
stochastically modified Reynolds equation, which determine the expected function EX [p(1,3)] of
random variable hydrodynamic pressure, is obtained:
1 𝜕 𝐸𝑋(𝜀𝑇3 ) ∂𝐸𝑋(𝑝)
1 𝜕 𝐸𝑋(𝜀𝑇3 )
∂𝐸𝑋(𝑝)
(
− 𝑀1 )] +
ℎ1 (
− 𝑀3 )]
[
[
ℎ1 𝜕𝛼1 𝐸𝑋(𝜂 𝑇 ) ℎ1 ∂𝛼1
ℎ1 ℎ3 𝜕𝛼3 𝐸𝑋(𝜂 𝑇 )
ℎ3 ∂𝛼3
𝐸𝑋(𝜀𝑇 )

1 𝜕
𝜕ℎ1
+𝜌
∙ 12 ∙ ∫
(
ℎ1 ℎ3 𝜕𝛼3 ℎ3 𝜕𝛼3

𝐴𝑝 𝑑𝛼2 ) = 6𝜔ℎ1

0

𝜕𝐸𝑋(𝜀𝑇 )
,
ℎ1 ∂𝛼1

(19𝑐)

where
𝐸𝑋(𝜀𝑇 )

12 ∙ ∫

𝐴𝑝 𝑑𝛼2 = −

0

1 𝐸𝑋(𝜀𝑇4 )
[
28 𝐸𝑋(𝜂 2𝑇 )

3 𝐸𝑋(𝜀𝑇3 )
∙
10 𝐸𝑋(𝜂 𝑇 )

2

∂𝐸𝑋(𝑝)
𝜔ℎ1 𝐸𝑋(𝜀𝑇2 ) ∂𝐸𝑋(𝑝)
∙(
− 𝑀1 ) +
∙(
− 𝑀1 ) + (𝜔ℎ1 )2 ] .
ℎ1 ∂𝛼1
3 𝐸𝑋(𝜂 𝑇 )
ℎ1 ∂𝛼1

(19𝑑)

Here, 0  h11 < a, –b  h33  b, h11[m], h33[m], 2[m], a [m], and b [m].
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The terms in equations (19a, 19b, 19c), when multiplied by the biological fluid density , illustrate
the effect of centrifugal forces on the hydrodynamic pressure.
The expected function of randomly varying pressure EX(p) is determined from equations (19a,
19b, 19c), assuming that the value of atmospheric pressure pA at the edges of the lubrication area
to be Ω(1,3):
𝐸𝑋[𝑝(1 , 3 )] = 𝑝𝐴 𝑓𝑜𝑟 (𝛼1 , 𝛼3 ) 𝜖 𝐹𝑟𝛺, 𝛺 𝜖 (0 ≤ ℎ1 1 ≤ 𝑎) × (−𝑏 ≤ ℎ3 3 ≤ 𝑏),

(20)

where Fr denotes the topological boundary set operator.
Now, the expected functions of the bio-fluid velocity vector components (14) and (16) are
substituted into the energy equation (8). A constant value of bio-fluid thermal conductivity κ has
been considered. For non-rotational, arbitrary, co-operating, biological surfaces in 1 and 3
directions, where h2 = 1 and h1 = h1(1, 3), and h3 = h3( 1, 3), movable in 1 direction with linear
velocity U1 and in 3 direction with linear velocity U3, and for the surfaces lubricated with the liquid
with dynamic viscosity varying in three directions:T(1,2,3), the following differential equations
are obtained after the transformations, which enable the determination of the expected function
of temperature EX [T( 1,  2,3)] in a random variable form [22, 25, 28]:
𝜕 2 𝐸𝑋(𝑇)
+
𝜕𝛼22
2

2

𝜕𝐴𝜂
𝜕𝐴𝜂
𝐸𝑋(𝜂 𝑇 )
1 ∂𝐸𝑋(𝑝)
𝜕𝐴𝑆
1 ∂𝐸𝑋(𝑝)
𝜕𝐴𝑆
+
{[(
− 𝑀1 )
− 𝑈1
− 𝑀3 )
− 𝑈3
] + [(
] }+
𝜅
ℎ1 ∂𝛼1
𝜕𝛼2
𝜕𝛼2
ℎ3 ∂𝛼3
𝜕𝛼2
𝜕𝛼2
+

𝜕𝐴𝜂
𝐸𝑋(𝜂 𝑇 ) 𝜌 𝜕ℎ1 𝜕𝐴𝑝 𝜌 𝜕ℎ1 𝜕𝐴𝑝
1 ∂𝐸𝑋(𝑝)
𝑀𝑇
− 2(
− 𝑀3 )
,
[
]=
𝜅
ℎ1 ℎ3 𝜕𝛼3 𝜕𝛼2 ℎ1 ℎ3 𝜕𝛼3 𝜕𝛼2
ℎ3 ∂𝛼3
𝜕𝛼2
κ

(21)

where 0  h11  2a, –b  h33  b, 0  2  EX(T), h11[m], h33[m], 2[m], a [m], b [m], U3 = U3(1,
3), U1 = U1(1,3), and MT/κ=J2/σe[K/m2]. The derivatives of the terms As, A, and Ap are presented
in Appendix 2. The terms in (21), when multiplied by the linear velocity components U1 and U3,
represent the influence of surface motion on temperature.
In order to determine the expected function of randomly variable temperature EX [T(1,2,3)]
from the second-order differential equation (21), two boundary conditions are required. The
variations in the expected function of temperature below and above the characteristic temperature
T0 ultimately lead to a constant temperature value fc on the first bio-surface (movable) and an
unknown variable value of temperature changes fp(1,3) on the second bio-surface (immovable).
Hence, the two derived boundary conditions are as follows:
𝐸𝑋[𝑇(𝛼1 , 𝛼2 , 𝛼3 )] = 𝑇0 + 𝑓𝑐 𝑓𝑜𝑟 𝛼2 = 0,

(22𝑎)

𝐸𝑋[𝑇(𝛼1 , 𝛼2 , 𝛼3 )] = 𝑇0 + 𝑓𝑝 (𝛼1 , 𝛼3 ) 𝑓𝑜𝑟 𝛼2 = 𝐸𝑋(𝜀𝑇 ).

(22𝑏)

In order to determine the unknown temperature function fp(1,3) on the surface of the
acetabulum, the condition of transportation of heat flux density qc from the bonehead surface
through the bio-liquid layer to the surface of acetabulum is used. This condition has the following
form [21]:
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𝜅

𝜕𝐸𝑋(𝑇)
= −𝑞𝑐 𝑓𝑜𝑟 𝛼2 = 0
𝜕𝛼2

(22𝑐)

3.3 Random Frictional Forces, Coefficient of Friction, and Load Carrying Capacity for NonRotational Surfaces in Curvilinear Form
The components of expected random functions of friction forces FR1, FR3 [N] are determined in
curvilinear directions 1 and 3 occurring during the lubrication of two non-rotational bio-surfaces,
with the participation of phospholipids (PL), separated by a thin layer of biological fluid with
viscosity variations in the gap height directions, T( 1, 2,3).Mentioned friction forces are
formulated in the curvilinear orthogonal coordinates (α1,α2,α3) in the following forms [3, 23, 25, 26]:

𝐸𝑋(𝐹𝑅1 ) ∬ [𝐸𝑋 (𝜂 𝑇 ∙
Ω

𝐸𝑋(𝐹𝑅3 ) ∬ [𝐸𝑋 (𝜂 𝑇 ∙
Ω

𝜕𝐸𝑋(𝜈1 )
)]
𝜕𝛼2
𝛼
𝜕𝐸𝑋(𝜈3 )
)]
𝜕𝛼2
𝛼

ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3 ,
2 =𝐸𝑋(𝜀𝑇 )

ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3 ,

(23)

2 =𝐸𝑋(𝜀𝑇 )

where 0  h11  2a, –b  h33  b, 0  2  EX(T), h11[m], h33[m], 2[m], a [m], b [m], and 
(1,3) lubrication surface, h2 = 1, h1 = h1(1, 3), and h3 = h3( 1, 3). When the derivatives of the
expected values of random biological fluid velocity components (14) and (16) are substituted into
expression (23), considering the derivatives of functions (14) and (17ab), the expected functions of
the random friction force components are obtained in the following form of double integrals [21]:

𝐸𝑋(𝐹𝑅1 ) = ∬ (
Ω

−

1 𝜕𝐸𝑋(𝑝)
− 𝑀1 ) [𝐸𝑋[𝜀𝑇 (𝛼1 , 𝛼3 )]
ℎ1 𝜕𝛼1

𝐸𝑋[𝜀𝑇 (𝛼1 ,𝛼3 )]
𝛼2 𝑑𝛼2
∫0
𝐸𝑋[𝜂 𝑇 (𝛼1 , 𝛼2 , 𝛼3 )]
𝐸𝑋[𝜀𝑇 (𝛼1 ,𝛼3 )]

∫0

𝑑𝛼2
𝐸𝑋[𝜂 𝑇 (𝛼1 , 𝛼2 , 𝛼3 )]

] ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3 +

𝑈1 (𝛼1 , 𝛼3 )
−∬[
] ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3 ,
𝐸𝑋[𝜀𝑇 (𝛼1 ,𝛼3 )]
𝑑𝛼2
Ω ∫0
𝐸𝑋[𝜂 𝑇 (𝛼1 , 𝛼2 , 𝛼3 )]

𝐸𝑋(𝐹𝑅3 ) = ∬ (
Ω

(24)

1 𝜕𝐸𝑋(𝑝)
− 𝑀3 ) [𝐸𝑋[𝜀𝑇 (𝛼1 , 𝛼3 )]
ℎ3 𝜕𝛼3

𝛼2 𝑑𝛼2
𝐸𝑋[𝜂 𝑇 (𝛼1 , 𝛼2 , 𝛼3 )]
−
] ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3 +
𝐸𝑋[𝜀𝑇 (𝛼1 ,𝛼3 )]
𝑑𝛼2
∫0
𝐸𝑋[𝜂 𝑇 (𝛼1 , 𝛼2 , 𝛼3 )]
𝐸𝑋[𝜀𝑇 (𝛼1 ,𝛼3 )]

∫0
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− ∬Ω [
2𝑈1 (

𝑈3 (𝛼1 ,𝛼3 )
𝐸𝑋[𝜀𝑇 (𝛼1 ,𝛼3 )]
𝑑𝛼2
∫0
𝐸𝑋[𝜂𝑇 (𝛼1 ,𝛼2 ,𝛼3 )]

] ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3 − 𝜌 ∬Ω

1 𝜕𝐸𝑋(𝑝)
ℎ1

𝜕𝛼1

1

𝜕ℎ1

ℎ1 ℎ3 𝜕𝛼3

1 𝜕𝐸𝑋(𝑝)

{(

ℎ1

𝜕𝛼1

2

− 𝑀1 ) 𝐸𝑋(𝐹𝜌1 ) −

− 𝑀1 ) 𝐸𝑋(𝐹𝜌2 ) + 𝑈12 𝐸𝑋(𝐹𝜌3 )} ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3

(25)

where 0  h11  2a, –b  h33  b, h11[m], h33[m], 2[m], a [m], b [m], U1 = U1(1,3) [m/s], and
U3 = U3(1,3) [m/s].
The terms, when multiplied by the linear velocity components U1 and U3, describe the influence
of surface motion on the values of friction forces.
The last two terms on the right-hand side of equation (25), when multiplied by the biological fluid
density , indicate the effects of centrifugal forces on the friction forces. Considering equations (23),
(25), and (17a, 17b), the EX(F1) [m9/N2s2], EX(F2)[m5/Ns], EX(F3) [m] form of auxiliary expectancy
function occurring in equation (25) and presenting the centrifugal forces [23, 26] can be derived as
follows:
𝐸𝑋(𝐹𝜌1 ) ≡ {𝐸𝑋(𝜂 𝑇 )

𝐴2𝜂 𝑑𝛼2 −

∫0

0

𝐸𝑋(𝐹𝜌2 ) ≡ {𝐸𝑋(𝜂 𝑇 )

𝐴𝜂 (1 − 𝐴𝑠 )𝑑𝛼2 −

∫

(

𝜕
[𝐴 (𝛼 , 𝛼 , 𝛼 )]}
𝜕𝛼2 𝜌2 1 2 3 𝛼

𝐸𝑋(𝜀𝑇 )

𝐸𝑋(𝜀𝑇 )

∫0

(

0

𝐸𝑋(𝐹𝜌3 ) ≡ {𝐸𝑋(𝜂 𝑇 )
𝐸𝑋(𝜀𝑇 )

∫ (1 − 𝐴𝑠 )2 𝑑𝛼2 −
0

(

(26𝑎)

=
2 =𝐸𝑋(𝜀𝑇 )

𝛼2
1
∫ 𝐴 (1 − 𝐴𝑠 )𝑑𝛼2 ) 𝑑 𝛼2
𝐸𝑋(𝜂 𝑇 ) 0 𝜂
,
𝐸𝑋(𝜀𝑇 )
1
𝑑𝛼
∫0
𝐸𝑋(𝜂 𝑇 ) 2

𝜕
[𝐴 (𝛼 , 𝛼 , 𝛼 )]}
𝜕𝛼2 𝜌3 1 2 3 𝛼

𝐸𝑋(𝜀𝑇 )

∫0

=
2 =𝐸𝑋(𝜀𝑇 )

𝛼2
1
∫ 𝐴2 𝑑𝛼 ) 𝑑 𝛼2
𝐸𝑋(𝜂 𝑇 ) 0 𝜂 2
,
𝐸𝑋(𝜀𝑇 )
1
𝑑𝛼
∫0
𝐸𝑋(𝜂 𝑇 ) 2

𝐸𝑋(𝜀𝑇 )

𝐸𝑋(𝜀𝑇 )

∫

𝜕
[𝐴 (𝛼 , 𝛼 , 𝛼 )]}
𝜕𝛼2 𝜌1 1 2 3 𝛼

(26𝑏)

=
2 =𝐸𝑋(𝜀𝑇 )

𝛼2
1
∫ (1 − 𝐴𝑠 )2 𝑑𝛼2 ) 𝑑 𝛼2
𝐸𝑋(𝜂 𝑇 ) 0
,
𝐸𝑋(𝜀𝑇 )
1
𝑑𝛼
∫0
𝐸𝑋(𝜂 𝑇 ) 2

(26𝑐)

where 0  h11  2a, –b  h33  b, 0  2  EX(T), h11[m], h33[m], 2[m], a [m], and b [m]. EX [T
(1,2,3)] denotes the expected function of the random dynamic viscosity of synovial fluid, which
also varies in the direction of gap height. EX [T(1,3)] indicates the expected function of the
variable total gap height.
The expected value of the load carrying capacity C [N] for non-rotational, cooperating, biological
surfaces with h2 = 1, h1 = h1(1, 3), h3 = h3( 1, 3) can be formulated in the curvilinear coordinates
in the following form of surface integrals [23, 26]:
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𝐸𝑋(𝐶) = ∬ 𝐸𝑋[𝑝(𝛼1 , 𝛼3 )]𝑑Ω,

(27)

dΩ = ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3 ,

Ω

where 0  h11  2a, –b  h33  b, h11[m], h33[m], 2[m], a [m], and b [m]. The load carrying
capacity is along the direction vertical to the biological friction nod surface  [m2] and in the
direction opposite to load W [N].
For rotational, biological surfaces in 1 direction and non-monotone generating line in  3
direction, where h2 = 1, h1 = h1(1, 3), and h3 = h3( 1, 3), the expected value of load carrying
capacity (27) in the curvilinear coordinates leads to the following double-integral form [25, 28]:
2

2

 b  αk
  b  αk





EX(C) =     EX p(α1 , α 3 )(sinα1 )h1dα1 h3 dα 3  +     EX p(α1 , α 3 )(cosα1 )h1dα1 h3 dα 3  (28)
 
  





− b  0
 − b  0


for 0  1  k < 2, –b  h33  b, EX(T) = EX [T(1,3)], where αk denotes the bio-fluid end
coordinate in the circumferential direction 1 of the femoral head, and 2b is the length in the
longitudinal direction of the friction area.
The symbol EX(p) indicates the expected function of the randomly variable hydrodynamic
pressure function. Based on Coulomb’s law of friction, and considering the expected function of
adhesion force EX(AD) [N], in a curvilinear orthogonal coordinate system, the dimensionless
randomly variable coefficient of friction has the following form [23, 26]:
𝐸𝑋(𝜇) =

|𝒆𝟏 𝐸𝑋(𝐹𝑅1 ) + 𝒆𝟑 𝐸𝑋(𝐹𝑅3 )| − 𝐸𝑋(𝐴𝐷 )
𝐸𝑋(𝐶)

(29)

where e1 and e3 are the unit vectors tangential to the circumferential 1 and longitudinal 3
directions.
4. Semi-Experimental and Theoretical Methods
Here, a general estimation of random lubricant parameters for two non-rotational, curvilinear,
co-operating, biological surfaces is elaborated. First, an estimation of the value of the expected
functions of random lubricant liquid velocity, random hydrodynamic pressure, load-carrying
capacity, and friction forces for the lubricated, curvilinear, arbitrary, biological, non-rotational
surfaces is presented based on the stochastic gap height analysis (Section 2). As mentioned in the
analytical solutions presented in the sub-Section 3.2, a non-rotational surface moves with the linear
velocity U1(α1,α3)[m/s] in α1 direction and U3(α1,α3)[m/s] in α3 direction, while the second biosurface is stationary and limits a gap filled with a layer of bio-liquid with randomly varying height
EX(T).
Using the probability density function f for correction 1 of the gap height obtained
experimentally, the expected correction value, i.e., EX(1) = m, is determined from formula (2a). The
standard deviation  is calculated from equation (3). The inequality that enables the estimation of
the expected values of gap height is based on equations (1) and (2b) and takes the following form
[26, 27, 30]:
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(1 + 𝑚 − 𝜎) ∙ 𝜀𝑇 (𝛿1 = 0) ≤ 𝐸𝑋(𝜀𝑇 ) ≤ (1 + 𝑚 + 𝜎) ∙ 𝜀𝑇 (𝛿1 = 0)

(30)

where εT(1 = 0) = 0T1s(α1,α3) = T(α1,α3,1 = 0) represents the gap height without any random
corrections.
For the stationary flow of biological fluid in the friction nod between surfaces or in the joint gap,
there is an equal volumetric flow rate in places of the narrowing and expansion of gap height εT, in
both classic hydrodynamic lubrication and lubrication by squeezing out. The flow rate, as the
product of average flow velocity and flow surface, implies an increase (decrease) in velocity v, which
is inversely proportional to the narrowing (widening) of the gap height [30]. Using the expected
value of gap height correction m and its standard deviation , and considering the numerical
estimations of the analytical velocity solutions (14) and (16), the following inequalities for the value
of the expected velocity function are obtained [23]:
1
𝐸𝑋(𝑣)
1
≤
≤
, 𝑣(𝛿1 = 0) = 𝑂(𝑈), 𝑈 ≡ √𝑈12 + 𝑈32 ,
1 + 𝑚 + 𝜎 𝑣(𝛿1 = 0) 1 + 𝑚 − 𝜎

(31)

where v(1 =0) indicates the velocity without any random corrections of gap height.
The apparent viscosity variation is confirmed by formula (9a) that defines the apparent viscosity
ηT. In this formula, velocity v is inversely proportional to the dynamic viscosity of the biological fluid.
Thus, using the expected value of gap height correction m and its standard deviation , along with
the numerical estimations for expression (9a), the following inequalities for the value of the
expected viscosity function are observed:
𝐸𝑋(𝜂 𝑇 )
𝛾𝑚𝑎𝑥 + 𝑘 ∙ 𝐴−1 𝑇 ∙ ln 𝐿
(1 + 𝑚 − 𝜎) ≤
≤ (1 + 𝑚 + 𝜎), 𝜂 𝑇 (𝛿1 = 0) = 𝑂 (
) , (32𝑎)
𝜂 𝑇 (𝛿1 = 0)
𝛿𝜈 ∙ 𝜈0
where ηT(1 = 0) indicates the biological liquid viscosity without random corrections of gap height
and the susceptibility random changes on the superficial layer of surfaces.
Based on equation (32a), the apparent dynamic viscosity for synovial fluid is calculated, taking
into account the following parameter values: A = 10–15 m2, lnL = –50,  = 2.5 mJ/m2, where 0.03 m/s
< v0 < 0.04 m/s; 0.2 < δv < 0.6; T = 310 K; and k = 1.38064910–23 J/K. Hence, kA–1 TlnL = –0.214
mN/m.
Eventually, the apparent viscosity has the following value [20]:
𝑚𝐽
𝑚𝑁
𝛾𝑚𝑎𝑥 + 𝑘 ∙ 𝐴−1 𝑇 ∙ ln 𝐿 2.5 𝑚2 − 0.2140 … 𝑚
𝜂 𝑇 (𝛿1 = 0) =
=
=
𝑚
𝛿𝜈 ∙ 𝜈0
0.20 ∙ 0.0368
𝑠
=

2.5

𝑚𝑁
𝑚𝑁
− 0.2140 …
𝑚
𝑚 = 0.3105 𝑁 ∙ 𝑠 = 0.3105 𝑃𝑎 ∙ 𝑠.
𝑚
𝑚2
0.20 ∙ 0.0368
𝑠

(32𝑏)

Symbols A, L, , and k-Boltzmann constant are described and defined in Section 3. It is visible that
the boundary surface A between the areas of different phospholipid concentrations has a
noteworthy influence on the bio-fluid viscosity variations.
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The derived formula (32a) for the apparent viscosity of biological liquid proves that the
increments in phospholipid concentration on the joint cartilage surface corresponding to the
decrements in the value 0.6 to value 0.2 of the dimensionless coefficient v imply the increments in
the apparent dynamic viscosity. The experimental studies [1, 8] validate this feature of
phospholipids.
The derived formula (32a) for the apparent viscosity of biological liquid proves that the
decrements in the flow velocity v0 of the biological liquid in the joint gap during the lubrication
increase the apparent dynamic viscosity of the biological liquid.
According to the fundamental laws of fluid mechanics, the velocity distribution of a viscous liquid
flow in the conduit gap has a parabolic shape, while the lowest values of velocity are located on the
boundary surfaces of the gap and are restricted to the liquid layer. Experimental studies [6, 12]
confirm that the highest values of the dynamic viscosity of the lubricated biological liquid are
obtained on the laminar boundary layer of the cartilage, which is flowed around by the biological
liquid.
Analytical and numerical solutions of the system of equations (4)-(8) and (19a, 19b, 19c) prove
that a smaller gap height implies a greater velocity and a lower viscosity of the non-Newtonian
liquid. This fact applies to both hydrodynamic classic lubrication and co-operating surface
lubrication by squeezing out. The expected function of the hydrodynamic pressure EX (p) estimated
numerically from the differential equations (19a, 19b, 19c), with the simultaneous use of results
(31) and (32a), leads to a dimensionless pressure quotient in the following interval [30]:
(1 + 𝑚 + 𝜎) ∙ β p
(1 + 𝑚 − 𝜎) ∙ 𝛼𝑝
𝐸𝑋(𝑝)
≤
(
≡
𝜉
)
≤
,
𝑝
(1 + 𝑚 + 𝜎)2
(1 + 𝑚 − 𝜎)2
𝑝(𝛿1 = 0)
𝑝(𝛿1 = 0) = 𝑂 (

𝑈 ∙ 𝜂 𝑇 (𝛿1 = 0)
𝜀𝑇
),𝜓 ≡
,
𝜓𝜀𝑇 (𝛿1 = 0)
𝐿𝑅

(33)

where p(1 = 0) indicates the hydrodynamic pressure without random corrections of gap height and
LR [m] is the length of the lubrication region of the non-rotational surface. Dimensionless correction
coefficients α p , βp are dependent on the radial clearance between the two co-operating surfaces
and the range of stochastic changes in the dimensionless fraction values in the pressure quotient
ξp.
The expected values of the load-carrying capacity EX(C) = ∙EX(p) are dependent on the pressure p
and the numerical estimations obtained from formula (27) for the lubricated surface d = h1h3
d1d3, along with the correction coefficients αC , βC , which are limited in the following interval
[30]:
(1 + 𝑚 + 𝜎) ∙ β C
(1 + 𝑚 − 𝜎) ∙ 𝛼𝐶
𝐸𝑋(𝐶)
≤
(
≡
𝜉
)
≤
,
𝐶
(1 + 𝑚 + 𝜎)2
(1 + 𝑚 − 𝜎)2
𝐶(𝛿1 = 0)
𝐶(𝛿1 = 0) = Ω ∙ 𝑂 (

𝑈 ∙ 𝜂 𝑇 (𝛿1 = 0)
) , Ω ≡ ∬ ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3 ,
𝜓𝜀𝑇 (𝛿1 = 0)

(34)

Ω

where C(1 = 0) represents the load-carrying capacity without random corrections of gap height.
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The expected function of friction forces EX(FR) with components estimated numerically from
formulas (24) and (26), with the simultaneous use of inequalities (31–34), enables the
representation of the upper and lower values of the friction quotient in the following form:
(1 + 𝑚 + 𝜎) ∙ β F
(1 + 𝑚 − 𝜎) ∙ 𝛼𝐹
𝐸𝑋(𝐹𝑅 )
≤(
≡ 𝜉𝐹 ) ≤
,
1+𝑚+𝜎
𝐹𝑅 (𝛿1 = 0)
1+𝑚−𝜎
𝐹𝑅 (𝛿1 = 0) = 𝑂 (

Ω ∙ 𝑈 ∙ 𝜂 𝑇 (𝛿1 = 0)
),
𝜀𝑇 (𝛿1 = 0)

(35)

where FR(1 = 0) indicates the friction force without random corrections of gap height, and αF ,βF are
the correction coefficients that are dependent on the stochastic changes in the fraction value ξ F .
The expected function of the coefficient of friction EX() = EX(FR)/EX(C) expressed by formula
(29), without the adhesion forces and with the simultaneous use of inequalities (34) and (35) and
the correction coefficients α ,β , leads to the estimation in the following interval:
𝐹
𝐸𝑋 (𝜇 = 𝑅⁄𝐶 )
(1 + 𝑚 − 𝜎) ∙ 𝛼𝜇 ≤ (
≡ 𝜉𝜇 ) ≤ (1 + 𝑚 + 𝜎) ∙ β µ ,
𝜇(𝛿1 = 0)
𝜇(𝛿1 = 0) = 𝑂 (

𝜀𝑇 (𝛿1 = 0)
),
𝐿𝑅

(36)

where  (1 = 0) indicates the friction coefficient without any random corrections of gap height.
The data for estimations (33)-(36) will be considered in some selected surfaces.
4.1 Example 1
Here, the human hip joint with two co-operating half-spherical rotational surfaces is considered,
as depicted in Figure (4a, b, c, d, e, f). The lower surface (bone head) moves in  1 direction with
angular velocity  and the upper surface (acetabulum) is motionless. Both the spherical surfaces
are motionless in the meridian  3 direction. Hence, the values are U1 = h1, U3 = 0 and  1 = φ,  2
= r,  3 = . Lubrication is performed only on the spherical surface region with the monotone
generating line, i.e., inside the intervals: 0 <  < , R/6 <  < R/2, and  = 1R meridian
coordinates. Thus, the Lamé coefficients are as follows: h1 = Rsin1, h3 = 1, and R [m] = LR which
represents the radius of the sphere. Hence, U, , and gap height have the following forms [30]:

𝑈≡

√𝑈12

+

𝑈32

= √(𝜔𝑅 sin 𝜗1 )2 + 02 = 𝜔𝑅 sin 𝜗1 , Ω ≡ ∬ ℎ1 ℎ3 𝑑𝛼1 𝑑𝛼3 =
Ω

𝜀𝑇 (𝜑, 𝜗1 , 𝛿1 ) = 𝜀0 𝜀𝑇1 (𝜑, 𝜗1 , 𝛿1 ) ≡ 𝜀0 𝜀𝑇1𝑠 (𝜑, 𝜗1 )[1 + 𝛿1 (𝜑, 𝜗1 )],

√3𝜋𝑅2
,
2

(37)
(38𝑎)

𝜀𝑇 (𝛿1 = 0) = 𝜀0 𝜀𝑇1𝑠 (𝜑, 𝜗1 ) = 𝜀𝑥1 cos 𝜑 sin 𝜗1 + ∆𝜀𝑥2 sin 𝜑 sin 𝜗1 − ∆𝜀𝑥3 cos 𝜗1 − 𝑅 +
+[(∆𝜀𝑥1 cos 𝜑 sin 𝜗1 + ∆𝜀𝑥2 sin 𝜑 sin 𝜗1 − ∆𝜀𝑥3 cos 𝜗1 )2 + (𝑅 + 𝜀𝑚𝑖𝑛 )(𝑅 + 2𝐷 + 𝜀𝑚𝑖𝑛 )]0.5 . (38𝑏)
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The symbol 0 denotes the characteristic dimensional value of the joint gap height. The center of
the spherical bone head is assumed to be at O (0,0,0) and the center of the spherical surface of the
acetabulum is at O1 (x–x, y–y, z+z). Eccentricity has the value of D, as shown in Figures 4a and
4c.
4.2 Example 2
Here, the human elbow joint with two co-operating, cylindrical, rotational surfaces is considered.
The lower surface (bone head) moves in  1 direction with angular velocity  and the upper surface
(acetabulum) is motionless. Both the cylindrical surfaces are motionless in the longitudinal  3
direction.

Figure 4 Gap height between randomly deformable spherical cartilage surface: a) the
geometrical simulation of hip bone head and sleeve, b) random variations correction 
of the gap height εT, c) eccentricity D and center of the acetabulum O1, d) view of the
hip joint gap, e) vertical section of the hip joint in the plane of ante distortion angle, f)
phospholipid (PL) bilayer on the internal sleeve (acetabulum) and bonehead surface; Rradius of the bonehead, εmin-the least value of the gap height, C-capacity, W-load
(Figures are based on the author`s studies).
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Hence, the values are U1 = h1, U3 = 0 and  1 = φ,  2 = r, and  3 = z. Lubrication is performed on
the cylindrical surface region with the monotone generating line  3 = z inside the intervals: 0 <  <
/2, -b < z < +b, and z longitudinal coordinate. Thus, the Lamé coefficients are as follows: h1 = R, h3
= 1, where R [m] = LR represents the radius of the cylindrical bone. Hence, U = R and  = Rb.
Geometrical simulation of the elbow cylindrical joint is illustrated in Figure 5a.
4.3 Example 3
In this particular case, it is assumed that the thin biological liquid layer is restricted by the two
cooperating non-rotational yet parallel biological planes in the rectangular Cartesian coordinates
 1 = x1,  2 = x2, and  3 = x3. The Lamé coefficients have the form: h2 = 1 and h1 = 1, h3 = 1, and 0 < x1
< a, 0 < x3 < b  LR. For example, this case is valid for the jump joint and in some regions of the collar
bone, blade bone, and skin-tight dress regions. The lower bone (skin) surface moves in  3 = x3
direction with a linear velocity U3 and the upper bone (tight fitting dress) surface is motionless. Both
the parallel surfaces are motionless in the meridian  1 = x1 direction and, hence, U1 = 0 and U = U3,
 = ab. The two non-rotational parallel plane surfaces are highlighted in Figure 5b.
4.4 Example 4
This case is valid for two movable, non-rotational and non-parallel surfaces represented in Figure
5c, where h1 = h1(1, 3), and h3 = h3( 1, 3).

Figure 5 Geometry of two co-operating surfaces: a) the rotational region of the
cylindrical elbow joint, b) movable, non-rotational parallel planes, c) movable, nonrotational and non-parallel surfaces; 1-collagen region, 2-PL bilayer, 3-hydrated
phospholipid, 4-synovial liquid, 5-hydrated sodium ions, R-repulsion force, W-load, Ppthe force of the hydrodynamic pressure, ω- angular velocity (Figures are elaborated
based on the author’s studies).
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Further, it is important to experimentally obtain the density function f with expected value m
and standard deviation  of the gap height between two variable cooperation surfaces. The
calculation also needs to be done for the numerical solutions of the stochastic partial differential
equations (4)-(9) and the correction coefficients αp , αC , αF ,αμ , βp , βC , βF , βμ . The realistic real
estimation values of the dimensionless quotients of pressure, capacity, friction forces, friction
coefficients, ξ p , ξ C , ξ F , ξ  , are presented in estimations (33)-(36).
5. Results of Measurements
The real probability density function f of a random gap height change for the spherical hip (h)
joint was measured (Refer to example 1 and Figure 4a, 4b, 4c, 4d) for the cylindrical elbow (e) gap
height (Example 2 and Figure 5a), and for the two co-operating, non-rotational, biological planes
occurring in the jump (j) joint (Refer to examples 3 and 4 and Figure 5b and 5c). The expected value
m of the gap height and the standard deviations  is considered to obtain an estimation of the
analytical bio-tribology parameters (33-36) for each surface in concrete standard deviation
intervals. The experimental measurement [1, 5, 12] of the aforementioned joint gap height with
radial clearance ε0 in the range of 2 µm to 10 µm proved that the dimensionless random variable of
corrections for the gap height, marked with the symbol 1 for hip (h), elbow (e), and jump (j)
surfaces, is most often manifested by two characteristic types of probability density functions,
which typically are symmetrical and anti-symmetrical functions. Symmetrical density functions fs of
the correction parameters for (h), (e), and (j) surfaces occur less frequently than the antisymmetrical functions (about 12 times in 100 measurements with a probability of Ps = 0.12). These
are characterized by the symmetric distribution of random probability changes in terms of gap
height variations. In this case, the probability of a random increase in the joint height gap is equal
to the probability of a random decrease.
Among the frequently occurring unsymmetrical correction parameters, there are two types of
density functions that describe the random variations in gap height. The first type concerns function
fN, where the probability of a random increase in the gap height dominates over the probability of
random decrease in gap height. The second type is the function fn, where the probability of random
decrease in gap height dominates over the probability of the random increase in gap height. Both
fN and fn are considered for surfaces (h), (e), and (j). In both cases of anti-symmetrical probability
density distribution function fN, each one of them occurs approximately 22 times out of 100
measurements with a probability of PN = 0.22. In the next two cases of anti-symmetrical probability
density distribution function fn, each one of them occurs 22 times in 100 measurements with a
probability of Pn = 0.22. The measurement multiplicity can be computed as 12 + 2 × 22 +
2 × 22 = 100, creating a probabilistically complete system of events [1, 26].
In order to determine the final average expected value and the standard deviation of the hip gap
height in the form mh , h , Appendix 3 (Figure A3.1 and figure A3.2a, b, c, d) highlights the probability
density functions fs, fN, and fn of random changes in the gap height between hip joint spherical
surfaces (h) obtained in a set of experiments. The upper index h indicates that the considered value
refers to the hip spherical surface.
The final measured values mh, h mentioned in Appendix 3 are considered for the current
research work (Equations (A3.3). Based on the inequalities (30), (31), and (32a), the expected
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function for the spherical joint gap height at the speed of the synovial fluid and its viscosity together
with probability 0.6708 ≤ P ≤ 1.000 possess values in the following intervals:
0.6120𝜀𝑇 (𝛿1 = 0) = (1 + 𝑚ℎ − 𝜎 ℎ )𝜀𝑇 (𝛿1 = 0) ≤ 𝐸𝑋(𝜀𝑇 ) ≤ (1 + 𝑚ℎ + 𝜎 ℎ )𝜀𝑇 (𝛿1 = 0)=
= 1.3879𝜀𝑇 (𝛿1 = 0),

(39)

0.7205𝜈(𝛿1 = 0) = (1 + 𝑚ℎ + 𝜎 ℎ )−1 𝜈(𝛿1 = 0) ≤ 𝐸𝑋(𝜈) ≤ (1 + 𝑚ℎ − 𝜎 ℎ )−1 𝜈(𝛿1 = 0) =
(40)

= 1.6339𝜈(𝛿1 = 0)

0.6120𝜂 𝑇 (𝛿1 = 0) = (1 + 𝑚ℎ − 𝜎 ℎ )𝜂 𝑇 (𝛿1 = 0) ≤ 𝐸𝑋(𝜂 𝑇 ) ≤ (1 + 𝑚ℎ + 𝜎 ℎ )𝜂 𝑇 (𝛿1 = 0) =
= 1.3879𝜂 𝑇 (𝛿1 = 0).

(41)

Substituting the measured values of the expression 1 + m h  σ h into the inequalities (33)-(36), the
h h h h
following upper and lower estimations of quotients ξ p , ξC , ξ F , ξ μ ; are obtained, with upper index
(h) for the hip spherical co-operating joint surfaces:



EX(p) 
EX(C) 
0.3177  αph   ξ ph 
  3.7055  βph , 0.3177  αCh   ξCh 
  3.7055  βCh , (42)
p(δ
=
0)
C(δ
=
0)




1
1


EX(FR ) 
EX ( ) 
0.4409  αFh   ξ Fh
  2.2678  βFh , 0.6120  αμh   ξ μh 
  1.3879  βμh .
FR (δ1 = 0) 
μ(δ1 = 0) 


Based on the probability density functions fs, fN, and fn obtained experimentally through gap height
random changes between elbow joint cylindrical surfaces (e) and plane jump surfaces (j), the
average expected value of the gap height and standard deviation of the gap height are analogously
obtained in the forms me , e ,m j , j , respectively. Substituting the measured values of the
e
e
expressions 1 + m   and 1 + m j   j into the inequalities (33)-(36), the following upper and
lower estimations of quotients ξ pe , ξCe , ξ Fe , ξ μe ; ξ pj , ξCj , ξ Fj , ξ μj for elbow and jump co-operating joint

surfaces are obtained, with the upper index (e) and (j), respectively:



EX(p) 
EX(C) 
  3.6055  βpe , 0.3277  αCe   ξ Ce 
  3.6055  βCe ,
0.3277  α pe   ξ pe 
p(δ1 = 0) 
C(δ1 = 0) 




EX(FR ) 
EX ( ) 
  2.1678  βFe , 0.6220  α μe   ξ μe 
  1.2879  βμe ,
0.4509  αFe   ξ Fe
FR (δ1 = 0) 
μ(δ1 = 0) 


(43𝑎)


EX(p) 
  3.505  βpj ,
0.3377  α pj   ξ pj 
p(δ1 = 0) 



EX(C) 
  3.5055 βCj ,
0.3377 α Cj   ξ Cj 
C(δ1 = 0) 




EX(FR ) 
EX ( ) 
  2.0678  βFj , 0.6320  α μj   ξ μj 
  1.1879  βμj .
0.4609  αFj   ξ Fj
F
(δ
=
0)
μ(δ
=
0)
R 1
1





(43b)
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Equations (42) and (43a, b) represent the upper and the lower estimations of the dimensionless
quotients of the stochastic functions EX(p), EX(C), EX(FR), and EX() in the numerator, to the nonstochastic functions p(1 = 0), C(1 = 0), FR(1 = 0), and (1 = 0) in the denominator, for pressure,
load-carrying capacity, frictional forces, and the coefficients of friction. The quotient’s numerators
are obtained from the numerical solutions of the stochastic system (4)-(9), with operator EX,
assuming the stochastic changes of gap height, velocity, and dynamic viscosity. The quotient’s
denominators are determined from the system of equations (4)-(9), excluding the random operator
EX. The upper and the lower values of the quotients:
𝑗

𝑗

𝑗

𝑗

𝜉𝑝ℎ , 𝜉𝐶ℎ , 𝜉𝐹ℎ , 𝜉𝜇ℎ ; 𝜉𝑝𝑒 , 𝜉𝐶𝑒 , 𝜉𝐹𝑒 , 𝜉𝜇𝑒 ; 𝜉𝑝 , 𝜉𝐶 , 𝜉𝐹 , 𝜉𝜇 ,

(43𝑐)

of pressure, capacity, friction forces, and friction coefficients described in (42) and (43a, b) need the
value of corrections coefficients:
𝛼𝑝 , 𝛼𝐶 , 𝛼𝐹 , 𝛼𝜇 , β p , β C , β F , β µ ,

(43𝑑)

for the surfaces h, e, and j. Therefore, the numerical solutions of the stochastic partial differential
equations (4)-(9) for various radial clearances between two co-operating surfaces and the different
ranges of stochastic changes are determined in the next section.
6. Sketch of Numerical Calculations
The diagram of the half-analytical system (14)-(19), as well as the numerical solutions of the
system of equations (4)-(9), primarily concerns the stochastic and non-stochastic (excluding
operator EX) non-linear partial differential integral hydrodynamic equations for spherical, cylindrical
surfaces and planes. For this particular case, the numerical calculations are elaborated for equation
(19), which determines two-dimensional hydrodynamic pressure p, and equation (21), which
describes the three-dimensional temperature distribution T. These equations, when converted to
spherical (φ, r, ), cylindrical (φ, r, z), or rectangular (x, y, z) coordinates, are always mutually
coupled through the three-dimensional dynamic viscosity function ηT represented by formula (9a
and 9b), variable in the direction of the gap height and dependent on temperature. The coupling of
the equations is based on the simultaneous dependence of pressure on temperature and
temperature on pressure. The numerical integration of the coupled equations was carried out using
the method of a convergent sequence of successive approximate solutions. In the first step of
approximation, a constant dimensionless viscosity is accepted with the value of one. The
hydrodynamic pressure for constant viscosity is determined, followed by the temperature
distribution. In the second step of the calculation, the obtained pressure and temperature values
are used to determine the variable 3D viscosity value. Hydrodynamic pressure and temperature
distributions were calculated using the obtained variable viscosity. In the subsequent steps of the
calculation, the described procedure is iterated until the obtained sequence of pressure and
temperature functions is convergent with the boundary function of pressure and temperature. The
convergence of such a sequence to the boundary function of pressure and temperature, regardless
of the value of the accepted constant viscosity at the beginning of the calculation process, suggests
that the solution of the coupled equation system has been obtained correctly. The calculations were
carried out using the finite difference method, using some derived numerical procedures and
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professional Mathcad 15 software. The pressure and temperature from partial differential
equations (19) and (21) for the selected coordinates are obtained by performing numerical
calculations. The frictional force is calculated from formulas (24) and (25), followed by the loadcarrying capacity C and the coefficient of friction µ, with the omission of adhesion forces (AD = 0),
based on formulas (27) and (29).
7. Final Results after Analytical, Numerical, and Experimental Research
In this section, the real and final estimations for the correction of upper and lower values of the
dimensionless quotients (fractions) of pressure, capacity, friction forces, and coefficients of friction
for the selected co-operating surfaces occurring in human joints are described.
The real dimensionless estimation values of fractions ξ p , ξC , ξ F , ξ  with upper indexes h, e, and j
for human hip, elbow, and jump joint lubrication parameters, respectively, are presented in (42)
and (43a, 43b, 43c), with the quotients of the aforementioned solutions obtained from the
numerical solutions of (4)-(9). Based on the numerical solutions in Section 6, the correction
coefficients α p , αC , αF , α μ , βp , βC , βF , βμ for surfaces h, e, and j are determined. Hence, the
lower and upper estimations of the aforementioned quotients are obtained in the following form:
ℎ
ℎ
ℎ
ℎ
ℎ
ℎ
ℎ
ℎ
𝜉𝑝𝑚𝑖𝑛
≤ 𝜉𝑝ℎ ≤ 𝜉𝑝𝑚𝑎𝑥
, 𝜉𝐶𝑚𝑖𝑛
≤ 𝜉𝐶ℎ ≤ 𝜉𝐶𝑚𝑎𝑥
, 𝜉𝐹𝑚𝑖𝑛
≤ 𝜉𝐹ℎ ≤ 𝜉𝐹𝑚𝑎𝑥
, 𝜉𝜇𝑚𝑖𝑛
≤ 𝜉𝜇ℎ ≤ 𝜉𝜇𝑚𝑎𝑥
,

(44𝑎)

𝑒
𝑒
𝑒
𝑒
𝑒
𝑒
𝑒
𝑒
𝜉𝑝𝑚𝑖𝑛
≤ 𝜉𝑝𝑒 ≤ 𝜉𝑝𝑚𝑎𝑥
, 𝜉𝐶𝑚𝑖𝑛
≤ 𝜉𝐶𝑒 ≤ 𝜉𝐶𝑚𝑎𝑥
, 𝜉𝐹𝑚𝑖𝑛
≤ 𝜉𝐹𝑒 ≤ 𝜉𝐹𝑚𝑎𝑥
, 𝜉𝜇𝑚𝑖𝑛
≤ 𝜉𝜇𝑒 ≤ 𝜉𝜇𝑚𝑎𝑥
,

(44𝑏)

𝑗

𝑗

𝑗

𝑗

𝑗

𝑗

𝑗

𝑗

𝑗

𝑗

𝑗

𝑗

𝜉𝑝𝑚𝑖𝑛 ≤ 𝜉𝑝 ≤ 𝜉𝑝𝑚𝑎𝑥 , 𝜉𝐶𝑚𝑖𝑛 ≤ 𝜉𝐶 ≤ 𝜉𝐶𝑚𝑎𝑥 , 𝜉𝐹𝑚𝑖𝑛 ≤ 𝜉𝐹 ≤ 𝜉𝐹𝑚𝑎𝑥 , 𝜉𝜇𝑚𝑖𝑛 ≤ 𝜉𝜇 ≤ 𝜉𝜇𝑚𝑎𝑥 .

(44𝑐)

The fraction ξmin (with lower index p, C, F,  and upper index h, e, j) is calculated by assuming the
stochastic variations of the lubrication parameters for which the fraction value is the lowest. The
fraction ξmax is calculated by assuming the stochastic changes for which the fraction value is the
highest.
Based on the numerical calculations of the semi-analytical solutions of differential equations
(19), (20), and (24)-(28) restricted for the rotational spherical hip surfaces, the values of correction
coefficients (43d) α p , αC , αF , α μ , βp , βC , βF , βμ as well as the maximum and minimum extreme
values

h
h
ξ max
,ξ min,
were calculated through an example. These values are listed in Table 1 as the

quotients (42) of stochastic values to non-stochastic values for pressure, load carrying capacity,
frictional forces, and the coefficients of friction.
The above-mentioned correction coefficients depend on the radial clearances (the characteristic
values of gap height ε0) and the dimensionless range of stochastic changes in the solutions of
equations (4)-(9) that represent the random expected values of gap height for the specific numerical
calculations of spherical hip joints.
Moreover, the numerical results data are restricted to the random hip gap height between two
co-operating, rotational, spherical surfaces. Figure 6 (a, b, c) represents the variations in the
dimensional values of load-carrying capacity and frictional forces as well as the changes in the
dimensionless coefficient of friction for stochastic changes in gap height versus the radial clearance
between two co-operating, spherical, bio-surfaces occurring in the hip joint.
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Table 1 Extreme values: ξ ph max , ξ ph min , ξCh max , ξCh min , ξ Fh max , ξ Fh min , ξ h max , ξ h min , with
upper index h and lower index (p, C, F, ), describing the ratio of solution (pressure p,
capacity C, friction forces F, and friction coefficient ). The calculation is based on the
system of equations (4-9) for stochastic changes in the spherical hip joint gap height
0.6120 < EX(εT)/εT (δ1 = 0) < 1.3879 as mentioned in (A3.3), with a radial clearance 2 µm
 ε0  10 µm, to the same solutions, by assuming a gap height of hip joint (h) without
random change.
ε0
2 µm

4 µm

6 µm

8 µm

10 µm

ξp min

0.558664

0.560021

0.561597

0.563306

0.566334

ξp max

2.387635

2.372290

2.352564

2.314966

2.259481

αp

1.758464

1.762735

1.767696

1.773075

1.782606

βp

0.644349

0.640207

0.634884

0.624738

0.609764

ξC min
ξC max
αC

0,557866
2,393302
1.755952

0,558636
2,383636
1.758374

0,559780
2,367265
1.761976

0,561197
2,331374
1.766437

0,563589
2,272007
1.773066

βC

0.645878

0.643269

0.638851

0.629149

0.613144

ξF min

0,824445

0,879285

0,897883

0,905707

0,909492

ξF max

1,267801

1,113264

1,089166

1,077987

1,071942

αF

1,869914

1,994295

2,036478

2,054224

2,062807

βF

0,559044

0,490900

0,480274

0,475345

0,472679

ξµ min

0,344412

0,369016

0,379336

0,388493

0,400410

ξµ max

2,272391

1,992623

1,945346

1,920080

1,902154

α

0,562764

0,602968

0,619830

0,634792

0,654265

β

1,637287

1,435711

1,401647

1,383442

1,370527

ξ h ,α, β
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Figure 6 Random lubrication parameters versus radial clearance 2 µm  ε0  10 µm
between two spherical hip joint (h) bio-surfaces, for stochastic changes in gap height
0.612·T and 1.388·T, in the absence of stochastic changes 1.000·T; a) load-carrying
capacity, b) friction forces and c) coefficients of friction. (Figures are based on the
author’s numerical calculations).
Taking into account the density function fN, Figure 7a suggests that the load-carrying capacity
decreases about 44 percent (attained value 0.558) for PS and PC with a probability of P = 0.604, and
increases about 239 percent (attained value 2.393) with a probability of P = 0.729 for PS and a
probability of P = 0.788 for PC, compared to 100% for the dimensionless quotient

C = 1, obtained

without random changes. Inside the standard deviation interval on the axis 1, the expected value
m1 = 0.25 has been calculated for the corrected gap height (m1+1)T = 1.25T, where the expected
capacity attained the increase of about 55% (1.55) with a probability of P = 0.916 for PC, compared
to the capacity without random effects. The expected value m2 = 0.125 for the corrected gap height
(m2+1)T = 1. 125T is found, where the expected capacity attained increases of about 34% (1.34)
with a probability of P = 0.937 for PS, compared to the capacity without random effects for

C = 1

.
Figure 7b illustrates that for the density function fN in the radial clearance interval from 2 m to
10 m, the dimensionless expected value of capacity decreases from 1.55 to 1.50 with a constant
probability of P = 0.916 for PC, and from 1.34 to 1.31 with a constant probability of P = 0.937 for PS,
compared to the dimensionless capacity without random effects for

C = 1 .

Figure 7 Dimensionless random capacity quotient C for spherical surface after the
random density function fN: a) versus the random variable gap height correction 1 and
probability P, within the standard deviation interval of gap height (1+m2-<1+m2+) T,
i.e., (0.74 < 1.51)T for PS and (0.86 < 1.63)T for PC with a radial clearance of 2 m; b)
versus radial clearance from 2 m to 10 m, with a constant probability of P = 0.916 and
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gap height (m1+1) T = 1.25T for PC and with a constant probability of P = 0.937 and gap
height (m2+1) T = 1.125T for PS.
For the density function fn, for PS, the expected value m2 = –0.125, the corrected value of gap
height = 0,875T, and the standard deviation interval is (0.49 < 1.26)T, while for PC, the expected
value m1 = –0.25, the corrected value of gap height = 0.75T, and the standard deviation interval is
(0.37<1.13)T. Variations in the expected capacity values obtained for density functions fN and fn
are the same.
Numerical calculations are based on the influence of phospholipid concentration on the spherical
hip surface of articular cartilage (A = 10–15 m2); the electromagnetic field (Mi = 0, MT = 0) was omitted.
For pressure and temperature, boundary conditions (20) and (22a, b, c), and density functions of
variable random joint gap height εT described by the formulas (A3.1) and (A.3.2a, b) were assumed.
Besides, the following were assumed: ln(L) = –50, the characteristic value of synovial fluid flow
velocity in the joint gap 0.03 m/s < v0 < 0.04 m/s, the interfacial energy 0.1 mN/m < γ < 4 mN/m,
the coefficient of collagen fibre concentration 0.2 < δv < 0.6, the characteristic value of synovial fluid
dynamic viscosity η0 = 0.300 Pas, radius of the sphere of femoral head R = 0.0265 m, the
characteristic value of ambient temperature T0 = 305 K, thermal conductivity of synovial fluid  =
0.13 W/mK, synovial fluid density  = 850 kg/m3, angular velocity of bonehead  = 5s–1, lubrication
area  = 0.0004 m2, flow index n = 1.1, and eccentricity of bone head: x1 = x2 = x3 = 5m.
8. Conclusions for Rotational and Movable Non-Rotational Co-operating Biological Surfaces
This paper justified the following key results, which have not been previously obtained in the
contemporary domain so far. A few papers on random lubrication theory are referred for the
biological joints with co-operating movable, rotational, and non-rotational surfaces coated with
phospholipids bilayers.
8.1 Capacity increments after bio-liquid dynamic viscosity variations across the thin layer
The variation, which has not been considered so far, of bio-liquid dynamic viscosity across the
very thin lubricating bio-liquid layer between two co-operating multimode, rotational and nonrotational bio-surfaces in human joints accounts for about 12 percent of the variations in the joint
load-carrying capacity.
8.2 Bio-fluid dynamic viscosity increments after phospholipids concentration increments
Results of the numerical calculation performed on the random apparent dynamic viscosity of the
lubricated bio-liquid [(9a) and (32a, b)] lead to a conclusion that a 10 percent increment in the
phospholipid concentration at surface A, with increments of different multimode boundary areas
of the phospholipid concentration on the non-rotational surfaces, causes approximately 7 percent
increments in the apparent dynamic viscosity of the biological liquid.
8.3 Random estimation of lubrication parameters for cooperating non-rotational bio-surfaces
The upper and lower estimations of the expected values of the joint gap height (30), the synovial
fluid flow velocity (31), and its apparent viscosity (32), capacity, friction forces were determined
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based on the stochastic equations of the hydrodynamic lubrication theory of movable, nonrotational bio-surfaces and their semi-analytical-numerical solutions. These estimations are
functions of the co-operating surface shapes, standard deviation , the expected value m of gap
height, probability P, and values of the density function f of gap height.
8.4 Random estimation of bio-liquid dynamic velocity for arbitrary bio-surfaces lubrication
The particular solutions (14) and (16) for biological fluid velocity obtained for arbitrary rotational
and movable, non-rotational, co-operating biological surfaces imply the stochastic estimation (31),
demonstrating about 28%–30% decrease (with P = 0.60) and 60%–63% increase (with 0.72 < P <
0.78) in the biological fluid flow velocity v, compared to the velocity obtained without any random
changes in the gap height for δ1 = 0. These changes are valid in the standard deviation interval of
the gap height. However, the most realistic chances of the expected velocity attained a value of
about 15% (for PS) with a probability of P = 0.93 and about 25% (for PC) with a probability of merely
0.91.
8.5 Random estimation of bio-liquid dynamic viscosity for arbitrary bio-surfaces lubrication
The particular random solutions 9 (a, b) for biological fluid viscosity obtained for arbitrary
rotational and movable, non-rotational, co-operating biological surfaces imply the stochastic
estimation (32), demonstrating about 38% decrease (with P = 0.60) and 38% increase (with 0.72 < P
< 0.78) in the fluid viscosity T, compared to the viscosity obtained without any random changes in
the gap height for δ1 = 0. These changes are valid within the deviation interval of the gap height.
However, the most realistic chances of the expected viscosity attained the value of about 9% (for
PS) with a probability of P = 0.93 and about 15% (for PC) with a probability of merely 0.91.
8.6 The capacity and friction effects vs random gap height changes for arbitrary bio surfaces
In the considered spherical, elbow, and jump joints with non-rotational parallel and non-parallel
co-operating surfaces, the load-carrying capacity, friction forces, and friction coefficient decrease if
the joint gap height increases after the probability effects. These decreases are about 5% smaller
for the jump joints with non-rotational plane surfaces, compared to the decreases for the spherical
surfaces. For spherical hip joint surfaces, the results are illustrated in Figure 6.
8.6.1 The capacity vs random gap height variations between cooperating bio-surfaces
The joint capacity obtained without any random changes in the gap height is about 66 percent lower
than the capacity for the minimum random gap height, and about 30 percent higher than the
capacity for the maximum random gap height.
8.6.2 The friction force vs random gap height variations between cooperating bio-surfaces
The friction forces determined in the joint without any random changes in the gap height are
about 12% lower than the friction forces for the maximum random gap height and about 10% higher
than the friction forces for the minimum random gap height.
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8.6.3 The friction coefficient vs random gap height variations between cooperating bio-surfaces
The friction coefficient obtained in the human joint without any random changes in the gap
height is about 70% lower than the friction coefficient for the maximum random gap height, and
approximately 50% higher than the friction coefficient for the minimum random gap height.
The differences between the numerical values of capacity, friction forces, and friction
coefficients for spherical and cylindrical surfaces, along with the mentioned respective measured
values [1, 6, 8] determined in this paper, attained the values in an interval from about 5 to 9 percent.
9. Discussion
This paper discusses a stochastic flow of synovial fluid with non-Newtonian properties in a
biological gap between two isotonic, curvilinear, movable, non-rotational living bio-surfaces.
Deformations of susceptible surfaces are caused by random changes in the superficial layer,
stochastic loading of the surface, as well as the genetic and volumetric growth of the living articular
tissue. The concept of iso-osmosis or isotonic refers to the layers of biological bodies remaining in
an osmotic balance with respect to each other. Isotonic and impermeable biological membranes
include the lipid bilayer, which eliminates the flow across the layer. Nanometer channels can be
treated as an exception for transporting certain types of liquid [30, 31].
For the case analyzed in this work, the influence of the physical properties of the articular tissue
coated with a phospholipid bilayer and probabilistic gap height variations on the viscosity of the
synovial fluid in the area of the boundary layer of the surface flowed around are elaborated. This
paper concludes that the variations in the bio-fluid dynamic viscosity depend on the susceptibility
of the co-operating movable, non-rotational surfaces, as well as on the probability effects. The
research on random changes in the gap height and biological (synovial) fluid viscosity enables the
determination of the upper and lower estimations of random changes in hydrodynamic pressure,
frictional forces, and the coefficients of friction occurring within the standard deviation intervals.
Within the deviation intervals, the localization of the real value of the expected hydrodynamic
pressure, load carrying capacity, friction force, friction coefficient, and its probability are
demonstrated.
The tools and methods represented in this paper refer to the hydrodynamic pressure obtained
in the thin sweat layer between the skin and the tight-fitting gymnastic sports tracksuit. According
to the author, this theoretically justifies some experimental results mentioned in the paper [31]. For
example, in paper [31, 32], it was proved that some training effects are better in the case when a
tight dress was used, compared to the results obtained for a loose dress where the height gap
between the skin and the dress was large. The experimental conclusion obtained in [32] is as
follows: the training of running or walking implemented with a tight-fitting dress leads to
increments in the dynamic viscosity of sweat and synovial fluid and alters the internal energy
accumulated in the human muscles and cartilage. These results accelerate the slimming (weight
losing) process along with reducing body weight.
Symbols and Notations
aH [J]-protons energy activity,
a [m]-length in the width direction of the friction area,
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b [m]-half length in the longitudinal direction of the friction area,
cc [mol/mm3]-collagen fiber concentration in bio-fluid,
eijk [1]-tensor Levi-Civita for i, j, k = 1, 2, 3.,
e [1]-this symbol as upper index assigns the quantity of elbow cylindrical surface,
f [1]-probability density function,
fs [1]-symmetrical probability density function,
fn [1]-density function with probability decreases dominate over increases,
fN [1]-density function for probability increases dominate over decreases,
hi [1]-Lame Coefficients for i = 1, 2, 3.,
hii [m]-length coordinate in i directions for i = 1, 2, 3.,
h [1]-this symbol as upper index assigns the quantity of the hip spherical surface,
j [1]-this symbol as upper index assigns the quantity of the jump joint plane surface,
k [J/K]-Boltzmann constant,
m [1]-expected value of dimensionless probabilistic corrections,
ms [1]-expected value for fs,
mn [1]-expected value for fn,
mN [1]-expected value for fN,
n [1]-dimensionless flow index,
p [Pa]-pressure,
pA [Pa]-atmospheric pressure,
pH [1]-dimensionless power hydrogen ion concentration,
sc [mol/m2]-concentration of phospholipid particles,
t [s]-time,
v [m/s]-biological fluid velocity vector,
vi [m/s]-biological fluid velocity components in I directions for i = 1, 2, 3.,
v0[m/s]-characteristic value of bio-fluid velocity,
xi [m]-rectangular coordinates for i = 1, 2, 3.,
A [m2]-the region of areas of different phospholipids molecules concentration,
AD [N]-adhesion force,
A[m4/Ns]-auxiliary function,
Ap [m6/Ns3]-auxiliary function,
A1[m12/N3s3]-auxiliary function,
Ap2[m8/N2s2]-auxiliary function,
Ap3[m6/Ns]-auxiliary function,
As [1]-dimensionless auxiliary function,
B [T =kg/s2A]-magnetic induction vector in bio-fluid,
C [N]-load carrying capacity of joint,
EX-operator of the expected function,
E [V/m]-electric intensity vector with components (E1, E2, E3),
Fr-topological operator limiting boundary set,
FRi [N]-friction force components in i direction for i = 1, 2, 3.,
H [A/m]-the magnetic intensity vector with components (H1, H2, H3),
I1()[s–1]-the first invariants of shear rate components,
I2()[s–2]-the second invariants of shear rate components
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J [A/m2]-electric current density,
Ka [J]-acid equilibrium constant whereas pKa [1],
Kb [J]-base equilibrium constant whereas pKb [1],
L [1]-dimensionless auxiliary function,
Lk [1]-dimensionless auxiliary function,
Mcon [Pasn]-fluid consistency coefficient,
Mi [N/m3]-electrical terms for i = 1, 3.,
N [A/m]-the magnetization vector,
NA [1/mol]-Avogadro number (= 6.024∙1023),
P [1]-the probability,
Pn [1]-probability value for density function fn ,
PN [1]-probability value for density function fN,
Pp [N]-the force of hydrodynamic pressure
PC-Phosphati-dylcholine,
PS-Phosphati-dylserine,
PL-Phospholipid bilayer,
Rg [J/Kmol]-gas constant (= 8.3144598),
R [m]-radius of the spherical bone head,
R [N]-repulsion force,
S [Pa]-the stress tensor in biological fluid,
T [K]-temperature,
Ui [m/s]-linear velocity components in i direction for i = 1, 3.,
We [°]-wettability,
W [N]-load,
[1/s]-strain tensor,
ij [1/s]-strain tensor components,
[A/mK]-the first derivative of the magnetization vector with respect to temperature,
F [W/m3]-dissipation of energy,
[m2]-lubrication region,
α1-width (circumferential) direction of the non-rotational (rotational) surfaces,
α3-longitudinal direction,
α2-gap height direction,
p [1]-lower correction of pressure quotient estimation,
C [1]-lower correction of capacity quotient estimation,
F [1]-lower correction of friction forces quotient estimation,
[1]-lower correction of friction coefficient quotient estimation,
βp [1]-upper correction of pressures quotient estimation,
βC [1]-upper correction of capacity quotient estimation,

βF [1]-upper correction of friction forces quotient estimation,
β [1]-upper correction of friction coefficient quotient estimation,

γ[J/m2 =N/m]-interfacial energy,
1[1]-dimensionless random variable corrections,
[1]-dimensionless coefficient determining the collagen fibers concentration,
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E [m2/V2]-coefficient describing influence of electrical intensity on dynamic viscosity,
ij [1]-dimensionless Kronecker Delta symbol,
[1]-unit tensor,
0[m]-dimensional, characteristic gap height value,
T [m]-dimensional total gap height value,
T1[1]-dimensionless total gap height value,
T1s [1]-dimensionless gap height limited by the nominally smooth surfaces,
T [Pas]-apparent dynamic viscosity,
κ[W/mK]-thermal conductivity coefficient for biological fluid,
 m [mkgs–2A–2]-the magnetic permeability coefficient of biological fluid,
e [s4A2 m–3 kg–1]-the electric permeability coefficient of biological fluid,
 [1]-the dimensionless friction coefficient,
ξ p [1]-the dimensionless pressures quotient,
ξ C [1]-the dimensionless capacities quotient,

ξ F [1]-the dimensionless friction forces quotient,
ξ  [1]-the dimensionless friction coefficients quotient,

[kg/m3]-bio-fluid density,
ρe [C/m3 =As/m3]-electric space charge in the biological fluid,
e [S/m]-electrical conductivity of phospholipids bilayer,
[1]-standard deviation symbol,
s [1]-standard deviation for fs,
n [1]-standard deviation for fn,
N [1]-standard deviation for fN,
1[radian]-meridian coordinate in spherical surface,
[radian]-circumferential coordinate in spherical and cylindrical surface,
[1]-dimensionless relative radial clearance,
[1/s]-angular velocity
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Abstract
Metal parts of endoprosthesis have a detrimental effect on the bones that come into contact
with them and on the entire body of the patient. Coating them with biocompatible layers
(hydroxyapatite and bioglass) has not yet brought about permanent results. In this study, the
author showed the possibility of using a binder containing sulfur waste for this purpose. The
sulfur binder is used industrially in electrical engineering and construction applications. The
chemical properties of elemental sulfur indicate that it is a biocompatible material. Previous
studies on rats have shown that sulfur binder is a biocompatible material. A steel surgical nail
covered with sulfur waste, placed in a sheep's femur, showed excellent stabilization by
adhering bone tissue to the composite layer. From the results, it is convinced that the
composite made of sulfur waste creates new possibilities in the field of production of
biocomposites for surgical applications. The prepared biocomposite composition was sulfur
waste-69.5%, mineral quartz dust-30%, and technical soot-0.5%. There is no information on
similar studies in the world literature. So far, sulfur waste has been used in the electrical and
construction industries. The literature shows that no researcher has used sulfur waste in
biocomposites. So, the current study is a pioneering experimental study in this area.
Keywords
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provided the original work is correctly cited.
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1. Introduction
Several tons of sulfur wastes are deposited in landfills, which develops the problem related to
their management. One of the fruitful ways of reusing sulfur waste is a biocomposite formation.
Accordingly, the prepared biocomposites as a surface protection agent for metal endoprosthesis
were carried out in the Building Research Institute Wroclaw-Warsaw (The Instytut Techniczny
Budownictwa Wrocław-Warszawa). The experimental steps involved in the preparation of binder
was the optimization of synthesis conditions to achieve the proper composition of biocomposite,
characterization of the biocomposite, selection and investigation of physical, chemical, and
mechanical properties of biocomposites, investigations related to their tangent and original
adhesion capability to a metal endoprosthesis, and its biocompatibility. Presently, polymer sulfur
composite has several industrial applications [1-4]. For example, in construction, it is used as surface
protection against corrosion of building elements [1-3, 5, 6]. An interesting and novel application of
the sulfur polymer composite can be the formation of the biocompatible protective coating of the
metal endoprosthesis. Corrosion of metal endoprosthesis is a major problem in implantology
because it shortens their service life [3, 5, 7, 8]. Chemical and electrochemical corrosion in the
aggressive medium of a living organism practically concerns all-metal implants, not only metal
endoprosthesis [2, 9-12]. The main approach to prevent corrosion is surface protection of the metal
implant, which significantly extends its failure-free life [13-15].
In this context, a preliminary study was conducted to show the efficacy of polymer sulfur
composite as a tight protective biocompatible surface protection layer for the metal
endoprosthesis. For this purpose, sulfur binder and additives collected from industrial waste were
used as source material [16-18], and it is composed of sulfur and carbon black [2, 11, 19, 20].
The special features of polymer sulfur composite are resistance toward aggressive aqueous
solutions, high surface hydrophobicity (i.e., low water absorption), and relatively high adhesion to
many surfaces, including metal surfaces [21, 22, 31]. Polymer sulfur composite is a highperformance thermoplastic material that is prepared by the thermal treatment (150–160 °C) of
sulfur waste and additives [2, 6, 23-25, 31]. The suitable physicochemical properties of the polymer
sulfur composites, such as chemical passivity, excellent resistance toward acids and salt solutions,
and hydrophobic properties [17, 18, 26, 31], find their application as a biocompatible surface
coating material.
The main component of the sulfur polymer composite is an industrial waste, which is deposited
on high heaps and landfills [2, 27-29, 31] (Figure 1).
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Figure 1 View of industrial sulfur waste in landfills 1a) in Europe, 1b) in Poland [2, 28].
The properties of the elemental sulfur atoms have been well reported in the literature.
Accordingly, at ambient temperature, the polymerized sulfur present in the industrial waste as
binders exists in the rhombic crystalline form (α-S), it melts at 110°C and forms monocyclic crystals
(β-S), which changes again to the α-S at 95.6 °C [2, 3, 10, 12, 17, 18, 29-31].
The temperature-dependent polymerization of sulfur as follows [2, 3, 12, 19, 30-32]:
>160 °C it is brown and featured with high viscosity,
between 200 and 250 °C it is in dark brown with relatively high viscosity,
>250 °C depolymerizations and viscosity reduction start at 400 °C. At this stage, sulfur is very fluid
and finally, it reaches a boiling temperature at 444.6 °C. Therefore, the rapid cooling of boiling sulfur
in water changes its form from fluid to an elastic-plastic state with a brown-yellow colored product.
In this state, sulfur is composed of two different polymerized forms: Sλ (yellow) and Sµ (dark redbrown). Sµ has a higher molecular mass than Sλ. Sµ was obtained by treating colloidal state [2, 6, 3033] sulfur after boiling with water and Ca(OH)2 and further precipitation with HCI. Later, hydrolysis
with alcohol yielded Sλ [30-34].
From the point of chemical reactivity, the modified form of sulfur was in its oxidized form and it
can be easily reduced into other sulfides and organo-sulfur compounds. It is noteworthy to point
out that direct application of elementary sulfur is rare. Commonly it is used to prepare cement for
special purposes, e.g., to join ceramic and metallic parts of electric insulators. The mechanical
properties of this cement are good (strength about 40 MPa by compression), and its chemical
inertness is also appreciated (in comparison to the Portland cement containing concretes). Other
than this, sulfur is also used in dermatology [3, 30-35].
The idea of the sulfur application in orthopedic implants was based on the following observations
[3, 23, 31]: metal implants manifest their harmful influence on the surrounding bone and other
functions, e.g., metabolic, immunological, neoplastic of the patient. Also, covering the metal
implant surface with biocompatible layers made up of either hydroxyapatite or bioglass did not
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provide satisfactory results. Remarkably, after few years, the coated layers were absorbed by the
biochemical action or split away from the metal surface. Sometimes, the preparation of the metal
surface prior to deposition of a layer decreases the implant mechanical strength. On the other hand,
the sulfur-metal bond and the sulfur-ceramic bond are very stable in industrial applications. So the
oxidizing influence of the physiological medium on sulfur might be negligible by considering the
hydrophobic character and the formed different sulfur compounds (e.g., sulfites, sulfates) are well
tolerated by this medium [30-36].
The sulfur polymer composite prepared from the industrial waste can be applied in the industries
objects [2, 8, 12, 17, 28, 31]: in sealing reinforced concrete constructions against corrosion; in
sealing of concrete and reinforced concrete structures resistant to harsh environments such as seawater, wastewater, and chemicals (e.g., tanks containing chemicals and drinking water or concrete
flooring); in sealing the inner surface of the prefabricated elements (e.g., a pipe, a sludge well or a
cesspool) of the sewage system in order to obtain chemical resistance and smooth surface; in
proofing reinforced concrete piles against the sea-water action; in the protection of asbestos
cement slabs, used in building external walls, against the release of asbestos microfiber [30].
Therefore, to verify the possibility of the sulfur application in the metal implants, experiments
were carried out. The biological reaction during the contact between sulfur and living tissue was
explored in experimental animal models [31].
2. Experimental Procedure
2.1 Biomaterials
The initial biomaterials used in the technological procedure for special sulfur biomaterial
production were: sulfur binder applied as industrial waste (Figure 1, [2, 3, 28-31]), quartz, and
technical soot. Sulfur cement was used in experiments that contained sulfur waste (69.5%), quartz
(30%), and technical soot (0.5%). The grain size of quartz was under 0.2 mm. Also, sulfur binder and
technical soot are applied as industrial waste.
2.1.1 Sulfur Waste
Initially, the elementary sulfur waste was used as a binder in the production of special sulfur
biomaterial. However, in spite of excellent mechanical properties after preparation, the samples
exhibited low stability, so spalling and failure occurred after a short period [17]. The development of
modified sulfur binder contributed to better endurance of sulfur biomaterial, which led to its use in
implantology [27, 31].
Sulfur waste, the basic component for a modified sulfur binder, originates from technical soot.
Both the elementary and the prepared modified sulfur were investigated by scanning electron
microscope (SEM) (JEOL JSM-5800) with EDX (Figure 2), and their microstructures were analyzed
according to the literature [2, 3, 7, 29, 37]. The results showed that the elementary sulfur waste was
composed of dense orthorhombic crystals of the alpha form (Sα), Figure 2a, while modified sulfur
consists of plate monoclinic crystals of the beta form (Sβ), partially polymerized in zigzag chains, Figure
2b. From these results, it was proved that modification of sulfur was achieved [17].
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Figure 2 Structure of sulfur: 2a) elementary, 2b) modified [3, 23, 38].
According to the results presented in Table 1, the composition of the sulfur binder applied as the
industrial waste consisted of 97.86% S8 fine sulfur, 2.13% oil, 0.01% ash, and producer “Siarkopol”
Tarnobrzeg. The results of the preliminary tests were analyzed, and the polymerized sulfur in the
industries objects possessed the best properties among the tested composites, and it was selected
for further studies. The information about the preparation of the polymerized sulfur composition
and experimentally determined properties are presented in Tables 2, 3, and 4, respectively. The
sulfur binder used for these investigations is shown in Figure 3 [1-3, 6].
Table 1 Composition of the sulfur binder used as industrial waste [1-3, 6].

1
2
3
4
5
6

Component
Fine sulfur, S8
Oil
Ash
Leaven as H2SO4
Piece volatile
Remainder on the sieve 0,063 mm

Content [%]
97.86
2.13
0.01
0.001
0.02
0.01

Table 2 Preparation of polymerized sulfur.

Binder

Temperature of
Time
of
the
the
Time
of
polymerization
polymerization
coagulation [min]
[min]
[°C]

Sulfur applied as industrial
150–160
waste

30–60

30–40
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Table 3 Composition of the polymer sulfur composite used as a biomaterial.
Content in [%] of total composite mass
Binder
Filler

Additive

Sulfur
[%]

Mineral quartz dust
[%]

Technical soot
[%]

69.5

30.0

0.5

Table 4 Experimentally determined properties of the polymer sulfur composite used as
a biomaterial.
Average Average
bulk
absorbability
density by wt.
pm
nwm

Average
bending
strength
fdm

[g/cm3]

[MPa]

1.95–
1.96

[%]
0.01

12.0
5.5%

Average
splitting
tensile
strength
fct,sp
[MPa]
3.5
7.0%

Average
Coefficient Coefficient
compressive of fragility of direct
strength
elasticity
fcmc
k
Edm
under
[MPa]
[-]
bending
[GPa]
44.0
0.90
50–60
8.0%

Coefficient
of
direct
elasticity
Ecm
under
compression
[GPa]
60–70

Note: The percentages under the line are coefficients of variation.

Figure 3 A view of the sulfur used in investigations [2, 3, 8-12].
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The viscosity of the melt of polymerized sulfur was examined. The viscosity of polymerized sulfur
as a function of temperature is shown in Figure 4 [2, 3, 33-37].

Figure 4 View of the viscosity of polymerized sulfur as a function of temperature [2, 3,
33-37].
2.1.2 Filler Waste
The filler waste used in this production was technical soot “Seva Carb” ( granulation: 0.300
µm.-0.330 µm.). Chemical analysis indicated that the filler waste mainly consisted of carbon (99.99%).
2.2 Preparation and Characterization of Biomaterials Samples.
Polymer sulfur biocomposite was prepared according to the manufacturing technological
procedure described in the literature [2, 3, 12, 20, 29, 30]. The method of producing a polymer sulfur
biocomposite is shown in Figure 5 [30-40]. Details of the preparation and application of the sulfur
composite on the surface of the samples can be found elsewhere [1-3, 6, 40].
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Figure 5 Scheme of production of a polymer sulfur biocomposite. Description: 1-mixer,
2-evaporator, 3-water cooler, 4-separator, 5-water tank, 6-steam generator, 7-modifier
feeder, 8-sulfur feeder, 9-solvent feeder, 10-pump, 11-reflux condenser: A-for the
production of sulfur concrete, B-for the production of road binders, C-for the production
of biocomposites, DD-fuel oil inlet and outlet, EE-fuel oil inlet and outlet, FF-water inlet
and outlet, GG-inlet and outlet water outlet, H-nitrogen 2.5 atm, K-solvent, modifier and
water vapors, L-contaminated polymer sulfur composite (for construction applications),
M, C-Chemically pure polymer sulfur composite [30-40].
Chemically pure sulfur polymer composite was used as a biocomposite. First experiments were
carried out on rats (Wistar breed, body mass 320–350 g). The sulfur cement was powdered manually
in a ceramic mortar. The obtained diameter of the grains was under 60 µm. They were injected
subcutaneously. Their contact with tissue was examined microscopically after 30, 90, and 180 days.
The paraffin-embedded specimens were stained with hematoxylin and eosin. Their
microphotographs are presented in Figures 6–14 [31].
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Figure 6 Histological preparations of sulfur cement grains 30 days after their
implantation subcutaneously in the soft tissue of a rat [31].

Figure 7 Histological preparations of sulfur cement grains after 30 days of their
implantation subcutaneously in the soft tissue of a rat at greater magnification [31].
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Figure 8 Histological preparation of sulfur cement grains after 90 days after implantation
[31].

Figure 9 Histological preparation of sulfur cement grains after 90 days after implantation
at greater magnification [31].
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Figure 10 Histological preparation of sulfur cement grains after 180 days after
implantation [31].

Figure 11 Histological preparation 180 days after implantation at greater magnification
[31].
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Figure 12 The steel nail was covered with sulfur cement and alumina grains nine months
after implantation in the femur of a sheep. Black-sulfur cement, white-alumina grains,
brown-red-mineralized tissue [31].

Figure 13 The radiograph of the steel nail in the femur of a sheep. There is no negative
reaction in the bone tissue [31].
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Figure 14 The radiograph of the steel nail in the femur of a sheep. There is no negative
reaction in the bone tissue [31].
The sulfur cement was also introduced into the femur of a sheep. Cylinders with 4 mm diameter
and 6 mm height were inserted into holes drilled in the bone. It was covered with cement and
alumina grains nail was introduced into the femur of a sheep. After nine months from the date of
operation, the samples for the microscopic evaluation were taken. The sections through the implant
with surrounding tissue were made. They were embedded in poly(methyl methacrylate (PMMA),
polished, and stained with alizarin (mineralized tissue colored in red) and methylene blue (organic
substances were stained in brown-green). The microscopic observations were carried out in
reflected light. The nail with the surrounding tissue is presented in Figure 12 [31].
3. Results and Discussion
3.1 Experiments on Rats
During the observation period (till 180 days), implanted animals behaved normally. They were
examined post mortem for internal organs (lungs, liver, spleen, kidney), glands, skin, muscles, and
bones did not demonstrate any pathological changes [31].
After 30 days from the date of implantation sulfur cement containing grains were embedded by
the connective tissue capsule, which contained many collagen fibers, fibrocystic, and some
fibroblasts. This capsule distinctly separated the implant from the surrounding without affecting the
tissue. Implants did not result in the blood-derived inflammatory infiltration. Macrophages and
histiocytes were not present (Figure 6 and Figure 7) Święcki et al. [31].
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After 90 days of the multiplication, fibroblasts were peripherally observed around the implanted
grains. Collagen fibers penetrated between these grains. The inflammatory state was not observed
(Figure 8 and Figure 9) Święcki et al. [31].
After 180 days proliferation, collagen-producing fibroblasts still existed. Therefore, a thick layer
of the new connective tissue was formed. No inflammatory state was noted (Figure 10 and Figure
11) Święcki et al. [31].
These experiments confirmed the possible biocompatibility of the sulfur-containing cement.
Nevertheless, some inflammatory tissue factors were observed, which did not interrupt the
multiplication of fibroblasts and collagen fibers [31].
3.2 Experiments on Sheep
The cylinders, made of sulfur cement, inserted into the sheep femur were surrounded by fibrous
tissue. Their contact with bone tissue was not observed. Such biological reaction was probably
caused by the hydrophobic character of the cylinder surfaces. Sulfur-containing cylinders were
biologically treated as foreign bodies and separated from the femur bone tissue. On the contrary,
the composite presented in Figure 12 indicated its strong fixation on bone [31]. This compositesteel nail covered with sulfur cement and additionally with alumina grains made a biological
connection with bone which penetrated the alumina pores and pits. The irritation of soft tissue as
observed in rats (multiplication of fibrous and collagen fibers) did not appear in this case. The
differences in the biological reaction of soft tissue and bone on various implants were stated by
researchers. The bioactive "Hench glass" in bone tissue involves inflammation in the soft tissue.
Powdered hydroxyapatite involves inflammation in this tissue in the same manner [31].
4. Conclusions
It can be concluded from the preliminary test results that the tested biocomposite can provide
surface corrosion protection to the metal endoprosthesis. Sulfur biocomposites have not been
applied earlier for this purpose. There is no available literature on this subject.
The first biological experiments (on rats) with sulfur-containing cement confirmed the
biocompatibility of elementary sulfur waste. Nevertheless, its hydrophobic character indicated the
fact that some modifications of its surface are needed to make a proper connection with bone
tissue. One of these possible modifications was applied in the presented experiments in the form
of the surgical nail covered with sulfur cement and alumina grains. The excellent fixation of this nail
in a sheep femur was observed in radiographs and histological specimens (Figure 6-Figure 14) [31].
Our results offer a reasonable basis to presume that a harmful metal-living tissue contact can be
completely eliminated by this approach. These preliminary experiments confirmed the
biocompatibility of the sulfur composite. Nevertheless, it contained some irritating surrounding
tissue factors, which did not interrupt the multiplication of fibroblasts and collagen fibers. Perhaps,
elementary sulfur waste would find many clinical applications as the component of several
biomaterials [31].
The biocorrosion test results presented in this paper indicate that the special sulfur biomaterial
applied as an industrial waste can provide surface protection against corrosion of metal implants
[31].
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The preliminary tests, carried out at the Building Research Institute Wroclaw-Warsaw (The
Instytut Techniczny Budownictwa Wrocław-Warszawa), were quite extensive. However, we still
recommend further studies to ensure its biocompatibility. Additionally, simple and fast technology
of applying the biomaterial to the surface of metal implants in surgical practice needs to be
developed in the future.
Author Contributions
The author did all the research work of this study.
Funding
European Union (European Commission). Scientific grant No. ITB/01/2019-2023.
Competing Interests
The author declares and assures that no conflict exists. The author declares and confirms that all
the study protocols were carried out in accordance with the relevant guidelines. The author declares
and confirms that he has obtained copyright permission from all authors.
References
1.

Książek M. RETRACTED: Use in the building cement composites impregnated with special
polymerized sulfur. J Build Eng. 2015; 4: 255-267.
2. Książek M. Resistance to chemical attack of cement composites impregnated with a special
polymer sulfur composite. Corros Rev. 2016; 34: 211-229.
3. Książek M. Application of sulfur waste in biomaterials. Compos B Eng. 2021; 217: 108848.
4. Bahgat Radwan A, Abdullah AM, Mohamed A, Al-Maadeed MA. New electrospun
polystyrene/Al2O3 nanocomposite superhydrophobic coatings; synthesis, characterization,
and application. Coatings. 2018; 8: 65.
5. Dawood ET, Ramli M. The effect of using high strength flowable system as repair material.
Compos B Eng. 2014; 57: 91-95.
6. Książek M. The analysis of thermoplastic characteristics of special polymer sulfur composite.
Contin Mech Thermodyn. 2017; 29: 11-29.
7. Książek M. The experimental and innovative research on intensity of corrosion processes
influenced by tensile stress for reinforcing steel covered with sulphur polymer composite
applied as industrial waste material. Adv Sci Lett. 2013; 19: 247-251.
8. Ksiazek M. The influence of penetrating special polymer sulfur binder-Polymerized sulfur
applied as the industrial waste material on concrete watertightness. Compos B Eng. 2014; 62:
137-142.
9. El Gamal MM, El-Dieb AS, Mohamed AM, El Sawy KM. Performance of modified sulfur concrete
exposed to actual sewerage environment with variable temperature, humidity and gases. J
Build Eng. 2017; 11: 1-8.
10. Książek M. The sulphur binders-their potential possibilities of using in buildings. In: Prace
Naukowe Instytutu Budownictwa Politechniki Wrocławskiej. Konferencje. Wrocław:
Politechnika Wrocławska; 1999. pp.77-78.
Page 290/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102024

11. Ksiażek M. Niszczenie mechaniczne kompozytów siarkowych. In: Prace Naukowe Instytutu
Budownictwa Politechniki Wrocławskiej. Konferencje. Wrocław: Politechnika Wrocławska;
2001. pp.105-112.
12. Książek M. The experimental research on properties, structures and applies polymer sulfur
composites as the industrial waste material in the industry objects. Mater Struct. 2015; 48:
3269-3278.
13. EL AZZAOUI EL, ElAouni N, Bakhta A, Harfi AE. Elaboration of new epoxy resin octafonctionnelle
by chemical modification of the DGEBA. Study of the rheologic parameter. Mor J Chem. 2015;
3: 338-345.
14. Gupta V, Ghosh S, Phapale V. Polymerization of elemental sulfur with various divinyl and diallyl
monomers and properties of the copolymers. Phosphorus Sulfur Silicon Relat Elem. 2018; 193:
752-758.
15. Birjandi AK, Akhyani F, Sheikh R, Sana SS. Evaluation and selecting the contractor in bidding
with incomplete information using MCGDM method. Soft Comput. 2019; 23: 10569-10585.
16. Gwon S, Ahn E, Shin M. Self-healing of modified sulfur composites with calcium sulfoaluminate
cement and superabsorbent polymer. Compos B Eng. 2019; 162: 469-483.
17. Vlahović MM, Savić MM, Martinović SP, Boljanac TĐ, Volkov-Husović TD. Use of image analysis
for durability testing of sulfur concrete and Portland cement concrete. Mater Des. 2012; 34:
346-354.
18. Vlahović M, Martinović S. The synthesis of a sulfur-polymer matrix composite and
morphological analysis of the samples in extreme conditions [Internet]. Hauppauge: Nova
Science Publishers; 2018. Available from: http://cer.ihtm.bg.ac.rs/handle/123456789/2417.
19. Książek M. Evaluation of acid corrosion resistance of Portland cement composites impregnated
with polymer sulfur composite. Anti Corros Method M. 2017; 64: 273-285.
20. Śladowski G, Radziszewska-Zielina E, Kania E. Analysis of self-organising networks of
communication between the participants of a housing complex construction project. Arch Civ
Eng. 2019; 65: 181-195.
21. Jlassi K, Radwan AB, Sadasivuni KK, Mrlik M, Abdullah AM, Chehimi MM, et al. Anti-corrosive
and oil sensitive coatings based on epoxy/polyaniline/magnetite-clay composites through
diazonium interfacial chemistry. Sci Rep. 2018; 8: 13369.
22. Jo Y, Do J. Pull-out bond strength and flexural load test of concrete beam with ethylene-vinyl
acetate-modified cement slurry-coated rebar. Adv Struct Eng. 2018; 21: 2130-2142.
23. Książek M. Experimental research of the intensity of corrosion processes influence by tensile
stress for reinforcing steel covered with polymer sulphur composites. Concr Solut. 2011; 8: 257.
24. Mathews ER, Wood JL, Phillips D, Billington N, Barnett D, Franks AE. Town-scale microbial sewer
community and H2S emissions response to common chemical and biological dosing treatments.
J Environ Sci. 2020; 87: 133-148.
25. Vickers NJ. Animal communication: When i’m calling you, will you answer too? Curr Biol. 2017;
27: R713-R715.
26. Mozhdehi AM, Bamoharram FF, Morsali A, Sharifi AH, Sharifi S, Ganjali A. Comprehension of
the role of created hydrogen bonds and adsorption energy in polyamide-nanosilica-Keggin
hybrid/water on enhancement of concrete compressive strength: DFT calculations and
experimental investigations. J Mol Liq. 2020; 297: 111912.

Page 291/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102024

27. Thomas C, Cimentada A, Rico J, Setién J. Sulphur content of recycled aggregates applied in
concrete production. In: New Trends in Eco-efficient and Recycled Concrete. Sawston:
Woodhead Publishing; 2019. pp.499-508.
28. Książek M. The research on thermoplastic properties cement composites impregnated with the
waste of sulfur. Acta Mech. 2017; 228: 31-48.
29. Książek M. Protection against corrosion of reinforcing steel and concrete using polymer-sulfur
composites. Proc Inst Civ Eng Constr Mater. 2017; 170: 281-296.
30. Wagenfeld JG, Al-Ali K, Almheiri S, Slavens AF, Calvet N. Sustainable applications utilizing sulfur,
a by-product from oil and gas industry: A state-of-the-art review. Waste Manage. 2019; 95: 7889.
31. Święcki Z, Polesiński Z, Badura R, Osiński B, Kotz J, Buczek A, et al. Sulphur containing
biomaterials. Szkło i Ceramika. 1998; 49: 32-34.
32. Yang C, Lv X, Tian X, Wang Y, Komarneni S. An investigation on the use of electrolytic manganese
residue as filler in sulfur concrete. Constr Build Mater. 2014; 73: 305-310.
33. Yusuf MM, Radwan AB, Shakoor RA, Awais M, Abdullah AM, Montemor MF, et al. Synthesis and
characterisation of Ni-B/Ni-P-CeO2 duplex composite coatings. J Appl Electrochem. 2018; 48:
391-404.
34. Książek M. The experimental research on special polymerized sulfur composite-impregnated
concrete and cement mortar. J Mater Sci Eng. 2015; 4: 2.
35. Zhou Y, Zheng Y, Pan J, Sui L, Xing F, Sun H, et al. Experimental investigations on corrosion
resistance of innovative steel-FRP composite bars using X-ray microcomputed tomography.
Compos B Eng. 2019; 161: 272-284.
36. Książek M. The experimental and innovative research on usability of sulphur polymer composite
for corrosion protection of reinforcing steel and concrete. Compos B Eng. 2011; 42: 1084-1096.
37. Liu XB, Liu HQ, Liu YF, He XM, Sun CF, Wang MD, et al. Effects of temperature and normal load
on tribological behavior of nickel-based high temperature self-lubricating wear-resistant
composite coating. Compos B Eng. 2013; 53: 347-354.
38. Ksia̧ żek M. City sewer collectors biocorrosion. Cent Eur J Eng. 2014; 4: 398-407.
39. Książek M. Experimental research on the surface protection of concrete by polymer sulfur
composite. Mag Concr Res. 2012; 64: 945-955.
40. Mysłowski W, Janiczek A. Patent. Sposób wytwarzania polimeru siarkowego i zastosowanie
polimeru siarkowego. Polska; PL 211111, 2011.

Page 292/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102024

Enjoy Recent Progress in Materials by:
1. Submitting a manuscript
2. Joining in volunteer reviewer bank
3. Joining Editorial Board
4. Guest editing a special issue

Recent Progress in Materials

For more details, please visit:
http://www.lidsen.com/journals/rpm

Page 293/386

Open Access

Recent Progress in Materials

Original Research

Influence of Aging, Sterilization, and Composition on the Degradation of
Polyurethane Foams
Sam T Briggs 1, Mary Beth B Monroe 3, Mark A Wierzbicki 1, Sayyeda Marziya Hasan 2, Duncan J
Maitland 1, 2, *
1. Biomedical Engineering, Texas A&M University, College Station, Texas 77843, USA; E-Mails:
sambriggs@tamu.edu; mwierzbicki03@gmail.com; djmaitland@tamu.edu
2. Shape Memory Medical, Inc., Santa Clara, CA 95054, USA; E-Mail: marziya@shapemem.com
3. Biomedical and Chemical Engineering, Syracuse University, Syracus, New York 13244, USA; Email: mbmonroe@syr.edu
* Correspondence: Duncan Maitland; E-Mail: djmaitland@tamu.edu
Academic Editor: Hossein Hosseinkhani
Recent Progress in Materials
2021, volume 3, issue 2
doi:10.21926/rpm.2102025

Received: April 05, 2021
Accepted: June 04, 2021
Published: June 18, 2021

Abstract
Shape memory polymers (SMPs) are highly attractive materials for medical devices.
Specifically, SMP foams are currently being used as embolic devices in peripheral and cerebral
vascular applications. To ensure the proper function and safety of these materials in their
intended applications, it is important to understand how processing treatments, such as
aging, sterilization, and foam composition can influence their degradation. Here, SMP foams
were treated with industry relevant processing parameters, and the influence on degradation
was observed via gravimetric, chemical, and morphological studies. Accelerated thermal aging
was shown to have an influence on material degradation rate in real time oxidative studies.
Sterilization was performed via Electron beam (E-beam) irradiation at the high and low
dosages commonly used in industry and had no significant influence on foam degradation
profiles. These findings help inform appropriate treatment of SMP foam embolic devices to
ensure their safety and efficacy.

© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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1. Introduction
Degradation is a vital consideration in the design of any implantable medical device. If the
material degrades too quickly, it can fail to provide required mechanical support or produce high
concentrations of cytotoxic by-products [1, 2]. If it degrades too slowly, it may inhibit replacement
or ingrowth by native tissues. For this reason, much work goes into understanding the degradation
profile of biomaterials used in medical devices. Many factors can influence a material’s degradation
profile in ways that can alter in vivo performance, including processing conditions, sterilization, and
handling and storage. Understanding the influence of these factors on the degradation profile is
required to achieve clinical success of implanted materials [3].
Polyurethanes have several beneficial characteristics for biomedical applications, such as
biocompatibility, strength, and processability [4]. They have been used in devices ranging from
catheters to pacemaker leads and continue to be studied for use in novel devices. Additionally,
certain polyurethanes can show a shape memory effect [5]. Shape-memory polymers (SMPs) can be
fabricated in a primary shape that can be deformed to a secondary shape, typically while heated
above a transition temperature. If cooled while deformed, the material will hold this secondary
shape until it is again heated above the transition temperature, at which time a thermally induced
shape-recovery takes place [6]. This shape memory ability can be beneficial for a number of
applications ranging from biomaterials [7] to aerospace [8]. Recently, advances have been made in
increasing Tg of SMPs with high recovery stress [9] and using shape memory composites for
electromagnetic shielding [10].
Among SMP scaffolds, foams are of particular interest due to high levels of compressibility and
volume recovery. Namely, SMP foams are particularly useful for minimally invasive procedures,
wherein they can be compressed to a low-profile delivery shape, guided to the desired area in the
body, and then expanded to their primary, clinically relevant shape once in place. Recently, SMP
foams were approved for use as embolic devices in medical application (IMPEDE Embolization Plug,
Shape Memory Medical, Inc.). These porous poly (amino urethane) foams form a tortuous pathway
for blood, initiating the clotting cascade, and serving as a scaffold for stable clot formation [11].
Previous studies have investigated the in vitro and in vivo degradation profiles of SMP foams. These
studies showed that the materials are resistant to hydrolytic degradation (though variations have
been created to allow for hydrolysis) but are susceptible to oxidative degradation [11-13]. This
degradation is believed to occur via oxidation of the tertiary amines in foaming monomers. None of
these previous studies have investigated the influence of common processing parameters, such as
sterilization via electron beam (E-beam) or aging, on SMP foam, both of which are important
considerations for biomaterial commercialization.
One consideration with sterilizing SMP foams is their sensitivity to heat and moisture. For
embolic applications, it is requisite that the materials are sterilized in the crimped, secondary state
and that they are not actuated by the sterilization process. Thus, techniques that use high
temperature or moisture, such as autoclaving and traditional ethylene oxide, are not viable.
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Previous studies with SMP foams compared the impact of a modified ethylene oxide (EtO) gas
treatment and E-beam irradiation sterilization on thermomechanical properties [14]. They showed
that even the lower temperatures and humidity of the modified EtO gas treatment, as compared to
traditional EtO, influenced the glass transition temperature of the materials and caused premature
expansion in the packaging. E-beam sterilization had minimal influence on the thermomechanical
properties. Gamma radiation was not used for this study due to concerns regarding oxidative
degradation [15].
E-beam irradiation is a popular technique for sterilizing medical devices, and ideal for SMP foams,
because it can be performed in ambient temperatures and does not add any potentially cytotoxic
chemicals. E-beam sterilization works by producing a concentrated beam of electrons that disrupts
chemical bonds and DNA, disabling replication in cells and microbes [16]. This technique has a short
penetration depth but is ideal for low density materials such as SMP foams. The dosage used for
sterilization is generally between 20-30 kGy with the industry standard set at 25 kGy (ISO 11137). Ebeam is also commonly used to form crosslinks in various polymers as it can alter chemical bonds
in the polymer backbone, though the required dosages are generally much higher than those used
for sterilization [17]. Even at low dosages, E-beam irradiation can influence the backbone structure
of a polymer [18]. Murray et al. investigated the effect of E-beam irradiation ranging from 5 kGy to
200 kGy on a commercial polyurethane (Pellethane 2363 90A) and found that even at dosages as
low as 25 kGy, observable changes occurred in chemical structure as measured by Fourier transform
infrared (FTIR) spectroscopy [19]. Kang et al. investigated the influence of E-beam sterilization on
the in vivo degradation of β-tricalcium phosphate/polycaprolactone using volumetric microcomputed tomography measurements and found that sterilized samples degraded faster than nonsterilized samples [20]. However, no studies have been performed with SMP foams to determine if
E-beam sterilization changes the material in a way that impacts the degradation profile.
Accelerated aging is a commonly used technique to determine the appropriate shelf life of a
material. Often, physical changes in the material are measured throughout aging, such as
colorimetric changes [21-24], changes in mechanical strength or integrity [25-32], or
thermomechanical changes in the glass transition or melting temperatures [27, 33]. Additionally,
chemical changes can be measured using FTIR and/or mass spectroscopy. Accelerated aging is
commonly achieved by storing the material at an elevated temperature. This process can be
correlated to real-time aging based on the Arrhenius equation, which states that the chemical
reaction rate increases with temperature [34]. Many industry standards are based on this equation,
including AAMI TIR 17 and ASTM F1980, which use a reaction rate factor of Q10. Previous studies
with SMP foams have investigated the effect of aging on the shape memory properties (strain fixity
and recovery) [35]. However, gravimetric degradation studies have not been performed to ensure
appropriate function of the device after aging.
In this study we investigate the influence of E-beam sterilization and aging on the degradation
profile of SMP foams intended for occlusion applications. These studies aim to ensure the success
and safety of these devices after sterilization and storage.
2. Materials and Methods
2.1 Materials
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N,N,N’,N’-tetrakis (2-hydroxypropyl)ethylenediamine (HPED, 99%; Sigma-Aldrich Inc., St. Louis,
MO, USA), triethanolamine (TEA, 98%; Sigma-Aldrich Inc., St. Louis, MO, USA), trimethyl-1,6hexamethylene diisocyanate, 2,2,4- and 2,4,4- mixture (TMHDI, TCI America Inc., Portland, OR,
USA), Vorasurf DC 198 (Dow Corning, Midland, MI, USA), Vorasurf DC 5943 (Dow Corning, Midland,
MI, USA), DABCO T-131 (Evonik Industries AG, Essen, Germany), DABCO BL-22 (Evonik Industries
AG, Essen, Germany), Ortegol 500 (Evonik Industries AG, Essen, Germany), and deionized (DI) water
(ASTM Type II; LabChem, < 1µS/cm) were used as received for foam fabrication. 2-propanol 99%
(IPA) (VWR, Radnor, PA, USA), was used for foam cleaning before sterilization and aging. Phosphate
buffered saline (PBS), UPG Powder (Amresco Inc., Solon, OH) and sodium hydroxide (Sigma-Aldrich
Inc. St. Lous, MO) were used for hydrolytic degradation studies. Hydrogen peroxide solution, 50 wt%
in H2O, stabilized (Sigma-Aldrich Inc., St. Louis, MO) was diluted to the desired concentration (3% or
20%) in reverse osmosis water and stored at -4 °C.
2.2 Foam Synthesis and Treatment
SMP foams were synthesized using the multi-step protocol previously described by Hasan et al.
[36]. Briefly, an isocyanate (NCO) pre-polymer was synthesized using the molar ratios of 60% HPED,
40%TEA, and 100% TMHDI (H60) or 70% HPED, 30%TEA, and 100% TMHDI (H70), with a 43 wt%
hydroxyl (OH) component. An OH mixture was prepared with the remaining weight percentage of
HPED and TEA, along with catalysts (DABCO T-131 and DABCO BL-22), surfactants (Vorasurf DC198
and Vorasurf DC5943), cell opener (Ortegol 500), and DI water. DI water was used as a chemical
blowing agent to generate carbon dioxide bubbles via a reaction with free isocyanates. The NCO
premix and the OH component was mixed using a speedmixer (FlakTek Inc., Landrum, SC, USA) and
the foam mixture was poured into a tray. The resulting foam was cured in a vacuum oven (Cascade
Tek, Hillsboro, Oregon) at 90 °C for 10 minutes. The SMP foam was cooled to room temperature (21
± 1 °C) followed by a 24-hour cold cure (21 ± 1 °C) before further processing. Table 1 shows the
weight percent of each component used for foam synthesis and Figure 1 shows the chemical
structure of the monomers used to fabricate the SMP network and a hypothetical schematic of the
amorphous network.
Table 1 Weight percentage of monomers used during the foaming process.
Weight Percent (wt %)
Foam
Composition TMHDI Ortegol 500 T-131 BL-22
100TMHDI
HPED60
TEA40
100TMHDI
HPED70
TEA30

DC 198 DC 5943 HPED TEA

Wate
r

63.07

0.51

1.26

1.89

2.48

4.47

16.5
8

7.5
3

2.21

63.73

0.53

0.51

0.64

2.52

4.55

19.5
5

5.7
1

2.25
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Figure 1 Molecular structure of the monomers used to create the SMP backbone and
polymer network schematic.
Foam cubes (1 cm x 1 cm x 1 cm) were cut out of the bulk foam and cleaned in 1 litre glass jars
using one 30-minute sonication wash in DI water, two 30 minute sonication washes in 70% isopropyl
alcohol (IPA), and four 30 minute sonication washes in IPA. After each wash, the solvent was
discarded, and the jars were replenished with fresh solvent. Prior to testing, foam cylinders were
dried at 100 °C under vacuum for at least 12 hours after which they were stored in a plastic storage
container with desiccant.
After cleaning, all foam cubes were packaged and sent to SteriTek (Fremont, CA, USA) and
sterilized via electron beam at 21, 25, or 31 kGy. Foams to be aged were then sent to Westpak Inc.
(San Jose, CA, USA) for 1-year accelerated aging. This accelerated aging process followed ASTM F
1980-07 with an aging temperature of 55 °C for 40 days. The accelerated aging time (AAT) was
calculated using the following formula, which is derived from the Arrhenius equation:
𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒𝑑 𝐴𝑔𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 (𝐴𝐴𝑇) =

𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑅𝑒𝑎𝑙 𝑇𝑖𝑚𝑒 (𝑅𝑇)
𝑄10 [(𝑇𝐴𝐴 −𝑇𝑅𝑇)/10]

where RT is the desired real time, 𝑇𝐴𝐴 is the accelerated aging temperature in °C, 𝑇𝑅𝑇 is the ambient
temperature in °C, and 𝑄10 is the aging factor. An aging temperature of 55°C was selected as this is
the highest temperature to which the foams can be exposed before the onset of the material’s
glassy-to-rubbery state transition.
2.3 Degradation and Gravimetric Analysis
Oxidative degradation solutions were made by diluting the 50% H2O2 in reverse osmosis water
to the desired concentration (20% H2O2 for accelerated analysis and 3% H2O2 for real-time analysis).
For the real time hydrolytic degradation solutions, PBS was prepared in RO water according to
manufacturer instructions. Accelerated hydrolytic solutions (0.1 M NaOH) where made by dissolving
NaOH pellets in RO water.
All sterilized foam cubes (aged and non-aged groups) were weighed upon arrival to obtain an
initial weight. They were then placed in a labelled glass vial, submerged in 20 mL of the appropriate
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degradation solution, and incubated at 37 °C. Solution levels were checked daily and solutions were
changed every three days. Mass measurements were taken every 6 days for accelerated oxidative
solutions, every 20 days for real time oxidative solutions, and every 14 days (28 days after day 70)
for all hydrolytic samples. When taking mass measurements, the degradation solution was decanted
while retaining the sample in the vial. 20 mL of ethanol was added to each vial and samples were
allowed to sit in the ethanol for 3 minutes before the ethanol was decanted. Sample vials were
covered with a laboratory wipe and dried in a vacuum oven at 50 °C for a minimum of 12 hours.
Once dry, samples were removed from the oven and the mass was measured on a precision scale
(1 mg resolution). They were then returned to their respective vial and re-submerged in the
degradation solution.
For the oxidative degradation samples, weighing was stopped when the samples broke apart and
could no longer be removed from the vial without causing significant mechanical degradation or
losing material.
2.4 Morphological and Chemical Characterization
Morphological changes were observed using scanning electron microscopy (SEM) images
captured throughout the degradation process. For SEM images, a thin slice (~1 mm) was taken from
a sacrificial sample and dried in an oven at 50 °C. It was then seated on a metal stub with carbon
black tape and sputter coated for 60 seconds using a Ted Pella Cressington 108 gold sputter coater
(Ted Pella Inc., Redding, CA). Images were captured using a JEOL JCM-5000 Neoscope benchtop SEM
(JEOL USA Inc., Peabody, MA) to observe any structural degradation of the materials.
Chemical changes in the material were observed with attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectrometry. At day 0 and day 30 a thin slice (2-3mm) was taken
from a sacrificial sample and spectra were collected using Bruker ALPHA Infrared Spectrometer
(Bruker, Billerica, MA). For each sample, 64 background scans were taken, followed by 32 scans of
the sample. Spectra was collected in absorption mode with a resolution of 1 cm-1. OPUS software
was used to perform baseline and atmospheric corrections. The intensities of sample peaks over
time were compared by using the carbon skeletal peak at 1243 cm-1 as a baseline.
2.5 Statistical Analysis
All data are expressed as the mean ± standard deviation of the mean. Statistical analysis was
performed in JMP using unpaired Student’s t-tests with p<0.05 accepted as statistical significance.
For gravimetric studies on the influence of aging on degradation, N=8 throughout all time points
because sacrificial samples for SEM and FTIR were not included in weighing. For gravimetric studies
on the influence of sterilization and composition on degradation, sacrificial samples were included
in weighing until sacrifice at day 30 and day 60. Thus, for these studies, N=8 until day 30, N=7 from
days 36-60, and N=6 from day 66 until termination.
3. Results
3.1 Foam Characterization
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Prior to aging or sterilization treatment, pore size and density data were collected for all foams.
For H60 foams, the average pore size was 217.7±99.8 µm in the axial direction and 221.4±95.9 µm
in the transverse direction with an average density of 0.0378±0.0047 g cm-3. For H70 foams, the
average pore size was 207.7±86.3 µm in the axial direction and 187.5±73.7 µm in the transverse
direction with an average density of 0.0447±0.0067 g cm-3.
3.2 Influence of Aging on Degradation
We first investigated the influence of material ageing on the degradation profile of H60 foams
sterilized at 25 kGy when degraded in oxidative and hydrolytic conditions. Figure 2 shows the
gravimetric degradation profile of aged and unaged foams in real-time and accelerated oxidative
and hydrolytic media. These profiles align with previously seen results [11], showing significant
degradation in an oxidative environment (Figure 2a) and negligible degradation in hydrolytic
conditions (Figure 2b). Furthermore, a significant change in degradation profile is observed between
aged and non-aged samples when degraded in a real-time (3% H2O2) oxidative solution, but not
when samples were degraded in an accelerated (20% H2O2) solution.

Figure 2 (a) Gravimetric degradation analysis for H60 foams in 3% (real-time) and 20%
(accelerated) H2O2 solutions. Error bars show one standard deviation from the mean. *
indicate statistical difference (p < 0.05) between aged and non-aged samples in 3% H2O2
at the indicated time point. (b) Gravimetric degradation analysis for H60 foams in PBS
(real-time) and 0.1M NaOH (accelerated) hydrolytic solutions. Error bars show one
standard deviation from the mean.
FTIR spectra of the foams were collected throughout the degradation process to investigate
chemical changes. Figure 3 shows the FTIR spectra of the aged and unaged foams when degraded
oxidatively and hydrolytically. Figure 3a shows a shift in the urethane peak at 1692 cm-1 and a loss
of the tertiary amine peak at 1052 cm-1 when samples are degraded in oxidative solutions. These
changes in the FTIR spectra match previously observed phenomena [11] indicating a scission at the
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C-N bond in the tertiary amines. Figure 3b demonstrates a lack of chemical degradation in hydrolytic
conditions with no observable changes in the FTIR spectra between days 0 and 30. There were no
notable differences in FTIR spectra between the aged and unaged samples for either oxidative or
hydrolytic degradation.

Figure 3 (a) FTIR analysis of oxidatively degraded H60 foams at day 0 and day 30 in 3%
H2O2. The dotted line at 1692 cm-1 indicates the urethane peak of day 0 foams and shows
the left shift of the urethane peak during degradation. The dotted line at 1052 cm-1
indicates the tertiary amine in day 0 foams which undergoes oxidative degradation. (b)
FTIR analysis of hydrolytically degraded foams at day 0 and day 30 in 0.1M NaOH.
SEM images of the foams were also gathered during the degradation process to show
morphological changes. Figure 4 provides SEM images of the foams at days 0 and 30 of the
degradation process. In the oxidatively degraded samples, collapse of the porous structure can be
observed at day 30 while no observable structure loss is seen in the hydrolytically degraded samples,
further confirming the lack of degradation indicated by gravimetric and chemical studies. Similar
morphological changes were observed in aged and non-aged samples.
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Figure 4 SEM images of oxidatively (3% H2O2) and hydrolytically (0.1M NaOH) degraded
H60 foams at day 0 and day 30. Loss of strut integrity is observed for both aged and nonaged foams after oxidative degradation while strut integrity is preserved in
hydrolytically degraded foams.
3.3 Influence of Sterilization and Composition on Degradation
The next study investigated the influence of high and low E-beam irradiation dosage levels of on
the degradation profile of two foam compositions (H60 and H70). All degradation was performed in
an accelerated oxidative solution (20% H2O2). Figure 5 plots the gravimetric degradation profile of
the foams where no significant differences were observed between electron beam dosage or foam
composition groups.

Figure 5 Gravimetric degradation analysis for H60 and H70 foams sterilized at 21 or 30
kGy in 20% H2O2 solutions. Error bars show one standard deviation from the mean.
Figure 6 shows the FTIR spectra for these foams demonstrating the same left shift of the
urethane peak and loss of the tertiary amine peak when degraded oxidatively. However, there are
no observable differences between samples treated with different e-beam dosages, supporting the
observations of the gravimetric degradation.
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Figure 6 FTIR analysis of sterilized (21 or 30 kGy), oxidatively degraded foams at day 0
and day 30 in 3% H2O2. A shift in the urethane peak at 1692 cm-1 and loss of the tertiary
amine at 1052 cm-1 is observed for all compositions and sterilizations.
SEM images of these foams (Figure 7) were collected on day 50 of the degradation process.
Collapse of the porous structures was observed for all samples indicating significant mass loss with
no notable differences between sterilization dosage groups.

Figure 7 SEM images of oxidatively degraded foams at day 50. Similar strut loss is
observed for foams with different compositions and treated with different sterilizations.
4. Discussion
The aim of this study was to investigate how aging, sterilization, and chemical composition may
influence the degradation of SMP foams. Gravimetric studies showed the overall mass loss of
materials in various solutions while ATR-FTIR readings showed chemical changes to the material
backbone when degraded oxidatively. Finally, SEM images captured the morphological changes of
the material during various stages of degradation. Together, these studies further inform
appropriate biomedical applications of SMP foams while accounting for shelf life and sterilization
parameters.
Aging studies showed that oxidative degradation does appear to occur more quickly in real time
solutions when the materials are aged. Previous studies have demonstrated that thermal aging can
decrease the amount of hydrogen bonding in polyurethane foams, leading to increased
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susceptibility to water penetration [37]. This data may explain why the aged samples degraded
faster than the non-aged samples in the real time oxidative studies. Notably, this was not seen in
the accelerated studies where the rate of degradation was likely less dependent on aqueous
penetration into the polymer system, indicating the importance of real time degradation studies in
biomaterial characterization. A more thorough understanding of the cause of this change in
degradation rate will be important for future testing of devices, and it may inform which tests
require aging to provide accurate and reliable results.
Sterilization studies investigated the high and low ranges of commonly used E-beam irradiation
dosages and found no significant influence on accelerated oxidative degradation profile for either
foam composition tested. This suggests that these dosages do not initiate chemical changes or alter
the degradation rate of these materials. It is likely that if significantly higher dosages were used,
such changes could occur [19], but such dosages would be outside those commonly used for
sterilizing medical devices. This is an important finding for the commercial application of SMP foams
because it provides flexibility in the sterilization process without concern for potential influences on
the degradation profile. It also shows that sterilization does not influence various foam
compositions differently, indicating they can safely be tuned to allow for appropriate working times
or stiffness. It was observed that the H70 foams degraded slightly faster than H60 foams. Previous
work with these foams found that the tertiary amines in TEA and HPED are susceptible to oxidative
degradation and laid out a proposed degradation pathway for these compounds [11]. Because H70
foams have a higher molar concentration of HPDE, which has two susceptible tertiary amines, it is
expected that they would undergo slightly faster oxidative degradation. Future studies will focus on
real-time degradation analysis to expand upon this data. However, the degradation studies
correlate with our previous work that shows that high dosages of E-beam irradiation (40 kGy) do
not significantly impact SMP foam expansion, thermal, or mechanical properties [14].
Of note, in all gravimetric studies foams had recorded weights above 100% at the early time
points. This is due to residual solvent (water) that is not completely removed during the drying
process. It was observed that all solvent could be removed by drying the foams at 100 °C, however,
this is above the Tg of these materials and thus was not performed because it would have caused
additional thermal degradation. Additionally, the degradation rate for H60 foams did differ
significantly between the studies presented in Figures 2 and 5. While the same protocols were
followed for both, other work with these foams has shown that slight differences in handling
(collection of particles during drying, removal of foams from the vial, foam compression), foam
synthesis (reticulation of the foams, starting foam weights), oven temperatures, and H2O2
Concentration can cumulate is varying degradation rates. However, the goal of these studies was to
determine the relative influence of various treatments (aging, sterilization, composition) on the
degradation rate, not to determine the in vivo degradation rate of these material as that has been
previously studied [11]. For this reason, conclusions for this paper were drawn only based on data
within each study and we caution against drawing any conclusion between studies.
In addition to the understanding provided by these studies, further studies investigating the
mechanical properties of foams after aging or sterilization and during degradation would be
informative. Previous work investigating the mechanical properties of similar foams [38] showed
that while the tensile strength decreases over time, samples were robust enough to test after 2.5
months of accelerated degradation.
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5. Conclusions
In summary, these studies demonstrated an influence, or lack thereof, of ageing, sterilization,
and foam composition on the degradation profile of shape memory polymers intended for
biomedical applications. Of note, we demonstrated that e-beam sterilization dosages between 21
and 30 kGy do not influence degradation profile of these polyurethane foams. The influence of
accelerated aging was not observed in accelerated oxidative degradation studies but could be seen
in real-time oxidative studies. Slight differences in degradation rate for H60 and H70 foams were
observed as expected, but neither were affected by e-beam sterilization. These studies will inform
the processing and application of these materials in medical devices.
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Abstract
The use of plant aggregates obtained from agricultural co-products mixed with mineral
binders to form eco-friendly insulating building materials has been initiated for a few years to
bring environmentally friendly solutions to the construction sector. Several studies on
different agro-resources have already been carried out, providing various information about
the properties of plant aggregates and plant-based concrete. However, the characteristics of
the agricultural co-product, which allow it to qualify as a plant aggregate for plant-based
concrete, are not yet very clear despite the multitude of data, especially on hemp concrete.
Therefore, it is important to gather numerous but very disparate pieces of information
available in the literature concerning the properties of plant aggregates and their correlations
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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with composites. This review is based on the results of 120 articles and aims to identify the
characterization methods and the multi-physical properties of plant aggregates affecting
those of plant-based concrete and to propose additional factors that could influence the
properties of the composites. A total of 18 plant aggregates of different origins used for plantbased concrete have been listed in the literature. In France, hemp shiv is the most studied
one, but its quantity is quite low unlike cereal or oilseed straws and wood transformation
residues. With the existence of several characterization methods, properties like
microstructure, particle size distribution, bulk density, water absorption capacity, and
chemical composition of aggregates are easily and frequently determined. In contrast, data
on the apparent density of particles, the skeleton density, and the hygro-thermal properties
of aggregates are rare. The particle size, density, and porosity have been identified as
important parameters influencing the properties of the composites. Other parameters related
to the behavior of the aggregates under wet compaction and compression of their stacking
can also predict the physical and mechanical properties of the obtained plant-based concrete.
Dosages of the constituents should be preferred as formulation parameters for future studies
assessing the impact of the aggregate properties on the composites.
Keywords
Multi-physical properties; building materials; agricultural by-products; plant aggregates;
plant-based concrete

1. Introduction
Climate change is one of the biggest threats faced globally and also a tough social and economic
issue [1, 2]. Considering its harmful effects, the construction sector has to face four major
environmental issues including, Greenhouse gas (GHG) emissions, energy consumption,
consumption of non-renewable resources, and waste production. Plant-based materials are
alternative solutions due to their unique ecological benefits, home comfortability (humidity,
thermal and acoustic regulation), and material sustainability [3]. Since prehistoric times, people
have already used plant fibers as reinforcing materials by incorporating straws into bricks during the
reign of Pharaoh [4]. However, scientific studies on fiber-reinforced concrete (FRC) made from plant
fibers started at the end of the 20th century. The defibration process of certain plant stems such as
hemp, and textile flax generates woody particles (called shives) used for a long time as animal litter
or combustion (i.e., for energy production). For about 30 years, to improve the environmental
concerns linked to the construction sector, these plant particles or “plant aggregates” have been
used as thermal insulating building materials, either in their bulk state or incorporated into mineral
binders to form “plant-based concrete”. Several plant aggregates including hemp shiv, flax shiv,
coconut coir, wood chip, cereal or oilseed straws, rice husk, corn cob, diss stem, bamboo stem, cane
bagasse, sugar beet pulp, miscanthus stem, and lavender straw have been already tested with
mineral binders, but most of the studies on plant-based concrete were majorly concentrated on
hemp shiv due to the development of the hemp industry [5]. Although France is the first European
producer of hemp [6], hemp shiv is much less available than some agricultural by-products such as
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cereal straws [7]; thus, more research is required for the locally available plant by-products. Due to
the highly diverse plant aggregates used in plant-based concrete, their multi-physical properties
also vary with a multitude of characterization methods proposed by different researchers.
Presently, no universal standard is available to govern the characterization of plant aggregates used
in building materials. In turn, the work of RILEM (International Union of Laboratories and Experts in
Construction Materials, Systems, and Structures) TC (Technical Committee) 236-BBM (bioaggregates-based building materials) was dedicated to this area. This work is relatively centered on
the basic characteristics of hemp shiv as it is one of the most studied and widely used bio-aggregate
in construction materials [5]. The properties and methods of characterization of hemp shiv and
hemp concrete are the best known in the literature. Because of these observations, this review
intends to identify all the aggregates of plant-based concrete mentioned in the literature as well as
the correlation between their properties and those of the composites to understand the key
parameters related to the aggregates thereby, assessing their potentials. This information can help
in developing plant-based concrete that can be largely developed from available and compatible
local agricultural resources.
In recent years, with the rapid growth of green construction technology, several studies based
on the properties of plant-based concrete, including literature reviews, have been published. Lately,
Sáez-Pérez et al. studied the factors such as the quality of the aggregate, the choice of the binder,
the dosage of the constituents, and the manufacturing methods affecting the properties and
performance of hemp aggregate concrete [8]. Similarly, Jami et al. published another review based
on the properties of hemp concrete [9]. Interestingly, apart from discussing the usual properties of
hemp concrete, they related mixing and manufacturing processes to each other and also addressed
the possible applications of hemp concrete in the construction sector.
The present review discusses the multi-physical properties of plant aggregates and their effects
on the properties of plant-based concrete. It summarizes 120 published articles based on the
properties of plant aggregates and their impact on the characteristics of the composite formed with
mineral binders. It is structured in two main parts. The first part is dedicated to the generalities of
plant aggregates used with mineral binders. Firstly, the term “plant aggregate” was discussed and
defined, followed by a classification of the listed plant aggregates according to their origins. Besides,
their transforming process was indicated. Next, the availability of plant aggregates in France was
briefly discussed. Lastly, a comprehensive review of the literature was carried out on the multiphysical properties of plant aggregates used in construction and the variety of methods applied to
characterize them. The second part of the review treats the impact of diverse factors related to
plant aggregates, such as their mass content, nature, and properties. Literature showed that the
physical, mechanical, hygrothermal, and even acoustical properties of the composites may be
affected by all these parameters.
2. Overview of Plant Aggregates Used with Mineral Binder
2.1 Definition of the Term “Plant Aggregate”
According to the fields of use, different terms have been used in the literature to designate
vegetal additions into a mineral matrix. Since, for the first half of the 20th century, the term "fiber"
has been used to classify the vegetal additions into a cement matrix for the manufacture of
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prefabricated fiber-cement profiled elements, historically based on asbestos fibers but then
substituted by vegetal fibers of different origins for various health reasons. The plant fibers
incorporated in these materials have micro or nano dimensions and are used for the mechanical
reinforcement of the cement matrix. The term "fiber" is also used in the formulation of cementbonded particle boards. The particles used in these formulations are in millimeters, and the
prefabricated elements obtained are mainly used as elements of exterior walls or partitions. For 15
years, the term “plant aggregate” has been preferred over fibers to define particles with high intraparticle porosity and incorporated into the mineral matrix to improve its thermal insulation
performance.
According to the FRD (Fibres Recherche Développement) report published in 2011 [10], to create
the same semantic for plant fibers common to all sectors, a plant aggregate was defined as the part
of the plant corresponding to the marrow or the ligneous parts of stems, obtained from postdecortication or post-refining separation, with millimeter to centimeter length varying according to
the defibrated plant and customer demand (Figure 1). However, this was an incomplete definition
because other parts of plants like coir [11], husk [12], cob [7], or pulp [13] are also considered
aggregates. In addition, the length of the particles alone is not enough to differentiate the fibers
from the aggregates because a few lengths are common in both of them, as shown in Figure 1.

Figure 1 Semantics of plant fibers [10].
To complete this definition, Laborel-Préneron et al. (2016) defined two geometrical parameters,
including the inverse of aspect ratio (1/AR, with AR defined as the ratio of length to diameter) and
the diameter (Figure 2). It made it possible to differentiate the fibers with the smallest 1/AR ratio
and diameter values from the aggregates with 1/AR higher than 0.10. However, the straws located
between the fibers and aggregates were much more difficult to classify according to this criterion.
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Figure 2 The graph depicting the variation in the inverse of the particle’s aspect ratio
(AR) as a function of its diameter [14].
The inverse of the AR (1/AR) as a function of the minor axis of all the plant aggregates
incorporated in a mineral binder presented in this review is shown in Figure 3 and compared with
those of the fibers reviewed in earlier studies [14]. Contradictory, the plant residues considered in
this review and, which will be called here as "plant aggregates" were less elongated with an inverse
AR higher than 0.05 and a minor axis (minor axis of the ellipse shape fitted to the particle) higher
than 0.5 mm in comparison to fibers, after undergoing a decortication or a grinding process followed
by sieving. The particles not included between these intervals were the small particles of hemp shiv
(minor axis less than 0.5 mm) and were not certified for construction uses [15].

Figure 3 The inverse of the particle’s aspect ratio (1/AR) as a function of its minor axis
[7, 15-62].
Plant aggregates are derived from various parts of the plants and are often agricultural byproducts. To identify the nature and the processing of the by-products valued as plant aggregates
in plant-based concrete, a classification based on their origin is presented in the following
paragraph.
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2.2 Classification, Nature, and Processing of By-products Considered as Plant Aggregates in Plantbased Concrete
A total of 120 papers covering the properties of 18 plant aggregates and/or the properties of
composites formed with mineral binders were reviewed. They were related to 18 different
agricultural by-products, which were further classified into nine categories according to their origin
as follows: fiber plant wastes, wood transformation residues, cereal straws, oilseed straws, wastes
from cereal plants other than straws, wild plants, sugar plant wastes, energy crop residues, and
aromatic plants. These plant aggregates are listed in Table 1.
Table 1 Classification of by-products used as plant aggregates in plant-based concrete
and location of the related studies.

Origins

Fiber plant wastes

Plants

Hemp

Flax
Coconut

Locations of
Fractions published
studies
France, UK,
Slovakia,
Shiv
Sweden, Spain,
Canada
France, Canada,
Shiv
Poland
Coir

Thailand, Brazil

References

Number of
references

[7, 15, 16, 20, 28,
29, 32, 35, 36,
51
41, 42, 44-46,
49-54, 59-89]
[23, 27, 40, 54,
11
60, 81, 90-94]
[11, 95, 96]

3

Wood
transformation
residues

Wood

Chip

France, Algeria,
Brazil, Australia,
[18, 28, 97-112]
Nigeria, Turkey,
Egypt, USA

Cereal straws

Barley

Straw

France, Algeria,
Egypt

[7, 22, 24, 38, 41,
9
42, 99, 113, 114]

Wheat

Straw

France, Egypt

[24, 60, 88, 99]

4

Corn

Stem

France, China

[16, 17, 43, 65]

4

Rice

Straw

Egypt, China

[115-117]

3

Oilseed straws

Sunflower

Stem

France

Rape

Straw

France, UK

Wastes from
cereal plants
other than straws

Corn

Cob

Rice

Husk

Wild plants

Diss

Stem

France,
Portugal, Italy
France, Spain,
UK, Vietnam
Algeria, France

[16, 25, 26, 29,
43, 45, 53, 65,
118, 119]
[25, 26, 54, 55,
60, 82]

18

10
6

[7, 41, 42, 120]

7

[12, 29, 30, 121123]

6

[58, 124-126]

4
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Sugar plant
wastes
Energy crop
residues
Aromatic plant
straws

Bamboo

Stem

Brazil, Nigeria,
Malaysia

[33, 127-129]

4

Sugar cane

Bagasse

France,
Malaysia, UK

[121, 130-133]

5

Sugar beet

Pulp

France

[13, 134]

2

Miscanthus Stem

France, china

[31, 135, 136]

3

Lavender

France

[38, 56, 119]

3

Straw

Figure 4 exhibits the location of the reviewed articles as well as the nature of the studied plant
aggregates. They were from different countries all over the world. However, most published studies
were based in Europe, especially France.

Figure 4 Location of published studies using agricultural by-products as plant aggregates
in plant-based concrete and representation of the corresponding number of studies
published per country (based on publications between 1986 and 2020).
For each by-product, general information about the plant, its geographical location, and
processing methods are detailed below.
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2.2.1 Fiber Plant Wastes
Hemp shiv (51 papers out of 120). Hemp, scientifically called Cannabis Sativa L., is an annual plant
from the Cannabaceae family with height varying from 1 to 3 m. It is very popular for the quality of
its fibers and is used in the automotive, paper, and textile industries or for producing ropes. In
general, Cannabis Sativa L. species is found in Central Asia and especially in Europe. It is grown in
temperate climates.
As shown in Table 1, the studies based on the use of hemp shiv with mineral binder were mainly
done in France, UK, Slovakia, Sweden, Spain, and Canada. Hemp shiv is the by-product of the hemp
defibration process and corresponds to the inner part of the fragmented stem, representing 40 to
60% (w/w) of the Cannabis Sativa L. plant. Depending on whether the defibration process was done
before grinding (i.e., complete or partial), pure shiv or fibered hemp shiv (i.e., shiv containing fiber
impurities) can be obtained. In industry, whether the mechanical defibration is preceded or not by
a retting process affects the chemical composition of hemp shives, especially the content of pectins.
This can impact the hemp shiv/binder chemical interactions (setting delay), the hemp shiv/binder
interface, and the mechanical properties of the manufactured hemp concrete [72]. In addition to
untreated hemp shives (with or without pre-wetting with water) mixed with an enhanced mineral
matrix, several treatments for hemp shives are presented in the literature to address these
problems. The most common solution is the coating of the aggregates using mineral binder [35, 53],
linseed oil [59], or water-repellent sol-gel [79]. Other treatments, such as the leaching of the hemp
shives using a neutral or alkaline solution, were also studied [53, 83]. All these treatments
conducted on the hemp aggregates can have different impacts on the multi-physical properties of
the composite.
Flax shiv (11 papers out of 120). Flax (Linum usitatissimum L.) is a member of the genus Linum in
the Linaceae family. Flax is an annual plant and is cultivated for its fibers and/or seeds. It is cultivated
in the cooler regions of the world. The world production of flax (linseed) was 2.95 Mt, led by Russia,
Canada, Kazakhstan, and China [137]. The textile flax is 1.2 m tall with slender stems. Flax shives are
obtained from the inner part of the flax stem and are produced as a by-product of flax fiber
production from the textile industry [92]. In the case of oleaginous flax, the main final product is the
seed. To avoid the lodging of the plants before the seed harvesting, a plant-growth regulator is thus
most often applied, resulting in plants with much lower stem heights (less than 60 cm). However,
straws from oleaginous flax can also be valorized for their textile fibers [138], and the obtained
shives can thus remain available as plant aggregates after the extraction of those fibers.
France, Canada, and Poland have majorly published research on flax concrete (Table 1). As for
the hemp shives, the flax shives are the by-products obtained from the defibration of the flax stem,
with or without retting before mechanical defibration and sieving. A few particle coating treatments
to optimize the water absorption and the chemical interactions between flax shives and lime or
cement have been reported in the literature. These included coating using a mixture of cement and
sucrose [40], a PEC elastomer, [94], and linseed oil [93]. These treatments improve the mechanical
properties and behavior of flax concrete in water and slightly reduce their thermal performance.
Coconut coir (3 papers out of 120). The coconut is the fruit obtained from the tree named Cocos
nucifera L. It belongs to the family of palms, or Arecaceae, and can attain a height of 25 m. The
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coconut tree gives its first fruit at the age of five or six years and reaches its maximum production
after about 15 years. An adult coconut tree can produce between 50 and 500 coconuts per year.
Coconut coir is the fruit of the coconut palm, and it surrounds and protects the coconut. Its pith and
short fibers are the by-products obtained from the extraction of long fibers. Coconuts grow
abundantly in coastal areas of tropical countries [121]. Most of them are found in the Southeast of
Asia, e.g., Indonesia, Philippines, and India, the leading producer with 70% of the world production.
World production of coconuts is around 40 to 50 Mt/y, producing around 15 to 20 Mt/y of coir husk.
Coconut coir is thus a widely available by-product in tropical countries.
Thailand and Brazil are the main countries that have researched the mixture of coconut coir and
cement (Table 1). Coconut coir is extracted by beating it using an automated mechanical extraction
machine. After sieving, the by-product obtained is immediately mixed with cement or pretreated
by washing it with tap water followed by drying in the sun [11]. The pretreatment can be done in
two ways, washing-boiling-drying [95] or boiling-washing-drying [11]. Results have shown that
pretreatment involving boiling majorly improves most of the mechanical properties of the
composite.
2.2.2 Wood Transformation Residues (Wood Chips) (18 Papers out of 120)
Wood is the most abundant raw material in nature. There are two main types of wood: softwood
and hardwood. Softwood refers to wood that comes from evergreen or coniferous trees like pine,
spruce, cedar, and redwood, whereas hardwoods are obtained from deciduous trees like ash, oak,
teak, birch, walnut, and mahogany. Wood is used for many purposes and in many forms, such as
lumber, industrial, and energy wood. Russia, Canada, Brazil, and the USA are the leaders in terms of
forest area, with 50% of the total forest area worldwide (39,000,000 km2). Several countries like
France, Algeria, Brazil, Australia, Nigeria, Turkey, Egypt, and the USA have studied the mixing of
wood chips with the mineral binder (Table 1).
Wood chips result from all kinds of woodworking activities. Several treatments of wood chips are
proposed in the literature to solve the problems associated with their chemical interaction with the
hydraulic binder and swelling. These include treatment with cold or hot water [97, 106, 109, 111],
coating with hydraulic lime or linseed oil [106], and thermal treatment by mild pyrolysis under a
nitrogen atmosphere [102, 104, 108].
2.2.3 Cereal Straws
Barley straw (9 papers out of 120). Barley, or Hordeum vulgare, is a cereal that belongs to the
grass family. Globally, the use of barley grain is divided between animal feed (55 to 60%), malt
production (30 to 40%), seed production (5%), and human nutrition (2 to 3%). Barley is harvested
once or twice a year. It is currently popular in temperate areas where it is grown as a summer crop
and in tropical areas where it is sown as a winter crop. In 2016, the world production of barley grain
was 141 Mt/y, led by the European Union, producing 41% of the world’s total production.
Research articles dealing with the mixing of barley straw with earth or Portland limestone cement
are mainly from France, Algeria, and Egypt (Table 1). Barley straw is the stem rejected during seed
harvesting. Apart from crushing and sieving, no special treatment is applied to the barley straw
when combined with an earth binder. On the contrary, when mixed with Portland-limestone
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cement, several treatments, including immersing barley straw for some time in boiling water, gas
oil, varnish, or waste oil of car engines, are applied to improve the straw/binder interface [113].
Wheat straw (4 papers out of 120). Wheat is a grass widely cultivated for its seed and cereal grain
that is a worldwide staple food. Several species of wheat together form the genus Triticum, and
among them, the most widely grown is common wheat (T. aestivum). The two current important
varieties include durum wheat or Triticum turgidum L. (mostly grown in Europe, North America, and
the Middle East) and soft wheat or Triticum aestivum (grown in mid-latitude countries like China,
India, United States, Russia, France, Canada, and Germany). Wheat is grown on a larger land area
than any other food crop (220.4 million ha in 2014). In 2016, the global wheat production was
estimated as 749 Mt led by EU (157.3 Mt/y) and followed by China (131.7 Mt/y), India (93.5 Mt/y),
Russia (73.3 Mt/y), and the USA (62.9 Mt/y). Articles based on the mixing of wheat straw with a
mineral binder are originated from France and Egypt (Table 1).
Like other straws, wheat straw is also the rejected part after seed harvesting. Aggregates are
obtained by grinding and sieving. In the four reviewed references, wheat straws obtained did not
undergo any specific treatment, but they were directly mixed with earth. No study was conducted
on wheat straws mixed with any other mineral binder apart from earth, such as lime, cement, or
pozzolanic binders.
Corn stem (4 papers out of 120). Corn (Zea mays L.) is an annual tropical herbaceous plant of the
Poaceae family (grasses), widely grown as a cereal for its starch-rich grains but also, in some cases,
as a forage plant. It is mainly used for animal feed, human food, and agro-food industries for the
production of alcohol as biofuel, biogas, or bioplastics. Corn is the most widely produced grain in
the world, with grain production slightly ahead of rice and wheat. The top two producers are the
USA and China, accounting for nearly 60% of the world's total production (1,038 Mt/y between 2014
and 2016). France and China are the countries mainly studying corn stem (pith, bark, or the whole
stem) and mineral binder mixtures (Table 1).
The corn stems are ground in the first stage after harvesting to obtain aggregates of corn pith,
bark, or stem (mix of pith and bark). Following it, in the case of corn pith or bark alone, mechanical
separation is done using a tilted conveyor belt and a blowing system. Finally, sieving on a 1 mm
sieve is done to remove the fines. No particular treatments are carried out on these aggregates as
reported in the literature. Instead, they are directly mixed with either cement, lime, or pozzolanic
binder [17, 43, 65].
Rice straw (3 papers out of 120). Rice is the seed of the grass species Oryza sativa (Asian rice)
and Oryza glaberrima (African rice). As a cereal grain, it is the most widely consumed staple food of
a large part of the world's population, especially in Asia.
In 2016, the world production of rice grain was 741 Mt, led by China and India with a combined
50% of the total production. The cultivation of rice generates a lot of straw (60 to 85% of the plant
aerial part). Egypt and China are doing extensive research on the use of rice straw particles as plant
aggregates in combination with mineral binders. Like the first two cereal straws, the aggregates
from rice straw are obtained after grinding and sieving. Treatment, such as immersion in water or
sodium hydroxide, can be done on the rice straws according to ASTM-D1109–84 [139] to improve
their compatibility with the cement [117].

Page 318/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102026

2.2.4 Oilseed Straws
Sunflower stem (10 papers out of 120). Sunflower (Helianthus annuus L.), an annual plant of the
Asteraceae family, is a native of North America. It is widely cultivated in all the continents, especially
for its seeds rich in vegetable oil for cooking applications. The world’s total harvest of sunflower
seeds in 2016 was 42.1 Mt. Its main producers are Russia and Ukraine, with a production of 21.0%
and 15.5%, respectively, of the total produce.
Nine papers found in the literature about the properties of sunflower aggregates used in plantbased concrete were all from France. Sunflower straw is composed of a rigid external part named
“bark” and a lightweight inner part with a honeycomb-like structure named “pith”. Sunflower pith
and bark are obtained by the same process of grinding, separation, and sieving as that used in the
case of corn. No treatment applicable on the mixture of sunflower pith and mineral binder is
proposed in the literature. However, several treatments are used with the sunflower bark, such as
washing in clear water [53], soaking in a calcic lime solution, or coating with linseed oil or a paraffin
wax [118]. The purpose of these treatments is to improve the aggregate/binder interface and,
consequently, their compatibility.
Rape straw (6 papers out of 120). Rapeseed or Brassica napus L. is an annual plant with yellow
flowers of the Brassicaceae family. It is widely grown for its seeds and is used as animal feed and for
the production of edible oil or biofuel.
Rape is a global crop and is mainly cultivated in cool temperate zones. France and UK are the
major countries that published articles about rape straw concrete. Rape straw is considered a waste
resulting from the harvest of the seed part but can be milled to form aggregates. After sieving to
remove fine particles, they are directly incorporated into the earth or lime binder to form the
composite.
2.2.5 Cereal plant wastes other than straw
Corn cob (7 papers out of 120). The generalities of corn have already been discussed in the
paragraph dedicated to corn stem. Countries involved in research on corn cob are France, Portugal,
and Italy (Table 1). Corn cob is the central part of the maize ear, once cleared of its grains. It is then
crushed to obtain aggregates. The corn cob is made up of three layers. The hardest inner layer is
the only one used after a centrifuge-based separation process (the particles in each layer have
different densities and are separated easily) [42]. In some other cases, all the crushed aggregates
are used after removing fines [140, 141], although the aggregates obtained absorb much more
water.
Rice husk (6 papers out of 120). The general discussion on rice has already been conducted in the
paragraph dedicated to rice straw. The main applications of rice husks include landfills in the soil
and energy sources for the production of electricity or heat because of their high heating value [30].
In the construction sector, they have been the subject of research on ash from calcination.
In Table 1, the rice husks studied in the articles (6 out of 120) came from France, Spain, UK, and
Vietnam. Rice husks are the agro-industrial by-products resulting from the rice hulling, and they
represent 20% (w/w) of the whole paddy rice grain harvested. They are mixed in their natural state
with mineral binder [30], pre-soaked for 24 h to solve the water absorption problem [12], or even
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pre-treated with a lime solution before being used to improve the mechanical performance of the
composite [122].
2.2.6 Wild Plants
Diss Stem (4 Papers out of 120). Diss also called Ampelodesmos mauritanicus, is from the Poaceae
family. It is a very luxuriant monocotyledonous plant growing in a wild state around the
Mediterranean basin. This plant has been used previously in the realization of vernacular
constructions due to its natural mechanical and hydric qualities [124].
Algeria and France are the two countries researching aggregates produced from the stem of diss.
Aggregates from diss stem are obtained after the grinding and sieving process. They are mixed with
cement or clay binders; however, their mixture with cement undergoes a setting problem due to
the presence of water-soluble substances contained in the plant. As a result, the diss aggregates are
preferably boiled in water [58, 124] or covered with linseed oil before mixing with cement [58].
Bamboo stem (4 papers out of 120). The bamboos are evergreen perennial flowering plants in
the Bambusoideae subfamily of the Poaceae grass family. Bamboo is one of the fastest-growing
plants in the world due to a unique rhizome-dependent system. The internodal regions of the stem
are usually hollow, and the vascular bundles in the cross-section are scattered throughout the stem
instead of a cylindrical arrangement. Bamboo has been and is still widely used as an ornamental
plant or for producing serving utensils and various materials. Apart from its structural use in the
building industry (e.g., for the erection of scaffolds in Asia), it can also be used in the form of
aggregates mixed with cement.
Most of the bamboo species are of Asian and American origin, found at varying altitudes up to
3,000 m in the Himalayas. Besides, a few species naturally occur in continental Africa and Oceania,
while none in Europe. Only three articles were found in the literature on the use of bamboo’s stem
aggregates with cement and were from Brazil, Nigeria, and Malaysia (Table 1). Bamboo stem
aggregates are obtained via the grinding and sieving process, and prior use may be washed in water
at 45 °C followed by air drying [127].
2.2.7 Sugar Plant Wastes
Bagasse from sugar cane (5 papers out of 120). Sugar cane corresponds to several species of tall
perennial true grasses of the genus Saccharum, tribe Andropogoneae. It is used for sugar
production. It has stout, jointed, and fibrous stalks rich in sugar (sucrose) and is accumulated in the
stalk internodes. Global production of sugar cane in 2016 was 1.9 billion tons, with Brazil producing
41% of the world's total production, followed by India (18%). The sugar cane industry produces large
quantities of bagasse. It is estimated that world bagasse production is about 250 Mt/y. Five articles
from France, Malaysia, and the UK on the compatibility of sugar cane bagasse aggregates with
cement were found in the literature (Table 1).
Bagasse is the fibrous residue of the sugar cane that is passed through the mill to extract the
juice containing sugar. This by-product is then cut for use with a mineral binder. Two treatments,
including a heat treatment by pyrolysis under a nitrogen gas flow [130, 131, 133] and chemical
treatment with an alkaline solution made of calcium hydroxide [133], were found in the literature
to improve the setting of the composite and its thermal performance.
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Sugar beet pulp (2 papers out of 120). Beet, also known as Beta vulgaris, is a subspecies of the
plants belonging to the Amaranthaceae family. They are grown for their fleshy roots and used for
the production of sugar, as a vegetable in the human diet, fodder plants, and more recently as a
fuel source to produce bioethanol. Pulp is a by-product obtained from the processing of sugar beet
and is mainly used as fodder for horses and other livestock.
Recently, in France, studies have been done for their use as plant aggregates for concrete after
drying [13, 134]. The aggregates are covered with cement or linseed oil to make them inert to the
mineral matrix and reduce their strong affinity for water [13].
2.2.8 Energy Crop Residues (Miscanthus Stem, 3 Papers out of 120)
Miscanthus is a genus of perennial herbaceous plants of the Poaceae family (Gramineae) and
native to Africa and South Asia. Some species of miscanthus (so-called “elephant grass” or
Miscanthus giganteus) are gaining significant attention in the agricultural, industrial, and energy
sectors for their productivity and energy value (biomass energy).
Research on the use of miscanthus aggregates for plant-based concrete is mainly done in France
and China (Table 1). The miscanthus aggregates are obtained by drying, milling, and sieving the
stems after harvest. Several treatments on miscanthus aggregates are carried out to improve the
mechanical performance of the resulting plant-based concrete. These include enzymatic
scarification with a cocktail made of cellulase, β-glucosidase, and xylanase after two distinct pretreatments with sulfuric acid or ammonia [135, 136] and saturation with water and impregnation
with cement [31].
2.2.9 Aromatic Plant Straws (Lavender Straw, 3 Papers out of 120)
Lavender (Lavandula) is a genus of plants of the Lamiaceae family. They are dicotyledonous
shrubs, mostly purple, and arranged in spikes. Most of them are highly fragrant, thus widely used in
all branches of perfumery. Formerly, lavender was grown in France and some countries of the
Mediterranean basin. Then the culture spread in Eastern Europe (Bulgaria, Russia, Ukraine, etc.) and
even in Tasmania or Canada, where mutated plants could now resist freezing. The three articles
about the mixing of lavender aggregates with a mineral binder found in the literature were from
France (Table 1).
Lavender straw is a by-product of the production of lavender essential oil, extracted through
hydrodistillation, and corresponds to the crushed stems. The obtained by-product is mixed with
earth or with a pozzolanic binder. To limit the detrimental chemical interactions observed between
the water-soluble components of the lavender straw and the pozzolanic binder, a mineral
pretreatment based on a pozzolanic binder has been reported in the literature [56]. Nevertheless,
the mechanical performance of composites formulated from these pretreated aggregates remained
very limited.
2.3 Availability of By-Products Used as Plant Aggregates in Plant-based Concrete in France
France is the most productive country in terms of publications on plant-based concrete (68
papers, Figure 4); hence, in this section, we mainly focused on the availability of the distinct byproducts in France.
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Some existing studies assessed and compared the number of available by-products in a country
[7, 142], which in turn took account of the non-harvestable parts (necessary to maintain soil fertility
or inaccessible parts) and those allocated for other uses (e.g., litter, animal feed, energy, etc.). This
assessment was essential before assessing a by-product.
Figure 5 compares the total quantities of the by-products available in France that can be used as
plant aggregates in plant based-concrete and the number of articles published for each of them.
Notably, due to the limited data available for each by-product instead, the total quantity was
presented in the graph, and the numbers of articles published are mentioned wherever applicable.
The data for this study was collected from earlier studies [6] and [143].

Figure 5 Comparison of the total quantities of by-products in France possibly usable as
plant aggregates in plant-based concrete and the number of papers about each of them.
The results plotted in Figure 5 revealed that the number of published papers and the total
quantities of agricultural by-products were uncorrelated. Widespread by-products such as wood
residues and cereal straws have been studied very little. On the contrary, hemp shives (0.03Mt/y),
which represent only 0.02% of the total by-products in France, have been the most studied plant
aggregates. This could be explained by the fact that the hemp sector was the first one to be
established in France, in particular under the leadership of the “Construire en Chanvre” association.
As a result, a lot of publications on the professional rules of hemp construction were published in
2007 and were last updated in 2012. The low availability of hemp shiv in several regions of France
adds an economic and environmental additional cost in their transportation; thus, limiting the
expansion of the hemp sector. This necessitates the diversification of the widely available byproducts and their complete characterization regarding their possible use as plant aggregates in
plant-based concrete.
Thus, it would be of great interest to focus more research on the most available by-products such
as wood chips, cereal straws, and even flax shives.
The diversification of these agricultural co-products raises the problem of their characterization.
Indeed, in the case of material science, there is no standard protocol for the characterization of
these plant additions. Between 2010 and 2016, some work was carried out by teams from 20
laboratories within the framework of TC-Rilem 236 BBM, which partially resolved this problem by
publishing recommendations in 2017 concerning the multi-physical characterization of plant
aggregates [144]. However, these recommendations were based on the tests conducted only on
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hemp shives, and also several properties of plant particles were not addressed. The characterization
of hemp shives and alternative plant aggregates are presented in the following section.
2.4 Characterization Methods and Properties of Plant Aggregates
This part summarizes the multi-physical characterization and properties of plant aggregates
encountered in the literature. The most used bio-aggregate characterization protocols are those
recommended by RILEM TC 236-BBM [5] and are based on hemp shives. However, there are also
other ways for conducting such characterizations both on hemp shives and other plant aggregates.
The various physical, hygro-thermal, and chemical characterizations of these plant aggregates are
mentioned below.
2.4.1 Physical Properties of Plant Aggregates
Microstructure. Several methods have been proposed by RILEM TC 236-BBM [5] to analyze the
microscopic structure of the plant aggregates. The most used are the imaging methods like scanning
electron microscopy (SEM) and X-ray tomography. These methods can determine the pore size and
its distribution, porosity, and microstructural morphology of the plant aggregates. SEM is a 2D
technique carried out with a scanning electron microscope fitted with field emission and a
secondary electron detector. Whereas X-ray tomography is a 3D image analysis including an X-ray
source, a rotation state on which the object is fixed, an X-ray detector, and reconstruction software
[5].
SEM requires at least two sections to analyze the microstructure of the plant aggregates,
whereas X-ray tomography can do it directly. SEM analysis provides detailed structural information
such as the shape and size of individual pores inside plant aggregates, but these are the
representatives of only pores visible in the image. The X-ray tomography quantifies the pore size
distribution, porosity, and tortuosity of the porous network. However, it does not apply to
extremely large samples and pores much smaller than the resolution as they cannot be
distinguished in such a situation. SEM and X-ray tomography methods together may determine the
microstructural parameters of the plant aggregates more precisely. The combined SEM and X-ray
tomographic Figure 6 and Figure 7 show the microstructural differences between various plant
aggregates. Details about pore diameter and particle porosity of 12 plant aggregates are mentioned
in Table 2 wherever data are available.
Apart from imaging methods, mercury intrusion porosimetry (MIP) can also be used to evaluate
the pore size distribution of the internal open porosity of particles. In this method, mercury is
inserted inside a particle by applying increasing pressures. The higher the pressure, the more the
mercury will fill the small pores. The Wasburn equation relates the injection pressures to the pores
accessible, as shown in Eq. (1)
𝑃=

−2𝛾 cos 𝜃
𝑟

(𝟏)

where 𝑃 is the imposed pressure (Pa), 𝛾 is the interfacial energy (surface tension) of mercury (N/m),
𝜃 is the contact angle of mercury with the tested material (°), and 𝑟 is the radius of the pore (m).
MIP method has two limitations, 1) the pores are rarely cylindrical, unlike what is taken as a
hypothesis, and 2) the particle walls can be modified under the effect of pressures.
Page 323/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102026

Figure 6 SEM cross-sectional images of (a) hemp shiv, (b) flax shiv, (c) barley straw, (d)
wheat straw, (e) sunflower pith, (f) rape straw, (g) corn cob, (h) rice husk, (i) miscanthus
stem, and (j) lavender straw [7, 30, 31, 38, 45, 60, 64].

Figure 7 (a) 3D tomography reconstruction and (b) section images of (1) hemp shiv, (2)
corn bark, and (3) sunflower bark [43, 64].
All the plant aggregates exhibited a highly porous structure, however, with some differences
(Figure 6 and Table 2). Hemp shiv had a tubular microstructure with pore diameters ranging from 5
to 60 µm and a cell wall thickness of about 4 µm. The 3D tomography reconstitution of Hemp shiv
in Figure 7 showed longitudinal open pores with a particle porosity between 72% and 83%. Flax shiv
pores were also organized in the form of capillaries parallel to the growth direction of the plant,
with pore diameters varying only from 15 to 33 µm. The particle porosity of flax shiv calculated in
earlier studies [81] was around 71%. Straws also exhibited a tubular microstructure with very thin
cell walls (< 2 µm). Their pore diameters varied from 2 to 100 µm in barley straw, from 6 to 30 µm
in wheat straw, and from 10 to 50 µm in rape straw. 3D representations of both corn and sunflower
bark showed a tubular and an alveolar structure (Figure 7) with the same pore diameters ranging
from 10 to 80 µm. The particle porosity of corn bark was between 51 and 64%, while that of
sunflower bark could vary between 58% and 80%. Sunflower pith had a particularly alveolar
structure, with an average pore diameter greater than 100 µm and thin cell walls. This large and
high-porous structure of the sunflower pith could explain its lightness. With a tubular and an
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alveolar microstructure and pore diameters ranging from 20 to 80 µm, corn cob is different from
other plant aggregates as its cell wall thickness is up to 45 µm. This structure makes the corn cob
denser than all the other plant aggregates. Pore diameters varying from 1 to 30 µm were detected
in a single thin rice husk (about 80 µm), but its solid phase was predominant, and particle porosity
varied from 34% to 50%. Miscanthus stem showed tubular microstructure with pore diameters
ranging from 30 to 50 µm and a larger number of pores inside than outside thereby, making it denser
(Figure 6). The porosity of miscanthus stem particles was around 82% to 84%. SEM image of
lavender straw in Figure 6 shows a concentrically organized tubular structure. All the biggest pores
between 30 and 60 µm were located in the center, surrounded by small square pores with a size
ranging from 7 to 9 µm, which in turn were surrounded with a dense envelope containing pores of
varying sizes. The cell wall thickness was between 1.5 and 2 µm.
Table 2 Pore diameter and particle porosity of 12 plant aggregates.
Plant aggregates

Pore diameter (µm)

Particle porosity (%)

References
[7, 20, 28, 29, 34, 35, 45, 49,
50, 53, 55, 60, 63, 64, 69, 74,
86, 89]

Hemp shiv

5-60

72-83

Flax shiv

15-33

71

[23, 40, 60, 81]

Barley straw

2-100

-

[7, 24, 38]

Wheat straw

6-30

-

[24, 60]

Corn bark

10-80

51-64

[43]

Sunflower pith

> 100

-

[25, 45]

Sunflower bark

10-80

58-80

[25, 43, 53]

Rape straw

10-50

78

[25, 54, 55, 60]

Corn cob

20-80

-

[7, 140, 141]

Rice husk

1-30

34-50

[30, 122]

Miscanthus stem
Lavender straw

30-50
7-60

82-84
-

[31]
[38, 56]

The above results showed that the microstructure of the plant aggregates is a characteristic
feature, which is often studied in the literature and varies significantly from one plant aggregate to
another. Besides, the microstructure impacts other properties of aggregates, such as their density
or their water absorption capacity, as discussed in the following paragraphs.
Particle size distribution and shape of the plant aggregates. Two main methods are
recommended by the RILEM TC 236-BBM [5] to determine particle size in plant aggregates, such as
mechanical sieving and image analysis. Mechanical sieving uses sieves with standardized square
meshes to study soil and mineral aggregates (NF ISO 3310–1 [145] and ASTM E-11–95 [146]). This
method only finds the width of the particles as they can pass through the sieve in the direction of
their length. Thus, only spherical plant aggregates like corn cob particles are suitable for this method
but not the elongated ones such as straw. Image analysis is more adapted for the majority of the
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elongated plant aggregates. In this method, firstly, the particles are sieved at 500 µm to remove
dust. They are then homogenized before being scanned on a black background to obtain better
contrast for the image analysis by using the software. However, this method is only performed with
a small number of particles. So, the precision of the results can be limited by the representativeness
of the sample. Moreover, the dimensions obtained are only related to the 2D projection of the
particles. Geometrical parameters obtained via image analysis include major and minor axis,
equivalent area diameter (EAD) are based on a particle with a perfect circular cross-section,
circularity, and AR (AR, ratio of major length to the minor length). Figure 8 presents the extreme
major and minor axis length curves (i.e., the maximum limits of the major axis and the minimum
limits of the minor as observed in the literature) of seven different plant aggregates and shows the
extent of each particle size. Nevertheless, in terms of shape and size, two hemp shives of different
origins differed more significantly than a hemp shiv compared with a corn or sunflower bark [65].
Indeed, the particle size of plant aggregates is an easily adjustable parameter according to the
calibration process. A list of median values of the length, width, and AR of plant aggregates found
in the literature is also presented in Table 3.

Figure 8 Extreme minor and major axis curves obtained by image analysis for seven
different plant aggregates [7, 30, 38, 53, 56, 62, 82].
Table 3 Median length, width, and AR values of the plant aggregate particles.
Plant aggregates

Hemp shiv
Flax shiv
Wood chip
Barley straw
Wheat straw
Corn bark

Median particle Median particle Aspect ratio
References
length (mm)
width (mm)
AR (-)
[7, 15, 20, 28, 29, 32,
35, 41, 42, 45, 50-54,
0.7 – 30.0
0.25 – 5.0
2.28 – 8.75
60-62, 65, 69, 70, 82,
88]
5.5 – 20.0
0.5 – 4.1
4.87 – 20.00
[23, 55, 60, 93]
20.0
7.0
2.86
[18, 97]
7.6 – 35.0
2.0 – 2.5
4.10 – 14.00
[7, 41, 42]
9.0 – 12.00
1.1 – 1.2
8.18 – 10.00
[60]
9.0 – 14.0
1.8 – 8.3
1.70 – 6.11
[17, 43, 65]
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Sunflower pith
Sunflower bark
Rape straw
Corn cob
Rice husk
Diss stem
Bamboo stem
Miscanthus stem
Lavender straw

9.0
5.7 – 9.0
3.9-15.0
3.6 – 5.0
6.7
10.0 – 15.0
6.8 – 8.8
11.0
5.0 – 30.0

6.0
1.8 – 8.3
0.9-3.0
2.6-3.7
2.7
1.5
0.5 – 1.0
3.0
1.5 – 3.0

1.50
2.99 – 4.74
5.00 – 6.20
1.40 – 1.50
2.44
10.00
7.09 – 14.17
3.67
3.33 – 10.00

[45]
[43, 53, 65, 118]
[54, 60, 82]
[7, 41, 42, 60]
[29, 30]
[58]
[33, 127]
[31]
[38, 56]

The very small space between the major and minor axes of corn cob explained the similarity
between these two dimensions. In addition, the steepness of their slope indicated a little variation
in the dimensions. The AR value of the corn cob was very close to 1 (between 1.40 and 1.50 in Table
3), indicating a nearly circular cross-section. Rice husk also exhibited a similar steep spindle, but the
distance between the two curves was larger than that of the corn cob, which indicated that major
and minor axes were quite regular but not the same. This resulted in an AR value higher than 1 (i.e.,
between 2 and 3 in Table 3), thereby explaining the elongation in the particle. The grading curves
of the remaining five aggregates were quite similar. Their ARs were superior to that of rice husk (i.e.,
from 2 to 14), indicating highly elongated particles of straws and stem barks.
Apart from the AR, circularity has also been used to validate the difference in shape between
two or more aggregates. It varies between 0 (elongated shape) and 1 (circular shape). For example,
the difference in circularity between two hemp shives and two bark particles from corn and
sunflower is shown in Figure 9. Besides, the shape of the particles impacts their granular
arrangement and consequently their bulk density.

Figure 9 Circularity of hemp shives (H3: hemp shiv (batch number 3), H4: hemp shiv
(batch number 4)), corn bark (Co), and sunflower (S) [65].
Densities. The plant aggregates have three distinguishable densities, namely, the bulk density of
the particle arrangement, the apparent density of particles, and the skeleton density. As illustrated
in Figure 10, in a bulk arrangement of plant aggregates, the bulk density is considered as the ratio
of the mass to the volume of the solid particles along with the intra-and inter-particle voids. For the
apparent density of the particles, the volume includes that of the solid plus the intra-particle voids.
Lastly, the skeleton density takes into account the volume of the solid part only.
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Figure 10 Illustration showing the calculation for bulk density, apparent density, and
skeleton density of the plant aggregate.
It is possible to determine all kinds of porosities existing in a plant aggregate arrangement from
all three densities. The total porosity of the bulk arrangement of plant aggregates is the sum of the
inter-particle (the volume percentage of voids between particles in a bulk aggregate arrangement)
and the intra-particle porosity (the volume percentage of voids inside the particles). The results of
these previously defined parameters for each plant aggregate are presented in Table 4.
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Table 4 The bulk density, the apparent density of particles, skeleton density, total porosity, and inter and intra-particle porosity values of
the plant aggregates available in the literature.

Plant
aggregates

Apparent
Bulk
density density
3
(kg/m )
particles
(kg/m3)

Hemp shiv

70 – 163
(37 references)

Flax shiv

Skeleton
density
(kg/m3)

Total porosity Inter-particle
(%)
porosity (%)

Intra-particle
porosity (%)

References

250 – 320
(7 references)

1259 – 1500
(9 references)

90 – 92
(9 references)

55 – 61
(7 references)

32 – 37
(5 references)

[7, 15, 16, 20, 28, 29, 32, 35, 41,
42, 45, 46, 50-54, 60-63, 65, 66,
69-71, 74, 76, 80, 82-89]

90 – 141
(9 references)

374
(1 reference)

1270 – 1342
(2 references)

90 – 93
(2 references)

76
(1 reference)

17
(1 reference)

[23, 40, 55, 60, 90-94]

Coconut
coir

-

-

1125
(1 reference)

-

-

-

[96]

Wood chip

50 – 280
(5 references)

233 – 690
(5 references)

1100 – 1200
(1 references)

82 – 87
(1 reference)

52 – 70
(3 references)

-

[18, 99-101, 105, 106, 111]

Barley
straw

47 – 107
(5 references)

-

870
(1 references)

94
(1 references)

-

-

[7, 24, 41, 42, 99]

Wheat
straw

25 – 54
(2 references)

-

865-1478
(2 references)

96 – 98
(2 references)

-

-

[24, 60]

Corn pith

18
(1 reference)

-

-

-

-

-

[16]

Rice straw

96–160
(1 reference)

-

-

-

-

-

[117]

of
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Corn bark

75 – 120
(3 references)

-

-

-

-

-

[17, 43, 65]

Sunflower
pith

14 – 20
(2 references)

35
(1 reference)

-

-

43%
(1 reference)

-

[16, 45]

Sunflower
bark

98 – 168
(4 references)

296
(1 reference)

1540
(1 reference)

94
(1 reference)

67
(1 reference)

27
(1 reference)

[43, 53, 65, 118]

Rape straw

73 – 125
(4 references)

256
(1 reference)

1162 – 1411
(2 reference)

89 – 94
(2 reference)

49
(1 reference)

40
(1 reference)

[54, 55, 60, 82]

Corn cob

212 – 497
(5 references)

-

1333
(1 reference)

72
(1 reference)

-

-

[7, 41, 42, 60, 141]

Rice husk

98 – 122
(3 references)

453
(3 references)

690 – 780
(3 references)

82 – 87
(3 references)

73 – 78
(3 references)

9 – 10
(3 references)

[29, 30, 122]

Diss stem

37 – 50
(2 references)

-

-

-

-

-

[58, 124]

Bamboo
stem

298
(1 reference)

500 – 780
(1 reference)

-

-

-

-

[33, 127]

Miscanthus
stem

78 – 119
(1 reference)

222 – 250
(1 reference)

1400 – 1406
(1 reference)

92 – 94
(1 reference)

52 – 65
(1 reference)

30 – 39
(1 reference)

[31]

Lavender
straw

64
(2 references)

-

-

-

-

-

[38, 56]
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Several results for bulk density in contrast to the low number of results for the apparent density
of particles and skeleton density of all the plant aggregates were observed in Table 4. For example,
in the case of hemp shiv, there were 37 references for bulk density and only 7 and 9 references for
the apparent density of particles and skeleton density, respectively. This difference was explained
by the existence of a protocol well defined by the RILEM to determine the bulk density of plant
aggregates, while there was no recommendation for the two other densities. The methods of
calculating and the results of each kind of density of the plant aggregates were developed in the
following subsections.
Bulk density. The most widely used method present in the literature for determining the bulk
density of plant aggregates was proposed by the RILEM TC 236-BBM [144]. In this method, bulk
density is measured in a dry state (specimens are dried at 60 °C until their weight becomes
constant). The measurement is performed with a cylindrical mold (height at least twice the diameter
and the diameter is at least equal to 10 cm). Other methods are also cited in the literature [18, 31,
67, 92], but the principle remains the same, i.e., drying the material and measuring its mass by
knowing its apparent volume. Nevertheless, differences between certain values could be related to
the fact that whether the aggregates were compressed or not in the container before being
weighed. For example, in the case flex shiv, the density of 90 kg/m3 value was calculated without
compaction [81], while the value of 141 kg/m3 was obtained after compaction with a tamping rod
(25 strokes on each of the two layers of aggregates) [91]. Thus, the 141 kg/m3 density was much
closer to a tapped density value. This indicated that the proposed protocol must have a comparable
level of compaction as in the case of the RILEM protocol (with ten shakes of the cylinder from top
to bottom to ensure a loose arrangement).
In general, the results showed that the pith particles and some straws had the lowest bulk
densities (sunflower pith 14–20 kg/m3, wheat straw 25–54 kg/m3, diss stem 37–50 kg/m3, barley
straw 47–107 kg/m3, lavender straw 64 kg/m3, and rape straw 73–125 kg/m3) [7, 16, 24, 41, 42, 45,
54-56, 58-60, 99, 124]. Hemp shiv, corn bark, miscanthus stem, flax shiv, wood chip, rice straw,
sunflower bark, and rice husk had medium bulk density values (between 70 and 168 kg/m3). On the
opposite, corn cob and bamboo stem were the heaviest aggregates (more than 200 kg/m3). These
results were aligned with the microstructures observed previously and were associated with the
inter-particle pores, which in turn were linked to the elongation of the particles. In addition to the
intra-particle porosity, the inter-particle one could be enhanced by a more elongated shape of the
plant particles. Figure 11 presents the mean of the bulk density as a function of the mean of the AR
for all plant aggregates when both parameters are available. The results showed that the more the
particles are elongated, the greater the inter-particle porosity and, therefore, the lower the bulk
density. The low densities of corn and sunflower pith were ascribed to their high particle porosity
due to their highly porous microstructure.
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Figure 11 Mean of bulk density as a function of the mean of aspect ratio (AR) of plant
aggregates.
Bulk density allows characterizing plant aggregates as loose-fill insulating materials. However,
aggregates rearrange themselves when they are mixed with a binder and compacted in the wet
state in a composite, thereby limiting their inter-particle porosity that would also be partially filled
by the binder. This necessitates the measurement of the apparent density of the particles to
determine the particle porosity.
The apparent density of the particles. The apparent density of the particles has been previously
measured based on a straight section of stem and the corresponding area determined by image
analysis and the measured height [5]. Other methods encountered in the literature include mercury
intrusion porosimetry (MIP), X-ray tomography estimation [43], the water displacement method or
Archimedes method [31, 105], and utilization of fine sand less than 250 µm, which eliminates the
voids surrounding the particles and allows to determine their exact volume [13, 147].
All these methods are limited by the reliability of the volume of the particles or stem obtained.
In the case of the method proposed in earlier studies [118], the fact that the walls of the stem are
not perfectly parallel and the uncertainty in the accuracy of the perpendicularity of the section
probably lead to an error in the value of the stem volume. In MIP, the particle volume is determined
from the volume of solid and open pores, while the closed pores are neglected. The volume
estimation from X-ray tomography may be biased due to the imprecision in resolution. With
Archimedes method, first immersion in the water swells up the particle, thereby changing its
volume. In the fine sand method, the compressing of the particles may modify the volume; thus, it
is necessary to ensure the same level of compaction in the sand from one measurement to another.
Nevertheless, this method could be interesting if the protocol and the representative elementary
volume (REV) are properly implemented.
The majority of apparent densities of particles identified in the literature were between 250
kg/m3 for hemp and up to 780 kg/m3 for bamboo stems (Table 4). On the contrary, sunflower pith
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had a very low value of 35 kg/m3 due to the presence of several and very large pores and thin cell
walls, resulting in a low apparent density of the particles. Hence, it could be said that the apparent
density of the particles is closely related to their microstructure. It is to be noticed that results for
the apparent density of particles varied widely, depending on the method used or the treatments
experienced by the particles. For future research and development, a standardized method would
be required to avoid diversification of the results so that they can have more precision.
Skeleton density. The skeleton density of plant aggregates is measured with a manual
pycnometer method [24, 29-32, 49, 50, 55, 60, 86, 87]. Successive weightings of pycnometer (i.e.,
pycnometer with dry aggregates, pycnometer with aggregates filled with filling fluid, and
pycnometer filled with water) give the mass of solid aggregates and their volume. Nozahic et al.
(2012) estimated the value of the skeleton density of lignocellulosic aggregates, and the latter was
equal to that of the cellulose (1540 kg/m3) [53]. It depends on the constituents of the cell walls. The
majority of identified values were between 1100 and 1540 kg/m3, which was in agreement with the
real densities of the pure chemical components of the cell walls. The low values recorded for rice
husk (690–780 kg/m3) [29, 30, 122] might be due to the closed pores, which were not detected by
the pycnometer method. The volume of the solid was thus overestimated, thereby reducing the
resulted skeleton density.
Table 4 indicated that for the majority of aggregates arranged in bulk, the inter-particle porosity
is always higher than the intra-particle due to the elongated shapes of the aggregates, which
generate a lot of intergranular voids. Sunflower pith has the lowest inter-particle porosity (43%) due
to its circular shape, resulting in fewer intergranular voids, whereas rice husk has the greatest interparticle porosity (73–78%) due to its convex and elongated shape, leading to widely spaced particles
aggregates. In the composite, the inter-particle porosity is filled by the rearrangement of the
aggregates and the binder matrix. The intra-particle porosity data of the sunflower pith is not
available in the literature. However, it should be the highest one in particular due to its original
porous microstructure. For the rest of the aggregates, this parameter is between 9% for rice husk
and 40% for rape straw. In terms of total porosity, it could be said that bulk plant aggregates are
porous materials. Corn cob, which is the densest aggregate, is also least porous with 72% of total
porosity, followed by wood chip and rice husk (82–87%). Shiv, straw, and stem are the most porous
aggregates with more than 90% of total porosity. The porosity of plant aggregates generally plays
an important role in their water absorption capacity, as discussed below.
Water absorption. The water absorption capacity 𝑤(𝑡) of a plant aggregate is defined as the
quantity of water it can absorb per unit of time and is calculated according to Eq. (2) mentioned
below:
𝑤(𝑡) =

𝑚(𝑡) − 𝑚0
∗ 100
𝑚0

(𝟐)

where 𝑚(𝑡) is the wet mass of the aggregates (kg) for an immersion time t and 𝑚0 is the initial dry
mass (kg).
Water absorption is an essential parameter for plant aggregates when they are mixed with a
mineral binder. In most cases, plant aggregates have very high water absorption rates, which creates
a competition between the water absorbed by the aggregates and that required for the hydration
Page 333/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102026

of the binder. This competition can thus induce a disturbance in the setting of the binder [20, 28,
49].
The most widely used method in the literature to determine the water absorption of plant
aggregates was the one proposed by RILEM TC 236-BBM [144]. The water absorption measurements
are carried out at several time intervals to determine the evolution of the absorption kinetics of the
aggregates. This allows the prediction of their short-term behavior (i.e., in the initial minutes) during
the first contact of the water/aggregate/binder mixture and also their behavior at saturation.
Nozahic et al. (2012) proposed a model for the kinetics of water absorption in plant aggregates as a
logarithmic function of time:
(𝟑)

𝑤(𝑡) = 𝐼𝑅𝐴 + 𝐾1 . 𝐿𝑜𝑔(𝑡)

where 𝐼𝑅𝐴 is the initial rate of absorption, corresponding to the water absorption rate after 1 min
and representing the absorption of water only on the surface of the particles (%), and 𝐾1 is the
coefficient of water absorbed by the particle over time (%.Log(min)–1).
Laborel-Préneron et al. (2018) represented the water absorption as a function of the logarithm
of time for three different aggregates (hemp shiv, barley straw, and corn cob), as shown in Figure
12. This representation of water absorption in mass percentage suggested that barley straws have
the highest absorption capacity (IRA of 247%), followed by hemp shiv (IRA of 218%) and corn cob
(IRA of 48%). However, the dosage of aggregates in the plant-based concrete formulation might be
very different, which means that the mass representation of water absorption is not a good
parameter for predicting its impact on the formulation of the composite. Instead, the volume
representation would be much more consistent.

Figure 12 Water absorption as a function of the logarithm of time in hemp shiv, barley
straw, and corn cob [7].
Table 5 presents, wherever applicable, the IRA and K1 data of different plant aggregates obtained
through RILEM and other methods. Most of the hemp shiv aggregates had higher water absorption
at IRA (122–218%) in comparison to values obtained by the RILEM method (190–240%). This
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difference could be explained based on the fact that other methods did not use salad spinner before
weighing [28, 49, 118] or just used an absorbent paper to remove water from the aggregate surface
[31]. Consequently, an additional amount of water could be present between the aggregates and
might increase the absorption value. Diverse results have also been observed with the RILEM
method due to different origins of the hemp, which might differ the size, and the spin might also
vary from one operator to another. As expected, the same RILEM method provided the lowest
absorption capacity (IRA of 48%, and K1 of 9.8%.Log (min)–1) of the corn cob due to its low porosity
as compared with other plant aggregates, followed by lavender straw (IRA of 100%, and K1 of
12.5%.Log (min)–1). All other straws, shives, and barks, with higher porosities revealed higher water
absorption capacity (IRA > 100% and K1 > 17%.Log (min)–1). According to the definition of K1, a
correlation could be expected between it and the apparent density of the particles. However, this
hypothesis could not be verified due to the lack of data. Indeed, the density of the particles was rare
in the literature and it was only very recently that the kinetics of water absorption was represented
as a function of the logarithm of time. It is thus necessary to find a standardized method which can
easily determine the apparent density of the particles.
Table 5 IRA and K1 values of different plant aggregates found in the literature.
Plant
aggregates

Hemp shiv
Barley
straw

RILEM
method
IRA (%) K1
(%.Log(min)–1)
122–
19.5–50.0
218
247
19.4

[7, 35, 69,
76]
[41]

Other
methods
IRA (%)
K1
References
–1
(%.Log(min) )
190–240 20.1
[28, 50, 53,
73]
300
[24]

References

Wheat
straw

-

-

-

180-225

-

[24]

Corn bark

18.5–19.8

[43, 65]

-

-

-

Sunflower
bark

105–
106
141–
148

17.8–18.5

[43, 65]

216

57.3

[53]

Rape straw

218

23.9

[82]

-

-

-

Corn cob

48

9.8

[7]

-

-

-

Beet pulp

-

-

160

-

[13]

Lavender
straw

100

12.5

-

-

-

[56]

The studies reported in the literature showed that the physical properties of plant aggregates also
influence their hygro-thermal properties, as discussed in the next section.
2.4.2 Hygro-thermal Properties of the Plant Aggregates
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Plant aggregates are used as insulating materials. Thus, to ensure indoor comfort apart from their
physical properties, their hygro-thermal properties are also important. These properties are
discussed in the following section.
Sorption-desorption isotherms. The sorption-desorption isotherm property links the moisture
content of the material at equilibrium to the ambient relative humidity (RH) at a given temperature.
It is evaluated by using the saturated salt solution (SSS) technique or the dynamic vapor sorption
(DVS) method.
The standard NF EN ISO 1270 [148] governs the SSS technique. Briefly, plant aggregates samples
are dried at 40 °C [24, 32, 69, 114] in an oven until mass stabilization (change in mass less than 0.1%
between two weighings in 24 h). Following this, at least 10 g of the material to be tested is put in a
container that is not sensitive to humidity variation (glass cups, for example) and then kept in a
ventilated sealed desiccator or box at 23 °C in which the RH is controlled by saturated salt solutions.
Samples are tested gradually with the salt solutions after stabilization from the dry state to the
saturated state for sorption and conversely for desorption isotherm.
In the DVS method, few particles between 10 and 100 mg are put on a microbalance kept inside
a sealed thermostatically controlled chamber at a constant temperature of 20 °C [28], 23 °C [7, 32,
43, 114], or 25 °C [45, 69]). Each study followed its way of programming the DVS, but the idea is to
regulate the RH inside the controlled chamber in a step-wise manner from zero to more than 95%
in the case of sorption and the reverse path for desorption. Literature showed three different ways
to program the moisture equilibrium to move to the next level of relative humidity. The first one
was a time criterion assuming stabilization of the sample (360 min, 720 min, 1,440 min, or 2,160
min). The second one considered a percentage change in the mass per unit time (dm/dt) over a
period of more than 10 min, below which it was assumed that the moisture attains a balance. Lastly,
the third one was the combination of the two previous criteria.
Bui et al. (2017) carried out a comparative study of the two methods (SSS and DVS) on the barley
straw. They concluded that sorption isotherms measured with the two methods were very close (a
difference lower than 0.1%). However, many factors inherent to the protocol of the SSS method led
to greater disparities in the measurements, while the automatic weighing of the DVS method
allowed more stability in the measurement of the kinetics of the water uptake. Unlike the SSS
method, the DVS one allowed faster measurements, but for one sample only. However, it was
limited by mass and volume, which could be problematic for porous building materials like concrete
[114].
Sorption isotherms were obtained by plotting mass change against RH and illustrated the water
vapor sorption capacity as a function of the relative humidity. Figure 13 shows different sorption
curves of various plant aggregates measured with a DVS machine.
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Figure 13 Sorption capacity of various plant aggregates (HS, hemp shiv; SP, sunflower
pith; SB, sunflower bark; CB, corn bark; CC, corn cob; BS, and barley straw) [32, 41, 43,
45, 69, 79, 114].
In general, sorption curves in Figure 13 are similar to type II or type III curves according to the
IUPAC (International Union of Pure and Applied Chemistry) classification and are common for
lignocellulosic materials. For relative humidities ranging from 0% to 50%, sunflower pith had the
highest sorption value, followed by sunflower bark, barley straw, hemp shiv, corn cob, and corn
bark. This could be explained by the high amount of open porosities in the sunflower pith
aggregates. In the capillary condensation domain (> 85% RH), the water uptake for corn bark was
the highest due to the presence of a greater number of smaller pores inside it. Notably, only the
sorption curves are shown in Figure 13; however, several authors [7, 24, 28, 45, 78, 149] also took
desorption measurements. All the authors observed a hysteresis phenomenon between the
sorption and desorption curves. This phenomenon is usually explained by capillary condensation,
the ink-bottle effect, and the contact angle difference between adsorption and desorption [149].
The sorption values for all these plant aggregates were higher than 20% at 95% RH. In general,
plant aggregates have high sorption capacity inducing good moisture buffering and thus indoor
comfort.
Thermal conductivity. The thermal conductivity λ (W/m.K) is a common parameter used to
characterize the insulating or conducting power of building materials. Indeed, the thermal
conductivity of bulk plant aggregates is measured as a useful property when they are proposed as
loose-fill insulation materials for buildings.
Several methods are used to measure thermal conductivity, but the two most encountered
methods in the literature include the hot wire [29, 53, 55, 60, 88] and hot plate [7, 35, 41, 45, 56,
99, 106] method.
In the hot wire method, the five-centimeter-long hot wire sensor is embedded between two
containers filled with bulk aggregates, and the heat is passed to attain a temperature rise (ΔT) of
more than 10 °C during a given heating time (t). These parameters are used to give a high correlation
coefficient (R2) between the experimental data and the fitting curve as described in Eq. (4).
∆𝑇 =

𝑞
(ln(𝑡) + 𝐾)
4𝜋𝜆

(𝟒)
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where q is the heat flow per meter (W.m–1), and K is a constant representing the thermal diffusivity
of the material.
Whereas, in the hot plate method, the specimen is placed in a thin plastic box with a temperature
difference (ΔT) aroused due to the hot and cold plate of the device. The steady-state is assumed to
reach when the change in conductivity is less than 1% in 60 min. At this point, the thermal
conductivity of the specimen can be deduced from the apparent density of the system and the
dimensions and thermal conductivity of the plastic box from Eq. (5),
𝜆𝑎𝑝𝑝 =

𝑄. 𝑒𝑡
Δ𝑇. 𝑆

(𝟓)

where 𝜆𝑎𝑝𝑝 is the apparent thermal conductivity of the specimen within the thin plastic box
(W/(m.K)), 𝑄 is the heat input (W), 𝑒𝑡 is the total thickness (m), and 𝑆 is the cross-section of the
specimen (m²).
Figure 14 shows the variation of thermal conductivity as a function of bulk density. In general,
the thermal conductivity increases with the bulk density because of the decrease in the porosity
(intra-particle pores and inter-particle voids between plant aggregates) of the aggregates. The
variations observed in some results might be due to the disparity in the environmental conditions
(temperature and relative humidity) at the time of recording the measurements. The thermal
conductivity of these plant aggregates is highly sensitive to the variation in temperature and relative
humidity. The hot plate measurement method is less exposed to temperature and relative humidity
variation compared to the hot wire measurement, and it must be done in a hygro-thermally stable
environment. The differences observed between lavender and barley straws, even though they had
roughly the same densities, might be due to the heat transfer by convection through the large interparticle pores between the arrangement of the lavender aggregates [56]. All the plant aggregates
are very good insulating materials with thermal conductivities always less than 0.08 W.m–1.K–1
except for corn cobs, which are very dense aggregates. In addition to this bulk property, the mixing
of plant aggregates with reactive mineral binder also requires knowledge of their chemical
properties.

Figure 14 Thermal conductivities of plant aggregates versus their bulk densities (HS:
hemp shiv, FS: flax shiv, WC: wood chip, RH: rice husk, BS: barley straw, WS: wheat
straw, RS: rape straw, CC: corn cob, RH: rice husk, LS: lavender straw) [28, 30, 42, 45, 53,
56, 60, 70, 106].
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2.4.3 Chemical Properties of the Plant Aggregates
The properties of the plant aggregates are influenced by their chemical composition. Depending
on the quantity and nature of the chemical components present in the aggregate, the hardness or
compressibility, and durability of the latter may be affected. While mixing with a reactive mineral
binder, the chemical components of the bio-aggregate can also react with the binder and impact its
drying time like-wise the hydration mechanism; thus, affecting the overall mechanical properties
and durability of the composite.
Magniont and Escadeillas (2017) reviewed the chemical composition of bio-aggregates and their
interactions with mineral binders [150]. As bio-resources, the three main structural components of
bio-aggregates are cellulose (C), hemicelluloses (H), and lignins (L), coupled with other secondary
components like ash, pectins, wax, proteins, and various extractives. They characterized the bioaggregates as per consecutively decreasing ranking of their three structural components as
proposed by Vassilev et al. (2010) [151], who found that the bio-aggregates are of either CHL or CLH
types (Figure 15) depending on their nature, i.e., wood residues (hemp and flax shives) and
herbaceous or agricultural by-products (straws, stalks or fibers). Table 6 lists the chemical
components of plant aggregates mentioned in this review. Indeed, all the plant aggregates are rich
in cellulose, which is linked to their mechanical performance [152]. Hemicelluloses are easily
dissolved under alkaline attack. Thus, corn cob with the highest quantity of hemicelluloses (37–41%)
is not suitable to mix with an alkaline mineral binder. Coconut coir, rice husk, and bamboo stem
have the highest lignin contents as 30–46%, 26–31%, and 18–32%, respectively. Since Lignin is a
polymer protecting the stem of the plant from chemical and physical aggressions, therefore, these
aggregates rich in high lignin could have the longest durability.

Figure 15 Structural composition of bio-aggregates (C: cellulose, H: hemicelluloses, L:
lignins; HS: hemp shiv, HF: hemp fiber, Cc: corn cob, CSt: corn stalk, SSt: sunflower stalk,
SS: marrow-less sunflower, SP: sunflower pith, FS: flax shiv, FF: flax fiber, LBr: lavender
branches, LL: lavender leaves, LF: lavender flowers, and WS: wheat straw) [5].
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Table 6 The list of the chemical components of the plant aggregates (contents are expressed in mass proportion of the dry matter).

Cellulose (%)

Hemi-cellulose (%) Lignin (%)

Other chemicals (ash,
pectins, wax, proteins,
etc.) (%)

34.0-62.5

9.0-37.0

4.0-28.0

5.5-28.0

44.6
34.9-52.1
37.7
37.6-43.0
28.0-48.0

24.41
0.3-33.7
26.7-34.9
29.7-34.9
19.8-31.6

21.0-22.0
29.8-45.8
5.5-15.8
5.2-15.8
7.2-16.0

7.6-22.8
10.2-26.8
11.7-21.2
11.6-28.8

[29, 53, 118, 119]

38.6-47.4

9.4-30.0

3.5-18.6

8.9-26.4

Straw

[60]

53.1

18.1

9.6

18.5

Corn

Cob

[7, 42, 60, 141]

32.5-48.1

37.2-40.7

3.3-14.7

7.0-19.8

Rice

Husk

[29, 30]

25.0-35.0

18.0-21.0

26.0 –31.0

17.0-30.0

Diss
Bamboo
Sugar cane
Lavender

Stem
Stem
Bagasse
Straw

[58]
[127]
[133]
[119]

30.3-40.0
52.8
48.7-49.4
33.7

2.72-11.1
29.0
18.5-25.6
13.9

24.1
19.8-23.1
14.7

30.78
5.4
1.88-3.92
30.4

Origins

Plants

Fractions

Fiber plant wastes

Hemp

Shiv

Cereal straws

Flax
Coconut
Barley
Wheat
Rice

Shiv
Coir
Straw
Straw
Straw

[7, 29, 32, 35, 42, 50,
53, 60, 69, 72, 74, 83]
[60, 90]
[11, 95]
[7, 24, 42]
[22, 60]
[116, 117]

Oilseed straws

Sunflower

Bark

Rape
Wastes from cereal
plants other than
straws
Wild plants
Sugar plant wastes
Aromatic plant straws

References
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Apart from agronomic, environmental, and processing parameters, the same bio-aggregate
showed variable results (Figure 15) due to the differences in the commonly used indirect time
consuming gravimetric methods proposed by Klason (1922) [153], Saeman et al. (1954) [154], or
Van Soest and Wine (1968) [155] to analyze the biomass composition. Sluiter et al. (2010) [156]
identified numerous parameters that may give varying results in the case of the method based on
sulfuric acid hydrolysis. These parameters include,
– the drying method (air-dried, dried at 100 °C, or 105 °C),
– the nature of the extracting solvents (alcohol/benzene, hot and cold water, acetone/water,
etc.),
– the extraction time,
– the sample amount, and
– the temperature, time, biomass to acid ratio, and H2SO4 concentration of primary and
secondary hydrolysis.
Other methods based on infrared microscopy [63, 72, 96, 116, 118], thermogravimetric analysis
[24], and X-ray diffraction [96] are also available in the literature to obtain results in less time with
high accuracy and low cost.
All the studies agreed with the detrimental effects of extractives on mineral binders, such as
disruption of the early setting and hardening mechanism, modifying the mechanical performance
in the hardened state, and influencing the long-term durability [56, 65, 72, 119]. Bourdot et al.
(2019) prepared binder pastes by mixing the pozzolanic binder with the extractives of five different
hemp shives, sunflower and corn bark, and also the plant aggregates from them. As shown in Figure
16, in the case of the five tested hemp shives, the hydration delay in the model paste and the
mechanical performance of the hemp concrete were directly related to the extractives content of
the shiv. However, for different species, this conclusion was no longer valid because the nature of
the water-soluble extractives or that of the products of the bio-aggregates obtained from the
alkaline hydrolysis by the mineral binder would also intervene.

Figure 16 Evolution of the hydration delay of the model pastes and elastic modulus of
plant-based concrete as a function of the extractives content of the bio-aggregates (H:
hemp shiv, S: sunflower bark, Co: corn bark, HC: hemp concrete, SC: sunflower bark
concrete, and CoC: corn bark concrete) [65].
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In addition to these proposed conclusions, the difference between the number of the extractives
and the intensity of the setting delay could be due to the differences in the extractable compounds
obtained through neutral extraction (pH 7) and extractions done at a more basic pH (up to 12 inside
the mineral binder at an early age). Extractions at pH 9 and 12 must be performed for comparison.
On the other hand, the representation of the extractives content as a mass percentage (kg of
extractives/kg of aggregates) appeared as not the best indicator, given the fact that the aggregates
do not have the same dosages in the composite mixture. It would be more judicious to seek another
representation relative to the quantity of binder. Details related to the mechanisms of the chemical
interactions impacting the properties of composites will be discussed in section 3.2.2.
2.4.4 Conclusions
Table 7 summarizes the properties of each plant aggregate that have been previously studied
and the corresponding number of papers reported based on these studies.
Hemp shiv (51 references) is the most studied plant aggregate in the literature, and its properties
are the best known, followed by wood chip (18 references), flax shiv (11 references), sunflower stem
(10 references), and barley straw (9 references). Data concerning the other straws are reported less,
while these straws are widely available in France. Thus, they could be developed as potential plant
aggregates for plant-based concrete. Apart from these straws, comparatively very little data are
available for wild plants, sugar plant waste, miscanthus, lavender, and coconut. The chemical
properties, microstructure, particle size distribution, bulk density, and water absorption capacities
of the plant aggregates are all systematically measured. The chemical compositions of all the plant
aggregates reviewed in this paper were well investigated. The data for other physical properties of
the plant aggregates, such as the apparent density of particles and the skeleton density, are scarce
in the literature with unusual characterization methods, while they could have a predominant
impact on the performance of the composite. Plant-based concretes are intended to be used for
thermal insulation and moisture regulation. Mostly their hygro-thermal properties such as the
sorption-desorption isotherm and thermal conductivity have been measured; however, there are a
few measurements on plant aggregates alone, whereas these properties could also influence the
properties of the final composite. In the following part, the impacts of the properties of plant
aggregates on the composites are discussed in detail.
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Table 7 Summary of the number of articles on the properties of the plant aggregates used with a mineral binder.
Physical properties

Origins

Plants
aggregates

Fiber plant
waste

Hemp shiv
Flax shiv
Coconut
coir

Wood
transformati
on residues

Wood chip

Barley
straw
Wheat
Cereal straws
straw
Rice straw
Corn stem
Sunflower
Oilseed
stem
straws
Rape straw
Cereal plant
Corn cob
waste other
Rice husk
than straw
Wild plants
Diss stem

Number
of
referenc
es
51
11

18
6

Particle
Size
Distributio
n
29
4

3

1

1

0

0

1

0

0

0

2

18

2

7

5

5

1

3

0

1

4

9

5

6

5

0

1

3

3

3

3

4

2

4

2

0

2

1

1

1

1

3
4

0
2

1
3

1
4

0
0

0
0

0
2

0
1

1
0

2
1

10

7

7

4

1

1

5

2

2

4

6
7

2
5

3
5

4
5

0
0

1
1

2
4

0
1

0
2

1
5

6

2

2

3

3

3

3

0

2

2

4

4

2

2

0

0

2

0

0

1

Microstructur
e

Apparen
Bulk
Skeleto
t density
densit
n
of
y
density
particles
37
7
9
9
1
2

Hygro-thermal
Chemical
properties
properties
SorptionThermal
Chemical
desorptio
conductivit compositio
n
y
n
isotherm
8
7
13
0
0
2

Water
absorptio
n
19
3
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Bamboo
stem
Bagasse
from sugar
Sugar plant
cane
waste
Sugar beet
pulp
Energy crop
Miscanthus
residues
stem
Aromatic
Lavender
plant straws straw
TOTAL

4

1

3

1

1

0

0

0

0

1

5

0

1

0

0

0

1

0

1

1

2

1

1

0

0

0

1

0

0

0

3

1

2

1

1

1

1

0

0

1

3

2

2

1

0

0

1

0

1

1

153

61

83

84

19

23

51

16

21

45
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3. Effects of Various Parameters of the Plant Aggregates on the Properties of Plant-based Concrete
Literature shows that various parameters related to plant aggregates could influence the
properties of plant-based concrete. In this section, (i) the evolution of the factors such as the
amount and nature of the plant aggregates, and (ii) their characteristic effects on the properties of
the obtained composites are discussed. This analysis will allow distinguishing the preponderant
parameters linked to plant aggregates having impacts on the properties of plant-based concrete.
3.1 Effects of the Content and the Nature of thePlant Aggregates on the Properties of Plant-based
Concrete
3.1.1 Effects on the Physical Properties of the Plant-based Concrete
As a lightweight building material, density is an important property of plant-based concrete.
Several authors have studied the evolution of the density of the composite by varying the amount
of plant aggregate in the composite [18, 22, 23, 25, 28, 30-32, 38, 41, 45, 49, 61, 67, 77, 97, 99, 102].
However, it was difficult to compare the results from the different studies. Since the formulation
and the manufacturing parameters varied, the densities of the plant aggregates were different;
besides, the dosages of the plant aggregate and binder (kg of constituents per m3 of composites in
the fresh state) were rarely known. These difficulties only allowed investigating the evolution of the
densities of the composites as a function of the variation in the amount of the plant aggregates
(Figure 17). Notably, the references taken into account in this figure were only those containing
mixtures with a varying amount of plant aggregate. The "plant aggregate content" is defined as the
mass percentage of the plant aggregate compared to the sum of all the constituents (aggregate,
binder, and water) in the initial fresh state. It is directly given as a formulation parameter in the
articles or deduced from the masses of all the constituents, or the A/B and W/B ratios (A for
aggregate, B for binder, and W for water). In Figure 17, the points corresponding to the results
obtained from the same study using the same plant aggregate were linked together to highlight the
trend in the evolution of the densities of the composites as a function of the mass percentage of
the plant aggregates.
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Figure 17 Evolution of dry density of the plant-based concrete as a function of the plant
aggregate content for various studies (HS: hemp shiv; FS: flax shiv; WC: wood chip; BS:
barley straw; WS: wheat straw; SP: sunflower pith; SB: sunflower bark; RH: rice husk;
CB: corn cob; MS: miscanthus stem; and LS: lavender straw) [18, 22, 23, 28-31, 38, 41,
45, 49, 61, 67, 77, 97, 99, 102].
All authors except Nguyen et al. (2010) [49] showed that for any type of plant aggregate, the
density of the composite decreased with the increasing content of the plant aggregate. This was
attributed to the low bulk density of plant aggregates (from 20 kg/m3 for sunflower pith to 497
kg/m3 for corn cob) compared to that of mineral binder (above 1000 kg/m3). However, this trend
was different from the results found in the work of Nguyen et al. (2010) on hemp concrete. The
latter showed an increase in the density of the composite with the increase in the amount of the
hemp shiv. This result could be explained by the increase in the compaction stresses with the
increase in the aggregate content during the sample manufacturing, resulting in the decrease in the
intra-and inter-granular porosity of the plant aggregates and thus the increase in the density of the
composite. Indeed, in the case of hemp shiv content varying from 15.6% to 36.7%, the compaction
stress used in this study varied from 0.30 MPa to 1.60 MPa; thus, the density of the hemp concrete
ranged from 575 to 612 kg/m3. These results showed that the plant aggregate content (mass
percentage in the fresh state) is not a good parameter to indicate the evolution of the density of
the composite if the level of compaction is not taken into the account. Indeed, a plant aggregate
dosage (mass of aggregate in kg per volume of composite in m3) would be much more relevant.
Even if the density of plant-based concrete generally follows the same decreasing trend as a
function of the content of plant aggregate (mass percentage), some authors have pointed out a
difference depending on the type of aggregate used. The raw earth composites with low contents
of hemp shiv, barley straw, and corn cob (2.5wt.% and 5wt.%), Laborel-Préneron et al. (2018) [41]
showed that densities of the composites with corn cob (1878 kg/m3 and 1754 kg/m3) were higher
compared to those with hemp shiv (1603 kg/m3 and 1221 kg/m3) and barley straw (1519 kg/m3 and
1315 kg/m3). Giroudon et al. (2019) [38] also found high-density values for raw earth composites
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incorporated with lavender straw (1772 kg/m3 and 1585 kg/m3) compared to those made from
barley straw (1519 kg/m3 and 1315 kg/m3). Ashour et al. (2011) observed no significant difference
in the density of the composites with a low aggregate content of less than 1wt.% in the earthen
plasters comprised of barley straw, wheat straw, or wood shaving. On the contrary, with an
aggregate content of about 9wt.%, the composite made from wood shaving showed high density in
comparison to those made from barley and wheat straws. These variations in the results were
attributed to the differences in the bulk densities of the plant aggregates. However, Chabannes et
al. (2014) [30] showed that with the same plant aggregate content (19wt.%) and bulk density (about
103 kg/m3), the dry density of rice husk concrete was much higher than that of the hemp concrete
(634 kg/m3 and 364 kg/m3, respectively). Besides, even with the same content and bulk density of
the plant aggregate, the rice husks and hemp shives behaved completely differently in their wet
states and under compaction during the concrete production. Rice husks compacted easily
compared to hemp shives, which required the addition of more material. Thus, it could be concluded
that apart from bulk density, it is highly important to analyze other parameters as well, representing
the real behavior of the aggregates in the composite. For the sake of comparison, it is also more
relevant to use dosage (mass of constituents (in kg) per volume of concrete (in m3)) and/or volume
percentage (%) as formulation parameter instead of mass percentage, which does not control the
real dosage of the binders in composites and also compare the eventual impacts of the nature and
properties of the plant aggregates.
The density of plant-based concrete is closely linked to its porosity. The density of the composite
decreases as the plant aggregate content increases implies an increase in the composite’s porosity.
Plant aggregates have a porous structure; hence, by increasing their quantity, the porosity of the
composite also increases, keeping all the other parameters constant. Moreover, an increase in the
amount of the aggregate contributes more to inter-granular porosity, which also enhances the
porosity of the composite. For example, Benmahiddine et al. (2020) [23] showed an increase in the
porosity of flax concrete from 72% to 76% when the content of flax shiv was increased in the range
of 12wt.% to 18wt.%.
3.1.2 Effects on the Mechanical Properties of the Plant-based Concrete
For their application as insulating materials, plant-based concrete requires a minimum of
mechanical strength to be self-supporting and to handle the stresses during transport and
implementation. Previously reported studies showed that the compressive strength and Young’s
modulus of the plant-based concrete decreased as a function of the plant aggregate mass content
(Figure 18) [18, 23, 31, 38, 42, 45, 61, 77, 97, 102].
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Figure 18 Evolution of (a) compressive strength and (b) Young’s modulus of the plantbased concrete as a function of plant aggregate content (HS: hemp shiv; FS: flax shiv;
WC: wood chip; BS: barley straw; SP: sunflower pith; SB: sunflower bark; RH: rice husk;
MS: miscanthus stem; and LS; lavender straw) [18, 23, 28, 30, 31, 38, 41, 45, 49, 61, 77,
97, 102].
The results were attributed to the impact of the porosity of the added aggregates, reducing the
mechanical strength and stiffness of the composite. Moreover, Niyigena et al. (2018) [15] assumed
that the increase in the aggregates content enhanced the specific surface area of the aggregates,
resulting in a weak bonding at the interface between the binder and plant particles, thus, reducing
the compressive strength. However, some results deviated from this trend and emphasized that it
is not possible to compare results from different studies. For example, Nguyen et al. (2010) [49]
observed an increase in the compressive strength due to the increased compaction level at the
initial state, which also decreased the porosity. The raw earth composites made from elongated
plant particles of barley and lavender straw [38, 42] showed that the maximum compressive
strengths slightly increased from 3.3 MPa to 3.8 MPa, and from 3.7 MPa to 3.9 MPa, respectively.
Laborel-Préneron (2017) et al. and Giroudon et al. (2019) [38, 42] ascribed this increase to a
consolidated phenomenon due to the high compressibility of the straws. The elongated shape of
the aggregates could also increase the compressive strength by limiting the crack openings. Also,
this increase in the maximum stress was accompanied by an increase in the corresponding strain,
which went up from 8% to 20% for barley straw and from 4% to 9% for lavender straw, respectively
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for a 2.5% and 5% plant aggregate content. These results showed that the maximum compressive
stress was not a good indicator of the use of composites. Consequently, other indicators
corresponding to the stresses in the elastic behavior phase (the strain equal to 1.5% or 5%) were
proposed in the literature to have comparable results representing the performance of the
composites in use [15, 38, 42, 43, 65]. The decreasing trend of the compressive strength
corresponding to a stress level of 1.5% with the content of aggregates is shown in Figure 18.
Concerning the nature of the aggregate, the raw earth composites with corn cob, hemp shiv, and
barley straw showed varying mechanical behaviors during compression depending on the types of
aggregates used (Figure 19) [42]. Also, with the same plant aggregate mass content, the rigidity of
the composite formed with corn cobs was much higher in comparison to the composite formed with
hemp shiv and barley straw. Besides, the strain level at maximum stress of the barley straw
composite was quite high compared to those of the other two composites because of its high
compressibility. Chabannes et al. (2014) [30] (between hemp and rice husk concrete) and Brouard
et al. (2018) [25] (between sunflower pith, sunflower bark, and rape straw concrete) also concluded
that the nature of aggregate had a strong influence on the mechanical behaviors during the
compression of the composites. The impact of the characteristics of the plant aggregates on the
mechanical performance of the composites is discussed in section 3.2.2.

Figure 19 Strain-stress diagram (FWAS: fines from washing aggregate sludge; SX, HX, and
CCX, respectively composites with barley straw, shiv hemp, and corn cob at Xwt.%
(2.5wt.% or 5wt.%) [42].
Cérézo (2005) [28] is one of the few researchers who compared the compression behavior of
hemp concrete with different hemp shiv contents to the compression behavior of a slightly
compacted 16 cm diameter × 32 cm high specimen made of only dry hemp shiv. She concluded that
for a roof formulation (25.1% hemp shiv mass content), the behavior of the concrete was identical
to the ductile performance of the aggregates alone, with no peak and low mechanical resistance
(Figure 20). The mechanical behavior improved as the aggregate content decreased from 17.3% for
A4–1 to 9.9 for A3–2 and became much similar to the behavior of the binder alone. The mechanical
behavior of aggregates stacks could therefore be a good indicator of the behavior of the composite
at low binder dosage.
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Figure 20 Strain-stress diagram of different hemp concrete formulations with different
wt.% of hemp shiv at 1 year (ROOF: 25,1%; A4–1: 17.3%; A3–0.75: 16.9%; WALL: 16.5;
FLOOR: 14.2; A3–1: 14.8; A4–1.5: 14.4; A3–1.5: 11.9; A3–2: 9.9) [28].
3.1.3 Effects on the Thermal Properties of the Plant-based Concrete
Several studies have shown a quasi-linear relationship between the density and the thermal
conductivity of the plant-based concrete [11, 25, 28, 30, 35, 38, 45, 56, 61, 97, 99, 102]. In Section
3.1.1, it was found that the density of the plant-based concrete decreased with the increasing plant
aggregate content. Figure 21, therefore, logically highlights a reduction in the thermal conductivity
of the plant-based concrete with the increasing plant aggregate content.

Figure 21 Evolution of thermal conductivity of the plant-based concrete as a function of
the plant aggregate content in various studies (HS: hemp shiv; FS: flax shiv; WC: wood
chip; BS: barley straw; WS: wheat straw; SP: sunflower pith; RH: rice husk; and CC: corn
cob) [18, 23, 28, 30, 30, 38, 41, 45, 49, 61, 67, 77, 97, 99, 102].
A lot of explanations are available for this phenomenon. First, the addition of the porous plant
aggregates increases the porosity of the composite, which in turn improves its thermal
performance. Simultaneously, an increase in the amount of aggregate decreases the amount of
binder, which is a good thermal conductor; thus, decreasing the thermal conductivity of the
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composite. Exceptionally, the increase in thermal conductivity was ascribed to an increased density
of the composite due to stronger compaction stress at an initial state with the increase in the
amount of aggregates [49]. A difference in the thermal conductivity between the composites
depending on the type of aggregate, the binder used, and the density of the composite due to the
level of compaction was observed at the same aggregate content [49, 50]. Moreover, Brouard et al.
(2018) [25] showed that even with the same plant aggregates mass content of 54wt.% the thermal
conductivity of the plant-based concrete formed with different kinds of plant aggregates was very
different (0.071 W.m–1.K–1 for rape straw concrete and 0.158 W.m–1.K–1 for sunflower bark
concrete), although these differences were not only due to the nature of the aggregates. Even with
the same mass content of constituents or the same A/B ratio, the dosages (kg.m–3) of all the
constituents were different, especially that of the binders, which significantly impacted the thermal
conductivity. The dry densities of each composite were, therefore, very different (438 kg.m–3 for
rape straw concrete and 714 kg.m–3 for sunflower bark concrete) like-wise their thermal
conductivities. Thus, it could be concluded that to study the impact of the nature of the aggregates;
it is necessary to work with a constant dosage and/or volume percentage of constituents (kg of
constituents per m3 of composites or volume percentage of constituents).
3.1.4 Effects on the Hygric Properties of the Plant-based Concrete
The literature shows that plant-based concrete has moisture regulation capacities. Since the
sorption capacity of the aggregate is greater than that of the binder, the sorption capacity of the
composite increases simultaneously with the content of the plant aggregate [25, 41, 55, 157].
Ashour et al. (2011) showed that at a low aggregate content of 1wt.%, the sorption curves of the
composites made by incorporating barley straw, wheat straw, and wood shavings in a mixture of
clay and sand were not significantly different. The difference began to be more significant at 3wt.%
and was very pronounced at 9wt.% [157]. The composite made of barley straw had the greatest
sorption capacity, followed by wheat straw and wood shavings (Figure 22).

Figure 22 Water adsorption isotherms of earth plaster made with wheat straw, barley
straw, and wood shavings, and without straw at 20 °C with (a) 9wt.%, (b) 3wt.% and (c)
1wt.% of aggregate content [157].
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For the same aggregate mass contents (2.5wt.% and 5wt.%), Laborel-Préneron et al. (2018)
showed that there was little difference between the sorption curves of composites made from
barley straw, hemp shiv, and corn cob [41]. Brouard et al. (2018) also made the same observation
in rape straw and sunflower bark concrete at 54wt.% aggregates mass content [25]. Rahim et al.
(2015) found that the difference between the sorption curves of hemp concrete and flax concrete
was not remarkable at low RH, but it was much more pronounced at above 70%. Especially at 95%
RH, the moisture density was 95 kg/m3 and 160 kg/m3 for hemp and flax concrete, respectively [81].
Few studies investigated the impact of the formulation on the water absorption capacity of plantbased concrete. Water absorption test was carried out by capillarity based on the AFPC-AFREM
protocol [158], ASTM C 67–03 standard [159], or ISO 15148 standard [160]. It was observed that if
the capillary absorption of the plant aggregate was higher than that of the binder, absorption
kinetics increased with the plant aggregate content [45, 161]. For example, Magniont et al. (2012)
[45] reported the absorption coefficients of hemp concrete with 5.8wt.%, 11.8wt.%, and 32wt.% of
hemp shiv as 5.7 kg/m2, 9.5 kg/m2, and 16.0 kg/m2, respectively at 15 min. Similarly, plant-based
concrete made from sunflower pith had less but not negligible absorption capacities of 1.75 kg/m2,
2.75 kg/m2, and 2.75 kg/m2 compared to that of hemp concrete, even at very low proportions of
pith particles equal to 0.7wt.%, 1.3wt.% and 2.0wt.%, respectively. When the binder absorption
capacity was greater than that of the aggregate [32, 85], the absorption coefficient decreased with
the increase in the amount of the aggregate. For example, the capillary absorption coefficient of
plant-based concrete made from hemp shiv and earth binder decreased from 0.058 kg. m–2.s–1/2 to
0.031 kg.m–2.s–1/2 when the dry mass content of the plant aggregate increased from 42% to 53%
[32].
The water vapor permeability measured with the wet cup method (NF EN ISO 12572) evaluated
the hygric performance of the plant-based concrete. Laborel-Préneron et al. (2018) [41] and Abbas
et al. (2020) [16] have shown that the nature of aggregate and binder impacted the water vapor
diffusion resistance factor. For example, Abbas et al. (2020) showed that the water vapor diffusion
resistance factor of the plant-based concrete (using HB binder: mix of cement and lime) made with
sunflower pith (HB-S, µ = 4.7 ±0.3) and maize pith (HB-M, µ = 5.1 ±0.6) with the same mass
proportions of aggregates (5wt.%) were of the same order of magnitude while that made with hemp
shiv (HB-H, µ = 4.0 ±0.3) was slightly lower even with higher mass proportion (15wt.%). Lagouin et
al. (2019) concluded that the water vapor permeability of sunflower bark concrete (MS, µ = 1.35
±0.16) and maize bark concrete (µ = 1.40 ±0.20) was not significantly influenced by the nature of
the aggregate [43]. However, this similarity could come from the fact that both the aggregates used
were from the bark with similar properties.
The moister buffer value (MBV) is another parameter to assess the capacity of a material to
moderate the variation in RH. As shown in Figure 23, Benmahiddine et al. (2020) [23] concluded
that MBV of flax concrete increased with the increase in the flax shiv content. The MBV values for
the formulations F1–1, F1–2, and F1–3 with 11.5wt.%, 14.5wt.%, and 17.5wt.% flax shiv, were 2.18
±0.15 g/(m2.%RH), 2.45 ±0.10 g/(m2.%RH), and 2.82 ±0.21 g/(m2.%RH), respectively. This was due
to the high moisture regulation capacity of flax shives. However, the results varied in the literature
depending on the combination of binder and plant aggregate used. Laborel-Préneron et al. (2018)
and Rahim et al. (2016), [41, 55] worked with three different aggregates, and Ratiarisoa et al. (2016)
worked with two different aggregates [56]). The results showed that the MBV depended both on
the water vapor permeability and the sorption capacity of the composites, which were, as shown
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above, influenced by the nature and the dosage of plant aggregates. Thus, it could be concluded
that the nature of the aggregate influences the moisture buffering capacity of the composite.

Figure 23 (a) Moisture buffer value (MBV) of the flax concrete, (b) its standard deviations
(Fi-j: formulation with i (1: mix of medium and large, 2: medium, 3: large) flax shives size
and j (1: 11.5%, 2: 14.5%, 3: 17.5%) flax shives mass content) [23].
3.1.5 Effects on the Acoustical Properties of the Plant-based Concrete
Three papers studied the impact of the content of plant aggregates on the acoustical properties
of plant-based concrete. This was done by measuring the acoustical absorption coefficient with
Kundt or impedance tubes [28, 31, 162]. All of them showed that the sound absorption peak shifted
to a higher frequency, depending on the amount of the plant aggregate.
Cérézo (2005) observed two peaks in the case of hemp concrete, as shown in Figure 24. This
observation was consistent with the others results of hemp concrete reported in the literature [163,
164]. The first peak corresponding to the coating and roof formulations shifted from 300 Hz to 500
Hz with aggregate contents of 8.3% and 25.1%, respectively. The amplitude of the second peak
located at 1500 Hz decreased until it almost disappeared at very low aggregate content.

Figure 24 Acoustical absorption of different hemp concrete formulations in 10 cm thick
samples [28].
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Similarly, Chen et al. (2017) [31] observed a single peak for miscanthus concrete that shifted from
700 Hz to 1300 Hz. The addition of plant aggregates increased the open porosity inside the
composite, which improved its acoustical performance. In addition, it was observed that in the case
of the composites made from the composed binder (mixture of hydraulic lime, calcareous charges,
hydrophobic, and rheological admixtures) and hemp shiv (C2-H*), and sunflower pith (C2-S), the air
resistivity of the composites varied from one aggregate to another [165] and was equal to 11625
N.s.m–4.and 36250 N.s.m–4 for C2-H* and C2-S, respectively. However, as mentioned previously, the
unknown dosages (kg.m–3) of binder in the two mixtures made the comparison difficult. Thus, it is
more rationale to consider a dosage of the constituents as a formulation parameter to compare
different composites; thus, capable of isolating and studying the effect of the nature of the
aggregate.
The properties of aggregates, their size, and porosity may bring these acoustical differences
between the composites and are discussed in the following part. Nevertheless, various studies
showed that the type and amount of the binder and the degree of compaction are the principal
parameters influencing sound absorption [76, 163, 164, 166, 167].
3.2 Effects of the Characteristics of the Plant Aggregates on the Properties of the Plant-based
Concrete
3.2.1 Effects on the Physical Properties of the Plant-based Concrete
The bulk density, size of the particles, and compressibility of the plant aggregates impacted the
density of the composites [15, 17, 20, 23, 25, 30-32, 42, 46, 55, 61, 84]. However, all the results
reported in the literature were not consistent since the composites have different types of binder,
dosages of binder, and levels of compaction. Figure 25 shows the evolution of densities of the plantbased concrete as a function of the bulk density and the medium length of the used particles, and
the points of the same study are linked together for those which showed a similar trend.
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Figure 25 Evolution of the density of plant-based concrete as a function of (a) the bulk
density, and (b) the median particle length of plant aggregates (HS: hemp shiv; FS: flax
shiv, 16% of content; FS1: flax shiv, 11.5% of content; FS2: flax shiv, 14.5% of content;
FS3: flax shiv, 17.5% of content; WC: wood chip; BS: barley straw; WS: wheat straw; SP:
sunflower pith; SB: sunflower bark; RH, rice husk; CB, corn bark; MS: miscanthus stem;
and LS: lavender straw) [15, 17, 20, 23, 25, 30–32, 42, 46, 55, 61, 84].
The results shown in Figure 25a were contradictory to each other. Some authors found that
increasing the bulk density of aggregates increased the density of the composite [25,31,32,61]. At
first glance, these results appeared logical as a denser aggregate will contribute to a denser
composite. However, other authors observed opposite results [30, 55]. For example, in the case of
concrete made with hemp shiv, flax shiv, and rape straw, Rahim et al. (2016) observed a decrease
in the density of the composite when the bulk density of the aggregates increased. The respective
bulk densities of flax shiv, hemp shiv, and rape straw were 90 kg/m3, 125 kg/m3, and 130 kg/m3,
whereas the dry densities of the obtained composites were 598 kg/m3, 478 kg/m3, and 462 kg/m3,
respectively. This might be due to the difference in the compaction behavior of the aggregates in
the composites. Although, the same mass proportion of aggregate (16wt.%) and binder (36wt.%)
was considered for each mixture, the highly compressed flax shiv increased the dosages (kg/m3) of
binders and aggregates in the composite. Hence, the density of flax shiv concrete was higher
compared to those of hemp and rape straw. The variability in the dosages of binder therefore did
demonstrate the real influences of the properties of the aggregates. Considering this difference in
the compaction behavior of the aggregates, it could also be said that the dosages (kg/m3) of the
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constituents are much more relevant formulation parameters compared to the mass proportions
(%). Besides, it is well known that during the manufacture of composites, the interparticle porosities
are mainly filled and reduced by the binder and rearrangement of the aggregates under compaction,
therefore it is necessary to characterize the intrinsic properties of the aggregates including particle
porosity and density. Recently, Niyigena et al. (2018) compared hemp concrete made from hemp
shives of different origins, sizes, and densities [15]. The influence of the aggregate bulk density on
that of concrete did not follow any particular trend. Hence, it could be said that the bulk density of
aggregate could not be correlated with the density of the composite since it did not reflect the true
behavior of the aggregates in the composites. It was also observed that each aggregate reacted
differently under compaction in the wet state in the composite, but no test currently allows to
quantify the capacity of the aggregates to rearrange and compress. So, this necessitates developing
a testing method to quantify and understand the behavior of different plant aggregates and
optimize their amounts for the formulation of plant-based concrete.
Most of the studies found that the density of the composites generally decreased [17, 20, 30, 42,
46, 55, 61, 84] or remained constant [23] with the increase in the median length of the aggregates
(Figure 25b ]. This decrease was attributed to the fact that longer aggregates provide more interparticle porosity. However, given that the inter-particle porosity was partially reduced in the
composite after compaction and addition of binder, the decrease in the density of the composite
was often very less [20, 61] or even absent [23]. Hence, the median length of the particles could be
considered as a parameter influencing the density of the composites, but its impact was less
significant than the dosage and the nature of the aggregates.
3.2.2 Effects on the Mechanical Properties of the Plant-based Concrete
Although the mechanical properties of the composite followed a decreasing trend with the
increase in the plant aggregate mass content, the results found in the literature were much more
divided concerning the correlation between the plant aggregate properties and mechanical
performances of the composite. Several studies have already been carried out to determine, directly
or indirectly, the effects of bulk density, the size of the particles, and the chemical composition of
the plant aggregates on the mechanical properties of plant-based concrete. Unfortunately, due to
the variation in the several parameters (formulation, specimen shapes, and mechanical test
procedures), it was very difficult to conduct a global comparison of the results found in the
literature. Thus, in Figure 26 and Figure 27, the results of only those articles which studied the
impact of bulk density and median particle length of plant aggregates on the compressive strength
and Young’s modulus of plant-based concrete, respectively, are presented.
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Figure 26 Evolution of (a) compressive strength and (b) Young’s modulus of plant-based
concrete as a function of the plant aggregate bulk density (HS: hemp shiv; CB: corn bark;
SP: sunflower pith; SB: sunflower bark; RS: rape straw; and RH, rice husk) [15, 25, 30, 42,
43].

Figure 27 Evolution of (a) compressive strength and (b) Young’s modulus of plant-based
concrete as a function of the plant aggregate median particle length (HS: hemp shiv; FS:
flax shiv; BS: barley straw; CB: corn bark; and RH, rice husk) [15, 17, 20, 23, 30, 42, 52,
61, 84].
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Irrespective of the nature of the plant aggregates [15, 25, 30, 42, 43], many studies showed that
the bulk density of plant aggregates was not correlated with the compressive strength and Young's
modulus of the composite. For instance, Niyigena et al. (2018) observed highly scattered results for
both compressive strength (σ(ε= 1.5%)) and Young's modulus in the case of several varieties of
hemp with different bulk densities (Figure 26). Similarly, for aggregates of different nature but the
same mass proportions in the composite, Brouard et al. (2018) [25] showed that the differences in
the bulk density of sunflower pith (16 kg/m3), rape straw (65 kg/m3), and sunflower bark (129 kg/m3)
did not show any particular trend in the mechanical properties of the resulting plant-based concrete
(0.16 MPa, 0.62 MPa, and 0.35 MPa, respectively for maximum compressive strength (σmax), and
3.7 MPa, 3.3 MPa and 6.2 MPa for Young’s modulus). Although the comparison based on the
maximum stress was not adequate as it did not represent the useful property of the composite (Cf.
3.1.2), the comparison of Young’s modulus clearly showed that the rape straw concrete was least
rigid even with a bulk density between the other two plant aggregates. Hence, the bulk density of
the aggregate could not be correlated with the mechanical performance of the plant-based
concrete. Also, the characterization of the bulk particle arrangement did not predict the behavior
of the vibro-compacted particles in the composite. However, in the future, the characterization of
a stack of moistened and compacted particles can be considered for better improvement.
In Figure 27a, the influence of the median particle length on the compressive strength did not
show any trend due to the varying compressive strengths and several phenomena with opposite
effects described in the literature [17, 20, 42, 84]. Increasing the median particle length of
aggregates might increase the inter-granular porosity and weaken the mechanical performance of
the composite [17, 42, 84], but in the short term (i.e., at 28 days) for plant-based concrete made of
aerial lime with large size of particles, it might facilitate the diffusion of CO2 which is responsible for
the setting and hardening of the binder and increases the mechanical performance of the
composite[20].
The increase in the median particle length of the aggregates stiffened the composites [15, 30,
52] (Figure 27b). It could be due to the decrease in the specific surface area of the larger aggregates,
making them more coated with the binders, unlike the smaller aggregates, or entanglement of the
long particles within the composite acting as fiber reinforcers. In the case of hemp shiv and rice husk
concrete [30], apart from the size of the aggregates, the compression behavior of the granular pile
could also be an important parameter. The rice husk with a lot of inter-particle porosities due to its
convex shape was easy to compress and could influence the stiffness of the composite. The
contradictory behavior encountered in the case of barley straws in ref [42] could be due to the low
mass proportion of the aggregates used (2.5wt.%) in the composite.
The literature also mentions interactions between the water-soluble components inside plant
aggregates and the mineral components of the binder, impacting the mechanical properties of the
plant-based concrete. Magniont and Escadeillas (2017) [150] reviewed the interactions between
bio-aggregates and mineral binders and highlighted the disturbing effects on the setting and
hardening mechanisms of the mineral binder at an early age and medium and long term based
modification of the properties and the durability of the composites. Diquélou et al. (2015) [72], via
FTIR analysis, observed at an early age (3 days) a halo corresponded to some non-hydrated cement
surrounding the hemp particles. Magniont and Escadeillas (2017) [150] listed several families of
extractable chemicals identified as retarding agents for mineral binder hydration, e.g.:
– Monosaccharides such as glucose, galactose, mannose, rhamnose, arabinose, and xylose;
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– Non-cellulosic polysaccharides such as sucrose, arabinogalactan, xylan, starch, hemicelluloses,
and pectins;
– Phenolic compounds such as tannins;
– Terpenes;
– Organic acids such as acetic acid or fatty acids.
Mostly, calorimetric measurements are conducted to assess the negative effect of the chemicals
present in plant aggregates on the setting and hardening of the cement paste by comparing the
heat released from a binder paste made with pure water and leaching solutions of plant particles or
water mixed with powder of the plant particles. Figure 28 shows the compressive strengths of model
pastes as a function of the water-soluble content of the aggregates after seven days. The results of
the same study with the same binder were interrelated.

Figure 28 Compressive strength of model pastes after seven days as a function of watersoluble mass content (HS: hemp shiv; SB: sunflower bark; LS: lavender straw; and CB:
corn bark) [65, 72, 119].
Diquélou et al. (2015) correlated the delaying of the setting for three cement pastes made from
the leaching solutions of the three different hemp shives with the compressive strength of the
model pastes [72]. The compressive strength was found to decrease with the increase in the watersoluble mass content. However, in the worst case, they reported a decrease in compressive strength
by 25% after seven days due to the reduced amount of hydrates (C-S-H and portlandite). Sabathier
et al. (2017) also observed the same trend with model pastes made from the solutions containing
sunflower bark or lavender straw extractives and three different binders [119]. In all the cases, the
water-soluble content of sunflower bark (10.6%) had little effect on the compressive strength of the
binder pastes made with cement or a pozzolanic binder. On the contrary, the effects of the watersoluble content of lavender straw (22.7%) were very significant. The compressive strengths of
cement paste and pozzolanic paste were decreased by 25% and 50%, respectively, after seven days.
In contrast, the extractives from sunflower bark and lavender had no significant effect on the
compressive strength of the lime-based binder pastes. The authors assumed that the water-soluble
compounds did not influence the aerial setting due to the carbonation of Ca(OH)2. Bourdot et al.
(2019) observed the same correlation between the water-soluble mass content of plant aggregates
and the compressive strengths of the binder pastes, and the influence of the nature of water-soluble
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compounds in the case of the extractives taken from five different hemp shives, sunflower bark, and
corn bark [65]. Finally, it could be inferred from these results on the model pastes that the
mechanical performance of the composites could be correlated with the dosage and the nature of
the water-soluble compounds in the aggregates. The various binders used to make plant-based
concrete also indicated the necessity to study the effects of components resulting from basic
extraction (pH9 and 12).
To conclude, the bulk density of the plant aggregate could not represent the behavior of plant
aggregate in the composite. Thus, it is important to find a suitable indicator capable of quantifying
the behavior of aggregates under compaction in the wet state during the manufacture of plantbased concrete. The analysis of the results suggested that it is difficult and purposeless to compare
the mechanical properties as the characteristic parameters varied from one study to another.
Nevertheless, Young’s modulus increased as a function of median particle length. Lastly, watersoluble compounds of the plant aggregates, depending on their nature and quantity, reacted with
the binders and significantly reduced the compressive strength.
3.2.3 Effects on the Thermal Properties of the Plant-based Concrete
Bulk density, particle size, and thermal conductivity of plant aggregates were correlated with the
thermal conductivity of the plant-based concrete in the literature. Figure 29 illustrates the variation
of the thermal conductivity of plant-based concrete as a function of the bulk density and median
particle length of the plant aggregate.

Figure 29 Evolution of the thermal conductivity of plant-based concrete as a function of
(a) the bulk density and (b) the median particle length of plant aggregates (HS: hemp
shiv; FS: flax shiv; CB: corn bark; RS: rape straw; and RH: rice husk) [15, 17, 23, 30, 32,
42, 55, 61, 61, 84].
No trend was observed in the case of the variation of the thermal conductivity of the composite
with the bulk density of the aggregate (Figure 29a). Besides, the results of one study contradicted
the results of another study. A few studies reported an increasing trend [17, 32, 41], while some a
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decreasing trend [30, 55] or no trend at all [15, 61] in the results obtained. These contradictions
were explained by the fact that the bulk density of the aggregates does not represent the behavior
of the aggregates in the composite. It is, therefore, necessary to characterize the aggregates by the
particle density and porosity, which could be much more relevant in predicting the thermal
conductivity of the composite.
In general, the thermal conductivity of hemp concrete decreased with the size of the aggregates
as (Figure 29b) [17, 23, 32, 55]. The increased size of the aggregates offered more inter-granular
porosity, which reduced the conductivity of the composite. The contradictory results of Stevulova
et al. (2013) [84] and Niyigena et al. (2018) [15] were attributed to the different varieties of the
hemp shiv aggregates used and the level of compaction experienced by the samples.
As mentioned in paragraph 2.4.2, the thermal properties of plant aggregates were not
systematically measured, contrary to the thermal properties of the composites formed.
Nevertheless, some studies measured the thermal conductivity of different plant aggregates and
composites formed with the same mass proportion of aggregates, as shown in Figure 30 [25, 30, 42,
53].

Figure 30 The thermal conductivity of plant-based concrete as a function of the thermal
conductivity of bulk aggregates (HS: hemp shiv; BS: Barley straw; RS: rape straw; SP:
sunflower pith; SB: sunflower bark; RH: rice husk; CC: corn cob) [15, 25, 30, 42, 53].
Generally, the thermal conductivity of the composite increased with that of the aggregate. For
example, Brouard et al. (2018) [25] investigated the correlation between these two properties and
found that with thermal conductivities of 0.036 W.m–1.K–1 for sunflower pith, 0.043 W.m–1.K–1 for
rape straw, and 0.053 W.m–1.K–1 for sunflower bark, the thermal conductivities of the concrete
formed were 0.055 W.m–1.K–1, 0.071 W.m–1.K–1 and 0.157 W.m–1.K–1, respectively. In contrast,
Chabannes et al. (2014) observed a decrease in the thermal conductivities of the composites as a
function of thermal conductivities of the aggregates (rice husk and hemp shiv) [30]. The rice husks
compressed more during manufacture, had a higher density (637 kg/m3) than that of the hemp
Page 361/386

Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102026

concrete (459 kg/m3), even for the same A/B ratio of 1.5. The higher the level of compaction, the
more difficult it would be to relate the performance of the bulk particle arrangement to that of the
composite.
To summarize, the thermal conductivity of plant-based concrete increased with the particle
length, but it was not influenced by the density and thermal conductivity of the bulk aggregates. On
the contrary, the bulk density of an aggregate is not its real density inside the plant-based concrete,
as it also depends on the compressibility and behavior of the aggregate with respect to water
(settling or swelling). However, for future studies, density expressing the true behavior of each
aggregate in the concrete could be a good parameter.
3.2.4 Effects on the Hygric Properties of the Plant-Based Concrete
Generally, for the same type of plant aggregate, its size does not affect the sorption and
desorption isotherms of the resulting concrete. Benmahiddine et al. (2020) [23] made similar
observations in the case of flax concrete comprised of flax shives with their average length varying
from 8 mm to 17 mm (Figure 31).

Figure 31 Sorption isotherms of flax concrete made from shives of three different sizes
[23].
Similar results were obtained by Ahmad and Chen in the case of corn stalk concrete with a slight
1% water content difference in favor of the concrete made from coarse aggregates at 95% RH [17].
As mentioned in paragraph 3.1.3, the difference in sorption and desorption isotherms of plantbased concrete manufactured with different aggregates is not remarkable for low plant aggregate
content [26, 41, 81, 157]. However, it increases with the increase in the aggregate dosage and is
significantly higher at high RH. Rahim et al. (2015) explained the difference between the sorption
curves of hemp and flax concrete at high RH based on the size of the pores inside the flax shiv
particles, which are smaller compared to those inside the hemp shiv, leading to more capillary
condensation [81]. Ashour et al. (2011) also explained that the equilibrium moisture contents of
plasters reinforced with barley and wheat straws are higher than that obtained with wood shavings
due to the high moisture absorbing capacity of the pores of straws [157].
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The capillary absorption of plant-based concrete also increased with the decrease in the particle
size of the aggregates due to the increase in the specific surface area of the aggregates [84]. The
capillary absorption coefficient varied with the plant-based concrete, depending on the type of plant
aggregate used. Rahim et al. (2015), reported the capillary absorption coefficients of rape straw and
hemp-lime concrete as 0.062 kg.m2 s–0.5 and 0.267 kg.m2 s–0.5, respectively [81]. The authors
assumed that the porosity of rape straw lime concrete was more adapted to a capillary diffusion.
The hydric properties of plant-based concrete were strongly linked to the particle size and the
porosity of the aggregates, especially with high contents [157]. Apparently, the porous structure of
plant aggregates such as straws, sunflower pith, and flax shiv increased the sorption capacity of the
concrete.
3.2.5 Effects on the Acoustic Properties of Plant-Based Concrete
Cérézo (2005) [28] and Chen et al. (2017) [31] emphasized that the plant aggregates with open
porosities like hemp shiv and miscanthus stem improved the sound absorption when incorporated
into a binding matrix. Thus, it could be assumed that an aggregate with more open porosity should
increase the acoustic absorption of concrete. Besides, hemp and miscanthus stem concrete
exhibited different acoustical absorption responses (double peaks and single peaks) [28, 31]. This
observation estimated that the pore-scale of plant aggregates might be a parameter influencing the
acoustical properties of plant-based concrete. However, so far, no conclusion could be made
regarding the effect of the aggregate’s physical properties on the acoustical properties of the
composite.
4. General Conclusion
One hundred twenty articles on 18 different plant aggregates mixed with mineral binders were
reviewed in this paper. This comprehensive review summarized the characteristics of the plant
aggregates studied so far and the various associated experimental methods. It further explored the
correlation of these properties with the useful properties of the obtained composites. However, this
correlation was obscure; thus, it is necessary to find characterization methods for relevant
indicators to easily correlate the properties of the aggregates with those of the composites.
The following points summarize the results of this analysis:
❖ The 18 plant aggregates mentioned in the literature were classified based on their origins.
The comparison between the total number of the co-products and articles published in France
showed an inconsistency. A third bibliography dealt with hemp shiv and represented only 0.02% of
the total co-products. Therefore, future research should focus more on the available agro-resources
such as wood chips, cereal straws, sunflower stem, or flax shiv.
❖ The microstructure and porosity of plant aggregates could be well assessed by combining
SEM and X-ray tomography. These two imaging methods evidenced that the plant aggregates had
highly porous structures, but their porosity, pore-scale, and cell pore characteristics were all
different for each type of aggregates and could influence other properties like density and water
absorption. In the case of the elongated aggregates, image analysis was often preferred instead of
mechanical sieving to determine the particle size distribution and shape of plant aggregates, even
though it only allowed 2D representation of the particles.
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❖ The bulk density of plant aggregates was the most well-known property in the literature;
however, it could not represent the aggregates in the composite. Hence, for future studies, it is
necessary to explore other density-related parameters like the density of particles and the skeleton
one. Knowledge of the three densities of plant aggregates assisted in estimating various porosities
such as total porosity, inter-particle, intra-particle, and particle porosity, which would be very useful
to understand the properties of the composites.
❖ Several methods were mentioned in the literature to determine the water absorption of
plant aggregates. However, they had highly variable results and did not estimate the real water
requirements of the aggregates during the manufacture of the composites. Thus, it is necessary to
develop methods to determine the true water absorption of each type of aggregate in a composite
and optimize the formulation of plant-based concrete.
❖ Two methods were listed in the literature to perform the sorption-desorption test on plant
aggregates: the SSS technique and the DVS method. The second method gave the most precise
results but used only a small quantity of material which could raise the problem of
representativeness.
❖ The hot wire and hot plate guarded methods recommended by TC RILEM 236-BBM were the
most used methods in the literature to determine the thermal conductivity. The hot wire method
was faster and easier to implement, while the second took a long time but gave results with more
precision. All the studies claimed that the thermal conductivity of plant aggregates increased as a
function of the bulk density. Except for corn cob, the thermal conductivities of all the plant
aggregates were less than 0.08 W.m–1.K–1, implying that these aggregates could be used as bulk
insulating materials because of their very good insulating capacity.
❖ It is more appropriate to represent the amount of water-soluble compounds in terms of
dosage (kg.m–3) than mass proportion. These water-solubles were found to be responsible for the
set delay of the binders in the composite. Also, it is preferable to use alkaline solutions (pH 9 and
12) instead of the usual neutral water solution (pH 7) used in the literature to determine the watersoluble content in the aggregates since the medium of reactive binders in which the aggregates are
incorporated are often alkaline.
❖ In the literature, the common parameters used to describe a plant-based concrete
formulation were either the mass content or the aggregate-to-binder ratio. The dosage of the
constituents (kg.m–3) was supposedly more relevant to evaluate the effect of aggregates or binders
on the composites with more precision. In general, a simultaneous increase in the dosage of
aggregates and a decrease in the dosage of binder could lighten plant-based concrete by increasing
its porosity and improve its hygro-thermal and acoustic properties. However, it could adversely
affect their mechanical performance. Nevertheless, depending on the nature of the aggregates, the
impact levels of the dosages of aggregates on the composites might vary with their properties. Apart
from the aggregate dosage and nature, many other parameters such as the implementation
methods, the curing conditions, and the age of the tested samples could also influence the
properties of the composite, thereby making the study of an isolated parameter more difficult.
Therefore, standardized curing and characterization methods are needed to study the impact of the
nature and dosage of the aggregates.
❖ A variable binder dosage (kg/m3) was found to be an arduous method to assess the impact
of the aggregate properties on the composite performances. Hence, it is necessary to find a suitable
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formulation method to keep a constant binder dosage for any type of aggregates to determine their
impact on the composites.
❖ Despite the limitations associated with the simultaneous variation of many formulation
parameters, an analysis was carried out to identify the aggregate parameters directly affecting the
composite. The bulk densities, as well as the thermal conductivities of the bulk arrangement of plant
aggregates, were not good indicators of the properties of composites. In contrast, the density and
the porosity of the particles were intrinsic to the aggregates and could strongly affect all the
properties of the composite.
❖ It was also observed aggregates under compaction in a wet state (as is the case during the
manufacture of composites) behaved differently. Therefore, it is necessary to determine an
indicator to quantify the influence of this phenomenon on the properties of plant-based concrete.
In addition to this indicator, it would also be interesting to study the compression behavior of the
compacted granular stacking without a binder, which seemed to influence the compression
behavior of the composite.
❖ It was observed that when the median particle length of the aggregates increased, the
density and the thermal conductivity of the composite decreased along with the increase in its
Young's modulus. On the other hand, it did not affect the sorption-desorption isotherm of the
composite.
❖ The mechanical parameters of plant-based concrete varied significantly from one study to
another, thereby preventing any rigorous comparison between them. So, it would be important to
define a unique compressive strength value by setting, for example, the same level of deformation
to allow the comparisons.
❖ Extractives from plant aggregates and their chemical nature significantly influenced the
mechanical performances of model pastes, which could also impact the properties of the
composites.
This review demonstrated multiple properties of plant aggregates but not all relevant to the
properties of the plant-based concrete. Thus, in the future, it would be important to find accurate
indicators related to aggregates to assess the potential of local resources for producing green
building materials.
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Abstract
Whey protein is a byproduct of cheese, casein, and Greek yogurt produced in Europe, North
America, and Australasia. It is a substantial source of functional proteins and peptides for the
worldwide food industry. α-Lactalbumin (α-La) is a globular protein that can be isolated from
WPI (whey protein isolates) using techniques such as chromatography/gel filtration,
membrane separation, etc. α-La is used in the elaboration of functional foods and is a very
good source of peptides with anticancer, antimicrobial, antiviral, antihypertensive,
immunomodulating, opioid, mineral-binding, and antioxidant bioactivities. Nanotubes and
nanoparticles generated from this protein are utilized as vehicles for the transport of active
compounds, and thus, can be used in foods and pharmaceutical industries. The contaminant
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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effects of whey, characteristics of α-La, production technologies, and its applications in
nanotechnology are reviewed here.
Keywords
Whey; α-lactalbumin; bioactive compounds; encapsulation; nanotechnology

1. Introduction
Milk is one of the most important foods because of its high nutritional content. It is a good source
of lipids, proteins, amino acids, vitamins, and minerals [1]. OECD/FAO [2] has reported an expansion
of 1.4% in global milk production after a total of 880 million tons of milk was produced during 2020.
Traditionally, the demand for milk is higher in urban centers, whereas the demand for fermented
dairy products is superior in rural areas. Processed dairy products are becoming increasingly
important in many countries, including the regions where animal protein demand is increasing
faster than production.
OECD/FAO Agricultural Outlook reported the data of per capita consumption of processed and
fresh dairy products in milk solids for different countries during the 2017–19 period (see Table 1)
[2].
Table 1 Per capita consumption of processed and fresh dairy products in milk solids
during 2017–2019 (kg/capita/year).
Country
or
Fresh Dairy Products
Region
European Union
11.2

Processed
Products
15.8

United States

9.0

15.4

India

19.2

2.8

Pakistan

34.6

3.5

China
Sub-Saharan
Africa
World

2.4

1.5

3.1

0.6

9.0

4.2

Dairy

The world milk production is anticipated to grow at 1.6% per year (to 997 Mt by 2029) over the
next decade, and this is faster than the rate of most other agricultural goods [2]. The maximum
amount of milk is consumed in the form of fresh dairy products, including pasteurized and
fermented products. Greek yogurt is a very popular fermented dairy food. However, its production
generates large amounts of acid whey as a byproduct (one liter of milk used to produce Greek yogurt
generates 666 mL of acid whey). The post-processing treatment of this primary waste stream is one
of the main concerns for the dairy industry [3, 4].
The byproduct from the elaboration of hard and semi-hard cheeses is known as sweet whey and
has a pH between 5.9 and 6.6. Fresh acid-curd cheeses such as quarg, cottage, cream, fromage frais,
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and ricotta are the products obtained by the coagulation of milk, cream, or whey via acidification or
a combination of acid and heat [5]. The manufacture of quarg, cottage, and cream cheeses and
Greek yogurt yields acid whey with a pH between 4.3 and 4.6. The approximate composition of whey
includes water (94–95%), lactose (3.8-4.2%), proteins (0.8–1%), minerals (0.7-0.8%), and fat (0.05%)
[6]. Whey proteins are mainly globular proteins that are highly soluble and heat-labile. Alphalactalbumin (α-La) and beta-lactoglobulin (β-Lg) are the most abundant components constituting
approximately 20-25% and 50-55% of the whey proteins, respectively. They are responsible for the
functional properties of whey, such as foaming, emulsion, and gel formation [7, 8].
In recent years, whey has been widely used as a bioactive ingredient for healthy tailored dairy
beverages. These beverages are mostly associated with fruits or other functional ingredients
possessing prebiotic properties or fermented with probiotic bifidobacteria and lactic acid bacteria
[9].
Whey must be processed as soon as possible after its production to avoid the growth of bacteria
responsible for protein degradation and lactic acid formation. Whey proteins can easily be
recovered by different methods. The whey proteins obtained by ultrafiltration or ion exchange have
good functional properties and can be highly nutritional, as in the case of whey protein isolates
(WPI). Whey proteins have also been used for the prevention and treatment of abdominal obesity
[10]. The most common techniques used for the membrane filtration of dairy products are
microfiltration (MF), ultrafiltration (UF), and reverse osmosis (RO). These technologies differ in
terms of particle size, molecular weight, and the components that they separate [11-13].
Whey protein concentrates are produced from the skim milk permeate in the MF process. They
can be further concentrated through UF using diafiltration, ion exchange, or electrodialysis to
remove the salts and the remaining lactose to produce WPI with up to 90% of protein content [14,
15]. The contaminant effects of whey, characteristics of α-La, production technologies, and its
applications in nanotechnology are reviewed here.
2. Contaminant Effect of Whey Remnant
All types of milk, cream, and most other dairy products and byproducts have a very high oxygen
demand, and their release into the environmental water sources causes serious pollution. This can
happen because of spills, process leaks, overfilled containers, containment failures, wrong drainage
connections, and blocked drains. Biological Oxygen Demand (BOD) represents the amount of oxygen
consumed by microorganisms while they decompose organic matter under aerobic conditions at a
specific temperature. The BOD of whey is between 20,000 and 50,000 mg of O2/L [16]. This value is
around 100 times higher than that of domestic sewage (400 mg of O2/L). Therefore, the necessity
to treat and use these dairy effluents is essential.
On the other hand, Chemical Oxygen Demand (COD) is defined as the number of oxygen
equivalents consumed in the chemical oxidation of organic matter by a strong chemical oxidant [17].
Natural Resources Wales [18] and Bylund [12] have reported the COD and BOD of the main dairy
products (see Table 2). The waste load equivalents of specific milk constituents are 1 kg of milk fat
= 3 kg COD; 1 kg of lactose = 1.13 kg COD; and 1 kg of protein = 1.36 kg COD [19]. Whey protein is a
very valuable component that can be utilized in the manufacture of many food products, and hence,
prevent its wastage as an environmental pollutant.
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Table 2 COD and BOD of the main dairy products.
Dairy product
Whole milk
Skim milk
Raw whey

COD (mg/L)
220 000
105 000
82 000

BOD (mg/L)
120 000
70 000
40 000

3. α-Lactalbumin
α-La is a globular protein (123 amino acids, 14.2 kDa) with one calcium-binding site, four disulfide
bonds, and an isoelectric point between 4.2-4.6 [20]. It is one of the two components of the enzyme
lactose synthase, which catalyzes the final step in lactose biosynthesis in the lactating mammary
gland [20]. It is a protein that regulates the production of lactose in the milk of most mammalian
species. This protein provides vital essential amino acids such as tryptophan, lysine, and cysteine,
and therefore, is important for the rapidly growing neonate [21-24].
α-La is attractive because of its physical characteristics like a clean flavor profile, high water
solubility, and relative heat stability (which, when combined, allow for diverse food applications).
Some biological properties derived from its structure are also important. This includes the capacity
of α-La to form a complex with oleic acid at low pH values and render anticancer properties
(BAMLET) [25, 26].
The use of α-La in infant and standard (whole protein) formulas has been limited due to its
allergenic potential. It causes about 30-35% of the IgE-mediated cow´s milk allergy [27]. This
problem can be reduced if enzymatic digestion is used before incorporating the protein into foods.
Several peptides released from α-La during digestion have been shown to elicit biological effects
such as antitumor, antibacterial, antihypertensive, immunomodulatory, opioid, mineral-binding,
and antioxidative activities [15]. It has also been reported that some of the peptides formed during
hydrolysis by trypsin, chymotrypsin, or pepsin might possess specific activity against herpes simplex
and HIV-1 virus [28].
Some researchers have reported the binding between α-La and three fat-soluble vitamins (A, D3,
and E). However, this protein has also been shown to effectively bind other hydrophobic bioactive
compounds such as retinol, genistein, kaempferol, curcumin, EGCG (epigallocatechin gallate),
capsaicin, and trans-resveratrol in high-affinity pockets for transportation inside the body [29-31].
It is well known that protein-based micro-and nanoparticles are suitable for use as carriers for
bioactive compounds found in foods such as peptides, vitamins, functional lipids, and antioxidants
[32].
The functionality of α-La has been studied in terms of its emulsifying, gelling, and foaming
properties [33, 34] that allow its use in different areas like food additives, nutritional or
pharmaceutical applications, and protein-fortified beverages. A combination of various emergent
technologies has permitted the preparation of α-La in significant amounts with different purity
levels (up to 87%) and allowed its use as an important nutrient and ingredient of functional foods
[5].
4. Methods to Obtain α-Lactalbumin
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Different methods have been used to isolate whey protein: affinity chromatography, membrane
filtration (including MF, UF), size-exclusion chromatography, ion exchange, and variations in pH, etc.
Membrane filtration is the main method used for the isolation of this protein [35].
The fractionation of a protein mixture with an ultrafiltration membrane is not easy since the sizes
and MW of the proteins are close together [36]. Isolation and purification of α-La from whey can be
achieved using different methods. The method reported by Heine, Klein, and Miyashita [37]
involved the extraction of α-La from acidified, heat-treated whey using an organic solvent. The α-La
was then precipitated from the solvent using a base.
Lucas et al. [36] extracted α-La from acid casein WPC at pH 7 by limiting the β-Lg transmission
with inorganic membranes that were chemically modified by a polyethyleneimine coating carrying
positive charges.
Both proteins (α-La and β-Lg) have close molecular weights (14.2 and 18.6 kDa, respectively).
Hence, their direct fractionation using conventional industrial technologies such as membrane
filtration is difficult [38]. However, recent technologies such as microfiltration and ultrafiltration at
high shear rates and aqueous two-phase extraction can be applied to isolate whey proteins in lesser
time and obtain better results in their purification [39, 40]. Muller et al. [41] proposed a prepurification of α-La by UF of acid casein whey with the limited transmission of β-Lg. Ultrafiltration
steps were carried out with mineral membranes that increased the purity of α-La in the filtrate and
also retained the bovine serum albumin and immunoglobulin fractions. Ben Ounis et al. [42]
reported the elimination of minor protein components from whey protein isolates by heparin
affinity chromatography.
5. α-Lactalbumin in Nanotechnology
Nanotechnological methods are designed to produce materials of various types at the nanoscale
level. This field is used in different areas like pharmacy, medicine, engineering, materials, and foods.
Food nanotechnology has been used as a new tool for pathogen detection, disease prevention, food
packaging, and delivery of bioactive compounds to target sites [43]. Nanoparticles and nanotubes
are the most common shapes obtained in the case of α-La [44]. The amino acid composition of α-La
is one of the factors responsible for its solubility, viscosity, emulsification, foaming, and protein
nanoparticle formation, similar to that of other albumins [45].
Partial hydrolysis of bovine α-La with Bacillus licheniformis protease (BLP) induces the formation
of nanotubular structures with an average diameter of 20 nm and a cavity of about 8 nm, in the
presence of calcium ions by a self-assembly process. The presence of this cavity enables the α-La
nanotubes to function as vehicles for encapsulating molecules such as vitamins, bioactive
compounds, colorants, and enzymes. Fuciños et al. [46] encapsulated caffeine at high efficiency
using α-La-based nanotubes. Additionally, the growth of nanotubes induces the formation of stiff
transparent protein gels due to the well-arranged networks formed by the strands. These gels can
be used for the entrapment, transportation, and delivery of colorants and bioactive compounds in
the food and pharmaceutical industries [47].
Nanoparticles (NPs) are a wide class of materials that include particulate substances, which have
at least one dimension less than 100 nm [48]. WPI nanoparticles (NPs) have been prepared by the
desolvation process using ethanol as the anti-solvent. The size of the WPI nanoparticles ranged
between 10 and 100 nm and they possessed the potential to stabilize emulsions [49]. WPI NPs have
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also been used to encapsulate 3,3'-diindolylmethane, a bioactive compound found in cruciferous
vegetables with antioxidant, anticancer, and anti-inflammatory properties [50].
In another study, Arroyo-Maya et al. [51] reported spheroidal nanoparticles prepared from
bovine α-La cross-linked with glutaraldehyde in the presence of acetone. The NPs had sizes between
100 and 160 nm, and their morphology, as determined by transmission electron microscopy (TEM),
is shown in Figure 1. These nanostructures displayed excellent pH stability. Further, the overall
structure and size of α-LA NPs underwent only minor changes within the pH interval of 3.0 – 9.0 at
25 °C.

Figure 1 Morphology and size of α-La nanoparticles obtained by the desolvation method
with acetone as observed by TEM. Magnification 100,000 X (adapted from [50]).
Thus, this variety of architecture renders α-La a potential vehicle for the introduction of
challenging lipophilic compounds such as capsaicin (CAP) into foods and beverages. The low
solubility of capsaicin otherwise makes this molecule hard to introduce in foods other than high-fat
foods. [31].
Carvalho et al. [52] reported a high efficiency (> 45%) process for riboflavin nanoencapsulation
in α-La NPs. The system presented instability only after 120 days, a period, which is acceptable for
applications in food technology. There are only a few reports on riboflavin nanoencapsulation, and
their entrapment efficiencies are also around 45% [53, 54]. α-La NPs have also been used for the
controlled release of methotrexate, an antimetabolite of the antifolate type, used in the treatment
of cancer and rheumatoid arthritis [55]. The above information confirms the fact that α-La and milk
proteins, in general, are excellent encapsulation devices and delivery vehicles for bioactive
compounds for foods and pharmaceutics due to their structural and physicochemical properties [56,
57].
6. Concluding Remarks
α-La has many potential applications in food technology, pharmaceutics, and nanotechnology. It
has been used as a wall material for nanoparticles, as a vehicle for bioactive compounds, and as a
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substrate for the generation of bioactive peptides. In the case of WPI and α-La nanoparticles, their
stability at different pH values, their size dependence on the preparation conditions, and their safety
make them an attractive wall material for the encapsulation of bioactive compounds in the
development of functional food products. This can generate benefits for human health. Current
investigations include the generation of nanoparticles with different purposes and specific action
sites.
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