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ABSTRACT: This study aims to investigate the effect of two
modifying agents, sodium dodecyl sulfate (SDS) and lignin, on the
properties of five different proteins and their crack binding and
filling in the cementitious surface. The molecular structure and
physicochemical properties of the modified proteins were
examined using Fourier transform infrared (FTIR), differential
scanning calorimetry, ζ-potential, and surface tension measure-
ments. The binding between the modified proteins and the
cementitious surface was evaluated using the interfacial shear lap
test. The effect of the modified proteins on crack filling and healing
of cementitious materials was studied by using flexural testing,
optical microscopy, and X-ray microcomputed tomography. FTIR
showed reduced intensities of the amide groups in the molecular structure of the modified proteins compared with the unmodified
proteins. Proteins showed an increased viscosity in the synthetic pore solution (SPS) compared to that in deionized water, due to
protein unfolding at a high pH of the SPS and subsequently cross-linking via Ca2+ bridging. Modifying with SDS generally increased
the viscosity of the proteins due to increased cross-linking, while lignin did not seem to change viscosity. The proteins modified with
SDS and lignin exhibited a general increase in interfacial shear strength between the modified proteins and the cementitious surface.
It was found that modifying the protein sodium bovine immunoglobulin with SDS enhanced the crack healing and filling in
cementitious materials, while modifying with lignin was not effective.
KEYWORDS: proteins, self-healing, cementitious materials, sustainability, biocementation

1. INTRODUCTION

Mother Nature has created biological composite materials,
such as bone, nacre of abalone shell, and sea urchin, with
superior mechanical and functional properties compared to
synthetic materials.1 This is a result of the interaction between
the molecular and functional groups of certain biomolecules
and inorganic materials.2 The interaction between the
biomolecules and the inorganic phase results in modification
of the microstructure, which can lead to an enhanced
macroscale performance of the biological composites.3 Inspired
by nature, there has been a spurt of research on exploiting
biocementation in a wide array of applications such as
improving the mechanical properties of porous materials,4

enhancing the soil and sand performance,5 increasing oil
recovery,6 and repairing concrete materials and limestone.7,8

Concrete is the most widely used man-made construction
material with high compressive strength but low tensile
strength.7,9 The low tensile strength of concretes makes
them susceptible to cracking.10 Cracks in concrete serve as
channels for harmful and deleterious substances to be
transported into the concrete.10 Consequently, these harmful
substances may attack the steel reinforcement and reduce the
long-term durability and performance of the concrete.10 To

address this problem, researchers have over the years
investigated biocementation to repair cracks in concrete.11

The biocementation process involves the precipitation of
CaCO3 by microorganisms to heal cracks in concrete and
cementitious materials.7,11

Organic biomolecules, including proteins and polysacchar-
ides, play an important role in the biocementation process.
They provide a templating platform to control the nucleation,
growth, and microstructure of the minerals.12 Organic
biomolecules can serve as an adhesive at the interface between
mineral particles, imparting mechanical stiffness to sediments
and precipitates.13 A family of biomolecules, proteins, consist
of amino acids with different functional groups including
charged, hydrophobic, and hydrogen-bond-forming amino
acids. The multitude of functional groups in proteins and
their conformational structures provide a large variety of
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interaction pathways between proteins and solid surfaces.14
Thus, due to the heterogeneity of surface characteristics of
cementitious materials, proteins have the potential to interact
with cementitious surfaces in a variety of ways. In a recent
study,15 it was indicated that the presence of organic matter
was critical in providing binding and cohesion to loose sand
treated with microbial-induced calcium carbonate precipita-
tion. Their study showed that chemically synthesized calcium
carbonate without the presence of organic matter was not able
to consolidate the loose sands. Brzyski et al.16 reported that the
addition of casein protein improved the flexural strength of
lime−metakaolin paste, which they attributed to increased
interfacial strength between lime particles due to the presence
of casein. Ventol et al.17 demonstrated that the addition of
adhesive protein enhanced the compressive strength and
decreased the porosity of lime mortars. The interaction
between proteins, amino acids, and calcium silicate hydrate,
which constitutes the primary binding phase in cementitious
materials was also examined by Kamali et al.18 Prior studies
investigated the properties of the proteins, bovine serum
albumin (BSA) and human serum albumin, as binders in
developing biocomposites for space construction applica-
tions.19
While the concept of biocementation for crack healing of

cementitious materials has been extensively studied in the
past,7,11 the effect of organic biomolecules in the biocementa-
tion process for the crack healing of cementitious materials has
not received attention and is not fully understood. Baffoe and
Ghahremaninezhad7 evaluated the influence of proteins on the
biocementation process applied to loose ground-hardened
cement paste powder and observed enhanced mechanical
binding and lower porosity in the consolidated sample.
Almajed et al.20 also observed improved mechanical perform-
ance of consolidated loose sand treated with biocementation
modified with casein protein. In a recent study, Baffoe and
Ghahremaninezhad9 investigated the influence of proteins on
the crack healing of cement mortar samples. The researchers
observed a 68% flexural strength recovery of cement mortars
healed in protein solutions compared to cement mortars
healed in water alone. The strength recovery improvement was
attributed to the binding properties of the proteins and
changes in the molecular structure of the proteins.
Several factors, including pH, ionic strength, denaturants,

and additives, could modify the molecular structure of proteins
and also influence their adhesive performance. Previous studies
have shown that these factors can be exploited to engineer and
improve the adhesive property of proteins in wood bind-
ing.21,22 Sodium dodecyl sulfate (SDS) is an anionic surfactant
and has been shown to enhance the interfacial adhesive in
woods.22 Lignin is the most abundant aromatic biopolymer
and is derived from the industrial byproduct of pulping and
biofuel production.23 Previous investigations have indicated
that lignin has the potential to improve the durability of soy
protein adhesive.21 In another study, the use of lignin was
shown to enhance the binding strength and water resistance of
protein adhesives.24 The effect of the pH on the adhesive
performance of lignin−protein adhesives was also evaluated in
the past.25 Via cross-linking with proteins, lignin improved the
thermal stability, tensile strength, and Young’s modulus of soy
protein.26
Thus, motivated by the previous studies indicating the

potential benefits of lignin and SDS in the adhesive
performance and functionalities of proteins, our main goal of

this paper was to elucidate the effect of SDS and lignin on the
physicochemical properties of different proteins and their
binding performance with a cementitious surface. To the best
of our knowledge, this work is the first to examine the effect of
lignin and SDS to tune and affect the adhesive properties of
proteins in a cementitious environment. The use of lignin as a
biomass byproduct in construction materials can contribute to
the decarbonization and sustainability of the construction
industry. Understanding the influence of protein molecular
changes on cementitious materials can aid in laying the
foundation for a new paradigm for employing engineered
biomolecules to yield desired and enhanced functionalities in
construction materials. The molecular structure of proteins was
investigated by using Fourier transform infrared (FTIR) and
differential scanning calorimetry (DSC). The effect of SDS and
lignin on the surface tension and viscosity of the proteins was
also investigated. The influence of SDS and lignin on the
binding of proteins to cementitious surfaces and their crack-
healing performance were investigated using the interfacial
shear lap test, the three-point bend test, optical imaging, and
X-ray microcomputed tomography (micro-CT).

2. EXPERIMENTS

2.1. Materials

2.1.1. Proteins and Modifying Agents. The proteins used
consisted of whey protein, ovalbumin (albumin), nonfat milk diary
powder (NFMP), sodium bovine immunoglobulin (SBI), and
collagen peptide (CP). These proteins were purchased from
commercial vendors. The native molecular structures of whey protein,
albumin, NFMP, and SBI are reported to be globular, while CP is
reported to have a fibrous structure.27−29 The molecular weight and
structure of these proteins have been studied in previous
investigations.3,7,30 The differences in the characteristics of these
proteins and their availability are the reasons for including them in
this study. Lignin is a hydrophobic phenolic compound found in
biomass and possesses several functional groups including alcohol
hydroxyl, phenol hydroxyl, and carboxyl groups capable of reacting
with proteins to form protein−lignin complexes, hydrophobic
networks, and hydrogen and ionic bonds.31 SDS is an anionic
surfactant composed of a hydrophilic 12-carbon chain tail and a
hydrophilic sulfate headgroup.32 The molecular structure of SDS
enables SDS to react with proteins through its sulfate and alkyl
chains.33 Lignin and SDS were purchased from Sigma-Aldrich. The
lignin used was an alkali lignin, which is produced using a sodium
hydroxide solution at elevated temperature and pressure to break the
linkages with polysaccharides.34 The molecular weight of SDS was
288.38 g/mol.

2.1.2. Cement. A Type I/II ordinary Portland cement (OPC) was
used in the preparation of the cement mortar prisms used in the
interfacial shear strength test and crack-filling and healing tests. The
chemical composition of the Type I/II OPC is shown in Table 1.

2.1.3. Synthetic Pore Solution (SPS). SPS was utilized in this
study to evaluate the effect of high pH and ionic composition of the
cementitious environment on the protein response. SPS was prepared
to contain 0.02 M Ca(OH)2, 0.037 M Na2SO4, 0.1062 M KOH, and
0.037 M K2SO4 following the procedure described in ref 35.

Table 1. Oxide Composition (%) of the Type I and II OPCs
Used in This Study

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI total

64 20.6 4.8 3.5 0.9 0.3 0.1 3.4 2.4 100
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2.2. Methods

2.2.1. ζ Potential. The surface charge of the proteins and
modifying agents, SDS and lignin, dissolved in SPS was measured
using dynamic light scattering in a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd., Malvern, U.K.) conditioned at 25 °C. The
refractive index and absorption coefficient for the analysis were set at
1.45 and 0.001, respectively. Approximately, 0.15% concentration of
the proteins and modifying agents by mass of SPS was prepared and
equilibrated for 10 min. The solutions were placed in a disposable
folded capillary cell (DTS1070) and loaded into the instrument. The
solutions were again equilibrated for 120 s before testing. Each sample
was tested three times, and between each test, the data were collected
after 100 or 110 runs.
2.2.2. Surface Tension. The surface tension of the protein

solutions was measured to provide information about the surface
hydrophobicity of the proteins. Solutions with protein concentrations
of 0.12 g/mL and modified with SDS and lignin with concentrations
of 1 M and 1% by mass of SPS, respectively, were prepared and
allowed to equilibrate for 10 min. The surface tension values were
measured by using a BZY 201 surface tension meter. Before each run,
the ring was thoroughly heated by a wick flame and cleaned with
acetone to remove organic contaminants. Three replicates were tested
for each sample, and the average was reported.
2.2.3. FTIR. FTIR was employed to investigate the molecular

structure of the modified proteins. To this end, solutions with a 0.12
g/mL concentration of proteins in four different media of deionized
water (DW), SPS, SPS and SDS (SPS-SDS), and SPS and lignin
(SPS-Lignin) were prepared, oven-dried at 50 °C for 24 h, and
ground into fine powder. The concentrations of SDS and lignin added
to the protein solutions to serve as modifiers were 1 M and 1% by
mass of SPS, respectively. The powder samples were passed through
sieve #60. Approximately, 30 mg of the sieved protein powder was
utilized in the test. FTIR measurements were performed using a
PerkinElmer Paragon 1000 FTIR spectrometer with an attenuated-
total-refectance accessory in transmission mode. The scan resolution
was 4 cm−1, and the spectra were recorded between 600 and 4000
cm−1. Each sample was taken through four scans, and an average of
two samples from the four rounds of scans was reported for the
analysis.
2.2.4. Viscosity. The viscosity of the protein solutions was

measured using an NDJ-5S digital viscometer conditioned at 25 °C.
The rotational viscometer worked by detecting the torque needed to
rotate the rotor at a sustained speed while submerged in the protein
solution. Based on the torque measurement, the fluid shear stress was
found and the viscosity measured. Protein solutions with a volume of
25 mL and a concentration of 6% in DW, SPS, SPS-SDS, and SPS-
Lignin were prepared. The concentrations of lignin and SDS used
were 1% by mass of SPS and 1 M, respectively. The protein solutions
were poured into a sleeve. The rotor #0 that is used to measure low-
viscosity ranges was fixed to the viscometer, and then the sleeve was
installed such that the rotor was just at the center of the opened
sleeve. The rotor speed was set at 60 rpm. For each protein solution,
three measurements were taken, and the average was reported.
2.2.5. DSC. DSC analysis of the proteins was performed with a

PerkinElmer DSC 8500 instrument. First, proteins were dissolved in
DW to achieve a protein concentration of 0.12 g/mL. The solution
was oven-dried at 50 °C for 2 h to obtain a solid form. Approximately
5 mg of each sample was loaded into a stainless-steel pan and fitted
with a stainless-steel lid. The sample was heated from 30 to 250 °C at
a rate of 20 °C/min. Another stainless-steel pan fitted with a lid but
without protein was placed side by side with the pan containing the
protein to serve as a reference. The enthalpy of the proteins, peak
area, and denaturation temperature were reported.
2.2.6. Interfacial Shear Strength. The interfacial shear strength

between the cementitious surface and the modified proteins was
evaluated by using the lap shear test. Cement mortar specimens used
for the lap shear test were prepared by using a water/cement of 0.5
and a sand/cement of 2. The sand used consisted of fine quartz sand
with a size in the range of 0.15−0.5 mm. The cement mortar was cast

in a prismatic metallic mold with dimensions of 50 × 25 × 300 mm3,
covered with plastic sheets, and cured for 24 h. After 24 h, the prisms
were demolded, wrapped in plastic bags to prevent moisture loss, and
left to further cure in a humidity chamber (23 °C) until 28 days. The
cement mortar pieces with dimensions of 50 × 25 × 25 mm3 were cut
from the prisms using a diamond saw and surface-polished using SiC
paper with grit sizes of 320 and 500. Approximately 500 μL of 0.12 g/
mL modified protein solutions was spread using a pipet over an area
with dimensions of 30 × 25 mm2 between two cement mortar pieces
in a single lap mode, as shown in Figure S1. The modified protein
solutions were prepared in SPS, SPS-SDS, and SPS-Lignin. The
concentrations of SDS and lignin were 1 M and 1% by mass of SPS,
respectively. The cement mortar pieces were pressed firmly together
at the interface region with a rubber band and left to cure under
ambient conditions for 72 h. Five replicates for each protein were
tested and the interfacial shear strength σs was calculated by eq 1 as
follows:

N
As
max

b
=

(1)

where Nmax is the maximum shear load (N) attained before failure and
Ab is the surface area of the interface region (mm2).

2.2.7. Flexural Strength Recovery. Cement mortar prisms with
dimensions of 150 × 55 × 25 mm3, a water/cement of 0.5, and a
sand/cement of 2 were cast and cured for 52 days. A notch with a
width and length of 2 and 14 mm, respectively, was introduced in the
middle of the top surface of the prisms using a diamond saw. The
prisms were loaded into the three-point bend mode setup as shown in
Figure S2 to grow a single crack with a crack mouth opening
displacement (CMOD) of approximately 100 μm after unloading.
The CMOD was monitored using an extensometer attached to two
small metal plates close to the notched area. The two metal plates
served as contact points for the pins of the extensometer because the
notch width was too small to accommodate the pins of the
extensometer. Loading was performed using an Instron testing
machine at a displacement rate of 0.005 mm/s. The test was done
using only SBI protein with a 3% concentration in SPS, SPS-SDS, and
SPS-Lignin. SDS and lignin with a concentration of 1 M and 1% by
mass of SPS, respectively, were added to the SBI protein in SPS.
These concentrations were selected so as to achieve adequate
solubility. The solution was then transferred into an open container
for wet/dry cycle healing. The control cracked sample was healed
using SPS. The healing procedure consisted of partially submerging
the cracked prisms in the respective solutions for 3 h (wet cycle) and
exposing them to ambient conditions for 21 h (dry cycle). On the
seventh day, the prisms were left to dry in ambient conditions for an
additional 48 h, and then their surfaces were imaged for crack-filling
examination. The images of the cracked prisms after the healing
process were compared with the images of the cracked prisms before
healing. Then, the prisms were loaded into a three-point bend mode
until complete failure. Three replicates for each protein solution were
tested, and the average was reported. The flexural strength recovery
ratio of each healed prism was determined using eq 2:

P P

P P
flexural strength recovery (%)

max,reloading unloading

max,uncracked unloading
=

(2)

where Pmax,reloading is the maximum load obtained after healing,
Pmax,uncracked is the maximum load of the uncracked sample, and
Punloading is the residual load obtained before unloading. This
corresponds to the load at which the prisms were unloaded during
the initial crack generation.

2.2.8. Micro-CT Analysis. The crack filling of the cracked cement
mortar prisms was evaluated using micro-CT. Micro-CT is valuable
for providing information about internally formed cracks that are
sometimes not visible to surface optical imaging. The cracked prisms
before and after healing were scanned for comparison. Before the
healed prisms were scanned, they were oven-dried at 54 °C for 24 h to
remove moisture. The imaging was performed using a Bruker SkyScan
1273 (Bruker, Kontich, Belgium) at a scanning resolution of 27 μm/
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pixel and with a 2 mm copper filter. The exposure time, average frame,
rotational step, voltage, and current were 4350 ms, 10, 0.5°, 130 kV,
and 115 μA, respectively. The cement mortar prisms were held firmly
in a polyethylene container filled with styrofoam. The prisms were
positioned between an X-ray source and a detector and scanned for a
period of about 5 h, during which about 380 projections over 180°
were taken. 3D reconstruction and quantification of the images were
performed using CTAnalyzer software (1.20.8). The prisms were
segmented into solid matrixes and voids using the gray-scale intensity
thresholds, with the gray-scale range of 0−70 representing the voids.

3. RESULTS AND DISCUSSION

3.1. ζ Potential

The ζ potential measures the surface charge of colloidal
particles and, in turn, determines the electrostatic interaction
between them.36 It provides an understanding of the stability
of the colloidal system.37 A high negative or positive ζ-
potential value shows an adequate electrical double-layer
repulsion between the colloidal particles, which inhibits their
aggregation.38 In this study, the effect of SPS with a high pH of
13.6 and ionic strength on the charge of the proteins and the
modifying agents, SDS and lignin, was studied.
The ζ potentials of the proteins and the modifying agents,

SDS and lignin, in SPS are shown in Figure 1. Generally, it is

seen that SDS, lignin, and proteins in SPS exhibited negative
charges, with SDS exhibiting a relatively higher negative charge
of −26 mV. Lignin exhibited a negative charge of about −16.6
mV, while the maximum negative charge exhibited by the
proteins was about −11.95 mV due to deprotonation of the
amino acids of the proteins.9 The negative charge exhibited by
SDS is due to the presence of a sulfate functional group within
the structure of SDS.39 The negative charge of the lignin is a
result of the negatively charged phenols.38
In a high-pH solution, the conformational and molecular

structure of the proteins change through the breakage of
hydrogen, hydrophobic, van der Waals, and disulfide bonds.
Compared to other studies,3,9 it was noticed that the negative
surface charge exhibited by the proteins in this study is
relatively low. The charge-screening effect due to the presence
of Ca2+ in SPS and the formation of complexes and
agglomerates results in a lower negative charge of the proteins.
The negative functional groups of SDS and lignin can form
complexes with divalent cations, and this is suggested to be the
reason why these modifiers exhibited relatively a lower

negative charge compared to what is reported in the
literature.39

3.2. Surface Tension

Figure 2 shows the surface tension of the proteins in SPS, SPS-
SDS, and SPS-Lignin. The measurements were taken twice in

24 h: immediately after mixing and 24 h after mixing. This was
done to study the time-dependent effect of the pH, Ca2+, and
modifying agents on the surface tension of the proteins. The
surface tension of albumin in SPS-SDS could not be measured
due to the high stiffness of the resulting gel. Generally, it was
noticed that the proteins exhibited different surface tension
results. Whey protein exhibited the lowest surface tension in all
media, which is an indication of a higher content of
hydrophobic groups in whey protein.3,9 While albumin in
SPS showed a lower surface tension compared to those of
NSMP, SBI, and CP, in SPS-Lignin, these proteins had similar
surface tensions. The pH of the solutions was measured to be
above 13. Because this pH is above the isoelectric points of the
proteins, the proteins may undergo molecular and conforma-
tional changes and begin to unfold to expose their hydrophobic
groups.7 It is seen that generally the surface tension of the
proteins did not vary with time; that is, the surface tension
remained similar throughout the 24-h period. The relatively
lower surface tension of the proteins in SPS-SDS is largely
contributed by the hydrophobicity of the SDS because reports
indicate that SDS is hydrophobic in nature.31,32 The surface
tension of the proteins in SPS-Lignin appeared to be higher
than the surface tension of the proteins in SPS, which is due to
the higher surface tension of lignin compared to the proteins.
The extent of the changes in the molecular structure of the
proteins and the number of hydrophobic groups in individual
proteins are responsible for the variation in the surface tension,
as depicted in Figure 2.
3.3. FTIR

The FTIR spectra of the modified proteins were obtained to
evaluate the changes in the molecular structure of the proteins
in SPS, SPS-Lignin, and SPS-SDS compared to that in DW. It
is known that proteins denature and aggregate at high pH and
in denaturing solutions. Also, proteins are likely to interact
with ions, especially Ca2+, via cross-linking.40 As shown in
Figure 3, the spectra showed typical peaks corresponding to

Figure 1. ζ potentials of SDS, lignin, and the proteins in SPS.

Figure 2. Surface tensions of the proteins in SPS, SPS-SDS, and SPS-
Lignin.
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proteins, as identified by the presence of amide I, amide II, and
amide III at 1633, 1526, and 1236 cm−1, respectively.41 Amide
I represents the CO stretching vibration of the peptide
group of the protein. Amide II and amide III are assigned to
the N−H bending with a contribution from C−N stretching
vibrations and C−N and N−H, respectively.41 Generally, it is
seen that whey protein and SBI showed some reduction in the
intensity of the peaks associated with amide I and amide II in
SPS. This is possibly attributed to the interaction between Ca2+
and the NH, CO, and COO− groups of whey protein and
SBI resulting in a reduction of the α-helix structure.42
The peak corresponding to amide III (1236 cm−1) either

disappeared, shifted to lower wavenumbers, or were weaker in
the proteins modified in SPS, particularly whey protein,
albumin, and SBI. The amide III peak shows more distinct

secondary structures of proteins and as such has been used to
evaluate the secondary molecular structure of proteins.43,44

The observed reduction in intensity, disappearance, or shift in
the peak of amide III correspond to the denaturation of the
proteins44 due to the high pH level of the SPS. The proteins
modified in SPS-Lignin showed a decreased peak at 1399
cm−1, indicating that the COO− group of the proteins served
as an active group and interacted with lignin.21 It was also
noticed that the addition of lignin led to the complete
hydrolysis of the molecular structure of NFMP, and this was
shown by the complete disappearance of all of the functional
peaks. This lignin-induced hydrolysis seemed to occur to
different extents in the other proteins.
Noticeably, a common peak appeared at about 2926 cm−1.

This peak corresponds to the C−H stretching vibration of CH2

Figure 3. FTIR spectra of (a) whey protein, (b) albumin, (c) NFMP, (d) SBI, and (e) CP in DW, SPS, SPS-SDS, and SPS-Lignin.
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and CH3 of the proteins, which is situated at the hydrophobic
side chain of the proteins.45−47 It is worth noting that the
assigned hydrophobic peak was most pronounced in whey
proteins in DW, which corresponds to the natural protein
natural state. This supports the observation made in the surface
tension results in Figure 2 that, among the proteins, whey
protein had more hydrophobic groups, as demonstrated by a
lower surface tension compared to other proteins. It is also
interesting to note that the peak intensity at 2926 cm−1 for the
proteins reduced in SPS. It is possible that, due to the high pH
level of SPS, continuous denaturation of the protein might
have led to an aggregation, which might have reduced the
hydrophobicity of the protein. In SPS-SDS, it was noticed that
the amide and hydrophobic peaks exhibited slightly stronger
intensities compared to those in SPS, and that was due to the
presence of SDS.31,32 This is in support of the surface tension
results, where proteins in SPS-SDS showed higher hydro-
phobicity. According to the literature, the peak at 1745 cm−1

for whey protein is associated with ester linkage.48,49 This peak
is an intermolecular covalent bond formed between the side
chains of Thr−Gln amino acids in whey protein.50

The peaks located at 1399 and 1074 cm−1 can be assigned to
the stretching vibrations of COO− and C−O of the hydroxyl
group bound to carbon.48 The shift of the C−O peak assigned
at 1074 cm−1 to about 1101 cm−1 in the spectra of all proteins
in SPS, SPS-SDS, and SPS-Lignin may be an indication of
cross-linking.
3.4. Viscosity

The viscosity of the proteins in different media was measured
as a function of time to understand the effect of protein

unfolding and cross-linking on their viscosity. The viscosity of
the protein solution can be affected by many factors such as
the molecular weight and shape, flexibility, intermolecular
interactions, pH, viscosity of the solvent, shear rate, surface
charge, and ionic concentration.51 The values of the viscosity
are plotted against time in Figure 4. It is seen in Figure 4a that
the viscosity of the protein solutions largely remained
unchanged throughout the time in DW. The higher viscosity
of the proteins, especially albumin and SBI, in SPS, as seen in
Figure 4b, may be attributed to the cross-linking between Ca2+
and the protein molecules. Ca2+ can act as a cross-linker in
protein solutions. When a protein is mixed with Ca2+, calcium
bridges are formed between the protein molecules. The
calcium bridges formed lead to the formation of a 3D protein
network52 which makes the resulting protein solution more
viscous. The formation of a viscous protein solution due to
Ca2+−protein molecule interaction is in agreement with that in
previous studies.53 In addition, the effect of high pH can have a
significant influence on the viscosity of a protein solution. The
pH level investigated in this study causes partial unfolding of
the protein molecules, exposing the hydrophobic and hydro-
philic residues. The exposed hydrophilic residues interact with
the surrounding water molecule to form hydrogen bonds,
which subsequently increases the viscosity of the resulting
solution.54
In SPS-SDS, it was noticed that the viscosity of the protein

solutions was higher compared to that in DW, SPS, and SPS-
Lignin, and this was more noticeable in the case of whey
protein, albumin, and SBI. The reason for the higher viscosities
in SPS-SDS can be attributed to the formation of a gel-like
phase as a result of the cross-linking interaction among the

Figure 4. Viscosity of the proteins in (a) DW, (b) SPS, (c) SPS-SDS, and (d) SPS-Lignin.
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proteins, SDS, and Ca2+. As shown in Figure 1, both the
protein and SDS are negatively charged. The presence of Ca2+
in the solution can facilitate cross-linking among molecules of
both the negatively charged proteins and SDS and form a gel-
like molecular network.9 The formation of protein−surfactant
gels due to the interaction between BSA and SDS has been
investigated by Roversi and La Mesa.55 A complete trans-
formation of albumin in SPS-SDS into a gel made it difficult to
measure the viscosity of the albumin. Lignin has a phenol
group and is able to form cross-links with proteins56 and
interact with proteins to form protein−lignin complexes by
hydrophobic interactions and ionic hydrogen bonds similar to
the interactions between proteins and polyphenol.31 Thus, the
interaction between the lignin and proteins increases the
viscosity of the solution.31 However, the proteins exhibited
similar viscosity values in SPS and SPS-Lignin, indicating that
the change in the molecular structure of the proteins in SPS-
Lignin did not noticeably affect the viscosity compared to that
in SPS.
3.5. DSC

A DSC experiment was carried out to investigate the enthalpy
of the protein denaturation due to the thermal effect.27
Previous studies have reported that the characteristic of
proteins during heating is associated with a change in the
protein thermal property.57 The enthalpy changes that result
from protein unfolding correspond to the extent of
denaturation and can be studied using DSC.58 From Figure
5, it can be seen that all of the proteins showed broad
endothermic peaks between 70 and 120 °C. SBI and albumin
showed additional peaks at 220 and 213 °C, respectively.

The enthalpy values (ΔH) obtained for whey protein,
albumin, NFMP, SBI, and CP were 167, 110, 112, 237, and 79
J/g, respectively, as shown in Table 2. During protein
denaturation, ΔH is associated with the interruption of van
der Waal and hydrogen bonds in the internal structure of
protein and water.59 Patel et al.60 reported that ΔH is in
agreement with the ordered secondary structure of proteins
and can provide insight into the fraction of undenatured
proteins. Denatured proteins have been reported to possess
lower ΔH due to the destruction of hydrophobic bonds.57
From the test result, the apparent higher ΔH of whey protein

and SBI is attributed to the amount of energy consumed to
break the hydrophobic bonds present in the structure of whey
protein and SBI.27 Because whey protein in its native state
possessed more hydrophobic bonds than the other proteins,
more energy would be required to break these hydrophobic
bonds. In addition, individual globular proteins such as bovine
β-lactoglobulin, bovine α-lactalbumin, BSA, and immunoglo-
bulins that constitute the molecular structure of whey protein
are hydrophobic27 and may consume higher energy to break
the bonds. It is interesting to note that immunoglobulins are
part of the molecular structure of SBI.
According to the results shown in Table 2, CP showed the

lowest ΔH and area of decomposition, and this may be
attributed to the reduced hydrophobic bonds in the CP
protein, as indicated by their surface tension results. It is seen
that SBI and albumin showed additional peaks at higher
temperatures. These additional peaks may correspond to
stronger bonds that require higher energy levels to break.
3.6. Interfacial Shear Strength

The interfacial shear strength between modified proteins and
the cement mortar surface is illustrated in Figure 6. The

interfacial shear strength of the cement mortar surface and
albumin in SPS-SDS was not determined because the solution
was highly viscous and could not be spread on the surface of
the cement mortar prism. The properties of polymers such as
the functional group, viscosity, molecular weight, etc., are
important factors that influence the interfacial shear strength
between cement paste and polymers.61 A previous inves-
tigation showed that the interfacial shear strength between the
proteins and cementitious surface increased in SPS compared
to that in DW.9 From Figure 6, it is seen that the interfacial
shear strength of the cement mortar surface and proteins in
SPS-SDS and SPS-Lignin was generally higher compared to

Figure 5. DSC results for the proteins in DW.

Table 2. DSC Thermal Characteristics of the Proteins in
DW

protein ΔH (J/g) area (mJ)

whey protein 167 2342
albumin 110 767
NFMP 112 630
SBI 237 1328
CP 79 582

Figure 6. Interfacial shear strength between the cement mortar
surface and proteins modified in SPS, SPS-SDS, and SPS-Lignin.

ACS Applied Engineering Materials pubs.acs.org/acsaenm Article

https://doi.org/10.1021/acsaenm.3c00423
ACS Appl. Eng. Mater. 2023, 1, 2685−2697

2691



samples with proteins in SPS only, except in the case of the
cement mortar prisms with NFMP, where NFMP in SPS
showed a higher interfacial shear strength than NFMP in SPS-
SDS and SPS-Lignin. The improved interfacial binding of the
proteins in the presence of lignin and SDS is comparable to the
results of the prior literature.21,22 The increase in the interfacial
shear strength of cement mortar prisms with proteins in SPS-
SDS is attributed to the formation of gels due to the
interaction among Ca2+, proteins, and SDS.55 An investigation
by Hansen et al.33 indicated that negatively charged SDS binds
strongly to cations and the hydrophobic amino acids of
proteins through their alkyl and sulfate groups. The interaction
between the functional groups of the proteins and the active
groups of the modifying agents can lead to the formation of
cross-linked networks that improve the interfacial bond
between the proteins and cement mortar surface. The cross-
linked network between soy protein and lignin was reported in
prior investigations.31,56 The hydrophobic and hydrophilic
domains of the proteins enable the proteins to interact strongly
with lignin.62
As noted previously, NFMP in SPS-SDS and SPS-Lignin

showed a lower interfacial shear strength than those modified
in SPS. The observed lower interfacial shear strength may be
attributed to the hydrolysis of NFMP in these solutions,
resulting in the breakdown of bonds and reducing the
molecular weight, thus rendering the denatured NFMP protein
ineffective in forming an adhesive bond with a cement mortar
surface. This behavior is consistent with the FTIR results
where it was shown that all of the major functional groups of
NFMP completely disappeared in SPS-Lignin. A similar
behavior of NFMP hydrolysis has been observed in prior
studies.9

3.7. Flexural Strength Recovery

Figure 7 shows the flexural strength recovery of cracked
cement mortar prisms. SBI modified in SPS, SPS-SDS, or SPS-

Lignin was used for the healing solution of the cracked prisms.
The reason for selecting SBI in the flexural strength recovery
test was because it showed a relatively higher interfacial shear
strength compared to that of the other proteins. The control
cement mortar prisms were healed in SPS. It can be seen that
the cement mortar prisms healed in SPS showed significantly
lower flexural strength recovery compared to the prisms healed

in SBI-SPS, SBI-SPS-SDS, or SBI-SPS-Lignin. The low flexural
strength recovery exhibited by the control prism may be
attributed to autogenous healing as a result of the hydration of
the unreacted cement clinker and CaCO3 formation.7 A similar
flexural strength recovery was observed in a previous study by
Baffoe and Ghahremaninezhad.9 It must, however, be
mentioned that the healing solution used in the previous
study was DW.
Cracked cement mortar prisms healed in either of the SBI

modified solutions showed a significant flexural strength
recovery. Comparing the above results with the prior
studies63,64 indicates the potential of proteins to significantly
improve the mechanical recovery strength in cementitious
materials. It should, however, be kept in mind that other
factors, including the mix design and healing process, could
also affect the performance of the proteins. The higher flexural
strength recovery in these samples compared to the control can
be attributed to the higher molecular weight and the ability of
the SBI to adsorb onto the cement mortar surface and self-
assemble to form a bond line, which could potentially enhance
the interfacial bonding between the crack surfaces.9 SBI has
been reported to have a significant portion of protein of about
90%65 and a molecular weight of about 160 K g/mol,9 which is
significantly higher than most proteins.66 This demonstrates
higher amino acid side chains in the molecular structure of SBI
that could potentially lead to the formation of several cross-link
networks and entanglements capable of increasing the number
of bonds. Increased bond formation could increase the stiffness
of the protein and subsequently increase the interfacial shear
strength. In addition, the higher amino acid chain length in the
molecular structure of SBI may provide greater cohesiveness
between protein−protein interactions, which may allow
elongation prior to their breakage.
The presence of Ca2+ in the healing media promotes cross-

linking between the proteins and Ca2+ in SPS, as revealed in
Figure 4, thereby increasing the protein−protein interactions
and consequently enhancing the strength recovery of the
cracked prisms healed in SBI-SPS. The role of Ca2+−protein
complexation in improving the mechanical binding between
loose sand particles was also pointed out in a prior study.67 In
addition, the increased contact area between the cracked area
and SBI due to exposure of the hydrophobic and hydrophilic
groups of SBI may be one of the reasons for the higher flexural
strength recovery of the healed cracked prisms.9 It was shown
in a prior study that the change in the molecular structure of
the proteins as a result of denaturation leads to an increase in
the contact area and binding between the protein and other
surfaces.68
The flexural strength recovery results seem to be consistent

with the interfacial shear strength results involving SBI, as
discussed in Figure 6. It is seen that the samples healed in SBI-
SPS-SDS showed the highest strength, averaging 80%. SDS is
an anionic molecule32 with a negative charge, as revealed by
the ζ potential results in Figure 1. Therefore, SBI and SDS are
expected to interact via Ca2+ bridging due to the presence of
Ca2+ in SPS and of hydrophobic moieties.33 The partial
denaturation of SBI in SPS-SDS exposes the secondary
structures of SBI and increases the contact area and adhesive
force between the partially unfolded protein and the crack
surfaces to ensure a higher bond strength.22 The SBI-SPS-
Lignin healed samples showed slightly lower strength recovery
possibly due to excessive degradation of the molecular
structure of SBI, as revealed in the FTIR results shown in

Figure 7. Flexural strength recovery of cracked cement mortar prisms
healed in different protein solutions.
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Figure 3. This indicates that the 1% lignin concentration was
not the optimum concentration of lignin. Further research is
needed to examine the effect of lignin concentrations on the
interfacial shear strength and strength recovery of cracked
cement mortar surfaces.
3.8. Crack Closure

The crack closure ability of the cracked cement mortar prisms
healed in SPS, SBI-SPS, SBI-SPS-SDS, and SBI-SPS-Lignin
after 7 days of wet−dry healing cycles is illustrated in Figure 8.
It is seen that the cement mortar prisms healed in the various
solutions showed partial or complete crack closure after 7 days
of healing. The control prism (SPS healed) shown in Figure 8b
exhibited partial crack closure. The partial crack closure for the
control prism is attributed to autogenous healing, which comes
about as a result of the hydration of unreacted cement clinkers
and carbonation of CH.9 It is observed that the cracked
cement mortar prisms healed in the SBI-SPS solution in Figure

8d showed a complete crack closure after the healing period.
This is consistent with the observation made in our previous
study9 and corresponds to the higher flexural strength recovery
observed in Figure 7. SBI has a higher affinity toward hydrated
cement paste, as revealed in a previous study,7 and can
effectively adsorb onto the cracked cement paste, self-assemble,
and form a gel to bind the crack surfaces together. Cement
mortar prisms healed in SBI-SPS-SDS, shown in Figure 8f, also
exhibited complete crack closure. This can be attributed to the
adsorption and increased contact area of the partially unfolded
proteins facilitating the interaction between the cracked
surfaces and proteins. The cement mortar prism healed in
SPS-SBI-Lignin showed partial crack filling, as demonstrated in
Figure 8h. However, crack filling was less effective compared to
the prism healed in SPS-SBI and SPS-SBI-SDS; this
observation seems to be in agreement with the flexural
strength recovery results discussed in Figure 7. It appears that

Figure 8. Images of the cement mortar prisms showing the crack filling of samples (a, c, e, and g) before and (b, d, f, and h) after healing. The scale
bar is the same for all images.
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the change in the molecular structure of SBI in SP-Lignin
resulted in inadequate adsorption of SBI onto a cracked
cement paste surface and less compact healing products in the
crack space. It should be noted that the crack width in the
prism healed in SBI-SPS-Lignin seemed to be slightly larger
than that in the prisms used in other solutions despite using
the same method of creating the initial cracks. This larger crack

width could potentially contribute to a lower crack filling in
this prism.
3.9. Micro-CT Analysis

A schematic depicting the sections of the prisms used in micro-
CT analysis is shown in Figure S3. Figure 9 illustrates the 3D
reconstruction of the internal microstructure of the cracked
prisms near the crack before and after the healing cycles. The

Figure 9. Micro-CT images illustrating empty spaces (voids and cracks) in the section near the crack in the cement mortar prisms (a, c, e, and g)
before and (b, d, f, and h) after healing in different healing solutions.
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empty spaces including voids and main cracks are represented
in a gray color. The filling of the crack after the healing cycles
is shown by a reduction in the volume of the gray features. It is
seen that the cracked cement mortar prism healed in SPS
showed a reduction in the volume of the gray features,
demonstrating autogenous healing of the cracks after the 7-day
healing period, as observed in Figure 9b. The cement mortar
prism healed in SBI-SPS (Figure 9d) showed an enhanced
filling of the crack, as demonstrated by the disappearance of
the gray features near the crack. The SBI-SPS-SDS healed
cement mortar prisms also showed noticeable crack filling,
consistent with the optical imaging depicted in Figure 8f.
Among the samples, the SBI-SPS-Lignin healed prism (Figure
9h) showed less crack filling compared to that of prisms healed
in other solutions. The observations from micro-CT seem to
be in good agreement with the results obtained from the
optical imaging discussed in Figure 8.

4. CONCLUSIONS

In this study, the effect of two modifying agents, SDS and
lignin, on the properties of five different proteins and their
crack binding and filling in cementitious materials was
investigated. Proteins reduced the surface tension of SPS due
to unfolding and exposure of the hydrophobic functional
groups in their molecular structure. The addition of SDS
reduced the surface tension of the proteins due to a low surface
tension of SDS in SPS. Lignin did not lower the surface tension
of the proteins in SPS. The results from FTIR analysis
indicated decreased intensities of amides I−III of the proteins
in SPS and SPS-SDS due to the high pH and ionic interactions.
In SPS-Lignin, these functional groups reduced the intensity,
and in the case of NFMP, these functional groups disappeared.
The viscosity of the proteins increased in SPS compared to
that in DW due to denaturation of the proteins and the
interaction between Ca2+ and the functional groups of the
proteins, leading to the formation of a cross-linked network. In
SPS-SDS, the viscosity of the protein was higher compared to
that in DW, SPS, and SPS-Lignin, and this was more noticeable
in the case of whey protein, albumin, and SBI. The formation
of a gel-like phase due to cross-linking between the proteins,
SDS, and Ca2+ is suggested as the reason for the increased
viscosity of the proteins in SPS-SDS. The proteins demon-
strated a similar viscosity in SPS and SPS-Lignin. The
interfacial shear strength between the cement mortar surface
and modified proteins was generally higher for proteins
modified in SPS-SDS and SPS-Lignin compared to that in
SPS only. The increased cross-linked bonds between the
proteins and SDS or lignin is responsible for the higher
interfacial shear strength. Modified NFMP in SPS-Lignin,
however, showed a significant loss in the interfacial shear
strength, and this was attributed to the complete hydrolysis of
the NFMP molecular structure, which rendered the protein
ineffective in forming strong networks. The cracked cement
mortar prisms healed in various SBI solutions showed
significantly higher flexural strength recovery after 7-day
healing cycles, compared to the cracked prisms healed in
SPS only. The cracked cement mortar prisms healed in SBI-
SPS-SDS demonstrated the highest flexural strength recovery
compared to other samples. The flexural strength recovery of
the cracked cement mortar prisms was consistent with the
interfacial shear strength test results. The optical and micro-
CT analyses showed improved crack filling after the 7-day
healing cycles in all cracked cement mortar prisms, with the

prism healed in SBI-SPS-SDS showing relatively higher filling
compared to the prisms healed in other media. The crack-
filling observations seemed to be consistent with the flexural
strength recovery results.
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