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adhesives [19–23]. 
Protein-based adhesives have attracted greater interest in the area of 

bio-composite production because of their rich source in providing 
cheap, nontoxic and renewable glues that can effectively bind inorganics 
together [21–23]. It has been widely applied as additives and binding 
agents in the area of wood and metal bonding [19–21]. 

Proteins are a group of biomolecules formed by a sequence of amino 
acids which are linked by peptide bonds. Amino acids possess side 
groups, which could be charged, hydrogen bond forming, or hydro
phobic, permitting an array of interaction pathways between their side 
groups and other solid surfaces [24]. Thus, due to the heterogeneity of 
surface characteristics of cementitious materials, proteins have the po
tential to interact with cementitious surfaces in a variety of ways. 

Previous studies have focused on the addition of these proteins at the 
casting stage of the cement/concrete. For instance, Ventola et al [25] 
studied the influence of proteins on the mechanical properties, 
carbonation resistance and porosity of lime mortars. Their outcome 
revealed an improved compressive strength, higher water resistance and 
higher carbonation resistance of the protein modified lime mortars. 
Brzyski et al. [26] investigated the effect of casein protein on the me
chanical property of lime-metakaolin paste. It was reported that 
although casein protein reduced the compressive strength of the paste, 
the flexural strength was increased when casein protein of concentration 
0.5 % was admixed. The enhanced flexural strength was attributed to 
the adhesion between lime particles as a result of the gluing nature of the 
casein protein [26]. Kamali et al. [27] studied the effect of two proteins, 
namely albumin and lysozyme, on the atomic structure, morphology and 
nanomechanical properties of C–S–H, which is the main binding phase 
of hydration product in cementitious materials. Prior research has 
documented that certain marine microorganisms, when applied to the 
surface of cementitious materials, have the ability to seal underlying 
surface cracks [28] or reduce ion permeability [29] of cementitious 
materials. 

In spite of a large number of studies on the use of biocementation for 
crack healing in cementitious materials [2,4,5,30], there is a lack of 
knowledge in the specific area of the interaction between proteins and 
aged cementitious surface that can represent a crack surface. Therefore, 
this paper aims to address this knowledge gap and investigate how 
proteins affect the microstructure and chemical characteristics of the 
products formed on the surface of cementitious materials, the interfacial 
strength between proteins and cementitious surface, and strength re
covery and crack filling of cracked cementitious materials. In this study, 
the effect of five proteins possessing different molecular structures is 
examined. The presence of various functional groups in their molecular 
structure and charge variations equip proteins with various interaction 
pathways with surface products. Calcium ions diffuse through proteins 
and react with carboxylate groups to form networked complexes [31]. 
These interactions enable the proteins to self-assemble to form gels 
which can serve as a glue. The effect of cement chemistry on the phys
icochemical properties, including surface charge, hydrodynamic size, 
and surface tension of the proteins was evaluated. FTIR, TGA, XRD, and 
SEM were used for the microstructure characterization of the surface 
product treated with proteins; optical and micro-CT imaging were 
employed to evaluate the crack filling of the samples treated with the 
proteins. The contact angle and water absorption of the samples treated 
with proteins were also evaluated. 

2. Experiments 

2.1. Materials 

2.1.1. Proteins 
Five different proteins, namely whey protein, albumin, non-fat milk 

powder (NFMP), sodium immunoglobulin (SBI), and collagen peptide 
(CP), with different functionalities and molecular structures were pur
chased from the commercial vendors. These proteins were used based on 
their commercial availability and utilization in other studies. With the 
exception of CP, which has been reported to be fibrous, whey protein, 
albumin, NFMP, and SBI are classified as globular proteins in their 
native state [32–34]. SBI is made up of about 90 % protein and is ob
tained by separating edible grade bovine plasma [35]. NFMP is prepared 
from non-fat milk and possesses 34–36 % protein on dry mass [36]. 
Whey protein concentrate is a by-product of the cheese making process 
[32]. The albumin used is made up of ovalbumin, which comprises 
about 54–58 % by weight of the egg white protein [37]. Collagen on the 
other hand is a structural protein whose amino acid make-up is uniquely 
distinct from other proteins. The high content of hydroxyproline and 
proline restricts the protein from forming a globular shape. Nonetheless, 
there is a good interaction among the polar chains of the collagen [24]. 

2.1.2. Cement paste 
A type I/II ordinary Portland cement (OPC) was used in the prepa

ration of cementitious surface and cracked cement paste prisms. The 
chemical composition of the type I/II OPC is shown in Table 1. 

2.1.3. Sample preparation for chemical and microstructural analysis 
Samples for the microstructure and chemical characterization (FTIR, 

TGA, XRD, SEM) of the surface product were prepared by cutting cement 
paste prepared with a water to cement ratio (w/c) of 0.4 into pieces of 
dimensions 25 mm × 10 mm × 25 mm. Before cutting, these samples 
had been cured for 3 days. The surface of the cut samples was polished 
with SiC sand papers with grit numbers of 320, 500, and 1200, and 
finely polished with a 1 μm diamond abrasive paste. After polishing, the 
samples were dried in a vacuum oven for 6 h and then, submerged in a 
synthetic pore solution (SPS) containing the proteins with a concentra
tion of 2 % by mass. Two control samples were submerged in de-ionized 
water only (DW) or SPS only without proteins. Synthetic pore solution 
was utilized in this study to evaluate the effect of high pH and ionic 
composition on protein response. The SPS used 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 [38]. Samples were removed after 
1 h of treatment time and then exposed to laboratory condition with 
0.043 % CO2 for 3 and 28 days, respectively, until testing. Prior to the 
chemical and microstructural characterization, the samples were dried 
in a vacuum oven at 50 ◦C for 24 h. 

2.2. Methods 

2.2.1. Zeta potential and hydrodynamic size 
Investigation was carried out to evaluate the net surface charge and 

the hydrodynamic size of the proteins using dynamic light scattering in a 
Zetasizer Nano ZS instrument (Malvern Instruments ltd., Malvern, U.K.) 
conditioned at 25 ◦C. The measurement parameters, namely refractive 
index (RI) and absorption coefficient, for the proteins were set at 1.45 
and 0.001, respectively. For zeta potential and hydrodynamic size 
measurements, 0.15 % concentration of protein by mass of DW at the 
native state and at pH level of 13 was prepared and equilibrated prior to 

Table 1 
Oxide composition of the type I/II ordinary Portland cement used in this study.  

Oxide 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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undergo these changes, the various molecular bonds including disulfide 
bonds, hydrogen bonds, hydrophobic bonds and van der Waals bonds 
break, and this leads to the breakup of the molecular chain of the pro
teins into smaller units [41,43]. It can be suggested that the observed 
reduction in the anionic charge of albumin, whey protein and SBI at the 
pH level of 13 could be attributed to the association of the dissociated 
protein subunits at the very high pH level of 13. During the association, 
charged amino acids may be enclosed inside the interior of the protein 
and may not contribute to the ultimate surface charge of the proteins 
[40]. As is the case, it is noticed that the charge of NFMP remained 
consistently high even at pH level of 13. NFMP is composed of a sig
nificant amount of casein [36]. At the pH level of 13, the degree of 
deprotonation of amino acid residues in the casein is further increased 
and that results in an increased charge of the NFMP. This result is 
consistent with the observations made by Bian [40] who reported an 
increased charge of casein when the solution pH of the protein was 
increased from 12 to 13. 

The hydrodynamic size of the proteins in DW and at pH level of 13 is 
shown in Fig. 4. It is seen that the hydrodynamic size of albumin, NFMP 
and SBI was higher in DW compared to their sizes at pH level 13. It is 
however noticed that whey protein showed an increased hydrodynamic 
size at pH level 13 compared to its size in DW. The observed decrease in 
hydrodynamic sizes of albumin, NFMP and SBI can be attributed to the 
dissociation of the proteins into subunits at the pH level of 13 [44]. In 
the case of whey protein, it could be suggested that the observed in
crease in size at pH level 13 may be attributed to the association of the 
dissociated whey protein subunits as conformational changes could be 
partially reversible [40,41]. In addition, since these proteins were pur
chased and utilized as received, some impurities may be present, and 
these impurities may be favorable towards the assembly of the subunits 
of whey proteins at higher pH level compared to the native state [41]. It 
is seen that the hydrodynamic size of CP did not vary significantly with 
pH. This observation could be due to the fact the intermolecular forces in 
the case of CP were weak and could not promote aggregation or 
repulsion. 

2.3.2. Surface tension 
The surface tension of the protein solutions was measured to study 

the hydrophobic property of the proteins in DW and SPS. A direct cor
relation between surface tension and surface hydrophobicity was made 
in previous studies [41,45,46] indicating a decrease in the surface ten
sion of protein solutions with increased surface hydrophobicity of pro
teins. Zecca [47] also reported in a study that surface tension is a reliable 
measure to evaluate the surface hydrophobicity of proteins. Different 
parameters including temperature, concentration, pH and ionic 

composition influence surface hydrophobicity of proteins [48]. Modifi
cation of the molecular structure of proteins due to denaturation, leads 
to changes in the distribution of hydrophobic groups in the proteins 
surface [49]. It is seen from Fig. 5 that the proteins exhibited different 
surface tension behaviors in DW and SPS. It is also observed that the 
effect of SPS on the surface tension appeared to be different among the 
proteins studied here. It is seen that SBI demonstrated a noticeable 
reduction in surface tension in SPS compared to in DW; NFMP showed a 
slightly lower surface tension in higher concentrations in SPS than in 
DW. Albumin did not show significant difference in surface tension in 
DW or SPS. On the other hand, whey protein showed a lower surface 
tension in DW compared to in SPS. CP exhibited a lower surface tension 
in DW compared to in SPS in low concentrations but the difference 
diminished with an increase in concentration. 

SPS has a pH of 13.6 and contains several ions including K+, Na+, and 
Ca2+. The observed surface tension behaviors of the proteins in SPS 
compared to DW is due to the elevated pH level of the SPS as well as the 
interactions between ions and proteins. In their native state in DW, 
proteins fold into a globular morphology due to the intermolecular 
forces [50,51]. In this state of protein morphology, the hydrophobic 
groups reside in the interior of the protein molecules while the hydro
philic groups are situated on the outside of the protein molecule. When 
the pH is increased to a level as high as the pH of SPS, proteins undergo 
conformational changes and begin to unfold to expose the hydrophobic 
groups [52–54]. The exposed hydrophobic groups tend to adsorb to the 
air–water interface and reduce the surface tension of the protein solu
tions [41,44]. Increased hydrophobicity of proteins at high pH has been 
observed in the previous studies [55–57]. On the other hand, protein 
aggregation and other potential molecular changes due to increased pH 
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surface product. From the results, it is observed that albumin, NFMP and 
SBI showed lower CaCO3 formation in both treatment durations. At high 
pH, the carboxylate groups of the proteins are highly negatively charged 
and can electrostatically bind with Ca2+ to form complexes [41,73]. In 
addition, the negatively charged carboxylate groups can interact with 
negatively charged silicate phases of the hydrating cement particle 
through the bridging effect of Ca2+ [41]. The binding between nega
tively charged carboxylate groups of the proteins and Ca2+ reduces the 
availability of free Ca2+ in the mixture to participate in the carbonation 
process and hence a reduction in the CaCO3. This result is in agreement 
with prior investigations [70]. Khan et al. [70] investigated the influ
ence of biomolecules (amino acids) on the carbonation of wollastonite 
and observed a lower degree of carbonation in samples modified with 
amino acids. They attributed the reduction to the binding of the carboxyl 
group of the amino acid with the Ca2+ present in wollastonite. 

2.3.5. XRD 
The XRD spectra of the surface products on the samples treated for 3 

days and 28 days are illustrated in Fig. 9a and b, respectively. Belite 
showed a weak peak at 2θ of 32.5◦ among all the samples [74]. Peaks 
associated with carbonation products can be observed in the spectra. 
Among the carbonated peaks detected, two polymorphs associated with 
CaCO3 namely, vaterite and calcite, were identified. The presence of 
calcite is associated with the strongest peak located at 2θ of 29.4◦ along 
with many weak peaks [74,75]. On the other hand, vaterite showed a 
strong peak at 2θ of 27.0◦ as well as a peak at 2θ of 32.8◦ [74]. The 
presence of carbonate peaks as the predominant phase in the analysis is 
attributed to the natural carbonation of the cement paste surface region 
[76]. In support of this, there is a noticeable disappearance or weak 
peaks associated with CH and C–S–H. This behavior may be attributed 

to the transformation of CH and decalcification of C–S–H into CaCO3 
[74,76]. This is consistent with the findings of the TGA and FTIR results 
particularly the results for the 28-day treated samples. Generally, it is 
seen that the 28-day treated sample showed higher peak intensities 
corresponding to CaCO3 compared to the 3-day treated cement paste. 
The polymorphs of CaCO3 as indicated before consisted of vaterite and 
calcite with calcite being the predominant polymorph. The appearance 
of these peaks is consistent with the findings of [74]. It has been reported 
that calcite is precipitated as a result of the carbonation of C–S–H and 
CH while vaterite is formed as a result of the carbonation of C–S–H 
only [77]. Ettringite, CH, and C–S–H, which were identified in the 
FTIR and TGA analyses of the 3-day treated samples appeared weaker in 
the XRD analysis. Interestingly, samples treated with proteins showed 
lower CaCO3 intensities compared to the control samples in both curing 
durations. This is in accordance with the findings of the FTIR and TGA 
results. The adsorption of the proteins onto the cement paste surface 
could reduce the surface area available for reaction, which resulted in 
reduced carbonation. An examination of the XRD spectra indicated that 
the presence of proteins did not result in production of a new phase in 
the surface products and all spectra showed similar features. 

2.3.6. SEM 
The SEM micrographs were used to investigate the effect of proteins 

on the morphology of the surface products of the 3-day treated cemen
titious surface. As shown in Fig. 10a and b, the SEM image of the control 
sample treated with DW only showed the formation of phases including 
CH, ettringite, and C–S–H. CH appeared as hexagonal shaped platelets, 
which has been documented as the characteristic morphology of CH in 
the literature [71,78]. Accurate identification of CaCO3 from the images 
of the samples obtained from SEM was found to be difficult as CaCO3 
could be mixed with other phases. Ettringite appeared as a rod-like 
feature in the microstructure of all samples treated with and without 
proteins. The presence of ettringite seems to be more pronounced in the 
control sample treated with SPS only compared to the control sample 
treated with DW. This observation is in line with the weak sulfate peak 
associated with the FTIR of the DW treated sample as discussed in 
Fig. 6a. At the initial stage of hydration, C–S–H is formed with a 
needle-like or fiber morphology [78]. This structure gradually trans
forms into poor crystalline closely packed isometric grains as can be seen 
in the image. The microstructure of Control-SPS and some of the protein 
treated cement pastes showed an increased formation of ettringite 
compared to Control-DW. The high alkalinity of SPS and also the pres
ence of some of the proteins seemed to favor the formation of ettringite 
in these samples at 3 days. An increase in ettringite formation due to the 
presence of proteins was also documented in a previous work by Baffoe 
and Ghahremaninezhad [41]. Liu et al. [79] observed a higher ettringite 
content in paste with a polymeric admixture compared to the paste 
without a polymeric admixture. A close examination of the SEM images 
shows differences in the morphology of ettringite in the samples treated 
with proteins compared to the sample treated without proteins. The 
surface of ettringite in the samples treated with albumin (Fig. 10g and h) 
and SBI (Fig. 10k and l) demonstrated a higher roughness compared to 
other samples. This could be due to protein adsorption onto ettringite in 
these samples. Modification of ettringite crystal due to polymeric 
adsorption has been observed in prior studies [79–81]. It can be seen 
from Figures (Fig. 10e–l) that the ettringite formed in the protein treated 
samples, specifically albumin, NFMP, whey protein and SBI were small 
rod-shaped and with a length smaller than that in the samples treated 
without proteins (see Fig. 10a - d). Modification of ettringite was weak 
in the case of CP treated samples (Fig. 10m and n) possibly due to 
weaker adsorption of CP onto ettringite. 

2.3.7. Contact angle 
Fig. 11 shows the images of DW droplets in contact with cement 

paste surface treated with various protein solutions. The contact angle 
measurements of the samples treated for 7 days and 28 days, 
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hydrophobicity as determined by the surface tension and contact 
angle measurements.  

• The interfacial strength of the proteins and cementitious surface was 
shown to be higher for the 28-day sample compared to the 3-day 
sample; the more reactive nature of the early age sample due to 
the presence of more unhydrated cement particles on the surface 
could weaken the bond at the interface. It was shown that the in
crease in alkalinity and presence of ions in SPS increased the inter
facial strength of the proteins. Protein denaturation changes the 
molecular structure of the proteins and in conjunction with the 
complexation effect of certain ions including Ca2+, could influence 
the gelation of the proteins leading to stronger interfacial bond.  

• The cracked samples treated with proteins, except CP showed a 
markedly higher strength recovery compared to the samples treated 
without proteins. The effect of proteins on the strength recovery was 
in a good agreement with their effect on the interfacial strength 
results.  

• Optical and X-ray micro-CT imaging showed improved crack filling 
in the samples treated with proteins compared to the control sample. 
The crack filling ability of the proteins followed their strength re
covery ability with SBI exhibiting the highest and CP the lowest 
effect. 
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