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ARTICLE INFO ABSTRACT

Keywords: While there has been an increasing interest in the area of biocementation for crack healing in cementitious

Cement materials, the role of biomolecules as an important constituent in biocementation has not received attention. This

ll;leahflg paper examines the interaction between proteins, with different molecular structures, and a cementitious surface
roteins

that can represent a crack surface. The chemical characteristics and microstructure of the product formed on the
cementitious surface were studied using Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), X-ray diffraction (XRD), and scanning electron microscopy (SEM). The optical and X-ray micro-
computed tomography (micro-CT) imaging were employed to evaluate the crack filling ability of the proteins.
The crack healing property of the proteins was investigated using the three-point bend test. The samples treated
with proteins demonstrated marked increase in strength recovery as well as crack filling, compared to the control
sample. The molecular changes occurring in proteins when exposed to cement chemistry were shown to improve
the interfacial strength between the proteins and cementitious surface. It was also found that the proteins can
effectively induce hydrophobization on cementitious surface. It was shown that the surface product consisted
mainly of calcium carbonate (CaCOs), ettringite, and calcium-silicate-hydrate (C—S—H). The morphology of
ettringite in the samples treated with proteins showed distinct differences compared to that in the control

samples.

1. Introduction

Concrete is susceptible to cracking due to the mechanical loading
and environmental stressors [1,2]. Formation and growth of cracks in
concrete accelerate the transport of chemical and biological substances
that can initiate the degradation mechanisms leading to a loss of
structural integrity of concrete structures [3]. Biocementation, based on
the precipitation of calcium carbonate mineral induced by biological
microorganisms, has emerged as a viable method to heal cracks in
concrete and restore its mechanical and durability properties [4,5]. This
process involves organic biomolecules including proteins and poly-
saccharide, which provide skeletal support and serve as a templating
platform regulating the nucleation, growth and morphology of the
minerals [6-8]. Several prior studies have investigated the effect of
proteins on the phase and morphology of calcium carbonate [9-11]. In
addition, organic biomolecules can act as a glue binding particles
together and provide adhesion and cohesion to the mineral precipitates
or sediments [12-15]. The gluing effect of biomolecules in the bio-
cementation process for the crack healing of cementitious materials has
not been studied in the past and is currently unknown. In a prior study
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[16], researchers showed that the microbial induced calcium carbonate
precipitation was able to bind loose sand particles while chemical cal-
cium carbonate precipitation did not provide binding between the loose
sand particles. In the above mentioned paper, the difference in the
morphology and surface chemical characteristics of calcium carbonate
precipitates were mentioned as the reason for the different binding
properties of the microbial induced and chemical calcium carbonate
precipitates. Although not directly pointed out by these authors, the
gluing effect of the biomolecules at calcium carbonate-calcium car-
bonate interface as well as calcium carbonate-sand interface could be a
major contributor to the binding ability of the microbial induced cal-
cium carbonate precipitate.

The Great Wall of China built by Emperor Qin Shi Huang was con-
structed by large labor force who used sticky rice to bind bricks. Rice
basically consists of a biogenic component called amylopectin while the
bricks are mainly made up of inorganic calcium carbonate [17]. The
interfacial adhesion between the organic and inorganic constituents
could be a reason why this Great wall has been strong over the years
[18]. Several investigations have been carried out on the development of
different biomolecules, including proteins, to produce bio-based
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Table 1

Oxide composition of the type I/1I ordinary Portland cement used in this study.
Oxide CaO SiOy Al,O3 Fe,03 MgO NaO K>0 SO3 LOI Total
% 64 20.6 4.8 3.5 0.9 0.3 0.1 3.4 2.4 100

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/1I 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/1I 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 x 10 mm x 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 pm 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)3, 0.037 M NayS0y4, 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 % CO, 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 Itd., 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
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Fig. 1. Schematic diagram of the interfacial strength test.

testing. After 10 min of equilibration, the protein solution was filled in a
disposable folded capillary cell (DTS1070) and loaded into the instru-
ment. After loading into the instrument, the samples were equilibrated
for 120 s before testing. Each sample was tested three times and in be-
tween each test, data was collected after 100 or 110 runs.

2.2.2. Surface tension

Surface tension of the protein solutions was measured to provide
information about the surface hydrophobicity of the proteins in both DW
and SPS. Solutions with protein concentrations of 0.25 %, 0.5 % and 1 %
by mass of DW and SPS were prepared and allowed to equilibrate for 10
min. Surface tension values were measured with the KRUSS Digital
Tensiometer K10S using the ring method. The diameter and thickness of
the ring was 9.36 mm and 0.37 mm, respectively. 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 reported.

2.2.3. FTIR

FTIR was employed to characterize the products formed on the
cementitious surface treated in DW only, SPS only, and SPS with pro-
teins. The surface product of the treated cement paste samples was
scraped, ground, and passed through sieve # 60. Approximately, 30 mg
of the fine surface product was utilized in the test. FTIR measurements
were performed using a Perkin Elmer Paragon 1000 FTIR with an ATR
accessory in a transmission mode. The scan resolution was 4 cm ™! and
spectra were recorded between 600 cm ! and 4000 cm™!. Each sample
was taken through 4 scans and an average of two samples from the 4
rounds of scans was reported for analysis.

2.2.4. TGA

The sample preparation for TGA was similar to that for FTIR, as
described previously. About 30 mg of the fine product was loaded into a
Netzsch TGA and scanned at a heating rate of 20 °C/min between 30 °C
and 900 °C under a flow of Argon gas. Two replicates of each samples
were used and the average reported.

2.2.5. XRD

The mineralogical composition of the product formed on the
cementitious surface treated in DW only, SPS only, and SPS with pro-
teins was evaluated using a Rikagu X-ray Diffractometer (Model D/Max-
3C, Rikagu, Japan). The scanning was performed using Cu Ko radiation
at 40 kV and 40 mA, with a scan interval of 20 = 10° to 80°, and a step
size of 0.0194°/s. For the XRD analysis, small blocks with dimensions of

10 mm x 10 mm x 10 mm were cut from the 3-day and 28-day cured
cement paste samples and vacuum dried for 24 h. The samples were then
placed inside a sample holder and inserted into the device, and the
surface of the sample was scanned.

2.2.6. SEM

The SEM images of the surface of the cement paste cured for 3 days
and treated in DW only, SPS only, and SPS with proteins were obtained
using a Zeiss Gemini Ultra Plus FESEM in the secondary electron mode.
Prior to taking the SEM images, the cementitious surface was sputter
coated with a thin layer of gold to prevent charging in imaging at higher
kV and magnification. The accelerating voltage was 10 kV at a working
distance (WD) of 10 mm. Images were taken at the magnifications of 20
kX and 200 kX.

2.2.7. Contact angle measurement

The contact angle between DW and cementitious surface was
measured by a simple apparatus comprising a dropper and a higher
resolution camera. Cement paste samples of dimensions 5 mm in height
and 12.5 mm in diameter cured for 3 days were utilized in this experi-
ment. Before treating the cement paste in the various protein solutions,
the samples were polished using SiC sand papers with grit numbers of
320, 500, and 1200, and finely polished with a diamond abrasive paste
of particle size 1 pm. The polished samples were dried at 50 °C in a
vacuum oven for 24 h. The samples were then submerged in DW only,
SPS only, and SPS with proteins for 1 h and then exposed to ambient
condition for 7 days and 28 days, respectively. Approximately 5 pL of
DW droplet was cast on the treated cementitious surface using a drop-
per. Images of the shape of the stable DW droplets on the cementitious
surface were taken using a high-resolution camera. The angle between
the surface of the droplet and the surface of the cementitious surface was
measured using the image J software. Approximately 20 different con-
tact angles were measured for each sample and the average reported.

2.2.8. Water absorption

The water absorption of the control and protein treated cement paste
was determined following the ASTM C1585-13. Cement paste samples
cured for 3 days and 28 days were cut into pieces with dimensions of 25
mm x 20 mm x 20 mm. One side of the samples was polished using SiC
sandpapers with grit numbers of 320, 500, and 1200, and followed by
polishing with a 1 pm diamond abrasive paste. The polished samples
were vacuum-dried at 50 °C for 24 h and then treated in SPS only and
SPS with proteins for 1 h. SPS was used to mimic the chemistry of
cement pore solution. After one hour of treatment, the samples were
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Fig. 2. Setup for three-point bend test of the cement paste prisms.

taken from the various solutions and exposed to the ambient conditions
for 3 days. The samples were then dried in a vacuum oven at 50 °C for
24 h. After oven drying, all sides of the samples except the polished side
were sealed with an aluminum tape. This was done to ensure a unidi-
rectional water transport through the unsealed side of the samples. The
unsealed side of each sample was placed on a mesh mounted in a
graduated container containing DW. The submerged depth of the sam-
ples was 2 mm. Sample mass was measured after 10, 20, 40, 90, 150, 240
and 360 min of partial immersion. The samples were wiped of water
before each measurement. This process was repeated for the 28-day
cured samples. The water absorption was determined using equation

.

_ (mi —my)
6.25

where my and m; is the mass of the sample at time zero and different
times during water uptake, respectively.

2.2.9. Interfacial strength test

The interfacial strength between the cementitious surface and pro-
teins was evaluated using the lap shear test. Cement paste specimens
used for the lap shear test were prepared by mixing cement with DW
using a water to cement ratio (w/c) of 0.4. The cement paste was cast in
a prismatic metallic molds with dimensions of 50 mm x 25 mm x 300
mm, covered with plastic sheet and cured for 24 h. After 24 h, the prisms
were demolded, wrapped in plastic bag, and left to further cure in a
humidity chamber until 3 days and 28 days. Then, cement paste pieces
with the dimensions of 50 mm x 25 mm x 25 mm were cut from the
prisms using a diamond saw and surface polished using SiC paper with
grit sizes of 320 and 500. In order to examine the effect of protein
concentration on interfacial strength, protein solutions were prepared
with DW with different concentrations of 0.12 g/mL, 0.16 g/mL, and
0.24 g/mL. Approximately 500 pL of the protein solution was spread
using a pipette over an area with dimensions of 30 mm x 30 mm be-
tween two cement paste pieces in a single lap mode as shown in Fig. 1.
The samples were pressed firmly together at the interface region with a
rubber band and left to cure in the oven at 38 °C for 23 h followed by 15

min cooling.

In addition, in order to investigate the effect of the chemistry of the
solution on the interfacial strength, protein solutions were prepared
with DW, SPS, and alkaline solution with a pH of 13.6. The alkaline
solution had a similar pH to SPS but did not contain the ions that were
present in SPS; thus, allowing to study the effect of ions in solution. The
cement paste pieces used with these protein solutions were immersed in
acetone for 24 h and then, dried in a vacuum oven for 6 h before the
protein solutions were applied to them. The interfacial strength test was
performed using an Instron testing machine at a displacement rate of
0.05 mm/sec. Five replicates of each samples were tested and the
interfacial shear strength os was calculated by equation (2) [39] as
follows:

Nmax
Ap

©))

Oy —

where N is the maximum shear load (N) attained before failure and A
is the surface area of the interface region in mm?

2.2.10. Crack healing evaluation

Mortar prisms with the dimensions of 150 mm x 55 mm x 25 mm,
with a water/cement of 0.5, sand/cement of 2 were cast and cured for
28 days. The sand used consisted of fine quartz sand with a size in the
range of 0.15 mm-0.5 mm. A notch with a width and length of 2 mm and
14 mm, respectively, was introduced in the middle of the top surface of
the prisms using a diamond saw. The prisms were loaded in the three-
point bend mode setup to grow a single crack with a mouth opening
displacement (CMOD) of approximately 100 pm. The CMOD was
monitored using an MTS extensometer attached to two small metal
plates attached close to the notched area (see Fig. 2). The two metal
plates served as contact points for the pins of the extensometer as the
notch width was too small to accommodate the pins of the extensometer.
Loading was performed using an Instron testing machine at a displace-
ment rate of 0.0001 mm/sec. The target CMOD corresponded to
approximately 90 % of the peak load of the prisms. After unloading, the
images of the single cracks were taken using the KEYENCE VHX 5000
microscope at a magnification of 200x. The cracked prisms were
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Fig. 3. Zeta potential measurement of proteins in DW (native state) and pH level 13.

subjected to 14 days of dry/wet cycles at room temperature of 25 °C. In
the wet cycle, the prisms were submerged in DW and DW containing
proteins at a concentration of 3 % by mass of DW. The healing procedure
consisted of partially submerging the prisms in the respective solutions
for 3 h (wet cycle) and exposing them to the ambient conditions for 21 h
(dry cycle). On the 14th day, the prisms were left to dry under ambient
condition for additional 24 h and then their surfaces were imaged for
crack filling examination. Images of the cracked prisms after the healing
process were compared to the images of cracked samples before healing.
Then, the prisms were loaded in a three-point bend mode until complete
failure. Five replicates subjected to each protein solution were tested
and the average reported. The strength recovery ratio of each healed
prism was determined using equation (3):

P _p )
Strength recovery (%) = max,reloading unloading 3

Pmax.um‘rarkfd - Puuloading

where
P reloading 1S the maximum load obtained after healing,
Priax.uncracked is the maximum load of the uncracked sample,
Punioading is the residual load obtained before unloading.

2.2.11. Micro-CT analysis

Micro-CT was employed to investigate the internal crack filling in the
samples. Since the optical imaging only allows the imaging of the cracks
on the surface of the samples, micro-CT can provide useful information
regarding the internal condition of the cracks. The sample preparation
followed that used in the three-point bend samples to introduce a single
crack in the samples. The samples were then subjected to wet/dry cycle
in different solutions as described in the three-point bend test. Only the
samples treated in DW, NFMP, and SBI were used in the micro-CT
analysis. Samples before and after healing were scanned using the
Bruker Skyscan 1273 (Bruker, Kontich, Belgium) at a scanned resolution
of 27 pm/pixel with a 2 mm Copper filter. The exposure time, average
frame, rotational step, voltage and current were 4350 ms, 8, 0.6°, 130
kV and 115 pA, respectively. The samples were held firmly in a poly-
ethylene filled with a Styrofoam. The samples were placed between an
X-ray source and an X-ray detector and scanned for a period of
approximately 4 h during which about 345 projections over 180° were
taken. Before scanning the healed samples, they were oven-dried at 44
°C for 24 h to remove moisture. A 3-D analysis of the reconstructed
images was quantitatively performed using the CTAnalyzer software

35 = -Whey protein-DW — Whey protein-pH=13
----- Albumin-DW — Albumin-pH=13

30 - NFMP-DW ' —NFMP-pH=13
~-SBI-DW ', —SBI-pH=13

25 +  cp-DW ! CP-pH=13

[u—

Volume (%)
o wu o O

1 100
Hydrodynamic size (d.nm)

10000

Fig. 4. Hydrodynamic size measurement of proteins in DW (native state) and at
pH level of 13.

(1.20.8). Segmentation of the samples into solid matrix and void was
done using the grey scale intensity thresholds with the grey scale range
of 0-70 representing voids. To visualize the cracks in 3-D, the CT-
volume was utilized to reconstruct the 3-D models produced by the
CTAnalyzer software.

2.3. Results and discussions

2.3.1. Zeta potential and hydrodynamic size

Fig. 3 illustrates the zeta potential of the proteins in DW (native
state) and at pH level of 13. It can be seen that whey protein, albumin
and SBI showed reduced anionic charge as the pH level was increased to
13. The anionic charge of whey protein, albumin and SBI decreased from
—26.3mV to -22.7 mV, —25.5mV to —21.9 mV and —30.8 mV to —19.5
mV, respectively. This behavior was opposite to the charge behavior of
CP and NFMP, which showed an increased anionic charge from —4.4 mV
to —15mV and -23.3 mV to —29.6 mV, respectively. The surface charge
of proteins typically increases due to the amino acid deprotonation as
the pH increases [40,41]. Under severe pH condition, the proteins un-
dergo some conformational and molecular changes [42]. As the proteins
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Fig. 5. Surface tension measurement of protein solutions in DW (native state)
and SPS.

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
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Fig. 6. FTIR spectra of (a) 3-day and (b) 28-day treated samples.

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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Fig. 7. TGA and DTG curves of (a) 3-day and (b) 28-day treated samples.

or interaction with ions could reduce the exposure of hydrophobic
groups in proteins resulting in increased surface tension of the protein
solutions. Thus, the above mentioned processes, which have opposing
influences, are responsible for the different surface tension behaviors of
the proteins in DW and in SPS. In the native state in DW, it is observed
that whey protein showed a lower surface tension compared to the value
obtained in SPS. This could be due to aggregation in whey protein as
demonstrated by its increased hydrodynamic size at high pH in Fig. 4.
The observed high value of surface tension of CP in both DW and SPS
may be attributed to a lower composition of hydrophobic amino acid
groups in the molecular structure of CP.

2.3.3. FTIR

FTIR spectra were collected to examine the chemical characteristics
of the product formed on the surface of the cement paste treated with
and without proteins. Fig. 6a and b illustrate the FTIR spectra of the
product after exposing the treated samples to ambient conditions for 3
days and 28 days, respectively. The small peak located at 713 cm™* and
the sharp peak at 874 cm ™! in Fig. 6a correspond to calcite [58-60]. In
Fig. 6b, the peaks located at 713 cm ™! and 874 cm ™! appeared sharper
and much more intense indicating an increased carbonation reaction for
the 28-day old-treated samples. It is however noticed that protein
treated samples in Fig. 6b showed lower intensity for this peak,
compared to the control sample possibly due to the reduced surface area
for carbonation reaction as a result of the adsorption of the proteins onto
the cementitious surface.

The peak located at 956 cm ™! is assigned to the stretching vibration
of Si-O-Si, which can be attributed to C—S—H in the samples [61]. It is
seen that, the Si-O-Si vibration peak in the sample treated with proteins
appeared smaller than that in the control sample (Fig. 6a). This could
possibly be attributed to the delayed hydration of unhydrated cement
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particles on the surface due to the adsorption of proteins. It is instructive
to note that the Si-O-Si peak in the surface product corresponding to 3-
day treatment shifted from 956 cm ! to 1000 cm ™! in the case of 28-day
treatment. This could be due to the decalcification of C—S—H and for-
mation of polymerized silicate gel in the 28-day treated samples [62,63].
The characteristic peak at 1110 cm™! of the control (SPS) and protein
treated samples can be assigned to the S—O stretching vibration of SOz >
[41,59,64,65]. The S—O peak was less pronounced in the control (DW)
samples, indicating the presence of smaller amount of ettringite. Inter-
estingly, the S—O peak disappeared after the 28-day treatment period.
This peak is stabilized by increased pH of the cementitious environment
however, due to carbonation of CH and other alkalis, there is a drop in
pH of the cementitious environment leading to the dissolution and
carbonation of this phase. With prolonged exposure to atmospheric CO,,
the ettringite converts to CaCOs, gypsum and water [66].The peaks
ranging between 1408 cm ™! and 1420 cm™! for the samples are attrib-
uted to the v3 CO32 bands [41,61,64] and they appeared more intense in
the 28-day treated samples due to prolonged carbonation. The peaks
located at 1640 cm ™! and between 3100 cm ™! to 3400 cm ™! is assigned
to the bending vibration of OH™ [41,64,67]. The OH™ and amide I bands
have overlapping peaks at 1640 cm ™! [41,68-70], but considering the
corresponding OH™ peak between 3100 cm ™! to 3400 cm ™!, these peaks
may be related to the presence of bound water. The peak at 3644 cm ™!
for the 3-day treated samples corresponds to the O—H bond in CH
[41,58,71]. The obvious disappearance of the CH peak for the 28-day
treated samples confirms the transformation of CH to CaCOs.

2.3.4. TGA

Fig. 7a and b illustrate the TGA curves of the samples treated for 3
days and 28 days, respectively. The mass loss at 70 °C and 180 °C
correspond to ettringite (AFt) and monosulfate (AFm), respectively
[41,72]. The loss of chemically bound water from C—S—H occurred
around 110 °C and 200 °C [41,72]. Fig. 7a shows a noticeable weight
loss in most of the samples as the temperature increased from about 420
°C to 480 °C. This weight loss is attributed to the decomposition of CH
[41,72]. The absence of this weight loss in Fig. 7b is attributed to the
carbonation of CH due to prolonged carbonation reaction. This corrob-
orates the findings of the FTIR results, discussed previously. Further-
more, a weight loss occurred within the temperature range of 580 °C and
720 °C. The weight loss is attributed to the decomposition of CaCO3
[41,72]. The weight loss appeared more noticeable in the 28-day treated
samples due to the presence of more carbonated phases.

The quantification of CH and CaCOs content is shown in Fig. 8. It is
observed that SPS influenced the amount of CaCO3 and CH formed
possibly due to high pH (13.6) and provision of Ca®" from SPS into the
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Fig. 9. XRD spectra of (a) 3-day and (b) 28-day treated samples. 1 = Calcite, 2
= Vaterite, and 3 = Belite.

surface product. From the results, it is observed that albumin, NFMP and
SBI showed lower CaCOg3 formation in both treatment durations. At high
pH, the carboxylate groups of the proteins are highly negatively charged
and can electrostatically bind with Ca?" 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 Ca?* [41]. The binding between nega-
tively charged carboxylate groups of the proteins and Ca®* reduces the
availability of free Ca?* in the mixture to participate in the carbonation
process and hence a reduction in the CaCOs. 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 Ca®* 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 20 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 26 of 29.4° along
with many weak peaks [74,75]. On the other hand, vaterite showed a
strong peak at 20 of 27.0° as well as a peak at 20 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
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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 CaCOg 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 CaCOjs 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 CaCOs3
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 1) 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-1) 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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Fig. 10. SEM of cementitious surface treated with different proteins cured for 3-day.
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Fig. 10. (continued).

respectively are listed in Table 2. It is observed that the samples treated
with proteins showed a distinct increase in contact angle, compared to
the sample without treatment with proteins. This points to the affinity of
the proteins to the cement paste surface. It is noted that the contact
angles of the cement paste surfaces generally increased with decreasing
surface tension of the protein solutions. This provides an understanding
into the relationship between surface tension of the proteins and their
ability to induce surface hydrophobicity to cement paste surface.

10

2.3.8. Water absorption

Fig. 12a and b illustrate the water absorption plotted against time for
cement paste cured for 3 days and 28 days and treated with and without
proteins. It is seen from Fig. 12a that the samples showed a rapid water
uptake at the initial stage followed by a gradual increase at later stages.
Generally, it can be observed that the water uptake of the control sample
was the highest. For instance, the control sample showed a 2.7 % in-
crease in initial mass due to water absorption and subsequently reached
an ultimate increment of 11 % at 360 min. In comparison, whey protein,
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Fig. 11. Photograph illustrating the effect of hydrophobic proteins on the
contact angle of cementitious surface.

Table 2
Contact angle measurement of treated cementitious surfaces.

Sample Contact angle (°)

7 days 28 days
Control-DW 8 7
Control-SPS 0 0
Whey protein 73.9 74.2
Albumin 49 59
NFMP 47.9 51.1
SBI 46 57
CP 32.5 27

albumin and NFMP treated samples showed initial mass increment of
0.5 %, 0.9 % and 0.44 %, respectively and ultimately reached 7.4 %, 8.8
%, and 7.5 % respectively at 360 min. The mechanism by which proteins
influence the water absorption in the cement paste can be explained as
follows. Proteins could modify the microstructure on the surface. This
was demonstrated in the SEM images where it was shown that the
presence of some proteins including whey protein, albumin and SBI
resulted in a change in the morphology of ettringite. Among the pro-
teins, CP treated samples exhibited the highest water uptake although
their values were still lower than the control. Interestingly, as indicated
before, CP showed little modification on the ettringite, and this could be
attributed to the weaker adsorption of CP onto the ettringite. Another
reason why proteins generally showed lower water absorption could be
due to the adsorption of proteins onto the cement paste surface through
Ca?" bridging forming a film network on the surface, which could
reduce transport of water through the surface. Another important factor

11

Construction and Building Materials 352 (2022) 128982

& 05
g (a)
o 0.4 + A -
g A C— =
= 03 + Y S S
g -
2 02 + /-~
O
< ¥R
8 0.1 4 & Whey protein
= -= Albumin -= NFMP
B 0 =SBl ‘ cP ]
10 60 110 160 210 260 310 360
Time (minutes)
& 0.5
QE) (b)
& 04
§03 S fimitbt Pt
ié-‘ _________
g 0.2 **i/ﬁ
< 01 11,'/ Whey protein
5 0 T -= Albumin = NFMP
s o oBL, =L
10 60 110 160 210 260 310 360

Time (minutes)

Fig. 12. Water absorption of cement paste samples cured for (a) 3 days and (b)
28 days.

which could contribute to the reduced water absorption in some of the
protein treated samples is the formation of hydrophobic surfaces due to
the adsorption of proteins onto some hydrated phases on the surface, as
shown in the FTIR and SEM results. Hydrophobic materials such as
proteins and other polymers may induce water repelling effect [82] on
the cement and concrete surfaces and that generally lowers the rate at
which water is absorbed by the cement paste [57]. It is interesting to
note that the water absorption trend follows a similar trend to the pro-
tein hydrophobicity as revealed by the surface tension results. For
instance, whey protein and SBI which showed the lowest surface tension
in SPS exhibited the lowest water uptake while the higher surface ten-
sion of CP translated into higher water absorption. Modification of
cement microstructure through the formation of hydrophobic surfaces
has been observed in prior studies [83,84]. Fig. 12b illustrates the effect
of protein treatment on the water absorption of cement paste cured for
28 days. Comparing the control samples in Fig. 12a and b, it is observed
that the control sample corresponding to 3-day cured showed higher
water absorption than the sample corresponding to 28-day cured. This is
attributed to the densification of the microstructure due to the formation
of more hydration products [39]. In addition, early age cement paste has
been reported to be more hydrophilic than old age cement paste [85]. It
is seen in Fig. 12b that, samples cured for 28 days and treated with
proteins, specifically the samples with whey protein, albumin and SBI
showed reduced water uptake at the initial stages compared to the
control sample but their water uptake reached that of the control sample
at later stages of the test.
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Fig. 13. Interfacial strength of cement paste (a) with respect to protein concentration (b) with respect to the age of cement paste and (c) with respect to different

protein solution conditions.

2.3.9. Interfacial strength

The interfacial strength between the proteins and cement paste is
illustrated in Fig. 13a—c. From Fig. 13a, it is seen that the interfacial
strength between the proteins and the cementitious surface increased
with increasing concentration. The observed trend may be attributed to
the increased protein viscosity and bond strength as a result of the
increased protein concentration. Protein concentration can influence the
viscosity of the solution and thickness of the bond formed and, therefore,
could have an influence on the interfacial shear strength [86]. Meredith
et al. [87] studied the adhesive strength of synthetic mussel-mimetic
polymer and observed an increase in adhesive strength when the con-
centration of the adhesive solution was increased from 0.75 to 1.2 g
mL~L. This, they attributed to increased viscosity and bond thickness
resulting from the high concentration of the protein solution. It is noted
that the effect of concentration on the increased interfacial strength
seems to be different among the proteins; in particular, whey protein
and albumin exhibited a drastic increase in interfacial strength at the
0.24 g/mL concentration compared to other proteins. Regardless of the
concentration, CP treated samples showed lower interfacial strength at
all the concentrations. The observed behavior of CP can be attributed to
its inability to interact with cement paste surface and form a gel to serve
as a bond line. Previous studies have established that adhesive strength
of proteins increases with increasing protein molecular weight [22,88].
CP comprises of small molecules with a molecular weight less than 10 k
g/mol which is far lower than the other proteins studied here. For
instance, the molecular weight of albumin, whey protein, and SBI are 44
k g/mol, 41.7 k g/mol, and 160 k g/mol, respectively while the mo-
lecular weight of CP is less than 10 k g/mol [11,89,90]. Lower molecular

12

weight proteins have reduced chain length of amino acid. Prior to the
breakage of the CP molecular bond during shear strength test, the amino
acids are shortened unlike the proteins with higher molecular weight
and long amino acids which may allow elongation prior to breakage
[88,91]. The reduced chain length in CP could reduce interfacial
strength. In addition, the relatively low viscosity of CP compared to
other proteins (data not shown here), inhibited the formation of adhe-
sive layer which eventually weakened the bond strength between the
cementitious surface and the protein after the curing process [92].

The pore structure, surface area, surface chemical characteristics,
and pore solution properties of cement paste changes with hydration
[93]. To investigate the effect of the surface characteristics of the cement
paste on the interfacial strength between proteins and cement paste,
tests were performed on the cement paste corresponding to 3 days and
28 days of curing (Fig. 13b). It is seen from Fig. 13b that the interfacial
strength generally increased with increasing the age of cement paste
surface. The interfacial strength arises from the (i) chemical and phys-
ical interactions between the proteins and the cement paste surface and
(ii) the mechanical interlocking. The mechanical interlocking results
from the penetration of the protein adhesive into the asperities of the
cement paste surface thus it depends on the surface microstructure. The
microstructure of the cement paste becomes more densified with age as
hydration continues; thus, it is expected that the cement paste cured for
3 days has more surface porosity and can provide a larger mechanical
interlocking compared to the cement paste surface cured for 28 days.
However, as seen in Fig. 13b, the interfacial strength of the 3-day cured
cement paste is lower than that of the 28-day cured cement paste. Thus,
this provides a strong evidence that the physical and chemical molecular
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Fig. 14. Strength recovery of healed samples.

bonds between the protein and cement paste surface and the cohesive
strength of the protein adhesive are responsible for the increased
interfacial strength results shown in Fig. 13b. It is expected that the
surface of the 3-day sample consists of more reactive unhydrated cement
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clinkers compared to the surface of the 28-day sample; thus, the bonds
formed between the protein molecules and the surface of reactive
cement clinker can be broken as the cement clinker surface continually
dissolves into the adjacent solution near the interface.

Protein denaturation in alkaline medium has been observed to in-
fluence the adhesive strength of protein molecule. To further investigate
the effect of the chemistry of cement on the protein interfacial strength,
the interfacial strength of proteins dissolved in alkaline solution and in
SPS was determined and compared with the interfacial strength of
proteins dissolved in DW. The results are shown in Fig. 13c. It is seen
that generally the interfacial strength of the samples with protein dis-
solved in alkaline solution or SPS showed an increase compared to the
sample with proteins dissolved in DW; except in the case of the sample
with NFMP dissolved in alkaline solution. The increase in interfacial
strength of the proteins dissolved in alkaline solution or SPS is attributed
to the increased interaction between the protein and the cement surface
due to the denaturation of the protein in the high pH solution. It can also
be observed that the samples with proteins dissolved in SPS generally
demonstrated a higher interfacial strength than those with proteins
dissolved in alkaline solution except in the case of NFMP. The extent of
this increase varied among the proteins with SBI showing markedly
larger increase compared to the other proteins. A potential explanation
for the increased interfacial strength in the samples with proteins dis-
solved in SPS compared to alkaline solution can be the formation of
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Fig. 15. Crack filling of samples before and after healing.
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Fig. 15. (continued).

crosslink networks due to the presence of ions in the SPS. As discussed,
the crosslinking between the negatively charged functional groups of the
proteins and the Ca* is capable of forming a molecular network that
could improve the interfacial strength. Generally, it is seen that NFMP
dissolved in alkaline solution showed lower interfacial strength
compared to when it was dissolved in either DW or in SPS. The observed
lower interfacial strength may be attributed to the hydrolyses of the
NFMP which results in the breakdown of the peptide bonds and lowering
of the molecular weight of NFMP thus, making it less effective in
forming a strong adhesive layer during the curing process. It is inter-
esting to note that both albumin and SBI that resulted in higher inter-
facial strength also demonstrated higher viscosities compared to other
proteins studied here (data not shown here). While the underlying
mechanisms responsible for the viscosity and interfacial strength are not
similar, the higher tendency to self-assemble and form stronger cross-
linked networks could contribute to the higher viscosity and interfacial
strength of these proteins.

2.3.10. Flexural strength recovery

Fig. 14 illustrates the flexural strength recovery of pre-cracked
prisms. It is seen that the samples treated in DW only and in the CP
solution showed no or significantly lower load recovery compared to the
samples treated in the other protein solutions. The insignificant load
recovery of the sample treated in CP solution seems to be in agreement
with the interfacial strength results discussed in Fig. 13a. Low molecular
weight and the inability of the CP to form a bond line to facilitate the
adhesion between the cracked surfaces are responsible for the insignif-
icant load recovery of the sample treated in the CP solution. The mar-
ginal load recovery exhibited by the control sample may be attributed to
autogenous healing as a result of the hydration of the unreacted prod-
ucts and CaCOs3 [94]. It is interesting to note the higher load recovery of
the sample treated in the SBI solution compared to samples treated in the
other protein solutions studied here. This observation was generally in
line with the interfacial strength results shown in Fig. 13a and b. Sam-
ples healed in whey protein, albumin, and NFMP solutions, and sample
healed in the SBI solution showed strength recovery approximately 40 %
and 68 % higher than the control sample, respectively. This observation

14

4
e
|, e
Crack — T
_______ L_17 Notch (excluded from
the micro-CT
reconstruction)

Fig. 16. Schematic showing the section of the prisms used in the micro-
CT analysis.

is attributed to the ability of the proteins to bind to the charged cement
particle [41] and self-assemble to form a bond line which bonds the
cracked surfaces together. It is worth to note from the SEM examination
of the sample treated with albumin, SBI and NFMP demonstrated
increased modification of the microstructure of the surface product
compared to the control sample or the sample treated with CP. Thus, this
can also explain the higher strength recovery of the samples treated with
these proteins compared to that of the control sample or the sample
treated with CP.

2.3.11. Evaluation of crack filling

2.3.11.1. Optical imaging. The crack filling ability of the samples
treated in the protein solutions could provide an insight into the
adsorption of the protein to cement paste surface and their sealing
property. The optical images of the various samples before and after
treatment are shown in Fig. 15. It is observed that samples healed in
protein solutions showed better crack closure ability compared to the
samples in DW (Fig. 15b) with the exception of samples healed in CP
solution (Fig. 151). Also, it is noted that the sample healed in SBI (See
Fig. 15j) appeared to show the largest filling compared to the samples
healed in other protein solutions. It is interesting to note that the crack
filling results of the proteins appeared to be in good agreement with the
strength recovery results discussed previously. The crack closing ability
of the proteins (polymeric adhesive) is in support of earlier observation
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(e) SBI-unhealed

(f) SBI-healed

Fig. 17. Micro-CT images of samples illustrating empty space (voids and single crack) (a) before healing and (b) after 14 days of healing. Empty space is shown

in turquoise.

made by [95] where it was discovered that polymers have the adhesive
property that could seal internally created cracks and bind cracked
surfaces together. Depending on the proteins adhesive property, when
they adsorb onto the cement particle, they are able to self-assemble to
form a gel network that binds the crack surfaces together.

2.3.11.2. X-ray micro-CT imaging. Fig. 16 and Fig. 17 illustrate the
section used for the micro-CT analysis and the 3-D reconstruction of the
internal microstructure of the samples near the crack before and after
treatment, respectively. Empty space including the main crack and voids
in the samples are shown in turquoise. Thus, a reduction in the volume
of turquoise features can be related to the filling of the crack in the
samples. It is noticed that the control sample before and after (Fig. 17a
and b) the healing process did not show any variation in in terms of
crack filling as the two respective images appear to show a similar total
volume of free spaces. This possibly can be attributed to the inefficient
autogenous healing process as was observed in the optical images. It can
be observed that the samples healed in protein solution showed some
improvements in terms of crack filling. As can be observed, the crack in
the samples submerged in NFMP solution (Fig. 17d) were slightly healed
compared to the sample before healing (Fig. 17¢). Interestingly, it can be
seen that the SBI healed samples (Fig. 17f) showed the most improved
crack filling as demonstrated by the reduced free space near the crack.
Thus, the micro-CT results seem to be in a good agreement with the
optical imaging results discussed previously.

3. Conclusions
The interaction between five proteins with different molecular

structures and a cementitious surface was examined. The findings from
this study are as follows:

15

e The surface charge and hydrodynamic size of the proteins were
dependent on pH and this dependence varied among the proteins and
was related to the nature of conformation changes occurring in the
molecular structure of the proteins. A reduction in the hydrodynamic
size of most of the proteins as the pH increased from the native state
to the level of pH 13 was observed.

The surface tension of the protein solutions was shown to be affected

by the pH and ionic characteristics of the synthetic pore solution.

However, no clear trend on change in surface tension in SPS and DW

among the proteins studied here could be established.

e FTIR, TGA, and XRD showed the presence of CaCO3, C—S—H and
ettringite in the product formed on the surface of cement paste
exposed to ambient air. It was shown that in the samples treated with
proteins, the CaCO3 content was generally lower than that in the
control samples more likely due to the reduced reaction rate as a
result of protein adsorption on the cementitious surface.

e SEM examination of the product formed on the surface of cement
paste exposed to ambient air demonstrated different morphology in
ettringite between the samples treated with proteins and the control
sample. In the samples treated with most of the proteins studied here
ettringite seemed to be shorter compared to that in the control
sample; in addition, the surface texture of ettringite in the samples
treated with certain proteins appeared rougher than in the control
sample indicative of protein adsorption on the ettringite and
potentially other interactions.

The contact angle of the samples treated with proteins was shown to

be higher than the control sample and the increase in contact angle

seemed to be in a general agreement with the reducing effect of the
proteins on the solution surface tension.

It was found that the water absorption of the sample treated with

proteins was lower than that of the control sample. The water ab-

sorption results appeared to be in a good agreement with the protein
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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 Ca*, 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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