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Abstract: The effect of hydrogels containing nanosilica (NSi) on the autogenous shrinkage, me-
chanical strength, and electrical resistivity of cement pastes was studied. The interaction between
the hydrogels and the surrounding cementitious matrix was examined using thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy
(SEM). The addition of hydrogels decreased autogenous shrinkage in the cement pastes and this
reduction showed a dependence on the concentration of NSi in the hydrogels. Compressive strength
and electrical resistivity were reduced in the cement pastes with hydrogels and this reduction was
decreased with increased concentration of NSi in the hydrogel. A change in the phase composition of
the cement paste in the region close to the hydrogel was noted, compared to the region away from the
hydrogel. In a lime solution with increased pH and temperature, Ca(OH), and CaCO3 were found to
form within the hydrogels; evidence of calcium-silicate-hydrate (C-S-H) formation in the hydrogels
with NSi was obtained, indicating the possible pozzolanic potential of the hydrogels with NSi.

Keywords: hydrogel; NSi; cement paste

1. Introduction

A major challenge related to high-performance concrete (HPC) is the durability issues
arising from the autogenous shrinkage cracking in this material system [1]. This is caused
by a low water-to-cement ratio used in the formulation of HPC [2]. A reduction in relative
humidity due to self-desiccation creates capillary forces in the material microstructure,
which leads to the development of tensile stresses and cracking in the material [3,4]. Once
cracks form in the material, the rate of transport of deleterious substances into the material
is significantly increased, causing chemical and physical degradation [5].

To remedy autogenous shrinkage-induced cracking, and ensuing durability issues, the
use of internal curing agents, including saturated lightweight aggregates, superabsorbent
hydrogels, expanded clay and pumice, has been attempted in the past [6]. Superabsorbent
hydrogels have been shown to be effective to reduce autogenous shrinkage [4,7-9], reduce
crack propagation [10,11] and improve the freeze-thaw resistance [12,13]. The self-healing
potential of hydrogels has also been documented in previous studies [14,15]. However, a
drawback of using hydrogels in cementitious materials is the reduced mechanical strength
due to the presence of large voids left inside the material by the hydrogels [8,9,16]. Factors
including the mixed design of cementitious materials and the physical and chemical char-
acteristics of hydrogels are key in how hydrogels influence the properties of cementitious
materials [7,8,17-19].

The hydrogels that are utilized in the cementitious mixtures are mainly comprised
of a crosslinked polymer of an acrylic acid salt or a copolymer of an acrylic acid salt
and acrylamide [19-22]. The polymer networks of these hydrogels are ionizable and, as
a result, the behavior of the hydrogels is sensitive to the pH and ionic strength of the
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solution [8,15,23-26]. This property of hydrogels can be exploited to adapt them to the
specific chemistry of cementitious materials to yield the desired effect.

Pozzolanic additives, such as fly ash, metakaolin, silica fume, and nanosilica (NSi)
are utilized in the formulation of HPC to improve its durability and increase its ser-
vice life [27-30]. Prior investigations examined the influence of hydrogels on the perfor-
mance of cement blended with, silica fume [7], fly ash [27,31], ground granulated blast
furnace slag [7,27,32], and ground glass [33]. Amorphous NSij, in particular, due to its
high specific surface area, has shown increased pozzolanic reactivity compared to other
pozzolans [34,35]. Prior studies examined the use of materials with a combination of poz-
zolanicity and internal curing in cementitious materials. In those studies, the internal
curing material consisted of a porous material with high amorphous silica content [36,37].
The use of hydrogels containing rice husk ash [38] in oil recovery, and fly ash [39] in soil
conditioning applications, were also attempted in the past. NSi has also been used in other
composite systems in oil recovery applications [40—42].

The use of hydrogels containing NSi, where NSi is actually within the hydrogels, in
cementitious materials, has not received attention in the past, except for a recent paper [43].
Their paper focused on the effect of hydrogels containing NSi on the microstructure of
cement paste and showed the formation of Ca(OH); and calcium-silicate-hydrate (C-S5-H)
in the voids occupied by the hydrogel particles. It was concluded in the above-mentioned
paper that the use of hydrogels containing NSi could aid in replenishing the hydrogel void
space in cementitious materials.

However, due to the scarcity of studies on the hydrogels containing materials with
desired properties, such as pozzolanicity, there is a lack of understanding regarding the
influence of such composite hydrogels on cementitious materials. Thus, to address this
research need, the objectives of this paper are to study the behavior of polyacrylamide
hydrogels containing varying concentrations of NSi, on the autogenous shrinkage, com-
pressive strength, and the electrical resistivity of cement pastes. The interaction between the
hydrogels and the cementitious materials, and the pozzolanic reactivity of the hydrogels
containing NSi were evaluated using FTIR, TGA, and SEM.

2. Materials and Methods
2.1. Materials
2.1.1. Hydrogels

Hydrogels used in this paper were crosslinked polyacrylamide, synthesized using
free radical polymerization, as described in our previous works [24,26,44]. Acrylamide
monomers (AM) were added to distilled water containing NSi to achieve varying composi-
tions of NSi/AM = 0%, 10%, 20% 25%, and 50%. Table 1 shows the chemical compositions
of the hydrogels synthetized in this study. The crosslinker, N,N’-methylenebisacrylamide
(MBA), and the initiator, ammonium persulfate, were added to the solution and stirred
vigorously. The solution was poured into a beaker and allowed for gelation for three
hours in an oven at a temperature of 60 °C. The hydrogels were removed from the beakers
and immersed in distilled water for one day to remove unreacted monomers. Then, the
hydrogels were dried at a temperature of 80 °C. After drying, the hydrogels were ground
in a coffee grinder and sieved to obtain a powder in the size range of 75-425 um. Scanning
electron images at different magnifications of the hydrogel powders with NSi/AM = 50%
are shown in Figure 1. It is seen that the hydrogel particles have an angular morphology,
as seen in Figure 1a. The hydrogel powders with NSi appeared more opaque than those
without NSi and this opaqueness increased with increased concentration of NSi in the
hydrogels (not shown here). It is expected that NSi is physically bonded and retained
within the polymer networks of the hydrogels. A schematic showing NSi confined within
the polymer networks of the hydrogel is provided in Krafcik et al. [43]. There was no
visible evidence of NSi escaping the hydrogels during synthesis, washing, or absorption
measurement using the teabag test.
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Table 1. Compositions of the hydrogels.

Hydrogel Distilled Water (g) AM (g) MBA (g) APS (g) NSi (g)
H-0 100 20 0.05 0.64 0
H-10 100 20 0.05 0.64 2
H-20 100 20 0.05 0.64 4
H-25 100 20 0.05 0.64 5
H-50 100 20 0.05 0.64 10

Figure 1. (a) and (b) Scanning electron images at different magnifications of the hydrogel with NSi (H-50).

2.1.2. Cement Pastes

Type I/1I Portland cement was used in the preparation of the cement pastes. The
chemical composition of the cement is given in Table 2. The mix designs of the cement
pastes cast in the experiments are listed in Table 3. The water/cement ratio of the cement
paste without hydrogels was 0.3 and with hydrogels was 0.35 to mitigate autogenous
shrinkage [4]. In order to increase workability, a superplasticizer, WRDA 60, W. R. Grace
and Co.-Conn., at a concentration of 0.5% per cement mass, was added to all mixtures.
The amount of hydrogel powders to be added to the mixtures was determined using the
flow test. In this test, it is assumed that the water absorption in the hydrogel is equal to
the additional water needed to obtain the same flow value for the cement paste with and
without hydrogel addition. Dry hydrogel powder was dry-mixed in the cement using a
mixer for five minutes. The cement and water containing the superplasticizer were mixed
for 2.5 min. After initial contact of the cement and water for 30 s, the mixture was mixed
at a slow speed for another 30 s. Then, the unmixed cement on the sides of the container
was scraped using a spoon for 30 s, followed by mixing at a high speed for 60 s. Cement
pastes were poured into a stainless-steel cone (height: 50 mm, bottom diameter: 100 mm,
top diameter: 70 mm) and placed on a table for 10 min. Then, the cone was removed
and the table was dropped 25 times over a time period of 15 s. The average of the two
perpendicular diameters of the bottom diameter of the paste was measured as the flow
value. The target flow value was 20 cm. The addition percentage of the hydrogels per
cement mass was determined to be 0.3, 0.4, 0.7, for H-0, H-10, and H-50, respectively.

Paste cubes were prepared by casting paste into cubic molds of dimensions
50 x 50 x 50 mm in two layers and tamping, in accordance with ASTM C 109. The molds
were wrapped with a pre-stretch plastic wrap and sealed in double-layer polypropylene
bags in order to protect them against evaporation. After 24 h, the cubes were demolded,
sealed and stored in the double-layer bags at 23 °C until testing.
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Table 2. Chemical composition of cement.

Composition %
5i0; 20.6
AlO5 4.8
Fe203 35
CaO 64
MgO 0.9
NaQO 0.1
KO 0.3
503 3.4

Table 3. Mix designs and the flow value of the cement pastes.

Designation Hydrogel W/C Superplasticizer (% per cement)  Hydrogel (% per cement) Flow (cm)
C - 0.3 0.5 - 20
CH-0 H-0 0.35 0.5 0.3 20
CH-10 H-10 0.35 0.5 0.4 20
CH-50 H-50 0.35 0.5 0.7 20

2.2. Experimental Methods
2.2.1. Absorption Test

Hydrogel absorption in distilled water (DW) and in a synthetic pore solution was
measured using the teabag test [17]. The synthetic pore solution was prepared following
the composition detailed in [45]. It was prepared using 0.1062 M KOH, 0.0489 M Na,SOy,
0.037 M K550y, and 0.0212 M Ca(OH),. In this test, approximately 0.1 g of hydrogel
powder was poured into a teabag and submerged in the solution. Teabags containing
hydrogels were removed from the solutions at certain time intervals, gently surface dried
using Kimwipes, and their mass was immediately measured using an analytical balance
with a resolution of 0.0001 g. There is a likelihood that solution would be trapped between
hydrogel particles; however, careful attention was paid to avoid damaging the hydrogels
by not exerting pressure on the hydrogels to remove the entrapped solution between the
hydrogel particles. After measuring their mass, the teabags were immediately returned to
the solution. Solutions were then sealed using parafilm to minimize exposure to the air
until the next measurement. The amount of the solution absorbed by empty teabags was
measured by submerging five empty teabags in the solution and the average wet mass
was measured. The hydrogel absorption was obtained using Equation (1). Three replicates
were used, and the average was reported

M — My — M;

T M

Q =
where M;, M; and M3 are the mass of the wet teabag containing hydrogels, wet empty
teabag, and dry hydrogel, respectively.

2.2.2. Compressive Strength Test

The compressive strength test was conducted on the cement paste cubes at three
different ages (3, 7 and 28 days) in accordance with ASTM C109 [46]. The test was conducted
using a SATEC machine. Five replicates were utilized in this test and the average value
is reported.

2.2.3. Electrical Resistivity Test (EIS)

The electrical resistivity of the cement paste cubes was measured using a Gamry 600
Potentiostat/Galvanosat with a 250 mV AC signal and a frequency range of 10° to 10 Hz.
The electrical resistivity measurement was conducted at three different ages of 4, 7, and
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28 days. The surface of the cement paste cubes was first dried using Kimwipes. Two pieces
of foam presoaked in a 1 M sodium chloride solution were placed between the electrode
and the cube surface. The electrical resistivity p ((2-:m) was obtained using Equation (2)
as follows

p=RS/a 2)

where R (Q?) is the measured resistance corrected for the resistance of the two pieces of
wetted foam, a is the cube thickness (m), and S is the cube surface area in contact with the
electrode (m?). The test was conducted with five replicates and averaged. It should be noted
that the electrical resistivity of the cement paste cubes is dependent on the morphological
characteristics of pores and the chemistry of pore fluid in cement paste. Thus, this test
provides information about the microstructure and transport characteristics of cementitious
materials [47,48].

2.2.4. Autogenous Shrinkage Test

The linear autogenous shrinkage of the cement pastes was evaluated in accordance
with the ASTM C1698-09 [49]. The temporal change in the length of corrugated plastic
tubes filled with cement pastes with a length and outer diameter of approximately 420 mm
and 29 mm, respectively, was measured in room temperature (23 °C and 60 & 5% RH).
Three replicates of each mixture were used and averaged. In order to avoid damaging the
specimens, all samples were horizontally placed on corrugated plastic sheets. The mea-
surements were continuously performed every 12 h in the first seven days and continued
once a day for 30 days.

225. TGA

The Ca(OH); and CaCOj3 content of the cement paste was measured using the TGA
analysis. Hardened cement pastes were ground into powder and sieved. The powder
was passed through the sieve #60 and vacuum-dried at 50 °C for 24 h. TGA analysis was
performed on approximately 30—40 mg of the sample using the TA Instruments TGA55.
The temperature was ramped at 20°C/min from 23°C to 1000°C in an inert nitrogen
atmosphere. The mass loss in cement paste in a temperature range of 400-500 °C is
attributed to the Ca(OH), decomposition and in the range of 600-750 °C attributed to the
CaCOj3; decomposition. The amount of Ca(OH); and CaCOj3; normalized with respect to
the cement paste mass was determined as follows

741 M
100.1 M

where M (mg) is the mass change corresponding to Ca(OH), or CaCO3 decomposition and
M (mg) is the initial sample mass.

2.2.6. Interaction between Hydrogels and Cement Paste Matrix

The interaction between the hydrogels and the surrounding cementitious matrix was
studied using narrow hydrogel rods embedded in cement paste. H-0, H-20 and H-50 were
synthesized in glass pipettes of 5 mm in diameter. They were demolded after 3 h and dried
in the oven at 60 °C. The dry diameter of the hydrogel rods was about 3.1 mm. In order to
longitudinally place the dried rod hydrogels inside the cement paste, a longitudinal slit
was made on polypropylene tubes of length 300 mm and diameter 50 mm to allow for
pouring paste in tubes. The water/cement for this paste was 0.4. After filling the lower
half of the tube with cement paste, the hydrogel rods were placed over the cement paste.
The hydrogel rods were allowed to absorb the pore solution and change in dimensions for
5-10 min. Then, the upper half of the tube was filled with the cement paste, and the tubes
were sealed in double-layer bags. The cement paste tubes were sawed perpendicular to the
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longitudinal direction at certain ages. In order to avoid damaging the hydrogels during
sawing, careful attention was paid to not saw the hydrogel embedded in the cement paste.
To this end, samples were sawed starting from the circumference of the tubes until close to
the hydrogel’s location in the center, and then broken into two cross-sections by hand. The
hydrogels were taken out of each cross section of the cement pastes. The cross-section of
the cement paste was divided into three zones, namely, Z1, Z2, and Z3, radially located
from the hydrogels. Z3 corresponds to the immediate boundary of cement matrix in contact
with the hydrogel; Z2 corresponds to the cement matrix close to the hydrogel that appeared
darker than the rest of the cross-section due to a higher moisture level as a result of the
gradual water release from the hydrogel; and Z1 is a zone far away from the hydrogel. The
schematic of these zones in the cross-section of the cement pastes is shown in Figure 2.
Samples were taken from each zone and analyzed using TGA.

/Cementitious matrix (~350 mm)
Z1 (~400 mm)

Z2 (~120 mm)
Z3

Hydrogel rod
(~30 mm)

Figure 2. Schematic showing the hydrogel rod and three different zones, Z1, Z2, and Z3, in the
cross-section of the cement paste samples.

2.2.7. Pozzolanic Potential of the Hydrogels

In this test, the interaction between the cement pore solution and the hydrogels and
potential pozzolanic reactivity of the hydrogels containing NSi were examined. In order
to accelerate the potential pozzolanic reactivity of the hydrogels, the hydrogels were
submerged in a saturated lime solution at increased pH and an increased temperature of
50 °C. The saturated lime solution was prepared by adding 25 g of Ca(OH), into 300 g
of distilled water and stirring it for 30 min using a magnetic stirrer. Sodium hydroxide
was then gradually added to the solution until a pH value of 13.1 was obtained. Teabags
containing 2 g of the hydrogel powders as well as teabags containing 2 g of NSi were
submerged separately in plastic containers filled with the saturated lime solution. The
teabags were hung inside the container to avoid direct contact of the teabags and the
Ca(OH); sediments in the bottom of the containers. The containers were sealed and placed
in the oven at 50 °C. The hydrogels and NSi teabags were only taken out of the sealed
containers after 14 days and immediately placed in a vacuum oven at 50 °C to dry. Samples
for SEM imaging were taken from the dried hydrogels and NSi. Dried hydrogels were
then ground into a powder using a bladed coffee grinder, passed through the sieve #60,
and analyzed using TGA and Fourier transform infrared spectroscopy (FTIR). FTIR was
conducted using the PerkinElmer Paragon 1000 FTIR and the transmission scans between
600 and 4000 cm ™! of the samples were obtained.

3. Results and Discussion
3.1. Absorption

The absorption calculated per dry mass of polymer and NSi and the dry mass of
polymer only is shown in Figure 3a,b. It can be seen that the absorption of the hydrogels is
higher in the synthetic pore solution than in DW. The increase in absorption in the synthetic
pore solution could be attributed to the high pH of the synthetic pore solution, compared
to distilled water. At high pH, the hydrolysis of amide groups to negatively charged
carboxylate groups provides more repulsive forces in the hydrogel networks leading to
increased swelling of the hydrogels [15]. It is interesting to note that the effect of cations
including Na*, K*, and Ca?* in the synthetic pore solution, which reduce absorption
through the screening effect and complex formation [8,15,23], did not appear to overcome
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the absorption increase due to pH increase. It can be seen in Figure 1a that the hydrogels
with NSi showed a lower absorption than the hydrogel without NSi. This is to be expected,
as the NSi in the hydrogel does not absorb solution and a lesser amount of polymer
that can absorb solution is present in the hydrogels. The absorption results shown in
Figure 1la are in general agreement with the absorption trend determined using the flow
test discussed previously. It is noted from Figure 1b that in distilled water, H-50, showed a
lower absorption compared to other hydrogels. A possible reason for this behavior could
be the electrostatic association of negatively charged NSi and partially positively charge
amide groups in the hydrogel network constraining the swelling of the hydrogels [43].
In the synthetic pore solution, H-25 showed a slightly larger absorption than the other
hydrogels in the early part of the absorption.

2400

w ——H-0 Syn Pore Solution (a)
g ——H-25 Syn Pore Solution
2\2000 T —H-50 Syn Pore Solution
< -~ H-ODW
o 1600 + -~ H-25 DW
3 ~ H-50 DW o e——]
- il —a———
S ___o-----.—"' e -
1200 + s o
b /— _ ‘~,_.4=':':--‘- —
? V/a Jeobs== S T T eeaa
S 800 1 o .
8 [ . ; ’ . ’
RNy
2
4 ’
0 - ; - - - - -
0 0.5 1 2 5 10 20 40 80
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2400
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Figure 3. Hydrogel absorption calculated (a) per dry mass of polymer and nanosilica and (b) per dry
mass of polymer only in distilled water (DW) and in the synthetic pore solution.

3.2. Compressive Strength

The compressive strength of the control cement paste, C, and the cement pastes con-
taining hydrogels, C H-0, C H-10, and C H-50, is shown in Figure 4. It is seen that the
cement paste with hydrogels exhibited a lower compressive strength compared to the
control cement paste. This reduction was also observed in prior works and is attributed to
the presence of macrovoids in the microstructure when hydrogels are introduced into the
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cement paste [8,9,16,17,50]. An increase in compressive strength with increased concentra-
tion of NSi in the hydrogels can be noted. The reason for this could be a lower absorption of
hydrogels with increased concentration of NSi, as demonstrated in Figure 1a and the flow
results, as discussed previously. The macrovoid size is directly related to the absorption of
the hydrogels. Thus, the pastes with a higher hydrogel absorption experienced a higher
reduction in compressive strength. There could be a possibility of the pozzolanic reaction
between NSi in the hydrogel and Ca(OH), generating further hydration product within
the hydrogels in the macrovoids. The possibility of the pozzolanic reaction was shown and
discussed in a work by Krafcik et al. [43]. In addition, as discussed later in this paper, the
formation of C-S-H as a result of pozzolanic reaction between hydrogels containing NSi
and Ca(OH), was demonstrated. More investigations are required to quantitatively deter-
mine the amount of C-S-H within the macrovoids and its contribution to the compressive
strength of the pastes.

70
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Figure 4. Compressive strength of the control cement paste and the pastes containing hydrogels at
different ages.

3.3. Electrical Resistivity

The electrical resistivity of the pastes is shown in Figure 5. The electrical resistivity
of cementitious materials depends on microstructure; thus, the electrical resistivity mea-
surement provides a reliable and fast method to gain insight into the microstructure and
transport property of cementitious materials. Electrical resistivity increased with age in all
pastes, as more hydration product is generated with age and the microstructure becomes
densified. It is noted that all pastes with hydrogels demonstrated a lower electrical resistiv-
ity than the control cement paste. This can be related to a higher overall w/c ratio in the
pastes with hydrogels, compared to the control cement paste. Due to a large variability in
the electrical resistivity of the cement pastes with hydrogels, especially at later stages, a
definite pattern could not be observed. Since the overall w/c in the pastes with hydrogels is
the same, the observed behavior is certainly related to the absorption/desorption response
of the hydrogels and its effect on the macrovoid size and the capillary pore structure of the
cement matrix.
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Figure 5. Electrical resistivity of the control cement paste and the pastes containing hydrogels at
different ages.

3.4. Autogenous Shrinkage

The autogenous shrinkage of the control cement paste and pastes with different
hydrogels is shown in Figure 6. It is seen that the pastes with hydrogels showed a decrease
in autogenous shrinkage compared to the control cement paste. The effect of hydrogels on
the reduction in autogenous shrinkage was different. Their effect followed, as C H-0 > C
H-10 > C H-50. All pastes containing hydrogels showed an expansion after the setting time,
and this expansion was the highest in C H-0, followed by C H-10 and C H-50. Such an
expansion after setting, resulting from the addition of hydrogels in cementitious materials,
has been previously documented in the prior investigations and was attributed to Ca(OH),
crystallization pressure [8,27]. After the initial expansion, all pastes containing hydrogels
demonstrated a gradual shrinkage and this shrinkage was more pronounced in C H-50 and
C H-10 than C H-0. The autogenous shrinkage of C H-0 remained relatively unchanged
after the initial expansion. The absorption and desorption behaviors of the hydrogels
appeared to play key roles in the effect of hydrogels on the autogenous shrinkage of the
cement pastes.

3.5. TGA

The Ca(OH); content of the control cement paste and the pastes with different hy-
drogels is demonstrated in Figure 7. It is seen that the Ca(OH), content of the paste with
hydrogels was slightly higher than that of the control cement paste at 3 days, and this is
due to increased hydration as a result of additional water provided by the hydrogels into
the cement paste. However, at 28 days, the difference in the Ca(OH), content was not
significant, as seen in Figure 7. It is also noted that the Ca(OH); content of the pastes did
not seem to show an observable dependence on the concentration of NSi in the hydrogels.
It could be stipulated that, in this study, the overall hydration of the pastes at the late age
of 28 days was dependent on the overall w/c ratio and did not show sensitivity on the
distribution of the water reservoirs in the paste.
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Figure 6. Autogenous shrinkage of the control cement paste and the pastes containing hydrogels at
different ages.
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Figure 7. CH content of the control cement paste and pastes containing hydrogels at different ages.

3.6. Interaction between Hydrogel Rod and Cement Paste

In this section, the interaction between the hydrogels and surrounding cement matrix
was studied in detail. The effect of the hydrogels on the hydration product in the three
zones, denoted as Z1, Z2, and Z3, and radially located from the hydrogels, was examined.

A schematic showing these different zones is given in Figure 2. Z3 corresponds to
the immediate boundary of cement matrix in contact with the hydrogel. The Ca(OH), and
CaCOj3 contents obtained from TGA in these three zones are shown in Figures 8 and 9. It is
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observed that the Ca(OH); content follows as Z1 > Z2 > Z3 for all hydrogels, indicating
a decrease in Ca(OH); in the zone near the hydrogels. It is interesting to see a reversed
trend for CaCOj3 content; the CaCOj3 content increases near the hydrogel compared to
the zone away from the hydrogel. The increased formation of CaCOj; near the hydrogel
is interesting, despite cement paste specimens being sealed to minimize exposure to air
and carbonation. It is noted that the difference in Ca(OH), content between different
zones is larger than the difference in CaCO3 between these zones. It is also noted that the
Ca(OH); content in Z3 appeared to be lower in the case of H-0 than in H-10 and H-50. This
could be related to the higher absorption of H-0 than H-10 and H-50. It is stipulated that
the provision of water by the hydrogel and availability of CO, and Ca?*, as a result of
Ca(OH), dissolution, promotes the formation of CaCOj in the zones adjacent to and near
the hydrogel.

It should be noted that hydrogels uptake a large amount of Ca?* during absorption
early on that could affect the ionic composition in the regions near the hydrogel. Elemental
analysis performed using energy dispersive spectroscopy (EDS) confirmed a large amount
of Ca in the hydrogel (Figure 10). Such an uptake of Ca?* could contribute to the different
phase compositions observed in the three zones, as shown in Figures 8 and 9. However,
more detailed investigations are needed to study such an effect.

18

H-0 H-20 H-50
16 + n7D

® 14D
| | I%D
Z2 Z2

- - —

Ca(OH), Content (%o)
& o » = o =

(]
3
T

Figure 8. Ca(OH), content in zones, Z1, Z2, and Z3, surrounding the hydrogels.
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Figure 9. CaCOj3 content in zones, Z1, Z2, and Z3, surrounding the hydrogels.
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Figure 10. EDS analysis of H-20 indicating a large amount of Ca in the hydrogel.

3.7. Pozzolanic Potential of Hydrogels
3.7.1. FTIR

The FTIR spectra of NSi, H-0 and H-50, before and after being exposed to the lime
solution, is shown in Figure 11. FTIR was used to examine the chemical structure of the
hydrogels after being exposed to the solution. The peaks at 874 cm ! and 1420 cm ™! seen in
the spectra of H-0 and H-50 after exposure to the solution are attributed to the out-of-plane
bending of CO;’ 2 [33,51] and the asymmetric stretching of CO5’ 2 [52,53], which points to
the formation of CaCOj3 in H-0 and H-50 after exposure to the solution.
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Figure 11. FTIR spectra of NSi, H-0, and H-50 before and after exposure to the lime solution with
increased pH.

The peak around 3641 cm ™! can be seen in the spectra of H-0 and H-50 after being
exposed to the solution. This peak is related to the hydroxyl (O-H™) stretching group,
indicative of the presence of Ca(OH); in the hydrogels [54-56]. It should be noted that the
spectra of H-0 and H-50 before exposure to the solution did not show any peaks related
to CaCOj3 or Ca(OH);. In addition, small peaks corresponding to CaCO3 and Ca(OH),
are noted in the spectra of NSi after exposure, which are believed to be due to a small
amount of these phases being adsorbed on to the surface of or entrapped in between
NSi particles. The peaks at 1650 cm~! and 1600 cm~! in the spectra of H-0 and H-50
before exposure correspond to C=0 stretching from acrylamide [15,33,57,58] and to the
bending deformation of the primary amide group [59], respectively. The peak at 1560 cm ™!
observed in the spectra of H-0 and H-50 after exposure can be attributed to the stretching
of the carboxylate group [25,33,59,60]. As seen in Figure 11, the disappearance of the peaks
corresponding to acrylamide in H-0 and H-50 before the exposure and appearance of the
peaks attributed to the carboxylate groups in these hydrogels after exposure indicate the
hydrolysis of the amide groups and the conversion of them to the carboxylate groups at
high pH [59].

The FTIR spectra of NSi and H-50 before exposure showed a main peak at approxi-
mately 1084 cm ™!, corresponding to the stretching vibration of Si-O bonds [54,55]. A shift
in this peak to 945 and 936 cm ! in the spectra of NSi and H-50, respectively, after expo-
sure, is noticed and can be attributed to the Si-O stretching vibrations in C-S-H gel [54,61].
Thus, this provides some qualitative evidence for the pozzolanic potential of the hydrogels
containing NSi when used in cementitious materials.

3.7.2. TGA

The TGA and derivative TG (DTG) curves of H-0 and H-50 before and after exposure
to the lime solution are shown in Figure 12a,b. The TGA curves of H-0 and H-50 before
exposure showed a significant reduction in mass between room temperature and 500 °C.
Mass loss taking place in the range of 25-200 °C is mainly due to the water evaporation.
Two minor peaks can be observed in the DTG curves of H-0 and H-50 before exposure.
The mass loss in the range of 220-335 °C, is mainly attributed to the decomposition of
the amide monomers in the hydrogels [62]. The second mass loss, which was larger than
the first mass loss, occurred in the temperature range of 350-460 °C. This mass loss is
attributed to the breakage of the polymer backbone and the imides formed in the first
decomposition [62]. It is seen that the mass loss in this temperature range is larger in H-0
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than H-50; this is because H-50 is comprised of 66.7% by mass polymer and 33.3% by mass
NSi, while H-0 consists of 100% polymer.
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Figure 12. (a) TG and (b) DTG curves of H-0 and H-50 before and after exposure to the lime solution
with increased pH.

The TGA curves of the hydrogels after exposure showed distinct differences from
those of the hydrogels before exposure. The DTG curve in H-0 after exposure showed a
double peak in the temperature range of 335-530 °C, and that of H-50 showed a peak in
the temperature range of 400-530 °C. This peak can have contributions from the decompo-
sition of the hydrogel or calcium-hydrogel complexes, as well as Ca(OH),. The Ca(OH),
decomposition takes place in the temperature range of 350—460 °C [63]. The presence of
calcium hydroxide in the hydrogels after exposure to the lime solution was supported by
the FTIR results, as discussed previously. The overlapping decomposition temperature
ranges of calcium hydroxide and hydrogel makes it difficult to accurately quantify the
composition of these compounds in the hydrogels. It is interesting to note the presence
of a peak in the temperature range of 650-900 °C in the DTG curves of the hydrogels
after exposure to the lime solution. This peak was absent in the case of the hydrogels
before exposure. This peak is attributed to the decomposition of carbonates, primarily
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consisting of calcium carbonate. A portion of the observed CaCOj; can be an intermediate
product of heating the hydrogel samples in the TGA test. The formation of carbonate
compounds as an intermediate product in the TGA test of acrylate-based polymer salts
has been reported in the literature [64]. It should be noted that, in the high pH solution
in which the hydrogels were exposed, the amide groups are converted to the negatively
charged carboxylate groups, which leads to the formation of calcium complexes [59]. It
was shown from the FTIR results that CaCO3 was present in the hydrogel after exposure to
the lime solution. A distinction between the amount of calcium carbonate as a by-product
of the TGA test and calcium carbonate present before the TGA test cannot be made in this
study. However, since the samples were kept in a sealed condition, it is likely that the
majority of the calcium carbonate decomposition shown in the TGA curves is attributed to
the by-product of the TGA test.

It is interesting to note the difference in remaining mass of H-0 and H-50 before and
after exposure to lime solution, which is estimated to be about 20%. The difference in
the remaining mass before exposure is due to the higher concentration of the polymer in
H-0 compared to H-50, which decomposes during the TGA test; however, this difference
diminished after exposure to the lime solution, which indicates the higher absorption of
Ca?* and formation of Ca-rich compounds in H-0 compared to H-50.

3.7.3. SEM Examination

The SEM images of NSi, H-0, and H-50 after exposure to the lime solution are shown in
Figure 13. It is seen in Figure 13a that NSi exhibited an agglomeration of globular-shape gel-
like structures, with a size in the range of 500 nm, which resembles C-5-H, as demonstrated
in previous studies, but with smaller sizes [65]. This is in agreement with the FTIR result
that indicated the presence of C-S-H in NGSi after exposure to the lime solution. It should be
noted that C-5-H can take on different morphologies depending on the synthesis method
or reaction time [66]. The morphology of H-0 presented a highly heterogeneous structure
as seen in Figure 13b. A region consisting of an aggregation of hexagonal plate-like crystals
attributed to Ca(OH); is evident in the microstructure of H-0 (Figure 13c). The planar size
of the plate-like crystals is in the range of a few tens of micrometers. A continuous region
without any distinct features, at least at the imaging resolution captured in this study, is
seen, which could be the polymeric portion of the hydrogel. This region is marked with
X in Figure 13b. In addition, there are sporadic rhombohedral calcite crystals, as seen in
Figure 13d. Figure 13e,f shows the microstructure of H-50 at different magnifications after
exposure to the lime solution. Large flake-like features are seen in the microstructure of
H-50, which could be related to the polymeric portion of the hydrogel or a polymer-NSi
compound. Of particular interest in the microstructure of H-50, are globular-shape gel-like
features that showed resemblance to the C-S-H in NSi, as shown in Figure 13a. Overall, the
SEM observations seemed to be in relative agreement with the results obtained from FTIR.
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Figure 13. SEM images of (a) NSi, (b—d) H-0, and (e,f) H-50 after exposure to the lime solution.

4. Conclusions

The absorption characteristics of hydrogels containing NSi in cementitious materials
and their influence on the autogenous shrinkage, compressive strength, and electrical
resistivity of cement pastes were investigated. The interaction between the hydrogels and
surrounding cementitious matrix was also studied. It was shown that the hydrogels with
NSi demonstrated a lower absorption in distilled water and synthetic pore solution than
hydrogels without NSi. A general reduction in compressive strength in the pastes with
hydrogels was noticed and this reduction was decreased with an increased concentration
of NSi in the hydrogels. This is primarily due to the presence of smaller macrovoids
associated with a lower absorption of the hydrogels as NSi concentration in the hydrogels
was increased. All pastes with hydrogels showed a lower electrical resistivity compared to
the control cement paste. It was demonstrated that the addition of hydrogels decreased
the autogenous shrinkage of the cement paste and the reduction in autogenous shrinkage
decreased with increased concentration of NSi in the hydrogels. A change in the phase
composition of the cement paste surrounding the hydrogels was noted. A decrease in
Ca(OH); and an increase in CaCOj in the zones close to the hydrogels, compared to
the zones away from the hydrogels, were evident. The effect of the lime solution with
increased pH on the hydrogels was examined using FTIR, TGA, and SEM. The results
indicated the formation of Ca(OH); and CaCOj3 within the hydrogels; more importantly,
the formation of C-S-H in the hydrogels with NSi was evidenced, which provided support
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for the pozzolanic potential of the hydrogels with NSi. However, quantitative analyses are
required to determine the extent of such pozzolanic reactivity.
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