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ARTICLE INFO ABSTRACT

Keywords: Carbonation cured calcium silicate binders can be considered an alternative material to reduce the carbon
Hydrogel footprint of the construction industry. Carbonation at elevated temperatures is used to enhance carbonation
Wollastonite

reaction; however, it accelerates drying, which could result in drying shrinkage induced cracking. The effect of
hydrogel on the microstructure and properties of carbonated wollastonite pastes was discussed in this paper. The
teabag test and flow test showed that hydrogel absorption was notably higher in wollastonite paste than in OPC
paste. The phase analysis based on Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
thermogravimetric analysis (TGA), revealed calcite as the primary polymorph of calcium carbonate in the
carbonated product. The micro-CT analysis showed crack formation in the control pastes while no or significantly
fewer cracks were observed in the hydrogel modified pastes. The hydrogel modified pastes exhibited lower water
loss and drying shrinkage compared to the control paste at early carbonation stage. The above results provided
evidence that cracking was caused by drying shrinkage in the control carbonated pastes and hydrogel was
effective in mitigating such cracking by lowering water loss at early stage of carbonation. The results of the
nitrogen adsorption test indicated a higher specific surface area and pore volume in the hydrogel modified
pastes. The hydrogel modified pastes exhibited a slightly reduced compressive strength due to the presence of
hydrogel macrovoids in these pastes.
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1. Introduction CO, + H,0 - H" +HCO; €))

Cement-based materials account for about 9% of the global green- mCa0.nSi0; +xH" +xHCO; < yCa0.nSi0; + (m — y)CaCOs +xH,0  (2)
house gas emissions. In addition, the industrial production of 1 ton of
ordinary Portland cement (OPC) requires 4-5 GJ of energy, which ap-
proximates to about 5% of the industrial energy consumption globally
[1]. The carbon dioxide emanates from the decomposition of limestone
and firing of the clinker phases at the high temperature of about 1450 °C
to produce Portland cement [2]. Due to these environmental effects,
other alternative binder materials with low carbon footprints and
smaller embodied energy have been at the center of investigations for
years. One of such alternative binders is the carbon-dioxide activated
calcium silicates such as wollastonite.

These reaction products act as the binding phases to provide the
strength of the hardened mixture. The production temperature of the
calcium silicates is about 250 °C lower than that of OPC [4]. The amount
of limestone needed for producing wollastonite is less than that required
for producing OPC. Thus, the production of wollastonite-based binders
involves less carbon dioxide emissions arising from the calcination
process [2]. In addition to the lower processing temperature and lower
limestone content required in the production of wollastonite, wollas-
tonite is able to sequester carbon dioxide by about 18% [2]. The com-
bined effect of the above-mentioned factors is that the embodied carbon

'Wol.lastonite is a non-hyc}rauli?,' low-lime cal.cium silicate bim?er of the wollastonite binders is about 70% less than that of OPC, thus,
which is hardened when calcium silicates (Ca0.SiOz, [CS]) react with making it desirable as a low carbon binder material [2]. Because of its

carbon' dioxide in' the presence of moistu're. The r‘ez'ictioTl'leads to the good fluxing properties, low volatile contents, and needle-like shape
format}on of calcium carbonate and calcium-modified silica gel [2,3] which provides a reinforcing capability, wollastonite is also used in the
following the two steps shown below: production of ceramics and plastics [5,6]. Carbon dioxide activated
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Table 1
Oxide composition of wollastonite powder.

Oxide SiO, CaO Al,03 MgO Fe 03 LOI

% 51.3 44.9 0.9 1.6 <0.2 1.1
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Fig. 1. (a) Cumulative particle size distribution of wollastonite powder. (b)
SEM image of hydrogel particles used in the experiments.

wollastonite binders have shown great potentials including higher me-
chanical properties and superior performance in aggressive environ-
ments compared to OPC [7,8]. A compressive strength of 35 MPa was
reached after carbonation curing a mortar prepared with wollastonite
[9]. Ashraf et al. [2] performed the compressive strength of mortars
carbonation cured for 140 h and reported a compressive strength of
about 37 MPa.

Carbonation curing at elevated temperatures increases the reaction
rate, and as such, has been used in the previous studies [2,10]. However,
carbonation at elevated temperatures can also accelerate water

Table 2
Mix design of the pastes used for the experiment.
Sample Water/ % hydrogel by Deionized Wollastonite
designation wollastonite mass of water (mL) ®
wollastonite
Control (0.4) 0.4 0 240 600
Control 0.55 0 240 600
(0.55)
H-0.1% 0.55 0.1 330 600
(0.55)
H-0.3% 0.55 0.3 330 600
(0.55)
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evaporation, which can result in drying shrinkage in the carbonated
binder. Baffoe and Ghahremaninezhad [8] in a recent investigation
observed the formation of drying shrinkage induced cracks in the
microstructure of wollastonite binder carbonated at elevated tempera-
ture of 55°C. Although many studies concerning the chemical, micro-
structural and mechanical properties of carbonated wollastonite binders
have been conducted [2,9,11], the shrinkage behavior and strategies for
its mitigation have not yet been investigated and are poorly understood.

Superabsorbent polymers (SAP) have been used as an internal curing
agent over the years to mitigate drying and autogenous shrinkages in
alkali activated slag and OPC binders [12-15]. SAP used in construction
materials belongs to hydrogels with a large water retention capacity
[16-18]. When added to the mixture, hydrogels absorb water and
gradually release the water back into the surrounding matrix as the re-
action continues and the matrix loses moisture thereby maintaining
relative humidity or delaying moisture loss [19-21]. To the best of our
knowledge, there have been no studies on the effect of hydrogels on
reducing drying shrinkage of carbonated wollastonite binder. Thus, the
novelty of this paper is to address this knowledge gap and investigate the
drying shrinkage, compressive strength, chemical phase, and micro-
structure of wollastonite pastes modified with hydrogels carbonated at
an elevated temperature. Fourier transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), and X-ray diffraction (XRD)
were utilized for chemical analysis. X-ray microcomputed tomography
(Micro-CT) and scanning electron microscopy (SEM) were employed to
examine the internal microstructure and nitrogen adsorption was used
to study the pore structure of the carbonated wollastonite paste.

2. Experiment
2.1. Materials

Wollastonite powder (calcium metasilicate) was obtained from
Seaforth Mineral and Ore Co., INC USA. The oxide composition of the
wollastonite powder evaluated using X-ray Fluorescence Spectrometry
(XRF) is presented in Table 1. The mean particle size of the wollastonite
powder is 16 pm. The cumulative size distribution of wollastonite
powder is shown Fig. 1a.

2.2. Hydrogel

The hydrogels used in the study were prepared in-house. The
chemicals used in the hydrogel synthesis were purchased from Sigma-
Aldrich. The main monomers used in the hydrogel synthesis were the
acrylic acid (AA) and acrylamide (AM) monomers, and the synthesis was
performed using the free radical polymerization, as discussed in prior
papers [19-21]. First, 80 g of AA was pipetted into 800 mL of deionized
water and then, 10.8 g of sodium hydroxide (NaOH) was added to the
solution to achieve a partial neutralization of AA. The solution was
stirred for five minutes. Then, 80 g of AM and 0.4 g of a crosslinking
agent called N,N-methylenebisacrylamide (MBA) were added to the
solution and stirred continuously for 30 min to ensure complete disso-
lution of the chemicals. Then, argon gas was used to purge the solution
for 5 min to remove the dissolved gases. After degassing, 1.024 g of
ammonium persulfate (APS), as the polymerization initiator, was added
to the solution and stirred for an additional 5 min. The solution was
poured into glass cylinder molds and placed in an oven at 55 ° C for 6 h
for gelation to take place. Then, the hydrogels were removed from the
molds and broken into smaller pieces. The pieces were then submerged
in water for 24 h to remove all unreacted monomers. Then, the hydro-
gels were washed with acetone and deionized water and oven-dried at
60 ° C for one week until fully dried. The dried pieces of hydrogels were
ground into fine particles using a coffee grinder and sieved using a
shaker (RX-29, WS TYLER). The hydrogel particles within the range of
75 um and 450 um were used in the experiments. Fig. 1b shows the SEM
of the hydrogel particles used in the experiments.
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2.3. Sample preparation and carbonation of wollastonite paste

The control wollastonite paste was prepared by rotary-mixing
wollastonite powder with deionized water at a water to wollastonite
ratios (water/wollastonite) of 0.4 and 0.55 for 3 min. For the hydrogel
modified paste, 0.1% and 0.3% hydrogel by mass of wollastonite powder
were dry mixed with the wollastonite powder for 5 min. The water/
wollastonite for the hydrogel modified pastes was 0.55. The mix designs
of the pastes with and without hydrogels are shown in Table 2. After dry
mixing, deionized water was added to the wollastonite-hydrogel mix
and rotary-mixed for 5 min. The pastes were then poured into prismatic
molds of dimensions 25 mm x 75 mm x 25 mm and placed on a vi-
bration table for 2 min to achieve a uniform compaction. The compacted
pastes were placed inside a water-jacketed carbonation chamber set at a
relative humidity (RH) of 95%, a temperature of 50 °C and carbon di-
oxide concentration of 20%. The pastes were then demolded after 29 h
of carbonation curing and placed back inside the carbonation chamber
for the carbonation process to continue except pastes used in the micro-
CT analysis to be discussed later in Section 3.6. On the 20th day of
carbonation curing, the prismatic pastes were cut into 25 mm x 25 mm
x 25 mm cubes using a dry diamond saw. The paste cubes were used for
the compressive strength tests. Small pieces obtained from the central
portion of the broken cubes were ground into fine powder, passed
through the sieve # 60, dried in a vacuum oven at a temperature of 55°C,
and used in FTIR, TGA, XRD, and nitrogen adsorption. For the water loss
experiments, 50 g of each of the mixes was spread on a petri dish and
tamped gently to ensure that the paste fills the petri dish. Care was taken
to ensure that the thickness of the wollastonite paste was approximately
4 mm. The small paste thickness was used in water loss measurement to
ensure uniform carbonation in the paste thickness. Right after this
process, the pastes were clearly labelled and placed inside a water-
jacketed carbonation chamber. The condition of the carbonation pro-
cess was the same as that used in the prismatic pastes described above.

2.4. Methods

2.4.1. Hydrogel absorption using the teabag test

Hydrogel absorption in the extracted pore solution and deionized
water was measured using the teabag test. The teabag test has been
widely used in studying the absorption of hydrogels in construction
materials [1,22]. To extract pore solution, a mixture with a water/-
wollastonite of 0.55 was prepared. Approximately 30 min after the
wollastonite and water came into contact, the mixture was filled into
50 mL centrifuge tubes and centrifuged at 5000 RPM for 5 min after
which the supernatant was collected. The reason for preparing the pore
solution 30 min after wollastonite and water were mixed is that the
absorption and solution uptake of hydrogels typically occurs within the
first 30 min. The extracted pore solution was quickly transferred into
polypropylene tubes to prevent exposure to air. Approximately 0.1 g of
hydrogel was placed into teabags and immersed into the extracted pore
solution or deionized water. The teabags were removed from the solu-
tions at specific time intervals and their surfaces were dried. The mass of
the surface dried teabags was measured using an analytical balance with
a resolution of 0.001 g. To account for the quantity of extracted pore
solution or deionized water absorbed by the teabag, the mass of the wet
teabags without hydrogel was determined by submerging five dry tea-
bags without hydrogel in extracted pore solution or deionized water and
the average mass was measured. The hydrogel absorption was moni-
tored until 80 min when the results were seen to stabilize. The hydrogel
absorption was determined as follows (3):

_MW_MW&_MS

Q= M. 3

where My, My, M are the mass of the wet teabags containing hydrogel,
wet teabags without hydrogel, and dry hydrogel, respectively.
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Absorption test was conducted using 5 replicates.

2.4.2. Flow test

The flow test was performed with all mix designs to estimate the
flowability of the paste with or without hydrogel. A cone with a bottom
diameter of 100 mm, a top diameter of 70 mm and a height of 50 mm
was filled with the paste and allowed to rest on a table for 3 min. After
3 min, the cone was removed, and the table was dropped 25 times with a
consistent rate over a 15 s period. The average perpendicular diameter
of the spread was measured. The flow test was conducted using 3 rep-
licates for each mix design.

2.4.3. FTIR

FTIR was employed to investigate the chemical phases of the
carbonated pastes. Approximately, 1 g of the fine powder was utilized in
the test. FTIR measurements were performed using a Perkin Elmer
Paragon 1000 FTIR with an ATR accessory in the 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.

2.4.4. TGA

TGA was used to investigate the mineralogical composition of the
carbonated pastes. Approximately 30 mg of the sample was loaded into
the TGA pan. Samples were scanned using the Netzsch TG at a heating
rate of 20 °C/min and in the temperature range of 24 °C to 900 °C. Two
replicates of each sample were used, and the average reported.

2.4.5. XRD

The XRD analysis of the carbonated pastes was studied using the
Rikagu X-ray Diffractometer (Model D/Max-3 C, Rikagu, Japan). The
spectra were obtained using the Cu Ko radiation (40 kV, 20 mA), a scan
interval of 20 = 10° to 40°, and a step size of 0.02°. Approximately 2 g of
the powder was loaded into a sample holder, inserted into the device,
and scanned.

2.4.6. SEM

The SEM images of the fracture surfaces of the compressive strength
test samples were obtained using a Zeiss Gemini Ultra Plus FESEM in the
secondary electron mode. The samples for the SEM were gold coated to
decrease the effect of charging. Images were taken at a magnification of
20 kX and an accelerating voltage of 10.00 kV.

2.4.7. Micro-CT analysis

A Bruker SkyScan 1273 (Bruker, Kontich, Belgium) was used to
nondestructively evaluate the internal microstructure of the carbonated
pastes with and without hydrogel. Scanning was conducted at a reso-
lution of 30 um / pixel with a 2 mm Copper filter. The micro-CT analysis
of the pastes was done after 29, 96, 216 and 480 h of carbonation. The
pastes used in the micro-CT imaging had dimensions of
25 mm x 75 mm x 25 mm. The rotational step, exposure time, voltage
and current were 0.5°, 1650 ms, 120 kV and 115 pA, respectively. The
samples were held firmly in a polypropylene tube filled with a styrofoam
and positioned between an X-ray source and an X-ray detector. The
samples were scanned for a period of approximately 3 h during which
about 200 projections over 180° were taken. The reconstruction was
performed using the Bruker software CTAnalyzer 1.20.8. The segmen-
tation of the images into a solid matrix and voids/cracks was done using
the greyscale intensity thresholds with the grey scale range of 0-70
representing voids/cracks.

2.4.8. Drying shrinkage

The shrinkage of the carbonated wollastonite paste due to loss of
moisture was investigated. Wollastonite paste carbonated for 29, 96,
216 and 480 h were scanned using micro-CT. After scanning and
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Fig. 2. Absorption behavior of hydrogel in different solutions.

subsequent reconstruction of the paste, 20 reconstructed 2-D slices along
the longitudinal axis of each paste were selected, and their area
measured using the Image J software to obtain the average cross-
sectional area of each sample. The change in the cross-sectional area
of the 25 mm by 25 mm paste at different carbonation times was used to
determine the areal shrinkage (% mm?/mm?) of the pastes. An average
of 20 cross-sections of each paste were used and the average reported.

2.4.9. Mass loss

In order to shed light onto the rate of moisture evaporation from the
paste during the carbonation process, the change in the mass of the thin
pastes was monitored. The sample preparation for the thin pastes was
described earlier in Section 2.2. It must be pointed out that the change in
mass of the paste is attributed to a mass loss due to moisture evaporation
as well as mass increase due to carbonation and calcium carbonate
formation. Assuming a similar mass increase due to carbonation, the
change in mass can be used to provide an approximate indication of the
relative rate of moisture evaporation of the pastes. The use of thin pastes
was motivated to provide a uniform carbonation in the pastes. The mass
loss of the carbonated paste was determined after 0.5, 2, 3, 4, 6, 24, 72,
96 and 168 h of carbonation time. Three replicates of each sample were
used in this experiment and the average reported.

2.4.10. Nitrogen adsorption

Nitrogen adsorption-desorption measurements were carried out
using the Anton Paar Physisorption Analyzer instrument. The tests were
performed on fine ground carbonated powders prepared as described
previously. The samples were weighed and placed inside a tube which
was then loaded into the degassing port of the instrument. The sample
was degassed at 105 °C until the required vacuum was reached. The
degassing process lasted 3 h. Samples were then cooled with liquid ni-
trogen and analyzed by measuring the volume of nitrogen gas adsorbed
at specific pressures. The specific surface area of the samples was
calculated using the BET method [23]. The pore size distribution of the
samples available to the nitrogen was determined using the Barret,
Joyner, Hallenda (BJH) method [24].

2.4.11. Compressive strength

The compressive strength of the carbonated wollastonite cube pastes
with and without hydrogel was measured after 20 days of carbonation
curing. The compressive strength test was performed using a SATEC
testing machine at a loading rate of 0.05 mm/sec. Five replicates of each
sample were tested, and the average reported.

Table 3
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Flow of wollastonite pastes.

Paste Immediately (cm) After 1 h (cm) After 3 h (cm)
Control (0.4) 20.6 20.2 20.2

Control (0.55) 32.1 32 32.3

H-0.1% (0.55) 26.8 27.4 27.8

H-0.3% (0.55) 16.2 19.4 19

3. Results and discussions
3.1. Teabag and flow test

The absorption capacities of the hydrogel in deionized water and
extracted wollastonite pore solution evaluated by the teabag method are
shown in Fig. 2. As shown, hydrogel absorption in both solutions
reached a plateau at about 30 min after hydrogel contact with the
respective solutions and did not change for the rest of the experiment. It
can be observed that the absorption capacity of hydrogel in extracted
wollastonite pore solution is slightly lower than that in deionized water
and this can be attributed to the difference in osmotic pressure between
the extracted pore solution and deionized water [22,25,26]. Further, the
cation present, in this case, Ca%" may electrostatically interact with the
negatively charged carboxylate group of AA and form crosslinks which
can inhibit the movement of the polymer network and reduce the ab-
sorption capacity of the hydrogel [12]. The effect of pH and ionic
strength on the absorption of hydrogels has been extensively studied in
the past [22,25,26]. It should be mentioned that unlike hydrogel ab-
sorption in extracted pore solution of OPC, hydrogel absorption in the
extracted wollastonite pore solution was high. This indicates the
markedly lower ionic concentration in the wollastonite pore solution
compared to the cement pore solution [8].

Table 3 shows the flow values of the wollastonite paste with and
without hydrogel. The flow test was performed at 0 min, 1 h, and 3 h of
mixing. It is seen that Control (0.4) showed the lowest flow due to the
lower content of water and it stayed the same after 3 h of resting. This
confirms that the wollastonite paste is non-hydraulic binder and the
water added to the paste remained as free water without carbon curing.
Control (0.55) showed a higher flowability, and this was due to the
higher amount of water in this mixture. The hydrogel modified paste
showed a reduced flowability during time O due to the absorption of
water from the paste by the hydrogel. Since hydrogels could absorb a
portion of the mixing water, the effective water/wollastonite of the
wollastonite paste decreased and that was the main reason for why the
hydrogel modified paste showed decreased flowability [27]. After 1 and
3 h of resting, it is seen that the flow of the hydrogel modified paste
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Fig. 3. FTIR results of the carbonated pastes with and without hydrogel.



E. Baffoe and A. Ghahremaninezhad

—~ 25
90 +
5
70 + .
< -1 S
o =]
~ ~
< 50 + <
€5) - -35 &
= A
30 + L .55
—--Control (0.4) - =-Control (0.55) o
++H-0.1% (0.55) ——H-0.3% (0.55)
10 t t t } -75
0 200 400 600 800

Temperature °C

Fig. 4. TGA/DTA curves of the carbonated pastes with and without hydrogel.

increased, especially in H-03% (0.55). This is attributed to the release of
the solution from the hydrogel into the surrounding wollastonite paste
with time. The release behavior of hydrogel in the wollastonite paste can
be explained due to a slight increase in the ionic content in the pore
solution. as more ions are dissolved from wollastonite into the solution.
With an increase in the ionic content of the pore solution with time
compared to time 0, a new chemical potential gradient is developed
driving the release of solution from the hydrogel into the surrounding
pore solution.

3.2. FTIR

FTIR was performed to identify the phase characteristics of CaCO3
formed in the carbonated wollastonite paste with and without hydrogel.
Shown in Fig. 3 are the spectra of the carbonated paste after 480 h of
carbonation curing. The peaks below 700 cm™! are the characteristic
peaks of raw wollastonite and other uncarbonated phases such as quartz,
anorthite which are added impurities during production [28]. There are
noticeable broad peaks between 800 cm ! and 1200 em ! correspond-
ing to the asymmetrical stretching vibration of the Si—O bond in the
wollastonite. The sharp peaks located at 712 cm™! and 874 cm™!
correspond to the presence of calcite [29,30]. The calcite peak was seen
to be sharper in the control paste than in H-0.1% (0.55) and H-0.1%
(0.4). Control (0.55), however showed the sharpest peaks corresponding
to calcite. This could be an indication that calcite was more dominant in
the control paste than in the paste modified with hydrogels. The
carbonation of calcium silicates comprises two different stages; the
initially fast carbonation reaction stage of the calcium silicates is
dominated by the chemical kinetics followed by the slower reaction
which is influenced by the product-layer diffusion [31,32]. The high
moisture content available at the initial stages of the carbonation reac-
tion might have influenced the stabilization or promoted calcite for-
mation in the control. The hydrogel absorbed a part of the solution as
indicated by the differences in the flowability results shown in Table 3.
As the paste dries out, hydrogel releases some amount of water into the
surrounding microstructure. However, the lower amount of water in the
hydrogel modified pastes compared to the control paste at early age
could result in a slightly lower amount of calcite in the hydrogel
modified pastes compared to the control paste [2]. In addition, the
relatively slow desorption of water from the hydrogel during the early
stages of carbonation reaction may inhibit the provision of water
necessary to complete the transformation of ACC and other metastable
phases into calcite. The broad band at 1074 cm™! is assigned to the
asymmetric stretching vibration of (v3) of the Si—O bond [10]. As
shown in the FTIR results, a peak occurred at 1420 cm ™ for the control
pastes and 1445 cm ! for the hydrogel modified pastes. The relatively
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narrow peak located at 1420 cm ! for the control paste indicates the
dominance of calcite in the microstructure of the control paste [29].
While for the hydrogel modified paste the broad peak located at
1445 cm ! indicates some amount of ACC in the microstructure of these
pastes. The peak at 1797 cm ™ is assigned to the presence of CaCO3 [29]
and it was shown to be more intense in the control paste than in the
hydrogel modified paste.

3.3. TGA/DTA

TGA and differential thermal analysis (DTA) were employed to
investigate the mineralogical phases of the carbonated wollastonite
paste with and without hydrogel. DTA measures endo- and exothermic
event temperatures and indicates phase transitions while the TGA
measures the change of mass with respective to temperature change.
Fig. 4 illustrates the TGA/DTA curves after 480 h of carbonation period.
The weight loss of the paste at the temperature of 120 °C can be
attributed to the evaporation of free water from the paste and the loss of
weakly bound water on the gel solid, which is physically adsorbed [33,
34]. A minor weight loss is seen to have occurred in the hydrogel
modified paste within the range of about 540 °C to 620 °C. The weight
loss within this region can be attributed to the decomposition of meta-
stable phases or poorly crystalline phases including ACC, vaterite or
aragonite in the hydrogel modified paste [11,35,36]. These phases,
however, appear to be small as they did not show up in the FTIR spectra.
As the temperature was increased, it is noticed that there was a sharp
weight loss within the temperature range of 750 °C and 850 °C which is
considered to be the decarbonation of calcite [37]. The Control (0.4)
paste is seen to show this peak at 760 °C while the Control (0.55) and
H-01% (0.55) showed these peaks at an average temperature of about
820 °C. The endothermic DTA curve at 120 °C and between 650 °C and
850 °C indicates that the thermal decomposition was initiated at a slow
rate and experienced rapid decomposition with increasing temperature
beyond 700 °C. The variation in peak intensity provides insight into the
extent of carbonation of the wollastonite in these pastes. To this end, the
amount of total CaCO3 was calculated and quantified using the weight
loss between 650 °C and 850 °C. Fig. 5 illustrates the total amount of
CaCOg3 in each paste. It is seen that the Control (0.4) paste showed the
lowest amount of CaCO3, and this can be attributed to the faster drying
and absence of water, which consequently resulted in reduced carbon-
ation reaction in this paste. Carbonation is influenced by moisture
content in the paste as the uptake of CO is influenced by the availability
and amount of free water present. The rate of evaporation and drying
out is expected to be faster in the Control (0.4) than the rest of the paste.
The early carbonation reaction of wollastonite paste is affected by the
dissolution of Ca®" and silicate ions, therefore the decreased ionic
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Fig. 6. SEM images showing the microstructure of the carbonated pastes with and without hydrogel.

exchange due to drying out of the paste is likely to delay or reduce the
carbonation of CaSiO3 and retard the formation of CaCOs3. The H-03%
(0.55) is also seen to show a lower total amount of CaCO3, The reason is
attributed to the low effective water/wollastonite presents during the
early ages of carbonation reaction. Although a water/wollastonite of
0.55 was used in this paste, the 0.3% hydrogel is seen to absorb a large
amount of the water as revealed in Table 3 and only released the water
in small quantities during the drying out of the specimen. As noted,
carbonation reaction is intense at the early stages of reaction; hence, the
limited quantity of water during this period may slightly reduce
carbonation [2] which is consistent with the FTIR results. It is seen that
the Control (0.55) showed the highest total CaCO3 content, and this can
be attributed to the presence of a higher water content during the
carbonation reaction.

3.4. SEM

The SEM of the fractured surfaces of the 480-hour carbonated paste
is shown in Fig. 6. The microstructure of a carbonated paste shows
different phases such as partially reacted/unreacted wollastonite parti-
cles, calcium modified silica gel, amorphous calcium carbonate (ACC)
and crystalline CaCOs [38]. Generally, the pastes with and without
hydrogel showed the dominant formation of calcite, an indication that
the sample underwent a high degree of carbonation reaction. This is in
support of the observations made by [2,34] that calcite is the primary
polymorph of carbonated wollastonite paste. There are also a large
number of spherical and granular features seen in the microstructure of
all pastes, which are attributed to calcium modified silica gel and
potentially a small amount of amorphous calcium carbonate. In the case
of the control paste with water/wollastonite of 0.55, the calcites
appeared to exhibit slightly larger sizes compared to the control with
water/wollastonite of 0.4 and these calcites assumed a rhombohedral
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+: [H-0.1%(0.55)
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Fig. 7. XRD spectra of the carbonated pastes with and without hydrogel. The
peaks numbered 1, 2, 3 and 4 correspond to wollastonite, calcite, aragonite and
vaterite, respectively.

shape. The dominance of calcite in the Control (0.55) is consistent with
the FTIR and TGA results and may be due to the higher moisture content
in the paste during the initial stages of the carbonation reaction [2]. It
has been reported that the presence of moisture affects the morphology
of the CaCO3 [34]. In this case, it is seen that moisture content was
shown to influence the sizes of the calcites.

3.5. XRD

The XRD spectra of the carbonated pastes with and without hydrogel
are shown in Fig. 7. The XRD pattern supported the findings in FTIR as it
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(a) Control (0.4)-29 hours

(c) Control (0.55)-29 hours

(e) H-0.1% (0.55)-29 hours

Hydrogel
\

() H-0.3% (0.55)-29 hours
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(b) Control (0.4)-480 hours

(d) Control (0.55)-480 hours

(f) H-0.1% (0.55)-480 hours

(h) H-0.3% (0.55)-480 hours

Fig. 8. Micro-CT slices showing cracks and macrovoids in the microstructure of the carbonated pastes. The scale bar is the same for all images.
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Fig. 9. Total porosity of the voids larger than 30 pm in the pastes.

revealed the main mineralogical phases corresponding to both the
control pastes and the hydrogel modified pastes. The XRD spectra
showed the presence of crystalline CaCO3 and wollastonite phases. Silica
gel was not identified in the XRD spectra because of the amorphous
nature of the phase. The peaks numbered 1, 2, 3 and 4 correspond to
wollastonite, calcite, aragonite and vaterite, respectively. The wollas-
tonite showed peaks at 2 0 of 23.2°, 2 0 of 25.3° and 2 0 of 26.9°. The
crystals of CaCO3 were identified in three different polymorphs which
are 2 0 of 29.4, 2 0 of 35 and 2 0 of 30.5° representing calcite, aragonite
and vaterite, respectively. The peaks corresponding to vaterite, and
aragonite appeared weak, an indication that the main crystal phase of
CaCOj3 present was calcite as revealed in the FTIR and SEM results
shown in Figs. 3 and 6, respectively. The presence of ACC was difficult to
identify due to the small content and the lack of crystallinity.

3.6. Micro-CT analysis

Micro-CT examination was carried out to investigate the internal
microstructural characteristics of the carbonated pastes with and
without hydrogel. The 2-D reconstruction slices of 29 and 480-hour
carbonated pastes are shown in Fig. 8. There are spherical air voids
distributed in the microstructure of the pastes and the presence of these
air voids is more dominant in Control (0.4). The macrovoids generated
in the microstructure as a result of hydrogel desorption are evident in
the images corresponding to the hydrogel modified pastes. There are
more such macrovoids seen in H-0.1% (0.55) than H-0.3% (0.55). The
control pastes at both water/wollastonite and times of carbonation
showed the formation of cracks. It is noted that there was not a change in
crack formation between the 29-hour and the 480-hour carbonated
samples. This indicates that the cracks formed during the early ages, and
they could have possibly been formed before the 29-hour duration. The
crack formation is attributed to drying shrinkage because of the evap-
oration of moisture from the paste due to the increased temperature and
CO4 exposure. The water loss results in the formation of capillary tension
in the pore solution of the pastes. The capillary tension in the pore so-
lution pulls on the solid skeleton in the microstructure of the paste
resulting in the dimensional changes in the paste [8]. When constrained,
drying shrinkage leads to the development of tensile stresses in the
paste. When the developed tensile stress exceeds the strength of the
carbonated paste, cracks start to form. Noticeably, the carbonated paste
modified with hydrogel did not show cracks or showed a few much
smaller cracks. The significant reduction in cracks in the carbonated
paste modified with hydrogel can be attributed to the reduced drying
shrinkage as a result of the release of water from the hydrogel into the
surrounding microstructure. During the initial carbonation stage where
carbonation reaction is more intense, the release of water into the
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Fig. 11. Drying shrinkage of the carbonated pastes with time.

surrounding wollastonite paste partly compensates for water loss, thus,
reducing the development of the capillary stresses and crack formation
[39]. The total porosity of the voids with a size larger than 30 um,
(including air voids and hydrogel macrovoids) in the control paste and
paste modified with hydrogel is shown in Fig. 9. The analysis was done
using the 480-hour carbonated pastes. The hydrogel modified pastes
showed a higher total porosity than that of the control paste due to
increased formation of hydrogel macrovoids in the former. The hydrogel
absorption and desorption during the carbonation reaction is respon-
sible for the macrovoid formation [12]. The lower water/wollastonite
and flow of the mixture Control (0.4) could facilitate the entrapment of
air pockets during mixing in this paste.

3.7. Drying shrinkage and mass loss

During the carbonation curing process, the high temperature and
CO3 exposure of the carbonation chamber subject the paste to drying
shrinkage due to the evaporation of water from the capillary pores. Due
to the structural differences between the silica gel phases, the chemically
bound water in wollastonite paste is not as high as in OPC and slag
pastes, consequently, the free water remains as interstitial water [40]. In
view of this, the moisture loss is expected to be higher in the carbonated
wollastonite paste due to the low amount of chemically bound water.
The mass loss and drying shrinkage of the carbonated paste are shown in
Figs. 10 and 11, respectively. The mass loss due to water evaporation is
seen to increase with time. At 0.5 h, carbonated pastes showed a small



E. Baffoe and A. Ghahremaninezhad

Construction and Building Materials 411 (2024) 134243

10 10
o0 (a) Control (0.4) (b) Control (0.55)
o 8 A o) 8
£ =
- 5
) 6 = 6+
— (]
S O
2} =
ae 1)
S 44 @ 4+
0 S
Desorption Q
=2t g2+
> — Adsorption
Adsorption §
0 | | | | 0 1 | | |
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1
Relative Pressure, p/po Relative pressure, p/po
10 10
. (©H0.1%(055) L | (d)H-0.3% (0.55)
= 8+ < 8
ME E
o
© o
Bt 2 6
e =
g4y <
2 £
g : 5
2 2 L Adsorption v—o' 2
o
9 >
0 | | | | 0 ‘ ‘ ‘ ‘
0 0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8 1

Relative pressure, p/po

Relative pressure, p/po

Fig. 12. Adsorption-desorption isotherms of the carbonated pastes.

mass loss, approximately less than 2% but as the carbonation time
increased, mass loss increased as well. The mass loss of Control (0.4) was
seen to stabilize after 24 h due to the complete drying out of the paste.
Control (0.55) continued to show mass loss of water until 72 h of of
carbonation time after which it remained unchanged. This is possibly a
result of the continuous evaporation of moisture from the paste due to
the high water content. The mass loss of water of Control (0.55) and
hydrogel modified paste, however, stabilized after 72 h of carbonation.
At this time the carbonation reaction is slowed [41]. It is observed that
the mass loss in the hydrogel modified pastes was lower than in Control
(0.55) and Control (0.4) at 24 h. This indicates that hydrogel was able to
reduce water loss at the early age of carbonation. The mass loss change
between 24 h and 72h is more in the hydrogel modified pastes
compared to in the Control (0.55). This can be attributed to the
continuous release of water from the hydrogel into the carbonation paste
as carbonation proceeded after 24 h.

Fig. 11 shows the drying shrinkage of the carbonated pastes at
different times of carbonation. Control (0.55) showed the highest
shrinkage and H-0.3% (0.55) showed the lowest shrinkage among the
pastes. Comparing the shrinkage results to the water loss results dis-
cussed previously, it is observed that while the mass loss was the highest
in Control (0.55) and lowest in H-0.3% (0.55), drying shrinkage was the
highest in the Control (0.55) and lowest in H-0.3% (0.55) at after 29 h of
carbonation. This provides an indication that the loss of moisture was a
contributing factor to drying shrinkage. It is noted that drying shrinkage
did not change significantly in most pastes after 29 h of carbonation. The
addition of hydrogel demonstrated its effectiveness in reducing drying
shrinkage of the pastes. The reduction in drying shrinkage when
hydrogel was mixed with the wollastonite is due to the gradual release of
water from the hydrogel into the carbonated paste which maintains the

internal relative humidity of the paste and reduces drying shrinkage
[42]. The capillary stress development in the pastes due to low internal
humidity is responsible for drying shrinkage [14,43]. The mass loss and
drying shrinkage results at early age (less than 29 h) follow a similar
trajectory and that the quantity of water evaporated from the paste
correlated with the shrinkage in the paste. This indicated that the ma-
jority of drying shrinkage occurred at the early age. After 96 h, the
drying shrinkage seemed to remain unchanged similar to what occurred
in the mass loss measurement in Fig. 10.

3.8. Nitrogen adsorption-desorption

The nitrogen adsorption analysis has been used extensively to reveal
the porous structural characteristics of materials [44]. In the present
work, the nitrogen adsorption isotherms were measured to investigate
the porous structural characteristics of Ca-modified silica gel in
carbonated calcium silicate. The adsorption-desorption isotherms of
carbonated calcium silicate are shown in Fig. 12. The isotherms followed
the characteristic pattern of meso-macro porous matrix [45]. Hysteresis
loops between desorption-adsorption isotherms were noticed to form for
all the carbonated paste. The specific surface area and pore volume of
the carbonated paste with and without hydrogel are shown in Figs. 13a
and 13b, respectively. Control (0.55) exhibited a slightly higher specific
surface area and pore volume than Control (0.4); this is due to the higher
initial water content in this paste that allows for a higher carbonation
reaction and increased formation of Ca-modified silica gel that are the
main contributor to the specific surface area and volume of the pores in
the size range of less of 80 nm. It is seen that the hydrogel modified
pastes, H-0.1% (0.55) and H-0.3% (0.55) exhibited a higher specific
surface area and pore volume compared to Control (0.4) and Control
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The pores in a carbonated paste can be summarized into the
following categories based on pore diameter; the inter-cluster spaces
with diameter less than 2 nm, gel pores with diameter between 2 and
10 nm, capillary pores between 10 and 41 nm and large pores greater
than 41 nm [34,46]. The intercluster spaces are suggested to contain
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chemi-sorbed and physi-sorbed water within and in the outer layer of
Ca-modified silica gel clusters [34]. In particular, the volume fraction of
the pores in the range of 4-20 nm seemed to be noticeably higher in the
hydrogel modified pastes compared to the pastes without hydrogels. The
reason for this could be attributed to the delayed loss of water due to
gradual release of water from the hydrogels into the surrounding matrix.

3.9. Compressive strength

The effect of hydrogel on the compressive strength of carbonated
wollastonite paste is shown in Fig. 14. It is seen that the compressive
strength of the control pastes is higher than that of the hydrogel modi-
fied pastes. This is primarily due to the presence of macrovoids formed
in the microstructure of the hydrogel modified pastes as a result of the
absorption and desorption of hydrogel. These macrovoids serve as stress
concentration sites, which reduce the strength of the paste [47]. The
reduction in compressive strength due to the formation of macrovoids in
cementitious materials has also been documented in the previous studies
[1,47,48]. It is to be noted that despite a high porosity of macrovoids
caused by hydrogels, the pastes with hydrogels, H-0.1% (0.55) and
H-0.3% (0.55) showed a relatively small reduction in compressive
strength compared to Control (0.55). This can be attributed to the
presence of cracks in Control (0.55), as shown in Fig. 8, markedly
reducing compressive strength in this paste. The compressive strength of
Control (0.4) is higher than that of Control (0.55) due to a lower
water/wollastonite and lower total capillary porosity in this paste.
Ashraf et al. [2] investigated the compressive strength of carbonated
wollastonite mortar at different water/wollastonite and reported a
higher compressive strength for the mortar with lower water/-
wollastonite. They attributed the increase in compressive strength with
decreasing water/wollastonite to decreasing total capillary porosity. It
should be noted that both Control (0.4) and Control (0.55) experienced
cracking as demonstrated in Fig. 8, which is expected to negatively in-
fluence compressive strength in these pastes.

4. Conclusions

The influence of hydrogel on the microstructure and properties of
carbonated wollastonite pastes was examined. The following conclu-
sions are drawn from the study:

e Hydrogel absorption was lower in the extracted pore solution of the
wollastonite paste than in deionized water; however, hydrogels
showed significantly higher absorption in the pore solution of
wollastonite paste than in the pore solution of OPC paste, which
provides indirect evidence for a lower ionic strength, particularly
lower Ca?* concentration in the pore solution of the wollastonite
paste compared to OPC paste. The flow test results also indicated
high absorption of hydrogel in wollastonite paste.

FTIR, TGA, and XRD showed the presence of calcite, as the primary
polymorph in the carbonated wollastonite paste. Control (0.55)
exhibited higher calcite content compared to hydrogel modified
pastes most likely due to the availability of higher content of free
water which enhanced the carbonation reaction at the initial stages
of the carbonation reaction. SEM imaging provided evidence for
larger calcite particles in Control (0.55) compared to the hydrogel
modified pastes.

The micro-CT examination of the carbonated pastes revealed the
presence of cracks in the control pastes while no or significantly
fewer cracks were observed in the hydrogel modified pastes.
Cracking was caused by drying shrinkage in the control carbonated
pastes and hydrogel was effective in mitigating such cracking by
lowering water loss at early stage of carbonation.

The nitrogen adsorption analysis showed a higher specific surface
area and pore volume corresponding to the pores smaller than 80 nm
in the hydrogel modified pastes compared to the control.
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e The hydrogel modified pastes exhibited a slightly lower compressive
strength compared to the control paste due to the presence of
macrovoids.
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