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ARTICLE INFO ABSTRACT

Keywords: Graphene oxide is emerging as a promising nanomaterial owing to its unique property of being a
Graphene oxide strong and flexible material. This work examines the potential use of graphene oxide (GO) for CO2
CO; sequestration sequestration in cementitious-based materials in addition to mechanical properties. The effect of
Hydration oxidized graphene surface on the hydration mechanism of cement paste and carbonate miner-

Calcium carbonate

. alization was investigated. Experimental results show that the application of GO at optimum
Accelerated carbon curing

amount offers 40% improvement in compressive strength at an early age. Accelerated carbon
curing of GO-cement matrix was performed to evaluate CO, sequestration through thermogra-
vimetric analysis and results revealed that adding a low concentration of GO (i.e. 0.05%)
improved CO; uptake by 30% in the cementitious system. Further, physical adsorption of CO2
molecules and alteration in C-S-H was confirmed by the FTIR study. This finding suggests that
the application of GO, not only improved the mechanical properties but it significantly enhanced
the CO3 sequestration in cementitious systems.

1. Introduction

Carbon-based materials have been widely used to improve various aspects of cement-based materials in recent years [1-3]. Gra-
phene oxide (GO) is a two-dimensional carbon-based material that has attracted worldwide attention due to its potential character-
istics such as high reactivity and stability, high specific surface area, and outstanding mechanical properties [4]. This material comes
from exfoliation of the graphite by chemical route, where the resulting material is functionalized sheets with oxygenated groups
localized to a greater extent on sheet edges and the basal plane. The existing research on the performance of cement-based materials
considered the addition of GO up to 0.1% by weight of cement and found that it has a huge potential to improve the mechanical and
durability properties of cementitious systems [5,6].

Recent years witnessed that the construction industry is one of the sectors where carbon dioxide (CO3) emission is a serious
concern. According to an estimate, about one ton of COs is released into the atmosphere during the production of one ton of Portland
cement [7]. Carbon sequestration in cementitious materials is one of the potential solutions to the problem of growing emissions. The
normal carbonation process is controlled by the diffusivity of CO2 and its reactivity with a cementitious matrix [8]. Several researchers
have explored the use of supplementary materials such as fly ash, slag, metakaolin, silica fume, and a range of nanomaterials to resist
carbonation in hydrated cement matrixes and it is attributed to the refinement of pore structure and reduction of calcium hydroxide
(CH) due to pozzolanic reaction and transforming to C-S-H [9-11]. The carbonation of cementitious materials can be classified into
two different types (natural or accelerated) depending on material type, COy concentration, and exposure time [12]. Natural
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carbonation is a slow and long-term process (low CO5 concentration, 0.0415% or 415 ppm), which is not viable to access the potential
of materials for carbon capture in the scenario of increasing cement demand [13]. Hence, the accelerated carbonation may make it
easier to monitor CO, uptake in short term. Accelerated carbonation is a fast process that uses a high CO, concentration (>3%) to
accelerate the hydration process and produce carbonates [14,15]. In this way, it also promotes COy sequestration in cementitious
materials. In addition to addressing the environmental and economic benefits of capturing CO,, accelerated carbon curing of
cementitious materials improved mechanical, microstructural, and durability properties [16-18].

In general, when cementitious material is exposed to atmospheric CO,, It diffuses and hydrolyzes to bicarbonate (HCO3) and
carbonate ions (CO%’) in the alkaline porous solution of cement matrix as follows:

CO3 + OH- HCO3
HCO%™ Cco%™ + H*
Ca®* (in pore solution) + CO§_ CaCOs

Additionally, these carbonate ions precipitate as calcium carbonate after consuming the calcium ions from hydration products in
the cement matrix [19,20]. The carbonation process strongly depends on the transport medium and in a cement matrix amount of
water is a crucial factor. The excess amount of water present in the voids may cause a reduction in the ingress of CO5, while at the same
time, sufficient water is essential for calcium and carbon dioxide to dissolve and react.

The improvement in degree of hydration from 56.9% to 65.4% after 28 days with the addition of 0.2 wt% of GO revealed that GO
can increase cement hydration but marginally improves the degree of C-S-H gel polymerization [21]. According to research on the
pore structure of GO-cement paste [22], GO had a significant impact on the gel pores in the early stages of hydration, and the total pore
volume of the gel pores was reduced as GO concentration increased. Several studies have reported the effect of GO on hydration,
mechanical, and durability properties, while to the best of the authors’ knowledge, this is the first comprehensive evaluation of the
carbon sequestration ability of graphene oxide and its effect on the developing mechanical properties of GO-cement matrix. Based on
that, the main objective of this paper is to elucidate the mechanism of the interaction of GO with calcium-bearing phases in cemen-
titious systems under accelerated carbonation conditions. Furthermore, effects on strength, CO, uptake, carbonate mineralization, and
FTIR analysis of graphene oxide added sample was also assessed to understand the potential of GO for carbon capture and maintaining
its structural integrity compared to plain cement-based materials.

2. Materials and methods

2.1. Materials

In this study, specimens were prepared using Type I ordinary Portland cement (OPC) 42.5 R. Chemical composition of cement is
illustrated in Table 1. Graphene oxide was procured from Sigma Aldrich and had a bulk density of ~1.8 g/cm>. According to the
provider, graphene oxide consists of 15-20 exfoliated graphene nanoplatelets containing mostly hydroxyl (-OH) functional groups,
which allows it to disperse in water for further chemical modifications. The functionalization groups are attached to the border of the
layers, aiming to preserve the intrinsic properties of graphene (e.g. electric conductivity). XRD analysis shows an intense peak at 26.2
(2 theta), probably due to the partial oxidation of natural graphite flakes to graphene, in Fig. 1.

2.2. Sample preparation

In the present work, cement paste specimens with the addition of graphene oxide (0%, 0.05%, and 0.1%) were prepared for two
curing conditions such as carbon curing and water curing. All the samples were prepared at w/c ratio of 0.5. The higher w/c ratio was
considered to produce a workable mix. A standard Hobert mixer capable of operating from 140 to 285 rpm was employed. In the
process of preparing the GO suspension, GO was first mixed with de-ionized water in a beaker at 1000 rpm for 60 min under a shear
mixer and afterward, cement was combined with the GO suspension to mix for an additional 3-4 min at 285 rpm. After the completion
of the procedure, the mixture was cast in 25 mm cube molds for mechanical and microstructural testing. Following demolding after 24
h, a few samples were cured in water at 23 °C temperature till the time of testing, while the same number of samples were transferred to
the carbonation chamber, controlled at 20% CO5 (100% purity) supplied at 15 Psi, 25 + 2 °C temperature and 75 + 5% relative
humidity to evaluate carbon capture capacity. High relative humidity supplies enough moisture for the carbonation process [23-25].

Table 1

Chemical Composition of cement used in the study.
Components Quantity (%)
CaO 66.9
SiO, 19.5
Al,03 3.52
Fe,03 3.37
SOs3 3.97
Nay0 + K20 1.53
MgO 0.68
TiO, 0.21
P20s 0.1
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Fig. 1. XRD profile of graphene oxide.

The samples were tested from both the curing system after 7 and 28 days. For further instrumental investigation, samples were
extracted after compression testing of each sample and soaked in isopropanol for 5 days to stop hydration, followed by storing in a
vacuum desiccator to avoid any further hydration/carbonation reactions. Table 2 includes details on the samples studied.

2.3. Experimental methods

Heat of hydration was measured on fresh paste samples, using an isothermal conduction calorimeter (I-Cal Flex, Calmetrix, USA).
Cement and graphene oxide suspension were preconditioned for 24 h at 23 °C, prior to the experiment. Then the preconditioned
materials were mixed in a plastic ampoule (about 26 g of mixed paste) outside the calorimeter for 3 min using a high-speed paste mixer,
as per ASTM C1679. Heat of hydration and cumulative heat evolutions are plotted for the initial 30 h after normalizing with respect to
the cement mass.

TGA was performed to determine chemically bound water (BW) and degree of hydration (DOH) on uncarbonated (water cured) and
carbonated (CO; cured) samples (at 7 and 28 days). For carbonated samples, calcium carbonate and calcium hydroxide were also
determined at 7 and 28 days. Before the TGA test, approximately 40 mg of the paste was cored and then wet ground with isopropanol to
stop the hydration [26]. Measurements were carried out in the temperature range from 20 °C to 900 °C at the rate of 15 °C/min purging
Ny gas during the heating process. TGA was done on two samples in each mix to check for variance in the carbonation process, and
because of less than 1% variation, further tests were performed with one sample only. BW and DOH were calculated according to the
Bhatty’s method [27] based on the weight change between 105 °C and 900 °C using Egs. (1) and (2)

BW =Wy + Wy + 0.41(W,) 16
DOH =« | 2
OH =553 100 2

Where, Wdh, Wdx, and Wdc are mass losses due to dehydration (75-400 °C), de-hydroxylation (400-500 °C) and decarbonization
(550-900 °C) respectively. The factor 0.41 is used to convert the mass loss due to decarbonization to equivalent molecular weight of
water in portlandite. In Eq. (2), According to the Bogue’s formulae [28], 0.23 is the amount of chemically bound water at complete
hydration calculated from the theoretical stoichiometry of cement. The content of calcium hydroxide (CH), calcium carbonate
(CaCO3), and CO, uptake were calculated using equations (3)—(5) [29].

Mgy — M.

CH(g/100g) =—2 7% » 4.1 x 100 &)

Mos

Msys — M
CaCO5(g / 100g) =220+ 227 x 100 4

M o5
M 1%

co, upmke (%) _ CO—carbonated (W ‘7) % 100 (5)

100 — Mcozﬂmmmw (Wt%)

Where Moo, Msoo, Ms2s and Moo are the masses (g) of the samples at the given temperatures and Mcoz-carbonated Tefers to the ratio of
mass loss of carbonated sample due to CaCO3 decomposition to dry mass of the sample at 105 °C. Also, 4.1 is the molar weight ratio of

Table 2

Mix details of the samples.
S.No. Mixes Cement GO w/c
1 Cement paste 100% 0 0.5
2 C + GO05 99.95% 0.05% 0.5
3 C+Gl1 99.90% 0.1% 0.5
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Ca(OH)3 to H30, and 2.27 is the molar weight ratio of CaCO3 to COs.

The compressive strength of water and CO2 cured specimens was measured after 7 and 28 days using a displacement rate of 0.02
mm/s. An average of five specimens was taken as a result. In addition, surface charge (zeta potential) of GO suspension, saturated Ca
(OH)2, and combined GO + CH solutions were determined using the Zetasizer Ultra instrument based on Dynamic Light Scattering
(DLS) and Electrophoretic Light Scattering (ELS) system. Furthermore, to observe the interaction of Ca(OH); and GO under CO5
environment, the solutions of GO (similar to the amount added in cementitious specimens) and saturated Ca(OH), about 15 ml were
mixed and transferred to a controlled carbonation chamber at a CO, concentration of 20% for 24 h. To verify the effect of carbonation
on individual solutions, GO and saturated Ca(OH); (10 ml) were also placed independently in the carbonation chamber.

For FTIR measurement, the IR spectra were carried out on attenuated total reflection mode at the resolution of 4 cm™! with 32 scans
per sample.

3. Results and discussions
3.1. Heat of hydration of GO-modified cement

The impact of GO on the hydration of cement was shown in Fig. 2. The graph shows that the addition of GO increased the heat of
hydration of cement. This is explained by the fact that, as water starts the hydration process of cement, GO acts as a catalyst for
hydration by attracting water molecules and creating nucleating sites for the hydration process to begin on its surface. The exothermic
peak and the rate of heat released were observed higher in GO-added cement paste. The shoulder peak near 8 h and 12 h was more
pronounced, which indicates the accelerating effect of the GO to promote cement hydration, similar results were confirmed by Li et al.
[301. Also, in Fig. 2 (b), with the progress of the hydration time heat released was observed higher on adding both doses of GO (0.05%
and 0.1%) compared to plain cement. This may be caused probably due to the contribution of oxygen-containing functional groups on
GO surface, which helped in homogenous dispersion of GO and promoted precipitation of hydration products. Similar hydration
behavior is shown with the addition of 0.05% and 0.1% of graphene oxide with time.

3.2. Degree of hydration

Chemically Bound water (BW) was calculated from TGA at 7 and 28 days of hydration in uncarbonated (water cured) and
carbonated (CO, cured) cement paste, illustrated in Table 3. In general, the amount of BW increases with the time of hydration.
However, in this study, it was observed that the BW decreased in G1 blended cement only at later ages.

At the age of 7 days, the increase in BW is 3-4% in GO-added samples on exposure to CO5, compared to plain cement paste. This is
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Fig. 2. Heat of hydration curves.
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Table 3
Bound water in uncarbonated and carbonated cement paste.

Bound water (%)

Mix 7d-Uncarbonated 7d-Carbonated 28d-Uncarbonated 28d-Carbonated
Cement paste (CP) 15 15.66 15.56 15.91
CP + GO5 14.31 16.18 16.40 16.86
CP + G1 14.37 16.21 16.62 16.18

ascribed to accelerated carbon curing. Early carbonation leads to accelerated hydration kinetics, which resulted in more hydration
products. However, at 28 days, in uncarbonated GO5 and G1, BW increased by 5.39% and 6.81%, respectively compared to plain
cement while in carbonated conditions, GO5 showed an increase of 5.97% and G1 showed a marginal increase of 1.69% chemically
bound water compared to plain cement. It is accounted for a coating of CaCOj3 crystals that may have formed over the surface of the
calcium hydroxide because of rapid carbonation, which results in a slow hydration rate with time. Additionally, in G1 this BW is
slightly less than that of its 7-day content which is most likely because of polymerized C-S-H (or HD-CSH) that formed at the expense
of chemically bound water released. Simultaneously, calcium carbonate deposits in the pores of the cement matrix because of early-
onset increased reaction kinetics. As a result, diffusion of CO5 is constrained to enter the uncarbonated zone, which lowers BW in
carbonated cement paste with the addition of a high concentration of GO.

However, it should be noted that combined water can be present in two ways in GO-blended cement paste: first, chemically bonded
water with hydration products such as C-S-H, CH, ettringite, and more, second, the amount of water adsorbed within the interlayer of
graphene oxide [31]. Due to the presence of hydroxy functional groups on the graphene nanosheets, it is typically hydrophilic in nature
and the amount of adsorbed inter-layer cannot be removed completely after drying [32]. According to a report, GO aggregates retain a
significant quantity of water and lose weight by around 15% when heated to 150 °C [33]. Although we only used a very little amount of
GO in our study, the water-bonded with GO agglomerates should still be taken into consideration, especially when using a high amount
of GO (1%). Using a mini slump-flow test 12% reduction in slump diameter was observed, which caused stiffness in GO-blended
cement paste as compared to plain cement and it confirms that the GO adsorbed some fraction of water. Consequently, measuring
combined water by TGA may provide an overestimation of hydration.

Based on equation (2), DOH was calculated for GO-added cement paste in carbonated and uncarbonated conditions at the age of 28
days. Fig. 3 (a) illustrated that in uncarbonated conditions DOH increased about 5-7% with the addition of graphene oxide due to the
nucleation effect of GO sheets, which promote the hydration of cement and thus generate more hydration products with time.
However, in carbonated condition, GO5 showed an increase of ~8.3%, which is attributed to the continuous hydration and formation
of C-S-H, CH along with calcium carbonate through the adsorption of CO, by graphene oxide sheets, while in G1, the DOH dropped
down by 4.3% compared to GO5, but still marginally higher than plain cement (Fig. 3(b)). This demonstrated that the early refinement
of the cement microstructure due to the addition of high doses of graphene oxide hindered CO; diffusion in the cement system. The
carbonates that formed on the surfaces of the hydration products and the anhydrous cement as a result of the accelerated CO; curing
may have further inhibited the dissolution of the cement phases and slowed down the formation of new hydration products.

3.3. Compressive strength

The compressive strength for mixes at 7 and 28 d after removing the samples from the water and CO5 curing chamber were tested,
and the results are illustrated in Fig. 4. At 7-day, with GO5 and G1, compressive strengths were found to be 83% and 95% higher
compared to plain cement in uncarbonated specimens. This is attributed to the nucleation effect of oxygenated graphene oxide at an
early age of hydration, which lowers the porosity by filling the voids associated with the hydration products and considerably increases
compressive strength. With the progress of hydration time, compressive strength increment in plain cement from 7 to 28 days is
observed superior, which may be attributed to the presence of sufficient initial water-occupied space for hydration product formation.
While in GO-blended mixes from 7 to 28 days, this rate of increase is slightly lower than control. This observation revealed that well-
dispersed graphene oxide accelerated the hydration mechanism at an early age of hydration and due to space-filling and better packing
of the cement matrix, the rate of increasing strength slows down at a later age. Even after, an increase of 15-16% in compressive
strength for GO-blended matrix was observed compared to the reference sample without GO at 28 days (Fig. 4).

The availability of pores, which serve as a channel for CO, ingression into the cement matrix and contribute to calcium carbonate

28d-Uncarbonated
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Fig. 3. Degree of hydration (DOH) of graphene oxide incorporated cement under the uncarbonated and carbonated conditions.
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Fig. 4. Compressive strength of uncarbonated and carbonated samples at 7 and 28 days.

precipitation, primarily controls the diffusivity of CO2 in the cement matrix. The growth of stiffness and strength is significantly
impacted by accelerated carbon curing based on the time of exposure. For the carbonated specimens, on the 7th day, it can be clearly
observed from Fig. 3, that by adding graphene oxide GO5 and G1, compressive strengths increased to 40% and 97%, respectively, as
compared to plain cement. This is attributed to the formation of calcium carbonate microcrystals, which results in the filling of micro-
pores and densification of cement matrix. The space between the layered structure and oxygenated edge allowed the interlocking of
calcium ions (Ca®") with graphene sheets and form calcium carbonate on reacting with the dissolved carbonates (CO3 ). Pore-filling is
responsible for this increase in strength, and possibly the combination of CaCO3 with C-S-H may have resulted in the formation of a
stronger calcium-silicate-hydrocarbonate binding phase, this finding is also in line with the literature [34]. Fig. 5 presented the denser
microstructure of GO-blended paste after carbonation, where calcium carbonate crystals appear to be embedded within the hydration
products. EDX graph displayed the collective elemental composition of the highlighted area, and it also confirms the presence of
carbonates with the C-S-H, CH, and other hydration products.

Fig. 6 is showing the relative change in the strength of GO5 and G1 compared to their counterpart uncarbonated specimens. At 7
days, an increase of 14% and 28% were observed for GO5 and G1, respectively, which were attributed to the formation of calcium
carbonates. In GO5 this relative change is less than G1 because GO was dispersed effectively at a small amount, hence it improved the
strength as well as microstructure significantly under water curing and densification of microstructure leads to improve mechanical
properties. After prolonged carbonation for 28 days, the compressive strength increased with the amount of graphene oxide up to
0.05%, probably due to residual HD-CSH. Literature suggested that during cement hydration, there is a possibility of forming two types
of C-S-H based on their density i.e LD and HD C-S-H. LD-CSH (or outer C-S-H) is highly prone to carbonate quickly and resulting in
disintegration into CaCOs. The initial layer of CaCOs3 acts as a barrier and stops the inward ingress of CO,, which prevent interior
C-S-H (or inner C-S-H) from carbonating [35]. Based on this, it can be assumed that after extended exposure to the CO, environment,
the development of the CaCOg layer inhibited further carbonation of C-S-H and a considerable amount of HD-CSH leftover, which
helped in improving the mechanical strengths of cement-based composites. Although with 0.1% of GO, a reduction in compressive
strength was observed compared to 0.05% GO addition, however, it is still higher than the control sample. This can be explained by
forming a denser microstructure of the G1 mix at an early age. Thus, with the increased time of carbonation, there was no longer pore
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Fig. 5. SEM micrograph and elemental composition of carbonated graphene oxide blended paste.
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Fig. 6. Relative change in compressive strength of CO, cured samples w.r.t uncarbonated samples.

space remained for new precipitates to occupy, and then the carbonates started to accumulate on the surfaces of hydration products.
Eventually, this accumulation caused brittleness to the specimens, and due to expansion microcracks developed in the carbonated
zones [36]. This is also in agreement with BW and DOH results, on carbonation, the amount of hydration products decreased in G1
compared to GO5.

3.4. COg sequestration by graphene oxide modified cementitious system

3.4.1. Zeta potential and interaction mechanism of GO and Ca(OH)2 under carbonation condition

Zeta potential is a helpful surface characteristic for comprehending how particle surfaces interact with the surrounding medium.
Dispersion of graphene oxide in an aqueous solution yielded apparently stable solutions. However, the zeta potential was also
measured to quantify the suspension stability, which is considered acceptable when the zeta potential absolute value is higher than 30
mV [37].

GO solution presented a negative Zeta potential absolute value of 42 mV (shown in Fig. 7), indicating a stable and homogeneous
suspension, displayed in Fig. 8(B). The effect of a high pH environment on the stability of GO dispersion was investigated using a
saturated solution of Ca(OH); (observed zeta potential of 0.4 mV) depicted in Fig. 8(A) to imitate the highly alkaline cementitious pore
solution separately. Thereafter, to the stable water dispersed solution of GO, a saturated solution of Ca(OH), solution was added (Fig. 8
(Q)), and the zeta potential value was recorded. From this study, it was observed that the zeta potential of the mixture shifted from —42
mV to —10mV. It might happen due to the interaction of calcium cations (Ca®") to the negative surface of GO (OH™, COO™), which
caused an increase in the surface charge of GO, and subsequently leads to a positive surface. Similarly, when cement encounters water,
dissolution of ions starts, and Ca>* ions are soon adsorbed on the surface of graphene oxide, increasing the zeta potential value. After a
while due to the high surface area and strong affinity of GO to positive ions, its surface eventually gets saturated with interlocked Ca®*
ions. This process increases the mobility of ions in cement pore solution, which greatly increases the interaction of intercalated Ca%*
with the surface of cement particles and encourages nucleation and growth of hydration product on the cement surface, supported by
the degree of hydration results in section 3.2.

When the solution of individual GO, CH, and combined GO + CH was subjected to carbonation for 24 h, white precipitation of
CaCO3 was observed in both the solution of individual CH (Fig. (8(D)) and combined GO + CH (Fig. 8(f)). In GO solution, the settling of
graphene oxide is probably due to keeping undisturbed for a long time (Fig. 8(E)). As mentioned earlier, a superplasticizer was not used
to prepare these solutions, therefore after 24 h, GO began to settle at the bottom. A similar type of behavior was observed after 24 h
without carbonation.

Likewise, when carbon dioxide diffuses in the cement matrix containing graphene oxides, it reacts with interlocked calcium ions
and forms carbonate ions (CO37). In this study, the increased positive charge of GO sheets may lead to the attraction of negatively
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GO+CH suspension
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5.E+05
4.E+05

3.E+05

Total counts (kcps)
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-150 -100 -50 0 50 100 150
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Fig. 7. Zeta potential of GO and GO + CH solutions.
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Fig. 8. Images of solutions for CH, GO, and combined GO + CH kept in uncarbonated (A, B,C) and Carbonated conditions (D, E, F).

charged carbonate ions and result in more CaCO3 precipitation compared to plain cement. This proposed mechanism presented in
Fig. 9, helped in the permanent mineralization of atmospheric carbon dioxide by employing GO in the cementitious system. This
occurrence is verified in the later sections 3.4.2 and 3.4.3, based on the estimation of calcium carbonate and CH content upon
carbonation.

3.4.2. CH consumption

Fig. 10 (a and b) illustrated the 7th day TG curves of the GO-blended cement pastes cured under water and CO; environment. The
weight loss in paste samples can be observed mainly in three regions. First, the weight loss in the temperature range between 20 °C and
105 °C is corresponding to the loss of physically absorbed water from the accessible pore network of cement composites. Second, the
weight loss in the region between 400 °C and 500 °C is attributed to the dihydroxylation of calcium hydroxide. Under carbonation,
which is much less intense as a result of the carbonation of calcium hydroxide and transformation to calcium carbonate (Fig. 10(b)).
Third, the region between 650 °C and 900 °C is mainly for the decomposition of different polymorphs of calcium carbonates, which
demonstrated a significant peak intensity due to the carbonation of hydration products. In contrast to normal cement paste, the change
in peak intensities in GO-blended paste varied dramatically due to different hydration and carbonation reaction mechanism.

The amount of CaCO3 (g/100 g) and CH(g/100 g) was obtained directly from TGA curves by using Egs (3) and (4). Fig. 11 (aand b)
show the amount of CH in uncarbonated and carbonated pastes samples. From Fig. 11(a), it was observed that the amount of CH in GO5
is 5.9% lower than the plain cement under uncarbonated conditions, which may be explained by the interlocking of calcium ions
within oxygenated layers of graphene oxide, as explained earlier in section 3.4.1. This reaction will reduce the concentration of Ca>* in
pore solution and precipitates less amount of calcium hydroxide at 7 days. While with the continuous hydration when the sites on GO-
sheets are fully occupied, then the available calcium ions react with hydroxides ions in pore solution and continue to form CH,
therefore at 28 days CH content increased. However, in carbonated conditions, the reduction in CH content is observed higher
especially in the GO5 mix at 7 days of carbonation. This could be attributed to the rapid CH reactivity with carbon dioxide at the early
age of accelerated carbonation. Graphene oxides are usually hydrophilic and carbonaceous materials, which are naturally good at CO4
adsorption due to the interconnected layers with significant oxygen content [38]. As the carbonation continues till 28 days, it can be
observed that this amount is increased compared to the 7 days of carbonation. This might be a result of early exposure to high CO5
environments and the increased hydration of cement in the presence of GO. When fresh specimens were carbonated, it caused a rapid
reaction of CH with carbon dioxide, covering the surface of CH and anhydrous cement with calcium carbonate crystals [39]. The fact
that the quantity of CH in the G1-blended cement mix has hardly changed might be attributed to the carbonates that have accumulated
over hydration products, which have further inhibited the interaction of CO, with calcium hydroxide and prevented CH from
carbonating even after prolonged carbonation. From Fig. 11(b), it is interesting to be noted that on carbonation CH content is still
higher than plain cement, which showed that the addition of GO might prevent the drastic reduction of pH or alkalinity of the cement
matrix while improving mechanical performance and carbonate mineralization.

Fig. 9. Schematic representation of reaction mechanism of GO in alkaline medium.
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Fig. 10b. TGA curves of carbonated cement paste with GO at 7 days.

Adding graphene oxide, a large number of Ca?* were chemically linked, either face-to-face or edge-to-edge of GO nanosheets. Also,
reported in the study [40] that about 25% of weight loss was observed in the temperature range from 300 to 500 °C, and is attributed to
the elimination of oxygen-containing functional groups. Therefore, it is reasonable to assume that some of the weight loss experienced
by GO-blended cement paste across the temperature range of 400-500 °C was caused by the removal of cross-linked Ca?* ion bonded
with oxygen-containing functional groups (OH and COOH). To confirm the effect, XRD graphs of 7 days were obtained for uncar-
bonated and carbonated pastes incorporating GO, presented in Fig. 12. XRD graph showed that the corresponding peak intensity of CH
at 18.2 (20) is relatively higher in GO5 than control in uncarbonated cement paste, whereas on carbonation this peak significantly
decreased and the major peak of calcite at 29.5 (20) increased due to converting CH into CaCOs. Further, as GO concentration
increased to 0.1%, rapid deposition of a crystalline layer of calcium carbonates in CH surrounding reduced the carbonation of calcium
hydroxide, resulting in high CH content in G1 mix compared to GO5 and plain cement paste.

3.4.3. Carbonate mineralization and COz uptake potential

CaCO3 mineralization in GO-blended cement matrix at 7 and 28 days carbonated samples are presented in Table 4. At 7 days,
CaCOg3 content was calculated about 32.7% in plain cement paste, which translates to 10.4% of CO5 uptake. Using a high w/c ratio
helps easy mixing and better workability with the additional capillary pores. The availability of free water in the porous network
provides sites for the dissolution of carbon dioxide, which is necessary to drive the carbonation reaction [41]. However, with the
addition of graphene oxide, CaCO3 content increased to 39.6% corresponds to 13.4% of CO; uptake in the cement system, which is
about 30% more CO, sequestration as compared to plain cement (Fig. 13). The enhanced CO- ingress and rapid reactivity with
intercalated Ca®* ion with the graphene sheets is linked to this increase in CO, sequestration. Due to the continuous precipitation, the
cement matrix becomes denser and on increasing GO to 0.1%, CO2 uptake is reduced (as described in section 3.3).

Moreover, after 28 days of carbonation, this increase in carbonate mineralization and CO, uptake continued in plain cement paste
due to the availability of space for precipitation of CaCO3. However, the carbonate mineralization potential slows down in GO-added
cement paste. The increase in carbonate content from 7 d to 28 d is slower (2.6%) in GO5 than plain cement paste (13%) and G1 (20%),
which corresponds to 13.6% of CO;y uptake at 28 days. These results imply that the small addition of GO (0.05%) substantially
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Fig. 11b. TGA results of CH content of carbonated GO incorporated paste sample after 7 and 28 days.

advances the early-age adsorption of CO5 in cement. Owing to the efficient dispersion at low concentrations, GO accelerated the carbon
uptake process and allowed the pore spaces to be refined by calcium carbonate precipitation. Simultaneously, when the pores are filled
then the carbonates start depositing over hydration products and anhydrous cement particles. This overgrowth of carbonate crystals on
the surfaces limits the chemical reaction between hydration products and CO, under continuous CO; flow. Further, on increasing the
amount of GO, carbonate mineralization and CO5 uptake potential were reduced, probably due to densification of microstructure and
insufficient dispersion of GO sheets. This reduction in mechanical properties has also been observed earlier. Hence, this study suggests
that the addition of a small amount of GO in cementitious system can capture and store atmospheric CO, effectively with the added
benefit of improving mechanical and hydration properties.

3.5. FTIR spectrum analysis

FTIR spectra of cement paste with 0.05% and 0.1% of graphene oxide after carbonation till 7 and 28 days are shown in Figs. 14 and
15. The spectra show a remarkably sharp C-O stretching at 872 cm™! and 1418 cm ™!, which confirms the carbonation-induced
production of a stable form of calcite (CaCOs3) in all the mixes [42]. From the spectra, It can be observed that the peak intensity for
the calcite is higher in GO5 than the plain hydrated cement at 7 days. With the progress of carbonation curing at 28 days, this peak
intensity at 1418 cm ™! is comparatively higher in GO-blended cement paste. This infers that GO enhanced CO, adsorption. However,
on increasing the amount of GO, further diffusion of CO, was restricted only due to densification of the microstructure. It can be seen
from earlier compressive strength results that G1 has improved mechanical properties in uncarbonated conditions.

Additionally, at day 7, the spectra also showed peaks at 965 cm ™}, which correspond to the stretching of Si-O bond, suggesting that
there had been no apparent change in C-S-H. However, the apparent decrease in the intensity of this band might have been caused due
to alternation in C-S-H gel upon carbonation. While at 28 days, with the slight increase in intensity, this band shifted to a higher wave
number clearly showing the formation of highly polymerized C-S-H, especially in the GO5 mix. The formation of polymerized or
denser C-S-H could also be one of the reasons for improving mechanical properties. The broad and small bands at 1664 cm™},
indicated the bending vibrations (H-O-H) and the absorption bands from 3100 to 3500 cm ! correspond to the O-H stretching vi-
brations in the interlayer water molecules combined with hydration products [43]. The peak at 3648 cm ™! corresponds to the presence
of CH, which is formed due to accelerated hydration of silicate phases (C3S and C,S) in the hydrated cement. When GO is added to the
cement paste, the characteristic CH peak intensities at 28 days considerably decrease compared to their intensities in plain cement
paste. This discrepancy is probably due to the carbonation of CH in presence of GO. These findings also supported the mechanical and
TGA results discussed previously and proved that GO has high reactivity with hydrated cement, leading to improved mechanical
performance. In addition, CO, sequestration in cement-based materials can also be enhanced significantly with a small addition of GO.
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Table 4
CaCO3 content in uncarbonated and carbonated pastes with GO.

CaCO3 (g/100 g)

Uncarbonated Carbonated
7d 28d 7d 28d
Cement Paste 9.1 7.5 32.7 37.1
C+0.05%GO 8.9 8.2 39.6 39.1
C+0.1%GO 8.6 8.2 29.8 35.9
16
14 30% 2.6%
12 k\\
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T
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Fig. 13. CO, sequestration potential of GO incorporated cement paste samples at 7 and 28 days.

4. Conclusions

The effect of graphene oxide on CO;, sequestration, hydration kinetics, and strength development was investigated and the

following conclusions were observed:
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e The additional benefit of using graphene oxide in a cementitious system is that it can be used for CO2 sequestration; it has the
potential to increase CO5 uptake by 30% with a very small amount of graphene oxide (0.05%), while maintaining its structural
integrity in comparison to plain cement-based materials.

¢ In an alkaline environment, an increase in zeta potential facilitated the reactivity of carbonates on the surface of GO and enhanced
CO, sequestration in the microstructure of GO-cement.

e The presence of oxygen-containing functional groups on the surface of graphene oxide nanosheets facilitated the interaction of
dissolved ions in pore solution with GO and accelerated hydration kinetics, which led to the precipitation of additional hydration
products.

e Chemically bound water and degree of hydration are improved by 8.3% at 28 days on GO5 addition, while at higher amounts of GO,
DOH was controlled due to the refinement of microstructure.

e Compressive strength in GO5 and G1 significantly increased at 7 days under both curing conditions, whereas at 28 days, on pro-
longed carbonation, the compressive strength of the G1 blended mix decreased due to the deposition of carbonates crystals on
hydration products, which further hindered the hydration mechanism.

e The simultaneous occurrence of carbonation and hydration process caused the CaCO3 and calcium hydroxide concentration to be
higher in the GO5-cement matrix in comparison to plain cement, which demonstrated the potential of graphene oxide for storing
CO5 and maintaining the pH of the cementitious system at the same time.
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