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ABSTRACT 15 

 16 

Acid-induced deterioration reduces the service life of concrete and requires high maintenance 17 

costs. This study examined the deterioration of graphene oxide (GO)-modified cement pastes 18 

exposed to 1 M citric acid (C6H8O7) and 1 M sulfuric acid (H2SO4) environments for two 19 

weeks. Changes in the physical and chemical properties of the binder matrix were determined 20 

by the assessment of fresh and hardened properties, and a detailed microstructural analysis 21 

involving SEM-EDS, XRD, FT-IR and TGA-DTG. The formation of a thick earlandite- and 22 

gypsum-like salt was observed in the altered areas of all samples after citric acid and sulfuric 23 

acid attacks, respectively. A consistent reduction in the mass loss and sectional area loss was 24 

recorded as the GO content increased from 0 to 0.09 wt.% under both acid environments, also 25 

supported by microstructural analysis and micro-hardness results. The decline in deterioration 26 

under these acid environments was associated with the increased resistance provided by GO 27 

that reduced the penetration of aggressive chemical species into the matrix. Determination of 28 

an optimum GO content to achieve a balance between reaction mechanisms, fresh properties 29 

and durability is critical for improved performance in the long-term. 30 

 31 
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1. INTRODUCTION 33 

 34 

The most likely failure scenarios of concrete involve physical as well as chemical effects such 35 

as acid-induced deterioration, which can reduce the service life of concrete [1], resulting in 36 

high maintenance costs for critical applications (e.g. wastewater facilities) [2]. Concrete pipes 37 

and other elements involved in collecting, storing, and treating wastewater are essential 38 

building components used for the treatment of wastewater in sanitary, stormwater and sewer 39 

environments [3]. Concrete structures operating under such acidic mediums are susceptible to 40 

chemical and biogenic attacks, increasing their vulnerability to deterioration. 41 

 42 

Wastewater generated by agricultural and agro-food industries is a mixture of silage juices, 43 

liquid manure, molasses, whey, and distillery residues. The existence of either monocarboxylic 44 

(acetic, propionic, lactic), dicarboxylic (succinic, oxalic, tartaric, malic) or tricarboxylic (citric) 45 

acids or their combination in sewage environments regulates the pH value, which generally 46 

ranges between 4 and 8 [3, 4]. These organic acids partly dissociate in water and react with the 47 

binder matrix consisting of calcium silicate hydrate (C-S-H), portlandite/calcium hydroxide 48 

(CH), ettringite (AFt), monosulfate (AFm) and anhydrous clinker compounds. These 49 

interactions lead to the precipitation of calcium (Ca)-bearing salts, which usually dissolve in 50 

the external media [5]. For instance, the reaction between portlandite and citric acid results in 51 

the precipitation of tricalcium citrate salt, as shown in Equation 1. 52 

 53 

3Ca(OH)2 (portlandite) + 2C6H8O7 (citric acid) → Ca3(C6H5O7)2·4H2O (tricalcium citrate) + 2H2O  (1) 54 

 55 

Another cause for the deterioration of concrete pipes is linked with the liberation of sulfuric 56 

acid (H2SO4) in the presence of microorganisms in sanitary wastewater sources. This damage, 57 

which is often referred to as "microbial induced concrete corrosion" (MICC), is commonly 58 

observed in concrete pipes and results in substantial damage [1, 6, 7]. The anaerobic digestion 59 

of sewage results in the liberation of hydrogen sulfide (H2S) gas, which metabolizes with 60 

oxygen by aerobic bacteria, thereby producing H2SO4 solution [7, 8]. During MICC, the sulfate 61 

ions (SO4
2-) react with the binder products (mainly CH, C-S-H, and monosulfate) and produce 62 

gypsum and ettringite, as shown in Equations 2-4. The formation of these products is 63 

accompanied by an increase in volume and pressure in concrete, leading to internal cracking 64 

that can result in structural failure [9]. The current solutions on improving the resistance of 65 

concrete pipes against chemical and biogenic attacks include the modification of concrete mix 66 



using pozzolanic materials, sulfate-free aggregates, polymeric fibers, and adoption of special 67 

surface treatment and curing methods [10]. 68 

 69 

Ca(OH)2 (portlandite) + H2SO4 (sulfuric acid) → CaSO4 (calcium sulfate) + 2H2O           (2) 70 

 71 

3CaO∙2SiO2∙3H2O (C-S-H) + 3H2SO4 (sulfuric acid) + 4H2O → 3CaSO4∙2H2O(gypsum) + 2Si(OH)4 (3) 72 

 73 

3CaO∙Al2O3∙12H2O (monosulfate) + 3(CaSO4∙2H2O) (gypsum) + 14H2O → 74 

3CaO∙Al2O3∙3CaSO4∙32H2O (secondary ettringite)                  (4) 75 

 76 

Advancements in nanotechnology has opened new avenues for the enhancement of the 77 

mechanical properties and durability of concrete. Some of the nanomaterials popularly used in 78 

cement modification include carbon nanotubes, carbon nanofibers, nano- silica, alumina, and 79 

titanium dioxide [11-15]. Investigation of the performance of concrete mixes involving the use 80 

of nanomaterials under acidic conditions are important for developing a comprehensive 81 

understanding of the structural integrity of vulnerable structures. Under acidic conditions, 82 

portlandite is prone to severe dissolution, followed by the dissolution of AFt, AFm and C-S-H 83 

[16]. It has been widely reported that the effective dispersion of colloidal nano-silica in the 84 

binder matrix can significantly delay concrete deterioration under acidic mediums [14, 17]. 85 

This improvement was associated with the enhancement of the secondary C-S-H formation and 86 

reduction of the availability of portlandite in the presence of nano-silica, which was similar to 87 

the effect observed via the use of pozzolanic materials (e.g. fly ash and slag) [17, 18]. 88 

 89 

The modification of cementitious mixes at nanoscale via the use of graphene and its derivatives 90 

such as graphene oxide (GO) has been investigated in the context of their crack-bridging effects 91 

[19, 20]. GO is an atomically thin sheet of graphite that is covalently decorated with oxygen-92 

derived functional groups, either on the basal plane or at the edges [21, 22]. The sheet-like 93 

morphology, active functional groups, high surface area, and excellent mechanical properties 94 

of GO (CxOyHz) make it an ideal additive to cement mixes [23, 24]. GO can homogeneously 95 

disperse in water, unlike other carbon-based materials (e.g. carbon nanotubes and carbon 96 

nanofibers) [25, 26]. The economical extraction of GO from natural graphite is feasible at a 97 

large scale via the Hummers' method [27, 28]. This synthesized GO has a wrinkled sheet-like 98 

structure, and its basal plane and edges are grafted with oxygen-containing functional groups 99 



[27]. GO typically has a high surface area of ~1700 m2/g and its in-plane Young’s modulus 100 

ranges between 210 and 470 GPa. The thickness and lateral dimension of a single layer GO 101 

sheet are typically 0.7-1 nm and 0.1-100 µm, respectively [29]. Previous studies reported the 102 

use of GO at a content of 0.02-0.08 wt.% to improve the mechanical performance of cement-103 

based mixes [30-32]. Increasing the content beyond these values could result in the 104 

agglomeration of the GO flakes, thereby reducing performance [25]. 105 

 106 

While the effects of GO dosage on the workability, rheology, shrinkage, electrical resistivity, 107 

microstructure, mechanical strengths, and permeability of cementitious composites have been 108 

studied [24, 33-37], the performance and microstructural changes in GO-modified cement 109 

composites exposed to aggressive aqueous mediums (e.g. wastewater, sea water and ground 110 

water) has not been fully investigated. Aiming to fill this gap in the literature, this study 111 

examined the deterioration mechanisms of cement mixes containing 0-0.09 wt.% GO under 112 

citric and sulfuric acids, which simulated the chemical attack often occurring in essential 113 

infrastructure operating in sewers and wastewater treatment plants. The primary goals of this 114 

study were to (i) understand the alteration process of GO-modified cement pastes exposed to 115 

citric and sulfuric acids and (ii) reveal the influence of different GO contents on the chemical 116 

resistance of cement mixes. 117 

 118 

To validate the relative degree of deterioration, the loss in specimen mass and sectional area 119 

were recorded and compared at the end of each acid attack exposure. The chemical, 120 

mineralogical and mechanical changes in the prepared paste specimens due to calcium leaching 121 

were assessed using scanning electron microscopy (SEM), in conjunction with energy 122 

dispersive spectroscopy (EDS), thermogravimetric analysis (TGA-DTG), X-ray diffraction 123 

(XRD), Fourier transform infrared spectroscopy (FT-IR), and Vickers micro-hardness 124 

analyses. The changes in the pH and conductivity of the two acidic solutions were also 125 

continuously recorded. The obtained results led to a discussion on the effects of the 126 

characteristics and content of GO on the rheology and hydration of cement mixes. Overall, the 127 

findings of this project could enable the development of ideal cement mixes with increased 128 

durability under acidic environments. 129 

 130 

 131 

2. EXPERIMENTAL PROGRAM 132 

 133 



2.1. Materials 134 

 135 

The main binder used in sample preparation was CEM I 52.5 N Portland cement (PC) obtained 136 

from EnGro Corporation Ltd. (Singapore) [38]. The chemical composition of this PC is shown 137 

in Table 1. The water-soluble GO used in this study was procured from Sigma Aldrich Ltd. 138 

(Singapore). It was extracted from 99% carbon-based natural graphite with an average size of 139 

150 µm by using a modified Hummers' method, as reported in Li et al. [27]. According to the 140 

information provided by the manufacturer, this monolayer GO could disperse in any polar 141 

solvents and had an oxygen content exceeding 36 wt.%. In addition to GO, a polycarboxylate 142 

(PCE)-based superplasticizer with a solid content of 35 wt.% was used to prepare the GO-143 

modified cement pastes. 144 

 145 

Table 1 Chemical composition (wt.%) of PC used in this study. 146 

 147 

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O Ignition loss 

63.6 22.7 5.6 2.9 1.4 1.5 0.3 0.4 1.6 

 148 

GO was characterized via X-ray photoelectron spectroscopy (XPS, Kratos Analytical Axis 149 

Supra), FT-IR (Thermo Scientific Nicolet iS50), SEM-EDS (JEOL JSM-7600F) and XRD 150 

(Bruker D8 Advance). Before the XPS scan, GO was dried overnight at 80°C, washed with 151 

acetone, deposited on a filter paper and vacuum desiccated for 7 days. It was then pressed onto 152 

an indium wrapped carbon substrate and mounted into the XPS machine, operating with a 153 

monochromated aluminum Kα source (~1486.6 eV). For the reproducibility of data, the XPS 154 

scan was repeated 3 times by following a similar spot size, dwell time, and resolution of 400 155 

µm, 0.05 seconds, and 0.1 eV, respectively. The dry GO flake was directly placed under the 156 

metal tip of the FT-IR machine and scanned for a wavelength range of 4000-400 cm-1. To 157 

conduct the XRD scan, dried GO was powdered to a size smaller than 54 µm by using a mortar 158 

and pestle, and tested at a range of 5-80º 2θ and a scanning rate of 0.02º 2θ per minute. The dry 159 

GO flake was also fixed onto a steel stub using a carbon tape and imaged using SEM operated 160 

at a voltage of 5-15 kV. 161 

 162 

 163 

2.2. Sample preparation 164 



 165 

Seven cement paste mixes, with different GO contents of 0% (GO-0), 0.015% (GO-1), 0.03% 166 

(GO-2), 0.045% (GO-3), 0.06% (GO-4), 0.075% (GO-5) and 0.09% (GO-6) were prepared in 167 

this study. While higher GO dosages can demand higher PCE contents, all mixes presented in 168 

this study involved a constant PCE content of 0.1 wt.% and a water/cement (w/c) ratio of 0.35 169 

to avoid delays in setting time, maintain uniformity in sample preparation and avoid variation 170 

amongst different samples. To avoid the agglomeration of GO, the solution mixture containing 171 

GO, PCE, and water was sonicated for 20 minutes before being used in the preparation of 172 

cement mixes. The prepared mix was cast in 15×15×50 mm3 prismatic acrylic moulds and 173 

consolidated by using a vibration table. All samples were demolded after 24 hours and cured 174 

under water for up to two weeks as cement-based samples gain a majority of their ultimate 175 

strength within 14 days of curing. 176 

 177 

 178 

2.3. Calorimeter and rheometer tests 179 

 180 

The heat flow due to the hydration of GO-modified cement pastes was studied at 30ºC by using 181 

a Calmetrix I-Cal 8000 HPC calorimeter, in line with ASTM C1702 [39]. To record the heat 182 

of hydration for up to 24 hours, the fresh pastes were immediately loaded into the calorimeter 183 

channels within a few seconds of mixing. 184 

 185 

The rheological properties (e.g. shear stress and apparent viscosity) of GO-modified cement 186 

pastes were also tested under ambient conditions by using a HAAKE Mars III rheometer. The 187 

sample measuring cell was fixed with a titanium (Ti)-based top plate and fitted with a sensor 188 

and a 20 mm diameter proliferated base plate. A spoon filled with fresh cement paste was 189 

placed on this cell fixture and pressed against the base plate with a load of 0.5 N. The excess 190 

cement paste was removed and the top plate was rotated at a speed of 50 rotations/minute for 191 

30 seconds. After this pre-shearing process, the shear rate was increased from 1 to 100 s-1 192 

within 100 seconds to study the stress growth pattern for a total duration of 130 seconds. 193 

 194 

 195 

2.4. Acid attack 196 

 197 



Laboratory reagents 95% concentrated sulfuric acid solution (H2SO4) and 99% pure citric acid 198 

powder (C6H8O7) procured from Sigma Aldrich Ltd. (Singapore) were used in this study. Acid 199 

attack on the prepared cement pastes was conducted by immersing the cured samples in a 150 200 

mL glass beaker containing 1 M acidic solution for two weeks. These relatively high acid 201 

concentrations were used to facilitate the generation of data in a short time by accelerating the 202 

deterioration process. Acid exposure took place under ambient conditions (i.e. 25°C and 65% 203 

RH). Both the C6H8O7 and H2SO4 solutions were replenished on a weekly basis during the 204 

testing period to ensure the samples were constantly exposed. 205 

 206 

 207 

2.4.1.  Sample mass and sectional area 208 

 209 

The prepared samples were immersed in C6H8O7 and H2SO4 solutions for up to two weeks. The 210 

mass of each sample was recorded at the end of acid exposure by using a 0.001 g precision 211 

balance. Before mass measurements, each sample was washed using a water jet and wiped with 212 

a dry tissue paper. Washing was done to remove the loose Ca-bearing salts on the sample 213 

surfaces. Subsequently, the exposed samples were sectioned into multiple pieces by using a 214 

diamond-tipped precision saw to reveal the zone altered by citric and sulfuric acids. The 215 

boundary of the altered zone was located and analyzed with a Optem Zoom 70XL stereo 216 

microscope using high magnification lenses. The deteriorated region revealed a different 217 

colour, unlike the unaltered core material (i.e. sound zone). The boundaries of the altered zone 218 

were identified and the area of discolouration observed in the image was measured by using an 219 

imaging software (Image-Pro Premier, Version 9.1, Media Cybernetics, United States). Four 220 

cut-sections from each sample were analyzed via this procedure and the average sectional area 221 

loss was calculated by dividing the deteriorated area by the original cross-sectional area of the 222 

sample. 223 

 224 

 225 

2.4.2.  Solution pH and conductivity 226 

 227 

The prepared samples were immersed in C6H8O7 and H2SO4 solutions for up to two weeks, 228 

during which the change in the pH and conductivity of the acid solutions were periodically 229 

recorded by using a Horiba F-52 pH meter and ThermoScientific Orion Star A212 conductivity 230 

meter, respectively. Before the measurements, the pH meter was 3-point calibrated, whereas 231 



the conductivity meter was 2-point calibrated at 25°C by using the National Institute of 232 

Standards and Technology (NIST) certified buffer solutions. The average of three 233 

measurements was taken for each data point. 234 

 235 

 236 

2.4.3.  SEM-EDS and micro-hardness 237 

 238 

The cut-sections (i.e. before and after acid exposure) were dried under vacuum for 48 hours at 239 

30ºC, epoxy impregnated by using a Buehler Cast-Vac-220 vacuum impregnation machine and 240 

left undisturbed for 8 hours. The hardened epoxy polymer was then demolded and polished 241 

with a Buehler MetaServ 250 grinder-polisher, following the procedure outlined in an earlier 242 

study [40]. These polished sections were characterized by SEM-EDS operating under the 243 

backscattered electron (BSE) imaging mode. The dry polished samples were mounted onto 244 

steel stubs by using a carbon adhesive before they were analyzed under SEM. 245 

 246 

The prepared samples were also analysed by a Wilson Tukon-1202 Vickers hardness tester, in 247 

compliance with ASTM E384 [41]. A load (P) of 0.3 kilogram-force (kgf) with a loading time 248 

of 10 seconds was adopted to create an indent in the polished sample. Multiple indents were 249 

made on each sample before and after exposure to C6H8O7 and H2SO4 solutions. Indentations 250 

were meticulously chosen by using optical micrographs and analyzing the data to select the 251 

micro-indents that represented the binder matrix. Two opposite diagonal lengths (d1 and d2) of 252 

each indent mark were recorded by using the optical microscope within the hardness tester. 253 

The area of indentation was determined by multiplying these two diagonal lengths. The Vickers 254 

hardness number (HV) was calculated by dividing 1.854xP (in kgf) with the area of indentation 255 

(in mm2) [42]. 256 

 257 

 258 

2.4.4.  TGA-DTG, XRD and FT-IR 259 

 260 

The soft altered zone of the binder matrix was sampled by carefully scratching this area, during 261 

which care was taken to avoid the intermixing of altered and unaltered zones. The collected 262 

samples were vacuum dried for 48 hours at 30°C, ground to a size smaller than 54 µm by using 263 

a mortar and pestle, and analyzed under TGA-DTG, XRD and FT-IR. For TGA-DTG, 264 

performed with a Perkin Elmer TGA 4000, the samples were heated from 35°C to 900°C at a 265 



rate of 10°C per minute under a nitrogen flow. The XRD scan was done by a Bruker D8 266 

Advance, using Cu Kα radiation (40 kV, 30 mA) at a scanning rate of 0.02º 2θ per minute, 267 

within a scan range of 5-80º 2θ. FT-IR scan was conducted at a wavelength range of 4000-400 268 

cm-1 by using a Thermo Scientific Nicolet iS50 Model instrument. 269 

 270 

 271 

3. RESULTS AND DISCUSSION 272 

 273 

3.1. Characterization of GO 274 

 275 

The GO synthesized using Hummers' method is functionalized with epoxy, hydroxyl, carbonyl, 276 

and carboxyl groups. These oxygen-containing functional groups are covalently bonded to the 277 

edges and basal plane of graphene sheets [29]. The functionalization degree was analyzed by 278 

XPS, whose results are shown in Fig. 1(a). The obtained XPS spectra was used to quantify the 279 

mass concentration of elements forming the GO material, which contained carbon (65.9 wt.%), 280 

oxygen (32.1 wt.%), sulfur (1.4 wt.%), and nitrogen (0.6 wt.%). In general, sulfur and nitrogen 281 

traces are often found in GO solutions synthesized by using the Hummers' method [27]. The 282 

concentrations of sulfur and nitrogen in the GO used in this study were marginal and within 283 

the limits suggested by previous studies [29, 43]. 284 

 285 

Further characterization of GO via XRD (Fig. 1(b)), FT-IR (Fig. 1(c)), and SEM-EDS (Fig. 286 

1(d)) revealed information on its composition and microstructure, which consisted of twisted 287 

flakes with a wrinkled surface structure on (Fig. 1(d)). The oxygen-to-carbon ratio by mass 288 

was about 0.5, confirming that GO was highly oxygenated and hydrophilic. The carbon (C1s) 289 

spectrum, processed from the XPS spectra to establish the chemical states of carbon within 290 

GO, revealed three major peaks at binding energies of 282.4 eV, 284.6 eV, and 286.5 eV. These 291 

peaks correlated with the existence of three carbon states in GO: (i) graphitic carbon (sp2 and 292 

sp3 hybridized), (ii) carbonyl (C=O and C-O) and (iii) carboxyl (COOH) structures, which was 293 

in line with the findings of previous studies [29, 43]. The XRD pattern (Fig. 1(b)) revealed two 294 

main peaks at 13.1° and 30.5° 2θ, indicating the existence of a graphite-like structure in the 295 

powdered GO. Similarly, the FT-IR bands (Fig. 1(c)) at 1735 cm-1, 1210 cm-1, and 1050 cm-1 296 

were associated with the presence of carbonyl (C=O), ether (C-O-C), and hydroxyl (C-OH) 297 

functional groups in GO. 298 

 299 



 300 
 301 

Fig. 1 Characterization of GO, showing its: (a) XPS spectra (inset picture showing its C1s 302 

pattern), (b) XRD pattern, (c) FT-IR spectra and (d) SEM-EDS results 303 

 304 

 305 

3.2. Effect of GO dosage on the cement hydration and rheological properties 306 

 307 

Fig. 2 shows the calorimetry results of GO-modified cement pastes during the first 24 hours of 308 

hydration. When compared to the control sample (GO-0), GO-1 and GO-2 samples revealed 309 

an increase in their initial rate of heat evolution. A different scenario was observed in the 310 

remaining samples with higher GO contents (GO-3, GO-4, GO-5, and GO-6), which 311 

demonstrated similar or lower heat evolution patterns than the control sample. The negatively 312 

charged GO sheets electrostatically interact with the calcium ions that dissolve from the 313 

tricalcium silicate and tricalcium aluminate and behave as nucleation seeds (i.e. accelerating 314 

the hydration process) [32, 37, 44, 45]. Increasing the GO dosage beyond 0.03 wt.% may result 315 

in their absorbing onto the surfaces of cement particles, thereby limiting the dissolution of 316 

calcium aluminates and retarding hydration [24, 40]. These results indicate the significance of 317 

GO content in improving the reaction kinetics of PC mixes. 318 

 319 



 320 
 321 

Fig. 2 Calorimetry results presenting the cumulative heat and heat flow curves of all GO-322 

modified cement samples 323 

 324 

Fig. 3(a) shows the flow curve pattern of GO-modified cement pastes analysed under an 325 

increasing shear rate of 1-100 s-1, revealing the shear-thinning behaviour of the fresh pastes. 326 

The Herschel-Bulkley rheological prediction model, as shown in Equation 5 (i.e. where τ is the 327 

shear stress (Pa), τ0 is the yield shear stress (Pa), γ is the shear rate (s-1), and K is consistency 328 

(Pa.sn)), was reported to fit the experimental rheometer data of samples containing 0.03, 0.05, 329 

and 0.1 wt.% GO better than modified Bingham, Herschel-Bulkley, Bingham, and Casson 330 

models [33]. Previous studies [46] examined the rheological properties of oil well cement 331 

slurries modified with carbon nanofiber and graphene nanoplatelets, which showed typical 332 

shear-thinning behaviour with decreased viscosity at high shear rates (i.e. up to 1000 s-1). The 333 

Vom Berg (VB) rheological model, given in Equation 6 (i.e. where n is a power rate index, and 334 

b and c are material constants) fitted the experimental data of these GO-modified cement 335 

slurries better than the Bingham, Herschel-Bulkley, and Vocadlo rheological models. The VB 336 

model uses an inverse hyperbolic function (sinh-1), whereas the Herschel-Bulkley model is 337 

assisted by an exponential function. In this study, the cement pastes with and without GO sheets 338 

exhibited a Herschel-Bulkley fluid, which demanded minimum shear stress for initial flow, 339 

demonstrating smaller increments in stress with increasing shear rate. 340 

 341 

τ = τ0 + K(γ)n (Herschel-Bulkley model)                      (5) 342 



 343 

τ = τ0 + b·sinh-1(γ/c) (Vom Berg model)                      (6) 344 

 345 

In this study, the apparent viscosity (µ) of all fresh GO-modified cement pastes declined with 346 

increasing shear rate. This could explain the progressive separation of GO sheets and cement 347 

particles after mixing and their alignment in the direction of flow. Using the τ and µ values at 348 

the initial shear rate of 1 s-1 to validate flow, the initial viscosity (at 1 s-1) of GO-0, GO-1, GO-349 

2, GO-3, GO-4, GO-5, and GO-6 samples was found to be 6.1, 7.5, 12.6, 30.91, 86.2, 78.7, and 350 

82.8 Pa·s, respectively. The µ of cement pastes increased with increasing GO content from 0 351 

to up to 0.06 wt.%, followed by a slight decrease beyond this limit. This trend was an indication 352 

of the role of GO content in controlling the flow of cement pastes. The notable change in the 353 

initial τ from GO-3 to GO-4 could reveal the formation of flocculated structures due to the 354 

agglomeration of GO and cement particles [33, 40]. The absorption of free water onto the GO 355 

surfaces rather than the cement particles due to the higher GO contents of GO-4, GO-5 and 356 

GO-6 samples could reduce the fluidity of these pastes, which is generally controlled by the 357 

thickness of the water film surrounding the cement particles. 358 

 359 

 360 
 361 



Fig. 3 Rheological properties of GO-modified cement samples, showing: (a) Common flow 362 

behaviour of Newtonian and non-Newtonian fluids [47], (b) shear stress curve, (c) apparent 363 

viscosity curve, and (d) initial τ and µ values at a γ of 1 s-1 364 

 365 

The combination of calorimetry and rheological findings indicated the obvious role GO content 366 

played in the reaction (i.e. hydration) mechanisms and fresh properties of cement pastes, which 367 

generally reduced with increasing GO dosage. This could be mainly due to the increased 368 

adsorption of free water onto the surface of GO instead of the cement particles during early 369 

ages. Accordingly, limiting the GO content in the binder matrix could avoid any potential 370 

hydration retardation or workability issues. 371 

 372 

 373 

3.3. Visual inspection of samples before and after acid exposure 374 

 375 

Acid attack on cement pastes is generally associated with the precipitation of the altered zone 376 

surrounding the sound zone [48]. In this study, due to the frequent replenishment of C6H8O7 377 

and H2SO4 solutions, the degree of alteration of the binder matrices of the GO-modified cement 378 

samples increased with exposure time. Fig. 4 shows the change in all samples before and after 379 

acid attack. Initial observations revealed the more aggressive nature of the C6H8O7 380 

environment, resulting in a significant amount of leaching and nearly the total dissolution of 381 

the altered zone. Two types of Ca-based salts with different solubilities form as a result of 382 

C6H8O7 and H2SO4 attack on the binder matrix [3, 5]. The mineralogy of these Ca-based salts 383 

was controlled by the properties of binder matrix (i.e. stability of the cement hydrates and 384 

porosity) and external solution (i.e. pH, k, and pKa values) [49]. Furthermore, the solubility, 385 

molar volume and crystallographic structure of the sparingly soluble Ca-bearing salt also 386 

influenced its properties. Alternatively, the soluble Ca-based salt, which was naturally removed 387 

from the specimen surface, deposited at the bottom of the glass beaker, which was more 388 

pronounced in the case of H2SO4 attack. The Ca-based salt that precipitated in vast quantities 389 

on the sample surfaces did not have any protective effect on the remaining binder matrix. 390 

 391 

After two weeks of exposure, a significant volume of the GO-modified cement samples were 392 

altered under C6H8O7 and H2SO4 exposure. In addition to the soluble Ca-bearing salts, the 393 

leaching of GO sheets was also spotted in the C6H8O7 solution (Fig. 4(b)), while this effect was 394 

not visible under H2SO4 exposure (Fig. 4(c)). The loose Ca-based salt sticking on to the 395 



surfaces of acid exposed samples was removed by using a water jet. After washing, the 396 

resulting sample (i.e. the sound zone encompassed by the altered area), as shown in Fig. 4(d), 397 

was examined to understand the deterioration processes within each sample. Samples altered 398 

by C6H8O7 exposure appeared to be white in colour with several surface cracks, whereas 399 

samples exposed to H2SO4 were light yellow in colour. Previous studies Huber et al. [1],Bertron 400 

et al. [3] that inspected the degraded zone of cement samples altered by C6H8O7 and H2SO4 401 

solutions reported the white and yellowish coloured products precipitated in the altered zones 402 

as calcium citrate tetrahydrate and calcium sulfate salts, respectively. 403 

 404 

 405 
 406 

Fig. 4 GO-modified cement samples investigated (a) before acid attack, (b) during citric acid 407 

exposure (at 14 days), (c) during sulfuric acid exposure (at 14 days) and (d) after washing 408 

following 14 days of acid exposure 409 

 410 

Further assessment of each sample was performed with optical microscopy, which revealed the 411 

formation of micro-cracks and mineralogical changes in the binder matrix exposed to the two 412 

different acid environments (Fig. 5). A network of fine cracks was noted on the surface of the 413 

C6H8O7 exposed samples, irrespective of the GO dosage. On the other hand, this crazing was 414 

not observed in the surfaces of samples subjected to H2SO4 attack. These surface cracks, 415 

generally observed during the self-desiccation of C-S-H gel in the altered zones of the binder 416 

matrix [50], could be attributed to chemical shrinkage. Accordingly, the leaching of Ca2+ ions 417 



could produce a gradient in the calcium-to-silica ratio in the matrix, such that the driving force 418 

for such shrinkage was maximum at the exterior surfaces of the samples altered by the two 419 

acids. This decalcification induced shrinkage could generate differential stresses, placing the 420 

exterior surfaces of samples in tension [51]. When this tensile stress reaches a level that causes 421 

fracture, shallow cracks at the microscale level may form at the outer surface of the samples. 422 

 423 

 424 
 425 

Fig. 5 Closer view of the GO-0 sample after 14 days of exposure to: (a) citric acid and (b) 426 

sulfuric acid 427 

 428 

 429 

3.4. Changes in solution pH and conductivity 430 

 431 

The test specimens were cured under tap water for two weeks followed by their immersion into 432 

1 M H2SO4 and 1 M C6H8O7 solutions for a further two weeks, during which the pH and 433 

solution conductivity (k) were recorded, providing useful information regarding the 434 

mineralization of salts over time. Fig. 6 shows the changes in pH and k values due to the 435 

leaching of Ca2+ ions from the GO-modified samples after 14 days of exposure to tap water, 436 

citric acid, and sulfuric acid. An increase in both the pH and k values was observed after water 437 

curing (Fig. 6(a)), which was associated with the leaching of alkalis (Na2O and K2O), 438 

portlandite (Ca(OH)2), and free lime (CaO) from the binder matrix into the curing water. 439 

Amongst all samples, GO-6 revealed the lowest increase in pH and k, which could be due to 440 

the limited dissolution of portlandite and free lime from the binder matrix in the presence of 441 

increased GO contents. This outcome was in line with the findings of the previous study [52], 442 

which reported that the inclusion of GO significantly decreased the formation of capillary pores 443 

(i.e. sizes ranging from 10 nm to 10 µm) in cement composites, which subsequently reduced 444 

the leaching of Ca2+ and Al3+ ions from the matrix exposed to deionized water. Similarly, the 445 

use of graphite nanoplatelets (0.05 vol.%) along with polyvinyl alcohol (PVA) fibers (3.2 446 



vol.%) in industrial scale concrete pipes exposed to H2SO4 attack for 90 days was shown to 447 

reduce water sorptivity by up to 37%, in comparison to the plain PVA-modified concrete pipes 448 

(i.e. without any graphite) [53]. The inclusion of graphite in these samples reduced the growth 449 

of micro-cracks and hindered the sorption of moisture from the H2SO4 environment. A further 450 

reduction in water sorptivity by up to 50% was achieved when oxidised graphite was used 451 

instead of ordinary graphite (i.e. whose surface was not treated using polymeric surfactants) 452 

[54]. The modification of graphite surfaces using polyelectrolytes improved their dispersibility 453 

in the cement matrix, which enhanced the service life of concrete in aggressive environments. 454 

 455 

The initial pH (and k-value) of C6H8O7 and H2SO4 solutions used in this study were 1.87 and 456 

0.44 (and 7.7 and 391 mS/cm), respectively. The strength of an acid is related to its dissociation 457 

constant (pKa). The pKa2 (i.e. the dissociation constant for the second ionization of the acid) 458 

of citric and sulfuric acids is 4.76 and 1.99 at 25°C [5]. The pH results revealed that the rate of 459 

strength loss due to the leaching of calcium from the pastes was relatively fast in the C6H8O7 460 

solution when compared to the H2SO4 solution. Alternatively, the decline in the k-value of the 461 

H2SO4 solution due to calcium leaching was found to be substantial, suggesting that the entry 462 

of the H+ and SO4
2- ions into the binder matrix was followed by the severe decalcification and 463 

reprecipitation of the calcium-based salts in the external solution. 464 

 465 

The rise in pH (and k-value) of the C6H8O7 solution due to the decalcification of phases in GO-466 

0 and GO-6 samples was noted as 48% and 41% (and 3% and 9%), respectively. In contrast, 467 

the rise in pH (and decline in k-value) of the H2SO4 solution due to the leaching of Ca2+ ions 468 

from GO-0 and GO-6 samples was 102% and 70% (and 32% and 3%), respectively. Regardless 469 

of their extent, these changes in the pH and k values of C6H8O7 and H2SO4 solutions due to 470 

calcium leaching from the binder matrices decreased with increasing GO dosage. This was a 471 

clear indication of the role that GO inclusion played in slowing down the decalcification rate 472 

of key phases (e.g. C-S-H, CH, AFt, AFm, and anhydrous phases) from cement pastes exposed 473 

to acidic solutions. 474 

 475 



 476 

   477 
 478 

Fig. 6 Change in pH and k values due to the leaching of GO and cement hydrates from the 479 

sample matrix during exposure to: (a) tap water, (b) citric acid and (c) sulfuric acid 480 

 481 

 482 

3.5. Loss in specimen mass and sectional area 483 

 484 

Fig. 7 shows the mass loss and sectional area loss in GO-modified cement samples after 14 485 

days of acid exposure. While both acidic environments led to a decline in the mass and sectional 486 

areas of all samples, the type of acid influenced the degree of calcium leaching from the binder 487 

matrix. The average mass (and sectional area) loss in GO-0 sample exposed to citric and 488 

sulfuric acids for two weeks were measured as 54% and 59% (and 58% and 69%), respectively. 489 

Alternatively, the mass (and sectional area) loss in GO-6 sample under citric and sulfuric acids 490 

were 40% and 51% (and 48% and 61%), respectively. The average depth of the degraded zone 491 

in GO-0, GO-1, GO-2, GO-3, GO-4, GO-5 and GO-6 samples after exposure to citric and 492 

sulfuric acids for two weeks was recorded as 2.66, 2.57, 2.47, 2.39, 2.28, 2.22 and 2.13 mm 493 

(under C6H8O7); and 3.36, 3.34, 3.09, 3.05, 2.94, 2.92 and 2.85 mm (under H2SO4), 494 

respectively. 495 

 496 



Accordingly, all measurements revealed that the degree of deterioration of the binder matrix 497 

under these two acid environments decreased with increasing GO content. The increased 498 

resistance of GO-modified samples was linked with the incorporation of GO into the binder 499 

matrix, which created a filler effect, thereby inhibiting the penetration of aggressive ions from 500 

the surrounding environment. It has been reported that the inclusion of 0.03 wt.% GO in cement 501 

pastes reduced the amount of capillary pores by up to 28%, enhancing the compressive and 502 

tensile strengths of these samples by 46% and 50%, respectively [55]. Furthermore, the use of 503 

GO increased the formation of portlandite by up to 6%, in comparison to the control sample 504 

(i.e. without any GO), which could also contribute to the improvement in performance [55]. 505 

 506 

In line with the mechanisms suggested in previous relevant studies [56], the reinforcement 507 

effect of GO sheets on the binder matrix could be attributed to three primary reasons: (i) the 508 

high surface area of GO promotes the hydration of cement, thereby regulating the 509 

microstructure of cement hydrates; (ii) the filler effect of GO that can seal the defective regions 510 

in the binder matrix, thus densifying the microstructure; and (iii) the strong interaction between 511 

the reinforcing GO sheet and C-S-H due to chemical bonding. While these reinforcing benefits 512 

of GO were also observed in this study for GO contents of up to 0.09%, the adverse effects of 513 

increasing GO usage beyond 0.03 wt.% in the workability and hydration of fresh cement pastes 514 

were also revealed. Therefore, an intermediate GO content that could not only reduce the 515 

deterioration of cement samples against aggressive environments, but also enable the 516 

maintenance of a desired workability and hydration rate should be determined for optimum 517 

performance. 518 

 519 

 520 



 521 

Fig. 7 Mass and sectional area losses in GO-modified cement samples after 14 days of 522 

C6H8O7 and H2SO4 exposure 523 

 524 

 525 

3.6. Microstructural analysis 526 

 527 

3.6.1. SEM-EDS 528 

 529 

Fig. 8 shows the BSE images of polished surfaces of GO-0 and GO-6 samples before and after 530 

acid attack (i.e. comprising both the altered and sound zones). The voids, defects and different 531 

hydrate phases (C-S-H, CH, AFt, and anhydrous phases) were observed in the binder matrices 532 

of both samples. These individual components could be classified via their morphology, grey-533 

scale value and chemical composition. Amongst these, the GO and cement particles seemed to 534 

have an angular shape, which could be differentiated via their distinct grey-scale values (Fig. 535 

8(a)). Micro-cracks were seen in these two samples before acid attack, which could have 536 

formed during the drying and polishing processes. The inclusion of GO in the binder matrix 537 

could have also promoted the excessive formation of autogenous shrinkage-induced micro-538 

cracks during the early ages, associated with the increased formation of C-S-H gel in the 539 

presence of GO [57]. 540 

 541 

The morphologies of the altered zones of GO-0 and GO-6 samples exposed to C6H8O7 and 542 

H2SO4 environments were revealed in Figs. 8(b) and (c). The zone affected by the two acids 543 

had a denser structure in comparison to the sound zone, which was also accompanied by the 544 

formation of cracks in both samples. These cracks could have primarily formed because of 545 

chemical shrinkage caused by the decalcification of the reaction products. The positioning of 546 

these cracks, which ran through C-S-H while surrounding the vicinity of the cement particles 547 

(Fig. 8(b), GO-6), could be an indication of the higher vulnerability of C-S-H gel to 548 

decalcification induced shrinkage. While the inclusion of GO did not seem to have a significant 549 

effect on the mineralogy of Ca-based salts that precipitated in the altered zone, its presence 550 

inhibited the mass transfer and ionic movements between the binder matrix and the external 551 

solution. 552 

 553 



Fig. 9 shows the results of the EDS analyses conducted on GO-0 and GO-6 samples (in the 554 

sound zone) before and after the acid attack. This plot, which established a link between two 555 

different atomic ratios (i.e. silica-to-calcium (Si/Ca) and aluminium-to-calcium (Al/Ca)), 556 

indicated the regions corresponding to C-S-H, portlandite, ettringite and monosulfate 557 

formation. Furthermore, tie-lines were drawn between the region referring to C-S-H  and other 558 

cement hydrates. Several scatter points near portlandite and C-S-H regions were observed in 559 

the cured GO-0 and GO-6 samples before acid attack (i.e. red points in Fig. 9). Other than 560 

portlandite, the presence of C-S-H was still observed in the sound zone in both samples after 561 

attack by citric and sulfuric acids (blue and green points in Fig. 9). The points located in the 562 

regions with high alumina, high silica, and low calcium contents in the scatter plot represented 563 

the decalcified ettringite, monosulfate and C-S-H. This data suggested that the GO-0 and GO-564 

6 samples experienced a mild decalcifying in the sound zone. However, when compared to 565 

GO-0 sample, the number of scatter points corresponding to the decalcified products in the 566 

sound zone of GO-6 sample was comparatively smaller. This suggests that the presence of GO 567 

in the binder matrix resisted the removal of Ca2+ ions from the cement hydrates (e.g. ettringite 568 

and C-S-H) into the external solutions. 569 

 570 



 571 
 572 

Fig. 8 SEM-BSE images showing the polished surfaces of GO-0 and GO-6 samples: (a) 573 

before acid attack, (b) after citric acid attack, and (b) after sulphuric acid attack 574 

 575 



 576 
 577 

Fig. 9 EDS analyses before and after acid attack of: (a) GO-0 and (b) GO-6 samples (i.e. data 578 

collected from the sound zone) 579 

 580 

 581 

3.6.2. Vickers micro-hardness 582 

 583 

Fig. 10 provides a comparison of the Vickers hardness number of GO-0 and GO-6 samples (in 584 

the altered zone) before and after 14 days of acid exposure. The average hardness number of 585 

the binder phase (i.e. omitting the cement particles) in GO-0 and GO-6 samples was 100 and 586 

104, respectively. This suggests that the inclusion of 0.09 wt.% GO marginally improved the 587 

micro-hardness of cement composites by adequately reinforcing the pores/defective regions in 588 

the binder matrix and reducing the growth of micro-cracks. This was in line with the findings 589 

of previous studies [58], where the crack reinforcing effect of 1 wt.% GO inclusion was shown 590 

to result in improvements in the Young's modulus and fracture stress of a polymeric material 591 

(i.e. gelatin) by up to 50% and 60%, respectively. These enhancements were attributed to the 592 

presence of GO in the gelatin polymer, which hindered the propagation of micro-cracks and 593 

enhanced composite stability. 594 

 595 

The average hardness numbers of the GO-0 and GO-6 samples after citric acid attack (and 596 

sulfuric acid attack) were measured as 25 and 27 (and 14 and 17), respectively. The micro-597 

hardness of GO-0 sample decreased by 75% and 86% due to C6H8O7 and H2SO4 exposures, 598 

suggesting that the binder matrix had experienced a severe decalcification. Amongst these, 599 

degradation due to H2SO4 exposure was found to be relatively higher than degradation due to 600 



C6H8O7 exposure. The gypsum salt that precipitated in the altered area of H2SO4 exposed 601 

samples was relatively softer than the earlandite salt forming in C6H8O7 exposed samples. 602 

While the traces of GO remaining in the modified areas might have contributed to the zone 603 

hardness in GO-6 sample, this effect is not expected to be significant, based on the 604 

measurements before acid attack and findings of SEM-EDS analyses presented earlier. 605 

 606 

 607 
 608 

Fig. 10 Vickers hardness number of the binder matrix of GO-modified cement samples 609 

before and after acid attack (i.e. data collected from the altered area) 610 

 611 

 612 

3.6.3. FT-IR and XRD 613 

 614 

Figs. 11 and 12 show the FT-IR and XRD results of GO-0 and GO-6 samples (in the altered 615 

zone) before and after 14 days of acid exposure, respectively. The FT-IR bands associated to 616 

Si(Al)-O (~935 cm-1), C-O (1423 cm-1) and O-H (3399 cm-1) functional groups indicated the 617 

formation of C-S-H, calcite, portlandite and free water in the cured samples. These findings 618 

correlated well with the XRD results of GO-0 and GO-6 samples, where the major peaks 619 

confirmed the presence of ettringite (9.1° 2θ), portlandite (18.1° 2θ), calcite (29.3° 2θ), 620 

C2S/C3S (32.2° 2θ) and C4AF (50.2° 2θ) in the pristine cement samples before the acid attack. 621 

A notable reduction in most of these peaks was observed in both samples after C6H8O7 and 622 

H2SO4 exposures. The similarities in the intensities of the major IR peaks across the two 623 

samples before and after acid attack did not indicate a significant change in the hydration 624 

process via the inclusion of 0.09 wt.% GO. 625 

 626 



The FT-IR peaks corresponding to C-C (1259 cm-1), C=C (1542 cm-1) and COO- (1706 cm-1) 627 

functional groups suggested the formation of carboxylate salts in the altered zone of GO-0 and 628 

GO-6 samples exposed to C6H8O7 solution. Alternatively, the IR peaks corresponding to S-O 629 

(1097 cm-1) functional groups indicated the precipitation of sulfate-bearing salt in these 630 

samples exposed to H2SO4 solution. The XRD peaks corresponding to 6.8°, 13.1°, 19.6°, 23.4°, 631 

30.5°, 35.5° and 45.5° 2θ confirmed the significant precipitation of earlandite 632 

(Ca3(C6H5O7)·4(H2O)) in the altered areas of both GO-0 and GO-6 samples exposed to C6H8O7 633 

solution. In contrast, the formation of gypsum (CaSO4·2H2O) was identified in the altered 634 

regions of H2SO4 exposed samples via the presence of XRD peaks located at 23°, 25.5°, 31.4°, 635 

38.8°, 41.1°, 48.8°, 52.2° and 56° 2θ. These observations were in agreement with FT-IR and 636 

SEM findings, where the formation of these salts was noted in the altered zones of both GO-0 637 

and GO-6 samples. Similarly, previous studies [4] reported the formation of earlandite-like (i.e. 638 

calcium citrate tetrahydrate) and gypsum-like (i.e. calcium sulfate dihydrate) salts in the altered 639 

areas of binder matrices exposed to C6H8O7 and H2SO4 solutions, respectively. 640 

 641 

 642 
 643 

Fig. 11 FT-IR spectra of the binder matrix of GO-0 and GO-6 samples in the altered area (a) 644 

before acid attack, (b) after citric acid attack, and (c) after sulfuric acid attack 645 



 646 

 647 
 648 

Fig. 12 XRD patterns of the binder matrix of GO-0 and GO-6 samples in the altered area (a) 649 

before acid attack, (b) after citric acid attack, and (c) after sulfuric acid attack  650 

 651 

 652 

3.6.4. TGA 653 

 654 

Fig. 13 shows the TGA results of GO-0 and GO-6 samples in the altered zone before and after 655 

14 days of acid exposure. The pristine samples before the acid attack revealed a mass loss due 656 

to the evaporation of unbound water, followed by the decomposition of portlandite (405-657 

508°C) and calcite (610-783°C). The analysis of the altered areas of both samples via TGA 658 

revealed findings that agreed with those of XRD and FT-IR. Accordingly, the presence of 659 

ettringite, portlandite, and calcite was not observed in the altered areas of GO-0 and GO-6 660 

samples after C6H8O7 and H2SO4 exposures. Instead, in line with previous findings, the mass 661 



loss due to the thermal decomposition of earlandite (35-827°C) was observed in the altered 662 

areas of GO-0 and GO-6 samples at the end of the C6H8O7 attack. Alternatively, 663 

dehydroxylation of gypsum and alumina (Al)-silica (Si) hydrogel (219-374°C) was noted in 664 

the altered zones of GO-0 and GO-6 samples after H2SO4 attack. 665 

 666 

The small amount of GO used in the GO-6 sample was extracted from natural graphite. The 667 

combustion of graphite generally starts at 650°C when the dry sample is heated in an ambient 668 

environment. Previous studies demonstrated that GO lost 20% of its mass at 200°C under TGA, 669 

followed by its decomposition at 550°C [59]. During this process, the first mass loss of GO 670 

corresponded to the removal of oxygen-containing functional groups. However, the lower 671 

combustion temperature of GO (550°C) in comparison with graphite (650°C) demonstrated the 672 

relatively lower thermal stability of GO, which was attributed to the presence of defects created 673 

after the elimination of functional oxygen moieties [60]. Accordingly, the mass loss due to GO, 674 

albeit very low, might have contributed to the overall mass loss results of GO-6 sample. 675 

 676 



 677 
 678 

Fig. 13 TGA results of the binder matrix in the altered area of GO-0 and GO-6 samples (a) 679 

before acid attack, (b) after citric acid attack, and (c) after sulfuric acid attack 680 

 681 

The mass loss observed at each stage was quantified and reported in Table 2 by the procedure 682 

reported in Scrivener et al. [61]. In the samples before acid attack, the mass loss due to bound 683 

water (i.e. present in C-S-H, portlandite, ettringite, and monosulfate) was quantified within the 684 

temperature range of 35-900°C, discounting the mass loss due to carbonation. Accordingly, the 685 

mass loss due to portlandite and calcite in the GO-6 sample was recorded as 14.8% and 6.8%, 686 

which were generally lower than corresponding values presented in the GO-0 sample. These 687 

differences indicated the role the inclusion of 0.09 wt.% GO played in the dissolution of C3S 688 

and C3A in the binder matrix and limiting the carbonation process at early ages. The mass loss 689 

corresponding to earlandite in the altered area of GO-6 was slightly lower than that noted in 690 

GO-0 sample. Similar to the trend observed under C6H8O7 attack, the formation of gypsum and 691 



Al-Si gel in the altered area of GO-6 was lower than that observed in GO-0 sample (i.e. 11.9% 692 

vs. 12.3%). Correlating with the mass and sectional area loss findings presented earlier, these 693 

values support the overall conclusion on the reinforcement provided by the inclusion of GO, 694 

which increased the resistance of the binder matrix under citric and sulfuric acids. 695 

 696 

Table 2 Mass loss in the altered zone of GO-0 and GO-6 samples before and after acid 697 

attack, obtained by TGA. 698 

 699 

Mass loss (%) 
Before acid attack After C6H8O7 attack After H2SO4 attack 

GO-0 GO-6 GO-0 GO-6 GO-0 GO-6 

Bound water 19.4 18.4 - - - - 

Evaporable water 13 12.4 - - - - 

Portlandite 15.6 14.8 - - - - 

Calcite 8.2 6.8 - - - - 

Earlandite - - 73.2 71.9 - - 

Gypsum and Al-Si gel - - - - 12.3 11.9 

Total 23 21.5 73.5 73.1 15.1 14.9 

 700 

 701 

4. CONCLUSIONS 702 

 703 

This study examined the resistance of cement pastes modified by using 0-0.09 wt.% GO 704 

subjected to C6H8O7 and H2SO4 environments for two weeks. The GO incorporated in the 705 

prepared mixes was highly oxygenated with an oxygen-to-carbon mass ratio of 0.5. Its edges 706 

and basal plane were effectively grafted with carbonyl, carboxyl, and hydroxyl functional 707 

groups. The inclusion of GO contents beyond 0.03 wt.% led to a retardation in the hydration 708 

of the fresh cement paste, suggesting that higher GO dosages inhibited the hydration of C3S 709 

and C3A at early ages. The fresh GO-modified cement pastes showed a shear-thinning 710 

behaviour when the material was sheared up to 100 s-1. An increase in the GO dosage led to a 711 

reduction in the workability of fresh cement pastes, which was associated with the flocculations 712 

enabled by the agglomeration of GO and cement particles at GO contents of > 0.03 wt.%, 713 

providing an enhanced deformation resistance against the shearing force. The agglomeration 714 



of GO particles could be evalued by investigating their dispersion in pore solution as an 715 

indication of dispersion in cement mixes, which will be incorporated in future studies. 716 

 717 

The exposure of the prepared samples to C6H8O7 and H2SO4 environments revealed the 718 

formation of an altered zone surrounding the sound zone. Crazing was more prominent in the 719 

altered zones of the H2SO4 exposed samples when compared to those exposed to C6H8O7. 720 

Samples incorporating GO revealed lower losses in terms of mass and sectional area during 721 

acid exposure, which improved as the GO content increased. The inclusion of GO led to denser 722 

microstructures, thereby limiting the access of aggressive ions from the external solution into 723 

the binder matrices. Regardless of the inclusion of GO, the formation of earlandite-like and 724 

gypsum-like salts were observed in the binder zone under C6H8O7 and H2SO4 attacks, 725 

respectively. Exposure to C6H8O7 and H2SO4 environments reduced the micro-hardness of the 726 

plain cement pastes, during which the presence of 0.09 wt.% GO enabled slight improvements. 727 

The increased resistance of GO-modified samples under acid attack was also verified by 728 

microstructural analysis, which enabled the identification of initial hydrate phases and changes 729 

in sample composition and microstructure when exposed to the set aggressive environments. 730 

 731 

The findings of this study indicate that GO is one of the potential additives that can modify the 732 

microstructure and enhance the service life of concrete against aggressive environments. While 733 

these reinforcing benefits of GO were observed for GO contents of up to 0.09%, a balance 734 

between the workability and hydration of fresh cement pastes; and durability could be achieved 735 

by determining an optimum GO content to be incorporated in cement mixes. Accordingly, an 736 

intermediate GO content could not only reduce the deterioration of concrete structures in 737 

aggressive environments, but also enable the maintenance of a desired workability and 738 

hydration rate for optimum performance in key applications such as chemical warehouses, 739 

wastewater sewers and underground tunnels. Considering the potential increase in cost due to 740 

the need for surface treatment, the use of GO sheets can be optimized by adjusting their content, 741 

resulting in high-performance structural components with a wide range of functionalities. 742 
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