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Abstract: 16 

Alkali-activated materials (AAMs) are usually recognized having better acid resistance 17 

compared to ordinary Portland cement (OPC), however, the detailed mechanism has not been 18 

well studied due to the complexity of raw materials and hardened matrix. In this study, two 19 

typical binding gels in AAMs, sodium aluminum silicate hydrate (N-A-S-H) and calcium 20 

(sodium) aluminum silicate hydrate (C-(N)-A-S-H), were chemically prepared by laboratory 21 

synthesized aluminosilicate powders. The microstructure and composition evolution of the two 22 

gels exposed to sulfuric acid were investigated. The results showed that the C-(N)-A-S-H gel 23 

had higher degree of structural order than the N-A-S-H gel, while the N-A-S-H gel showed 24 

higher polymerization. The AlIV in N-A-S-H gel transferred completely to AlV during sulfuric 25 

acid attack, while trace amount of AlIV was still detected in the exposed C-(N)-A-S-H gels. 26 

Both gels had increased silica polymerization degree after exposure to sulfuric acid solution. 27 

Due to rapider dealumination of N-A-S-H gel than C-(N)-A-S-H gel, the Si/Al ratio increased 28 

much higher in the former. The molecular framework changes of N-A-S-H gel caused by 29 

dealumination was found to have less effect on the integrity though than that of C-(N)-A-S-H 30 

gel, in which coarse gypsum crystalline grains formed and led to destructive stress in hardened 31 
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matrix. This paper provides an insight at microstructure level of the two typical gels, which is 32 

essential for the manufacturing and application of alkali-activated materials. 33 

Key words: alkali-activated materials; acid resistance; aluminosilicates; N-A-S-H; C-(N)-A-34 

S-H; durability 35 

1.  Introduction  36 

Durability of cementitious materials is an important property due to the growing demand for 37 

long-service-life of structures but with low maintenance cost. Concrete is an alkaline material 38 

with an initial pH of pore solution around 13, which helps to protect the steel bar in concrete 39 

from corrosion [1, 2]. The corrosion of reinforced concrete is dominated by acid-base reactions, 40 

causing pH reduction inside concrete, which will further accelerate the acid corrosion of steel 41 

bars and hydration products of concrete [3]. Acidic environment also occurs in geothermal 42 

wells and groundwater, causing degradation to the underground concrete structures [4]. Among 43 

various acidic conditions, sulfuric acid corrosion is considered to be the major cause for acidic 44 

degradation of concrete structures [5]. Alkali-activated materials (AAMs), also widely called 45 

geopolymers, have emerged as promising environmentally friendly cementitious materials due 46 

to the low carbon dioxide emissions and waste utilization in manufacturing [6]. In comparison 47 

to ordinary Portland cement (OPC), AAMs usually contain much higher alkali concentration, 48 

and perform better in terms of mass change and compressive strength change when subjected 49 

to acid attack [7]. However, the detailed corrosion mechanism of AAMs is not clear due to the 50 

complexity of raw materials and activators and the product variation.  51 

The acid resistance of cementitious materials is strongly dependent on the interaction between 52 

hydration products and acidic media [8]. Hardened OPC-based materials are composed of 53 

hydration products calcium hydroxide (CH) and calcium silicate hydrate (C-S-H) gel [9], 54 

whereas AAMs are composed of N-A-S-H, C-(N)-A-S-H and their blends, depending on the 55 

aluminosilicate materials [10]. While the N-A-S-H gel is known as a three-dimensional alkali 56 

aluminosilicate hydrate gel network, consisting of crosslinked [AlO4] and [SiO4] tetrahedra 57 

linked via shared oxygen atoms, with terminal hydroxyl groups on the gel surface [11]. It is 58 

generally described as an amorphous, nanocrystalline zeolite phase [12]. The N-A-S-H gel 59 

usually presents ratios of 0.1 ≤ Na/Si ≤ 0.3 and 1 ≤ Si/Al ≤ 4 [13, 14]. The C-(N)-A-S-H gel is 60 

described as an imperfect crosslinked/non-crosslinked Tobermorite-like structure, assembled 61 

by two one-dimensional Si tetrahedron chains (randomly Al substitution into paired 62 
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tetrahedron) and a calcium octahedron chain [15, 16]. The C-(N)-A-S-H type gel formed in 63 

alkali-activated slag possesses a relatively low calcium content [Ca/(Si + Al) < 1.5] compared 64 

to the C-S-H gels formed in OPC (1.5 ≤ Ca/Si ≤ 2) [17, 18], and the Al/Si is usually less than 65 

or equal to 0.2 [19]. Alkali cations, such as Na+, are incorporated into C-(N)-A-S-H/N-A-S-H 66 

gel via a charge balancing mechanism, where they exist in the interlayer charge-balancing 67 

[AlO4]
5- tetrahedra as well as adsorbed to the surface of gel [20]. Understanding the stability 68 

of the molecular composition and microstructure evolution of C-(N)-A-S-H/N-A-S-H phases 69 

exposed to aggressive environment is critical for the application of AAMs, especially their 70 

durability. 71 

Previous researches have attempted to reveal the effects of many factors (i.e. precursors, 72 

activators, sample size, acid type, etc.) on acid resistance of AAMs [5, 21-24]. It was reported 73 

that sulfuric acid attack caused weight increment and volume expansion of alkali-activated slag 74 

(C-(N)-A-S-H is the dominant binding gel), while minor weight and appearance change for 75 

alkali-activated fly ash (N-A-S-H is the dominant binding gel) [25]. This is due to the formation 76 

of gypsum for high calcium alkali-activated binders. Higher residual compressive strength of 77 

alkali-activated slag after acid corrosion was found comparing to alkali-activated fly ash [7, 78 

26]. During the acid attack, the alkali-activated fly ash binder showed leaching of aluminum, 79 

sodium, and calcium except for silicon [27]. It is hypothesized that a silicon-rich porous 80 

structure was left after acid corrosion in samples. However, elements leaching in acid solution 81 

caused a minor change of compressive strength, which proved that this silicon-rich structure 82 

contributed most source of the compressive strength in low calcium system [27, 28]. This 83 

phenomenon differs from acid attack on OPC. 84 

Decalcification of the binding gels (i.e. C-S-H or C-(N)-A-S-H) has been identified in the both 85 

OPC and alkali-activated slag after exposed to acid. The exposed layer of OPC is highly porous 86 

silica-rich gel while an aluminosilicate type gel is formed in the affected area of the activated 87 

slag sample, and the latter was less soluble and more mechanically sound [29]. Acid attack on 88 

fly ash based geopolymer resulted in the substitution of Na+ and K+ ions by H+ or H3O
+, 89 

breaking Si-O-Al and Si-O-Si bonds in N-A-S-H gel, releasing silicic acid [30]. N-A-S-H gel 90 

was found to have good stability though [20]. The free sodium existing in the pore solution of 91 

the sample can easily diffuse into the external environment. However, acidic corrosion is a 92 

complex process. The impacts of contaminates such as iron, carbon, sulfur, etc. are inevitable 93 

but none has been illustrated and fully understood [31].  94 
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The overall aim of this work is to distinguish the acid corrosion mechanisms of N-A-S-H and 95 

C-(N)-A-S-H gels. To avoid those possible effects of contaminants from industrial wastes and 96 

keep the same alkali activation procedure for AAM manufacturing, pure precursors were 97 

designed and synthesized in the laboratory. After activation by alkali solution, stoichiometric 98 

controlled AAM gels, i.e. N-A-S-H and C-(N)-A-S-H, were obtained. The experiment 99 

illustrated the evolution of the molecular structure of the gels, particularly the bond change 100 

after exposure to H2SO4 solution. This work is expected to provide knowledge on improving 101 

the acid resistance and application for AAMs as new construction materials. 102 

2. Experimental methods 103 

2.1 Geopolymer binder synthesis  104 

The aluminosilicate powder and calcium-aluminosilicate powder used in this study were 105 

synthesized via an organic steric entrapment solution-polymerization route [32]. The precursor 106 

compositions (empirical formula 1.5SiO2·Al2O3) was chosen to represent the range of bulk 107 

silicon and aluminium content typically found in fly ashes [11]. Another precursor (empirical 108 

formula 1.07CaO·SiO2·0.086Al2O3) was chosen to enable synthesis of binders exhibiting 109 

chemistry range in regions of the calcium aluminium-substituted silicate hydrated gels in 110 

alkali-activated slag [11]. The activating solution was prepared by the dissolution of sodium 111 

hydroxide powders (Sigma-Aldrich, 98 wt.% purity) in sodium silicate solution (Na2O = 14.7% 112 

(mass), SiO2 = 29.4%, D-GradeTM, PQ Australia) and distilled water with desired modulus (Ms 113 

= SiO2/Na2O) of 1. The stoichiometry was designed to obtain a cation ratio of the reaction 114 

mixture like the Na2O-Al2O3-SiO2-H2O (N-A-S-H) gel and CaO-(Na2O)-Al2O3-SiO2-H2O [C-115 

(N)-A-S-H] gel, the reaction products of alkali-activated fly ash and alkali-activated slag, 116 

respectively [11] (see Table 1). The activating solutions were mixed with the aluminosilicate 117 

powder and calcium aluminosilicate powder in casting containers to form the homogeneous 118 

pastes, which are denoted as NASH sample and C(N)ASH sample, respectively. The pastes 119 

were stayed in containers (cylinders with diameter of 10 mm and height of 20 mm) with sealed 120 

lid and cured at ambient temperature for 120 days. The water/solid ratios (w/s) used for NASH 121 

sample and C(N)ASH sample were 1.0 and 0.75, respectively, to obtain a workable and 122 

homogeneous paste.  123 

Table 1 Molar ratios in the precursor powder and the reaction mixture for NASH sample and C(N)ASH 124 
sample. 125 
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Sample ID Empirical formula 

Precursor powder 

 

Reaction mixture 

Si/Al Ca/Al w/s Si/Al Na/Al Ca/(Al + Si) 

NASH 1.5SiO2·Al2O3 0.75 0.00  1.00 1.13 0.75 0.00 

C(N)ASH 1.070CaO·SiO2·0.086Al2O3 5.81 4.65  0.75 7.18 1.59 0.57 

2.2 Acid corrosion testing procedures 126 

Acid corrosion test was conducted based on the general guidelines in ASTM C267. Following 127 

120 days of sealed curing at 25 °C, five specimens from each mix were submerged in 5 128 

containers with 5% sulfuric acid solution (H2SO4) at a liquid to sample mass ratio of 6, 129 

respectively. Another five samples were submerged into distilled water as references. The 130 

specimens were taken out from the leachates after 1 d, 3 d, 7 d, 28 d and 56 d, respectively. 131 

Visual inspection was carried out on each sample. The leaching behavior of each sample had 132 

been monitored by recording the pH and elemental concentrations of the distilled water and the 133 

5% sulfuric acid solutions during 56-day immersion of samples. Then the samples were dried 134 

overnight in a vacuum oven at 40 °C. The mass loss of samples was calculated by Eq. 1. 135 

∆m=
mo-mc

mo

×100% 
Eq. 1 

where: ∆m (%) is the mass change of the specimen during corrosion; mo is the mass of the dried 136 

specimen before corrosion; mc is the mass of the dried specimen after corrosion. 137 

Inductively coupled plasma mass spectrometry (Thermo X-series II ICP-MS with a CETAC - 138 

500 auto-sampler) was used to analyse the immersion solutions of each sample to determine 139 

elements leached from the paste into the acid solution and water.  140 

Part of the 28-d sample was reserved for scanning electron microscopy energy-dispersive X-141 

ray spectroscopy (SEM-EDS) test. The SEM samples were kept in the original appearance of 142 

the fracture surface to see natural microstructure (it affected the quality of picture though). All 143 

the rest of the exposed samples were ground with acetone using a pestle and mortar by hand to 144 

stop reaction. Fig. 1 shows the experimental procedure.  145 
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 146 

Fig. 1. The experimental procedure. 147 

2.3 Characterisation  148 

The following characterization techniques were used: 149 

 X-ray diffraction (Bruker D8 Advance powder XRD) patterns were collected between 150 

5 and 60° 2θ with a step size of 0.02° 2θ, using Cu Kα radiation with wavelength 1.54 151 

Å, at voltage 40 kV and current 40 mA. Jade 6 software with the powder diffraction file 152 

(PDF) database was used to analyse the diffraction patterns.  153 

 Combined thermogravimetric analysis - differential thermogravimetric (TG-DTG) was 154 

conducted on TA Instruments Discovery SDT 650. The temperature was increased from 155 

room temperature up to 1000 °C at a rate of 10 °C/min in a nitrogen environment. The 156 

weight loss information obtained from the TG curve and first derivative (DTG) was 157 

used to confirm the type of hydrates and reaction products.  158 

 Fourier transform infrared spectroscopy (FTIR) using Perkin Elmer FTIR-ATR 159 

spectrometer in absorbance mode from 4000 to 400 cm-1. Using absorbance values, the 160 

spectra were fitted using a baseline correction and deconvoluted in the range of 600 -161 

1300 cm-1 by Origin 9.1 (OriginLab Corporation, USA) with a Gaussian multi-peak fit 162 

module. 163 

 Solid-state single pulse 27Al and 29Si magic angle spinning (MAS) NMR spectra were 164 

collected on a Bruker 300 MHz Advance III 400WB spectrometer with double air 165 

bearing 4 mm MAS probe. Samples were spined at 8 kHz with 1 µs pulse (pi/12) and 1 166 

s relaxation period between scans. The position of peaks was also verified with the 167 
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CPMAS spectrum. Repetition delay was 100 s, determined to be sufficient for complete 168 

relaxation. Up to 1000 scans were collected. Deconvolution of the 29Si MAS NMR 169 

spectra was performed by OriginLab. The minimum possible number of peaks was used 170 

to enable an accurate but meaningful interpretation of the spectra. 171 

 SEM-EDS was performed using a Hitachi SU3500 instrument equipped with a 50 mm2 172 

Oxford Instruments silicon drift detector. Analyses were made at 1000 - 10000 173 

magnification at 5 - 15 kV with lower accelerator energies for imaging with secondary 174 

electron returns only and higher accelerator energies for imaging in backscatter mode 175 

and the EDS point analyses.  176 

3. Results and discussion 177 

3.1 Visual inspection and mass change 178 

Fig. 2 displays the appearance of the dried NASH sample and C(N)ASH sample before and 179 

after 28 days of exposure to sulfuric acid. The surface appearance of unexposed NASH sample 180 

was more porous than the C(N)ASH sample. This is partly due to the high reactivity of the 181 

aluminosilicate powder for the NASH sample. The rapid coagulation during sample 182 

preparation resulted in less compacted paste. On the other hand, it is related to the nature of 183 

binding gel formed in each system. It was found that the N-A-S-H gel formed in the fly ash 184 

system showed less dense and more porous than the C-(N)-A-S-H gel and C-(A)-S-H gel 185 

formed in the slag dominant systems [33]. It agrees with previous findings that C-(N)-A-S-H 186 

gel is a space-filling C-(A)-S-H gel which could significantly reduce porosity [34]. After 187 

exposure to sulfuric acid solution for 28 days, the NASH sample partially dissolved and had 188 

visible cracks around the residual edge of the sample. The exposed C(N)ASH sample suffered 189 

severe damage with a completely split which due to the formation of expansive reaction 190 

product(s) during acid attack. There was trace amount of calcite formed (as determined by TG-191 

DTG and XRD in the following), which was due to the carbonation on the surface of sample. 192 

After exposure to sulfuric acid, the calcite was decomposed completely. Together with the 193 

released Ca2+ from the dicalcium of C-(N)-A-S-H gels, reactive Ca2+ reacts with diffusing SO4
2- 194 

ions and forms expansive gypsum, acerated the damaged of the C(N)ASH sample. This was 195 

consistent with the previous results that calcium-containing sample showed visible damage [5]. 196 

The destruction form of the C(N)ASH sample confirmed the initial failure at the concrete 197 

surface, which is the formation of cracks caused surface peeling [5, 22]. 198 
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 199 

Fig. 2. The appearance of NASH sample and C(N)ASH sample before and after 28 days exposure to 200 
sulfuric acid. 201 

Fig. 3 shows the mass changes of the two synthesised NASH sample and C(N)ASH sample 202 

after exposure to distilled water and the 5% sulfuric acid solution. Positive value represents a 203 

mass gain, and negative value represents a mass loss. In distilled water, a minor mass loss 204 

occurred in both the NASH sample and C(N)ASH sample, which was likely due to the leaching 205 

of alkali. When exposure to sulfuric acid, it could be observed that the C(N)ASH sample had 206 

an evident mass gain over the exposure time, while the NASH sample displayed a mass loss. 207 

After 56 days of exposure to sulfuric acid, the C(N)ASH sample had a mass gain of 0.8%, and 208 

the NASH sample had a small mass loss of 0.15%. The increased weight of the C(N)ASH 209 

sample is related to the formation of reaction products (confirmed in the following sections) 210 

and the decreased weight of the NASH sample was due to the dissolution of reaction product. 211 

The results are consistent with the above appearance change of the samples. From the results, 212 

the distilled water had minor effect on the mass change of samples while the sulfuric acid attack 213 

had significant influence on the mass change of samples. This suggests that the synthetic C-214 

(N)-A-S-H and N-A-S-H gels are stable in distilled water while sensitive to sulfuric acid 215 

solution. In the following section, the leaching performance of N-A-S-H gel and C-(N)-A-S-H 216 

gel in distilled water and sulfuric acid solution could explain this phenomenon.  217 
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 218 

Fig. 3. The mass change (%) of the NASH sample and C(N)ASH sample after exposure to water and 219 
5% sulfuric acid solution. 220 

3.2 Leaching behaviour 221 

Fig. 4 displays the evolution of the pH values of the immersion solutions (i.e. distilled water 222 

and the 5% sulfuric acid solutions) with exposure time. As shown in Fig. 4 (a), the initial pH 223 

of the distilled water was 6.6, and it increased rapidly to 9 for the NASH sample after 1 day of 224 

immersion and remained high thereafter. Similar behavior was observed for the C(N)ASH 225 

sample with the pH increased to 12. The increased pH was due to the leaching of hydroxyl ions 226 

from samples into the leachates. This took place because of the differential pH between distilled 227 

water and samples which were alkaline in nature. The higher pH value of the leachate for the 228 

C(N)ASH sample compared to the NASH sample suggests its higher leaching amount of 229 

hydroxyl ions (OH-) from samples.  230 

For the samples immersed in 5% sulfuric acid solution, the pH of the resulted solution for the 231 

NASH sample has minor increment from 0.11 to 0.4, while it increased to approximately 2.7 232 

for the C(N)ASH sample. Ions leaching (such as hydroxyl ions) were facilitated by the transfer 233 

of acidic ions, i.e. H+, H3O
+, and SO4

2-, into the samples, while metal cations (i.e. Ca2+, Al3+, 234 

and Na+) into the acid solution. The consumption of H3O
+ ions in the sulfuric acid solution of 235 

the NASH sample and C(N)ASH sample were 53.2% and 99.75%, respectively, according to 236 

acid-base neutralization reaction. The results are consistent with previous findings that the 237 

alkali-activated fly ash sample showed lower pH value than the alkali-activated slag after 238 

exposure to sulfuric acid solution [5]. As well known the OH- ions acted as catalyst during 239 

alkali-activation process [35]. The greater impact of the C(N)ASH sample on the pH evolution 240 
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of both distilled water and sulfuric acid solution was related to its lower consumption of OH- 241 

ions during the formation of reaction products.  242 

 243 

Fig. 4. pH values of the (a) distilled water and (b) 5% sulfuric acid solution after 56 days of immersion 244 
of the NASH sample and C(N)ASH sample. 245 

Fig. 5 displays the cumulative concentration of aluminum (Al), calcium (Ca), sodium (Na), and 246 

silicon (Si) presented in the distilled water and 5% sulfuric acid solutions during 56-day 247 

immersion of NASH sample and C(N)ASH sample. There were no significant quantities of 248 

aluminum, calcium, or silicon (< 116, 249, and 145 ppm, respectively) present in the water 249 

solutions leached out from any of the NASH sample and C(N)ASH sample. The main element 250 

identified in water was sodium, which increased concentration with the exposure time. The 251 

cumulative concentration of Na leached out from the NASH sample and C(N)ASH sample was 252 

4886 ppm and 15248 ppm after 56 days exposure to water, respectively. This was not surprising 253 

due to the sodium silicate and sodium hydroxide solutions which were used as activators in the 254 

mixes. As known, the existing Na in alkali-activated materials included three types, i.e. free 255 

Na (the majority), union Na, and compound Na [36]. The free Na existed in the pore solution 256 

of the sample and easily diffused into the external environment. Union Na was converted from 257 

free Na, existing in an unstable form. The compound Na existed in a stable form in the reaction 258 

hydrate, i.e., N-A-S-H gel. The results suggested that more free Na leaching out from the 259 

C(N)ASH sample than the NASH sample to distilled water. This result also suggests a possible 260 

high efflorescence potential of geopolymer when a small dose of calcium is introduced, and 261 

indeed, it has been found by Longhi et al. [37]. 262 

For sulfuric acid leachates, a significant amount of aluminum, sodium, and silicon leached out 263 

from both the NASH sample and C(N)ASH sample. As shown in Fig. 5 (a), the concentration 264 
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of aluminum from the C(N)ASH sample and NASH sample resulted in the highest 265 

concentration of 11719 ppm and 38100 ppm, respectively. Higher concentration of Al in the 266 

leachate of the NASH sample suggested that the dealumination in the N-A-S-H gel was easier. 267 

The calcium content leaching out from the C(N)ASH sample reached the highest value (6830 268 

ppm) on the first day and kept constant thereafter. It is a result of the decalcification of C-(N)-269 

A-S-H gel and the dissolution of other reaction products in the C(N)ASH sample. The 270 

concentration of sodium leached from the C(N)ASH sample (41200 ppm) was significantly 271 

higher that of the NASH sample (6734 ppm). The bound Na+ and compound Na+ are converted 272 

back to free Na+ under acid attack [20], therefore, the Na concentrations were significantly 273 

higher in the acid solution leachate than in the water leachate. The difference of sodium 274 

concentration in the distilled water and acid solution was regarded to be the amount of bound 275 

Na+ and compound Na+. The cumulative concentration of silicon leached from the NASH 276 

sample and C(N)ASH sample reached 18350 and 8918 ppm, respectively, after 56 days of acid 277 

exposure. In view of the above results, the NASH sample showed higher leaching 278 

concentrations of Al and Si than the C(N)ASH sample, except for Na. 279 

 280 

Fig. 5. Cumulative concentrations of aluminium, calcium, sodium, and silicon leached from the NASH 281 
sample and C(N)ASH sample exposed to distilled water and 5% sulfuric acid solution for 56 days.  282 
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Fig. 6 shows the Si/Al and Na/Al ratios in unexposed NASH sample and C(N)ASH sample and 283 

their acid leachates. For the NASH sample, Al was the most easily precipitated element, 284 

followed by Na and, lastly Si. The most readily precipitated element in C(N)ASH sample was 285 

Na, followed by Al, and finally Si. In view of leaching behaviour, lower concentration of Na 286 

was leached out from the NASH sample under sulfuric acid attack. Instead, more Al was 287 

leached out from the NASH sample when exposure to acid solution. Hence, Al-O from the 288 

framework of N-A-S-H gel was suspensible to hydrogen ions attack. It means the destroy of 289 

N-A-S-H gel under acid conditions is due to dealumination from the gel framework, while the 290 

destroy of C-(N)-A-S-H gel under acid conditions is due to the continuous leaching of Na, 291 

together with the continuous loss of Al (dealumination). This is different from the previous 292 

mechanism that for the C-S-H gels that formed in OPC system, which the sulphuric acid leads 293 

to the decalcification and finally destroy of matrix. 294 

  295 

Fig. 6. The ratios of (a) Si/Al and (b) Na/Al in the unexposed NASH sample and C(N)ASH sample and 296 
their acid leachates.  297 

3.3 X-ray diffraction (XRD) analysis 298 

Fig. 7 shows the XRD results for the NASH sample and C(N)ASH sample before and after 28 299 

days of sulfuric acid exposure. As shown in Fig. 7 (a), a broad featureless hump was visible 300 

between 20° and 35° 2θ for the NASH sample, confirmed the formation of amorphous reaction 301 

products (i.e. N-A-S-H gel) as discussed above [33]. The minor crystalline peaks observed in 302 

the NASH sample were attributed to the phases like paragonite (NaAl2(AlSi3)O10(OH)2, PDF 303 

# 24-1047) and albite (NaAlSi3O8, PDF # 80-1094). After sulfuric acid exposure, the broad 304 

peak at the NASH sample shifted to around 22° 2θ, suggesting the breakage of the N-A-S-H 305 

gel [20]. This result suggested that the N-A-S-H gel was vulnerable to sulfuric acid attack. 306 
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Paragonite and albite were on longer present in the exposed NASH sample. This was different 307 

to the crystalline phases found in alkali-activated fly ash which was invulnerable to sulfuric 308 

acid attack [5]. The peaks attributed to tamarugite (NaAl(SO4)2·6H2O, PDF # 71-2385) was 309 

identified in the exposed NASH sample. This suggests that the decomposition of N-A-S-H gel 310 

leads to the precipitation of Na and Al in the leachates.  311 

As shown in Fig. 7 (b), the XRD pattern of the C(N)ASH sample exhibits a broad feature 312 

centered at approximately 29° 2θ, characteristic of a disordered reaction product consistent 313 

with that formed in AAMs derived from slag [32]. This phase was assigned to a poorly 314 

crystalline C-(A)-S-H phase displaying some structural similarity with calcium aluminum 315 

silicate (CAS, PDF # 23-0105). Calcite (CaCO3, PDF # 72-1937 and PDF # 41-1475) was 316 

formed at the similar reflection angel with CAS which was formed during preparation process. 317 

Pectolite (NaCa2HSi3O9, PDF # 33-1223), wollastonite (CaSiO3, PDF # 84-0654) and calcium 318 

aluminite silicate (Ca3Al6Si3O16, PDF # 47-0162) were also identified in the unexposed 319 

C(N)ASH sample. After exposure to sulfuric acid for 28 days, the exposed C(N)ASH sample 320 

demonstrated the presence of gypsum (CaSO4·2H2O, PDF#33-0311). The trace of amorphous 321 

hump shifted to around 22° 2θ and decreased in the intensity, which was considered as the 322 

distinguishing feature of residual C-(A)-S-H gel. The crystalline phases identified in unexposed 323 

C(N)ASH sample was no longer present. There was no ettringite identified in the XRD pattern 324 

of the exposed C(N)ASH sample. This is due to the formation of gypsum is favored than 325 

ettringite when calcium availability was enough [38]. The findings explain the different 326 

appearance changes of the NASH sample and C(N)ASH sample when exposed to acid, as 327 

discussed above.  328 
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Fig. 7. X-ray diffractions of the (a) NASH sample and (b) C(N)ASH sample before and after 28 days 330 
sulfuric acid attack. 331 

3.4 Thermogravimetric-differential thermogravimetric (TG-DTG) analysis  332 

Fig. 8 displays the mass change at high temperatures of the NASH sample and C(N)ASH 333 

sample before and after exposure to sulfuric acid attack. The unexposed and exposed NASH 334 

samples showed final mass loss of 27.8% and 29.7%, respectively. For the unexposed NASH 335 

sample, the mass loss peak in the DTG curves centred at 71 °C, which was due to the removal 336 

of free water [32]. The larger shoulder at around 105 °C for the unexposed NASH sample was 337 

attributed to the dehydration of gel product (i.e. N-A-S-H gel), which continued to around 300 338 

°C [39]. A small mass loss peak was observed at 255 °C which was associated with the loss of 339 

tightly physically bound water in albite and paragonite, identified in the XRD patterns [32, 40]. 340 

After exposed to acid attack, the mass loss peak due to the removal of free water shifted to a 341 

higher temperature at around 78 °C. The reduced intensity of dehydration peak at around 105 342 

°C suggested that reduced amount of bound water of N-A-S-H gel when exposed to sulfuric 343 

acid. Another mass loss happened in the range of 416-617 °C, which was due to the dehydration 344 

of reaction product (tamarugite) [41-43]. 345 

The C(N)ASH sample before and after exposure to sulfuric acid attack showed the final mass 346 

loss of 12.5% and 17.9%, respectively. The mass loss of the unexposed C(N)ASH sample 347 

continued to around 650 °C, while the mass loss of the exposed C(N)ASH sample happened 348 

predominately before 300 °C. The mass loss happened in the range of 30 °C to 680 °C in the 349 

DTG curve of the unexposed C(N)ASH sample which was related to the removal of free water 350 

and the dehydration of C-(N)-A-S-H gel [43]. The small peak at 676 and 680 °C suggested the 351 

decomposition of calcite [44, 45]. The mass loss peak of the exposed C(N)ASH sample before 352 

100 °C was the removal of free water and/or loosely bound moisture which was not removed 353 

during preparation of the powdered sample [5]. The mass loss peak at the range of 354 

approximately 90 and 150 °C were believed to be due to the dehydration of gypsum, as shown 355 

in Eq. 2 and Eq. 3 [46-49].  356 

The weight loss due to the decomposition of gypsum can be used to calculate the amount of 357 

gypsum present in the exposed samples, using the molecular mass of gypsum and water as 358 

shown in Eq. 2 and Eq. 3 [43]. Considering the contribution of water loss from the C-(N)-A-359 

S-H gel (it can be obtained from the deconvoluted peaks of the DTG curves of the exposed 360 
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C(N)ASH sample), the amount of calculated CaSO4·2H2O accounted for around 60 wt.% of 361 

the exposed sample, see details in Appendix I. 362 

 363 

Fig. 8. Mass change and differential mass change (DTG) of the NASH sample and C(N)ASH sample 364 
before and after 28 days of sulfuric acid attack. 365 

CaSO4∙2H2O
90-170 ℃
→     CaSO4∙0.5H2O+1.5H2O 

Eq. 2 

    172 g/mol                 145 g/mol          27 g/mol  

CaSO4∙0.5H2O
115-150 ℃
→      CaSO4+0.5H2O 

Eq. 3 

    145 g/mol                   136 g/mol    9 g/mol  

3.5 Fourier transform infrared spectroscopy (FTIR) analysis  366 

Fig. 9 presents the FTIR spectra for the precursors and the NASH sample and C(N)ASH sample 367 

before and after exposure to sulfuric acid attack. In the spectrum of the precursor for the NASH 368 

sample, an intense peak was observed at approximately 1072 cm-1, which was assigned to 369 

asymmetric stretching vibrations of Si-O-T bonds, where T = Si or Al in tetrahedral 370 

coordination [50]. The band at approximately 781 cm-1 that was assigned to bending vibrations 371 

of Al-O bonds in AlO6 octahedra [51]. In the spectrum of the precursor for the C(N)ASH 372 

sample, a broad band was observed at 910 cm-1, and a shoulder could also be observed at 993 373 

cm-1. These bands were attributed to the stretching vibrations of Si-O-T bonds due to a highly 374 

depolymerized silica network and consistent with that observed in slag [32, 52]. A sharp 375 

shoulder at 841 cm-1 was likely due to the presence of HCO3
- formed during sample preparation 376 

[32]. The small featural bands centered at 696 and 460 cm-1 were attributed to symmetrical 377 

stretching and bending of Si-O-T bonds, respectively [32]. 378 
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The alkali activation process in the NASH sample is observed by the shifting of the main peak 379 

from 1072 cm-1 to 972 cm-1. This change was due to the decrease of tetrahedral Si sites, 380 

replaced by the tetrahedral Al during the formation of N-A-S-H gel [20]. The small band 381 

observed at approximately 1647 cm-1 for each sample was assigned to H-O-H bending mode 382 

[5]. The broad band at the range of about 3700-2700 cm-1 was attributed to the presence of free 383 

and chemically bound water due to the activation process. For C(N)ASH sample, alkali-384 

activation produced a broad intense band at approximately 955 cm-1, attributed to asymmetric 385 

stretching vibrations of Si-O-T bonds in the chain structure of C-(N)-A-S-H gel [53]. The broad 386 

band at 1417 cm-1 was attributed to the asymmetric stretching of O-C-O bonds in CO3
2-.  387 

FTIR data for the NASH sample after exposure to acid attack exhibited a movement of the 388 

main peak to a higher wavenumber from 972 cm-1 to 1060 cm-1. This change was related to the 389 

decomposition of N-A-S-H gel under acid attack. Two more intensive peaks at 945 cm-1 and 390 

797 cm-1 in the corroded NASH sample were recognized as the residual N-A-S-H gel. Sulfuric 391 

acid attack caused a significant change on the FTIR spectrum of the exposed C(N)ASH sample. 392 

The main band was centered at approximately 1100 cm-1, and two intensive peaks formed at 393 

667 cm-1 and 600 cm-1. These changes indicated the decomposition of C-(N)-A-S-H gel and 394 

the formation of corrosion products, mainly gypsum.  395 

The overlapping bonds are identified in the FTIR spectra by deconvolution of the main band, 396 

which are summarized in Table 2. For NASH sample, the bands at 1050 cm-1 and 987 cm-1 397 

were assigned to the asymmetric stretching vibration (σas) of Si-O-T bond, and 947 cm-1 to 398 

asymmetric stretching vibration of non-bridging oxygen sites (i.e. Si-O-Na). The bands at 853 399 

cm-1 and 712 cm-1 were assigned to the bending vibration (δ) of Si-OH bond and Si-O-AlIV 400 

bond, respectively. After exposed to sulfuric acid attack, new bands appeared at 1214 cm-1 and 401 

1118 cm-1 were assigned to the asymmetric stretching vibration of S-O bond in SO4
2-, 402 

accounting for around 36 % [54]. High polymerized Si-O bonds at 1071 cm-1 and 1034 cm-1 403 

were accounted for 51% since the dealumination of the N-A-S-H gel leaving a silica-rich gel. 404 

There was no Si-O-AlIV identified in the exposed NASH sample. The results confirmed that 405 

acid attack resulted in the dealumination of N-A-S-H gel and breakdown of Si-O-Na bond. Al 406 

was easier leaching out from N-A-S-H gel than Na and the delamination resulted the destroy 407 

of N-A-S-H gel under acid attack. 408 

Compared to the NASH sample, the Al-substitution in the C-(N)-A-S-H gel of the C(N)ASH 409 

sample could be deconvoluted out as Si-O-Al bond at 1023 cm-1. The Si-O-Na bond in the C-410 
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(N)-A-S-H gel accounted for around 2%, much less than 19% in the N-A-S-H gel. This was 411 

likely related to the different action mechanism of alkali in the N-A-S-H gel and C-(N)-A-S-H 412 

gel, while Na incorporated into silicate chains in the N-A-S-H gel but acted as charge balance 413 

in the C-(N)-A-S-H gel at Al-substitution site. After exposed to sulfuric acid attack, the Si-O-414 

Na bond in the exposed C-(N)-A-S-H gel could still be identified. The results suggested that 415 

acid attack caused the dealumination of the C-(N)-A-S-H gel along with leaching of alkali but 416 

had minor effect on the Si-O-Na bond in the C-(N)-A-S-H gel.  417 
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 418 

Fig. 9. FTIR spectra (absorbance) and deconvoluted spectra of the NASH and C(N)ASH samples before and after exposure to sulfuric acid.  419 
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Table 2 Summary of bands in the deconvoluted FTIR spectrum of Si-O-T bands for the NASH and 420 
C(N)ASH samples before and after exposed to acid attack in the range of 1300 cm-1 ~ 600 cm-1. 421 
Asymmetric stretching vibration (σas), symmetric stretching vibration (σs) and bending vibration (δ). * 422 
means bands with trace occupation.  423 

 Position 

(cm-1) 

Assignment Account 

(Relative 

area %) 

Ref. 

NASH 1050 σas Si-O, Q3+ Q4 33 [50, 55] 

 987 σas Si-O, Q2 37 [55] 

 947 σas Si-O-Na 19 [51] 

 853 δ Si-O 1 [51] 

 712 δ Si-O-AlIV 10 [51] 

Exposed NASH  1214 σas SO4
2- 8 [54] 

 1118 σas SO4
2- 28 [54] 

 1071 σas Si-O, Q4, silica gel 39 [54] 

 1034 σas Si-O, Q3, silica gel 12 [55] 

 952 σas Si-O-Na 3 [55] 

 918 σas Si-O 6 [51] 

 797 δ Si-O 6 [51] 

C(N)ASH 1059 σas Si-O, Q3+ Q4 8 [55] 

 1023* σas Si-O-Al 0.5 [55] 

 965 σas Si-O, Q2 46 [55] 

 951* σas Si-O-Na 2 [55] 

 889 δ Si-O 21 [51] 

 873* σas C-O 1 [51] 

 831 σs Si-O, C-S-H 7 [56] 

 741 δ Si-O-T, precursor 3 [51] 

 695 δ Si-O-T, precursor 9 [51] 

 645 δ Si-O-T, precursor 3 [51] 

Exposed C(N)ASH 1146 σas SO4
2-, gypsum 18 [54] 

 1115 σas SO4
2-, gypsum 12 [54] 

 1084 σas Si-O, Q4, silica gel 44 [55] 

 1037 σas Si-O, Q3, silica gel 12 [55] 

 954 σas Si-O-Na 2 [55] 

 923 σas Si-O 2 [55] 

 799 δ Si-O 2 [51] 

 668 σas SO4
2-, gypsum 8 [54] 

3.6 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis 424 

Fig. 10 shows the SEM images of NASH sample and C(N)ASH sample before and after 425 

exposure to sulfuric acid attack. The fracture section of the unexposed NASH sample showed 426 

a homogeneous but granular surface. After acid attack, the microcracks generated inside the 427 

paste matrix. This was due to the leaching of aluminium and sodium from the paste of NASH 428 

sample. The unexposed C(N)ASH sample showed a denser microstructure than the NASH 429 

sample. After exposed to acid attack, it was clear to see the formation of column-like gypsum 430 

Jo
urn

al 
Pre-

pro
of



grains in the exposed C(N)ASH sample. The coarse gypsum grains forming in a dense matrix 431 

can result in high stress and lead to loosening of the C(N)ASH matrix, and further cracking of 432 

the samples (as shown in Fig. 2).  433 

  434 

  435 

Fig. 10. SEM images of the NASH and C(N)ASH samples before and after exposure to sulfuric acid.  436 

Fig. 11 shows the summary of atomic ratios of Na/Al versus Si/Al for the NASH sample before 437 

and after unexposed to acid attack. The elemental composition of unexposed NASH sample  438 

displayed a broad range of values within the region 1.0 ≤ Si/Al ≤ 4.5 and 0.5 ≤ Na/Al ≤ 2.0, 439 

which was comparable with that of alkali-activated fly ash [14]. After exposed to acid for 28 440 

days, the exposed NASH sample exhibited a range of values clustered around two distinct 441 

regions: one with the cation ratios of 3.5 ≤ Si/Al ≤ 5.2 and 3.5 ≤ Na/Al ≤ 6, and another with 442 

the cation ratios of 4 ≤ Si/Al ≤ 5.2 with free Na. This suggested that sulfuric acid attack resulted 443 

in the residual N-A-S-H gel exhibiting a high Si/Al ratio due to the dealumination. Meanwhile, 444 

sodium leaching out from the N-A-S-H gel resulting in Na/Al ratio near 0.  445 
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 446 

Fig. 11. Atomic ratios Na/Al versus Si/Al for the unexposed and exposed regions of the NASH sample 447 
as marked, determined by EDX analysis. A random selection of points evenly distributed across a 448 
representative 1000 μm × 1000 μm section of the sample were used for analysis. The approximate 449 
region defined for N-A-S-H refers to [32]. 450 

Fig. 12 shows the summary of atomic ratios Ca/Si versus Al/Si for projection of material 451 

chemistry of the unexposed and exposed C(N)ASH samples. The chemistry of the unexposed 452 

C(N)ASH sample lied within the region commonly associated with a C-(N)-A-S-H gel of 0.79 453 

≤ Ca/Si ≤ 1.86 and 0.11 ≤ Al/Si ≤ 0.28. After exposed to sulfuric acid attack for 28 days, the 454 

chemistry of the exposed C(N)ASH sample showed two regions: one with the cation ratios of 455 

0 ≤ Al/Si ≤ 0.1 and 0 ≤ Ca/Si ≤ 2, and another which exhibited cation ratios of Al/Si = 0 and 0 456 

≤ Ca/Si ≤ 15. The very high Ca/Si is due to the formation of gypsum as EDS analysis may 457 

bring in a region of elements into counting. It means the destroy of C-(N)-A-S-H gel under 458 

acid conditions related to both dealumination and decalcification. 459 

 460 

Fig. 12. Atomic ratios Ca/Si versus Al/Si for the unexposed and exposed regions of the C(N)ASH 461 
sample as marked, determined by EDX analysis. A random selection of points evenly distributed across 462 
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a representative 1000 μm × 1000 μm section of the sample were used for analysis. Approximate regions 463 
of C-(N)-A-S-H are determined from [32]. 464 

3.7 Solid-state MAS NMR spectroscopy analysis 465 

3.7.1 27Al MAS NMR spectroscopy 466 

Fig. 13 shows the 27Al MAS NMR spectra of the NASH sample and C(N)ASH sample before 467 

and after exposure to acid attack. From Fig. 13 (a), the unexposed NASH sample consisted of 468 

one main resonance centered at 55 ppm, which was assigned to aluminum in tetrahedral (AlIV) 469 

coordination [32]. The AlIV was assigned in a q4 (i.e. q4 = Si is in tetrahedral coordination and 470 

bonded to 4 other tetrahedral atoms) environment within a highly polymerized N-A-S-H gel 471 

framework [20, 57]. A low-intensity resonance at δobs = 4 ppm was attributed to octahedral 472 

(AlVI) coordination in the unreacted precursor [32]. The spectra of precursor powder was 473 

typical of those commonly observed for aluminosilicate glasses, displaying three broad peaks 474 

which are assigned to tetrahedral (AlIV), pentahedral (AlV), and octahedral (AlVI) aluminum 475 

[32]. During the alkali-activation process, AlV and AlVI within precursor powder dissolved and 476 

reacted to form AlIV species [57]. After exposure to acid attack for 28 days, the exposed NASH 477 

sample showed two narrow resonances centered at -1 ppm and -4.6 ppm, respectively, which 478 

were both assigned to AlVI in a well-defined octahedral coordination [32]. This was consistent 479 

with greater stability of AlVI species under acidic conditions when compared to AlIV and AlV 480 

species [20]. In view of the above results, the dealumination and sodium removal from the N-481 

A-S-H gel resulted in the decomposition of the solid phase in the NASH sample.  482 

The spectra of the unexposed C(N)ASH sample displayed a broad resonance spanning from 20 483 

ppm to 80 ppm and centered at approximately 58 ppm, which was assigned to tetrahedral (AlIV) 484 

coordination in geopolymer binder [32]. The broad contribution of q4(4Si) species indicated a 485 

significant crosslinking of C-(N)-A-S-H gel [32]. The spectra of the exposed C(N)ASH sample 486 

showed a narrow resonance at approximately 0 ppm which was assigned to AlVI in well-defined 487 

octahedral coordination, as well remained a low-intensity broad resonance spanning from 40 488 

ppm to 60 ppm as shown in Fig. 13 (b). The formation of aluminum sulfate was contributed to 489 

the resonance at around 0 ppm. The resonance at 50 ppm was assigned to the tetrahedral (AlIV) 490 

coordination in the residual C-(N)-A-S-H gel.  491 

The broad resonance of 27Al MAS NMR spectra of the NASH sample and C(N)ASH sample 492 

before exposure to acid attack suggested that Al predominantly existed in a distorted tetrahedral 493 

environment q4(4Si) in both N-A-S-H gel and C-(N)-A-S-H gel. However, the resonance of Al 494 
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in the C-(N)-A-S-H gel showed slightly wider than that in the N-A-S-H gel. It means more 495 

complicated Al environment in the C-(N)-A-S-H gel. After exposure to sulfuric acid, the Al 496 

environment in the N-A-S-H gel was easily attacked and combined Al was converted into 497 

movable ions. There was no remaining undamaged Al environment and the Al in the residual 498 

sample was in an active state. It could be seen that a part of original Al environment in the C-499 

(N)-A-S-H gel was undamaged by acid attack, and less active Al was identified than N-A-S-H 500 

gel. When combined with the appearance change, it was found that, whereas the appearance of 501 

the NASH sample had not altered significantly, the N-A-S-H gel had been completely 502 

destroyed. Even though the C(N)ASH sample had cracks, a portion of the C-(N)-A-S-H gel 503 

persisted.  504 

 505 

Fig. 13. 27Al MAS NMR data of the NASH sample and C(N)ASH sample before and after exposure to 506 
sulfuric acid attack.  507 

3.7.2 29Si MAS NMR spectroscopy  508 

The 29Si MAS NMR spectra and deconvoluted peaks for the NASH sample and C(N)ASH 509 

sample before and after exposed to sulfuric acid are presented in Fig. 14 and Fig. 15. According 510 

to [58], Si sites were generally identified using the notation of the type Qn(mAl) with 0 ≤ m ≤ 511 

n ≤ 4, where Si in tetrahedral coordination (represented by Q) was bonded to n other tetrahedral 512 

units (m is the number of Al) via oxygen bridges. The summary of the deconvolution peaks is 513 

shown in Table 3. As shown in Fig. 14 (a), the 29Si MAS NMR spectra of the unexposed NASH 514 

sample was deconvoluted into eight peaks which indicating Si environments attributed to 515 

Q4(0Al), Q4(1Al), Q4(2Al), Q4(3Al), Q3, Q2, Q2(1Al) and Q0, in agreement with other studies 516 

[2, 18, 32]. The Q0 resonance might be attributed to dissolved precursors or monomer silicate 517 

structures from remnant soluble silicate that has not react [20]. The Q3 and Q2 sites resonate 518 
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exists in this study. This is contradictory with the results of N-A-S-H gel derived from 519 

metakaolin [20]. There is no Q1 site in the spectra of the unexposed NASH sample. The results 520 

indicate that the framework of N-A-S-H is highly polymerised [18]. After exposure to acid 521 

attack, the deconvoluted peaks of the exposed NASH sample are contributed to Q3(1Al), 522 

Q4(3Al), Q4(2Al), Q4(1Al) and Q4(0Al) sites. There is no Q2, Q1, and Q0 sites remained in the 523 

residual gel. It should be noted that there is no Al in tetrahedral coordination from 27Al MAS 524 

NMR data (presented above) in the exposed NASH sample. This is because that part of the 525 

[AlO4] tetrahedrons detach from Si-O-Al bond under acid attack and leach out from the 526 

framework of N-A-S-H gel. And part of the [AlO4] tetrahedrons transfer to octahedrons that 527 

Al in six coordination and incorporate into the Si-O-Al bond in the residual gels. This increases 528 

the polymerization of residual gels.  529 

Engelhardt’s formula (Eq. 4) was used to calculate the molar Si/Al ratio of the N-A-S-H gel 530 

before and after exposure to sulfuric acid in the NASH sample [20]. The Si/Al ratio of the 531 

unexposed NASH sample is 1.9 while increased to 2.3 after exposure to sulfuric acid. The 532 

results show that the dealumination of N-A-S-H gel is along with a higher Si/Al ratio in residual 533 

gel and higher polymerization.  534 

Si

Al
=

∑ IA
Q

4
(mAl)

4
m=1

∑ 0.25×m×IA
Q

4
(mAl)

4
m=1

 Eq. 4 

 

Where, IA
Q

4
(mAl)

 is the normalized relative integral areas of each deconvoluted Q4(mAl) peaks 535 

as shown in Table 3.  536 

The 29Si MAS NMR spectra and deconvoluted peaks of the unexposed C(N)ASH sample and 537 

exposed C(N)ASH sample are presented in Fig. 15. 538 

Si

Al
=

∑ IA
Q

4
(mAl)

4
m=1

∑ 0.25×m×IA
Q

4
(mAl)

4
m=1

 Eq. 4 

 

Where, IA
Q

4
(mAl)

 is the normalized relative integral areas of each deconvoluted Q4(mAl) peaks 539 

as shown in Table 3. Where, IA
Q

4
(mAl)

 is the normalized relative integral areas of each 540 

deconvoluted Q4(mAl) peaks as shown in Table 3. The 29Si MAS NMR spectra of the 541 

unexposed C(N)ASH sample displays a relative narrowing resonance spanning from -70 to -542 

100 ppm, which were deconvoluted into peaks at -98, -95, -92, -87, -84, -80, and -76 ppm, 543 
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attributed to Q4(3Al), Q4(4Al), Q3, Q3(1Al), Q2, Q2(1Al), Q1, and Q0, respectively. The reduced 544 

width of resonance and the increased intensity of Q2, Q1, and Q0 sites suggested that the C-(N)-545 

A-S-H gel showed higher order than the N-A-S-H gel (in agreement with XRD analysis). The 546 

chemical shifting to lower field indicates the change of Si environments due to Q4(mAl) loss 547 

in the exposed C(N)ASH sample. This also confirms the dealumination mechanism of C-(N)-548 

A-S-H gel as discussed above.  549 

According to [18], the MCL and molar Si/Al ratio of the non-crosslinked and crosslinked C-550 

(N)-A-S-H gel can be determined based on the following equations (Eq. 5 to Eq. 8): 551 

MCL[NC]=
2𝐼𝐴[Q1+Q2+3

2
Q2(1Al)]

𝐼𝐴(Q
1)

 Eq. 5 

Si

Al[NC]
=

2𝐼𝐴[Q1+Q2+Q2(1Al)]

𝐼𝐴[Q
2
(1Al)]

 Eq. 6 

MCL[C]=
4IA[Q1+Q2+Q2(1Al)+Q3+2Q3(1Al)]

IA(Q
1
)

 Eq. 7 

Si

Al[C]
=

𝐼𝐴[Q3(1Al)]

IA[Q
1
+Q

2
+Q

2
(1Al)+Q

3
+Q

3(1Al)]
 Eq. 8 

where [C] denotes crosslinked C-(N)-A-S-H structures and [NC] denotes non-crosslinked C-552 

(N)-A-S-H structures.  553 

In the unexposed C(N)ASH sample, the MCL and Si/Al ratio of non-crosslinked C-(N)-A-S-554 

H gel are 9.0 and 5.7, respectively. The synthetic C-(N)-A-S-H gel displays a similar MCL and 555 

Si/Al ratios as the alkali-activated fly ash/slag pastes, which showed a range of 6.43-9.76 for 556 

MCL and corresponding Si/Al ratio of 6.35-4.74 [59]. After exposed to sulfuric acid, the MCL 557 

reduces to 6.7 and the Si/Al reduces to 3.3. The reduced MCL indicates the shorten of the 558 

framework in the non-crosslinked C-(N)-A-S-H gel after acid attack which is due to 559 

dealumination. The declined Si/Al ratio is due to the change of the coordination of Al from 560 

four to six, which is consistent with the 27Al MAS NMR results. The MCL and Si/Al ratio of 561 

the crosslinked C-(N)-A-S-H gel increase from 22 to 26 and from 0.13 to 0.45, respectively, 562 

after exposed to sulfuric acid solution. The acid attack caused increment of crosslinked C-(N)-563 

A-S-H gel with minor changes in the chain length. However, the exposed C-(N)-A-S-H gel 564 

shows a similar framework like N-A-S-H gel, which could be seen from the high intensity of 565 

Q4(mAl) resonance, as shown in Fig. 15 (b). Thus, the Si/Al ratio calculated based on 566 

Engelhardt’s formula (Eq. 4) is 3.8, which is higher than that of the exposed N-A-S-H gel. The 567 

results confirm that the decalcification in C-(N)-A-S-H gel leads to a destruction of the orderly 568 
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layered structure. Further exploration on the acid corrosion mechanism of the C-(N)-A-S-H gel 569 

could focus on the effect of Ca/Si ratio in this type of gel.  570 

The N-A-S-H gel shows higher polymerization (higher MCL) and lower Si/Al than the C-(N)-571 

A-S-H gel. After exposure to sulfuric acid, the exposed N-A-S-H gel showed increased 572 

polymerization and increased Si/Al ratio due to the dealumination, while the C-(N)-A-S-H gel 573 

increased crosslinking with reduced Si/Al ratio due to decalcification. The change of Si/Al ratio 574 

of the C-(N)-A-S-H gel is inconsistent with that from SEM-EDX results. This suggests that an 575 

elemental mapping characterization analysis on the bulk area of alkali-activated materials is 576 

hard to explain the intrinsic change of their reaction products. Overall, it is confirmed that the 577 

silicon chains in N-A-S-H gel and C-(N)-A-S-H gel tend to form highly crosslinked silica 578 

framework after sulfuric acid. 579 

 580 

Fig. 14. 29Si MAS NMR data (black lines) of (a) the unexposed NASH sample and (b) the exposed 581 
NASH sample after 28 days of sulfuric acid attack. The fitting line (red) of the spectra for the samples 582 
and associated spectral deconvolutions are also shown. 583 
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 584 

Fig. 15. 29Si MAS NMR data (black lines) of (a) the unexposed C(N)ASH sample and (b) the exposed 585 
C(N)ASH sample after 28 days of sulfuric acid attack. The fitting line (red) of the spectra for the 586 
samples and associated spectral deconvolutions are also shown.  587 
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Table 3 Deconvolution results of 29Si NMR spectra for the NASH sample and C(N)ASH sample before and after exposed to sulfuric acid. The IA (%) is the 589 
normalized relative integral area of each deconvoluted resonance in the spectra.  590 

             

Sample Coordination Q0 Q1 Q2(1Al) Q2 Q3(1Al) Q3 Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al) 

NASH Pos. (ppm) -75 - -83 -87 - -92 - -97 -102 -107 -113 - -125 

 IA(%) 3.1 - 10.6 19.5 - 15.5 - 12.8 11.7 9.8 17 

Exposed NASH Pos. (ppm) - - - - -89 - - -96 -103 -107 -110 - -118 

 IA (%) - - - - 3.5 - - 6.4 29.6 21.1 39.5 

C(N)ASH Pos. (ppm) -76 -80 -84 -87 -90 -92 -95 -98 - - - 

 IA (%) 5.5 17.8 24.0 26.3 11.5 6.9 4.8 3.2 - - - 

Exposed C(N)ASH Pos. (ppm) -76 -80 -85 - -90 - -94 -100 -103 -108 -112 - -123 

 IA (%) 0.7 2.2 3.4 - 4.6 - 7.0 10.3 24.1 13.4 34.3 

  591 
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4. Conclusions 592 

In this study, stoichiometrically controlled N-A-S-H and C-(N)-A-S-H gels were used to 593 

investigate the durability properties of two typical types of AAMs under sulfuric acid attack, 594 

i.e. calcium free/low calcium AAMs (alkali-activated fly ash) and calcium bearing AAMs 595 

(alkali-activated slag). It was discovered that dealumination dominated the microstructural 596 

change of N-A-S-H gel under the sulfuric acid attack. This dealumination had minor effect on 597 

the bulk structure integrity (but not sure about the impact on micromechanical properties). The 598 

C-(N)-A-S-H gel showed both dealumination and decalcification, together with significant and 599 

rapid loss of sodium and slow loss of silicon. In addition to the normal mechanism that gypsum 600 

forms and leads to cracking at sulfuric and sulphate conditions, an important finding is that 601 

dealumination and the loss of sodium continues after decalcification and the loss of a small 602 

amount of silicon. The non-crosslinked C-(N)-A-S-H gel reduced with decrease of Si/Al ratio 603 

after exposure to sulfuric acid, while the Si/Al ratio of N-A-S-H gel increased. One common 604 

feature for the two types of AAM gels is that after acid attack, silicate polymerization degree 605 

(Q4 concentration) increases, especially for C-(N)-A-S-H gel. Further exploration on the acid 606 

corrosion mechanism of the C-(N)-A-S-H gel could focus on the effect of Ca/Si ratio. However, 607 

the formation of coarse crystalline gypsum grains is still the controlling factor to structural 608 

destroy and needs to be controlled. 609 
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Appendix I:  614 

 615 

Appendix Figure 1. DTG data (black lines) of the exposed C(N)ASH binder after 28 days of 616 

sulfuric acid attack. The fitting line (red) of the spectra for the sample and associated spectral 617 

deconvolutions are also shown.  618 

As show in the Appendix Figure 1, the CaSO4·2H2O accounts for around 52.3% of the weight 619 

loss of the exposed C(N)ASH sample from 90 °C to 170 °C. According to the Eq. 2, the 620 

calculated amount of CaSO4·2H2O is around 59.5%. The deconvoluted peaks at 132 °C and 621 

143 °C are assigned to the decomposition of CaSO4·0.5H2O, which account for 18.7% of the 622 

weight loss of the exposed C(N)ASH sample. The formation of two peaks is related to its 623 

different crystallinity. According to the Eq. 2 and Eq. 3, the calculated amount of CaSO4·2H2O 624 

is around 63.9%.  625 
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