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• H2SO4 resistance of Fe-rich alkali-activated material affected by slag chemistry 10 

• Higher sulfuric acid resistance with increasing Al/Si, Ca/Si and Mg/Ca 11 

• The corroded layer’s integrity and slag reaction degree control resistance 12 

• The attack is diffusion-controlled and forms gypsum and silica gel 13 

Abstract 14 

Alkali-activated Fe-rich non-ferrous metallurgical slag (AA-NFS), within the FeOx-SiO2-15 

Al2O3-CaO-MgO system, were tested in 2 wt.% sulfuric acid for 6 months. Corrosion depth 16 

and rate were measured non-destructively by micro X-ray computed tomography. Both intact 17 

and corroded areas were characterized by XRD, FTIR, SEM-EDX and NMR. AA-NFS with 18 

higher Ca/Si showed a higher resistance to sulfuric acid. The presence of Mg negatively 19 

affected the resistance, whereas higher Al concentrations slightly enhanced the resistance in 20 

the investigated chemical composition range. The corrosion degree is highly related to the NFS 21 

reaction extent in AA-NFS, and this corrosion process is diffusion-controlled. Leaching of the 22 

elements (Al, Ca, Mg, Fe and Na) leaves behind mostly silica-rich gels, causing the failure of 23 

the framework structure after long-term exposure. The leached Ca2+ reacted with SO4
2- in acid 24 



solution and formed expansive sulfate products, which clog pores and offer an additional 25 

protective barrier for AA-NFS against sulfuric acid. 26 
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1. Introduction 33 

Alkali-activated materials (AAM) have received significant research interest over the past 34 

decades due to the lower CO2 emissions [1], less raw materials processing requirements [2], 35 

and better mechanical properties [3]. Fly ash and ground granulated blast furnace slag (GGBFS) 36 

are the most widely used precursors in AAM synthesis. The Fe-rich non-ferrous metallurgical 37 

Fe-rich slag (NFS), a diverse and abundant Fe-rich resource with Si as well as Al as minor 38 

constituents, is an emerging material attracting special interest for AAM synthesis [4]. In 39 



previous research work, NFS was already proven to have the possibility to be alkali-activated 40 

and exhibited promising mechanical properties [5] and fire resistance [6]. In addition, recent 41 

advances have improved the understanding of the role of Fe in the alkali-activated NFS (AA-42 

NFS) and the microstructure of AA-NFS [7-9]. For the particular slags of the current study, the 43 

work of Peys et. al [7] is highly relevant: the authors studied AA-NFS using pair distribution 44 

function analysis and Mössbauer spectroscopy, reporting Fe in two separate phases after 45 

polymerization depending on the Fe oxidation stage. One contains Fe2+, situated in octahedral 46 

configuration, and is arranged as trioctahedral layers. The other contains Fe3+ which can, 47 

similar to Al3+, act as a network former. However, there have been few developments in terms 48 

of practical applications. One of the reasons relates to the uncertainty regarding durability. To 49 

future-proof AA-NFS, it is necessary to look into their durability performance. There is no one-50 

size-fits-all approach for all durability aspects. Moreover, particular applications typically ask 51 

for particular performance, and it might as well be the result of such studies that the new 52 

materials developed excel in very specific conditions. This would open the door to niche 53 

markets and enable indeed NFS valorization. 54 

 55 

Sulfuric acid is commonly present in sewage systems [10], rocks or soils that contain pyrite or 56 

marcasite [11], and industrial processes. Sulfuric attack poses a considerable threat to 57 

construction materials [12]. A nanoscale analysis by X-ray pair distribution function analysis 58 

found sulfuric acid may cause the disintegration of the main binder gel of the alkali-activated 59 

GGBFS paste [13]. Hence, in order to increase the chance of NFS valorization and commercial 60 

use as a precursor for alkali-activated materials, the sulfuric acid resistance of AA-NFS must 61 

be assessed. But what is the best possible starting slag chemistry?  62 

 63 



It has been found that the increasing content of Al in the AAM system increased the mechanical 64 

properties [14] and improved durability, partially because of the improved reactivity [15] and 65 

decreased porosity. Furthermore, it was found that the extent of acid attack could be expressed 66 

by the Ca dissolution for cement [16]. In many review papers on the durability of AAM [17, 67 

18], the AAM system has been classified into three categories according to the Ca content or 68 

availability: Ca-free, low-Ca, and Ca-rich. The different types exhibit different reaction 69 

mechanisms, reaction products and mechanical properties [18]. The main reaction products for 70 

Ca-free, low-Ca and Ca-rich systems are N-A-S-H, (C-N)-A-S-H and C-A-S-H, respectively 71 

[19]. It is reported that the acid resistance of N-A-S-H and (C-N)-A-S-H is higher than that of 72 

C-A-S-H due to the deleterious formation of expansive gypsum and ettringite in the C-A-S-H 73 

gel. Koenig et al. [20] stated that for low-Ca AAM, acid resistance decreases with increasing 74 

Ca content of the binder. These findings highlight the importance of Ca content in the system. 75 

As an unconventional AA-NFS system characterized by low Ca content (0.5-20%) and elevated 76 

Fe levels (40-60%) [21], the impact of Ca on acid resistance remains an open question that 77 

needs to be answered. Adediran et al. [22] investigated a co-binder system by blending NFS 78 

with ladle slag and GGBFS to introduce additional Al and Ca content. Their results indicated 79 

that these co-binders altered the formed gels and enhanced sulfuric acid resistance. However, 80 

their study utilized industrial slag, making it challenging to assess the specific effects of Ca 81 

and Al. Additionally, the detailed degradation mechanism remains undisclosed. On the other 82 

hand, Mg content in the slag is another significant parameter for the microstructure, phase 83 

assemblage [23] and durability of AAM [24]. Previous research [19] has shown that the 84 

addition of MgO in the AAM system mainly leads to the formation of hydrotalcite-group 85 

minerals ([Mg1-xAlxOH][OH, ½CO3]⋅mH2O), brucite (Mg(OH)2), magnesium silicate hydrate 86 

(M-S-H), or magnesium (hydroxy-)carbonates. Also in some cases [25, 26], there are no 87 

specific crystalline phases identified. Different Mg-containing phases can affect AAM in 88 



different ways. The presence of brucite improves sulfuric acid resistance by increasing acid 89 

neutralization capacity and/or polyvalent cationic stabilization [27]. Higher amounts of Mg in 90 

hydrotalcite-group minerals favor a larger reaction extent [28] and higher durability 91 

performance [24]. However, compared to other elements like Al and Ca, the impact of the Mg 92 

content received little attention in literature.  93 

 94 

Previous work [29] concluded that the corrosion mechanism of AAM in sulfuric acid is to a 95 

large extent comprised of two sequential reactions: the first step is an ion-exchange process 96 

among cations in the AAM framework (Na+, Ca2+) and the ions (H+ or H3O
+) in the acid 97 

solution, along with an electrophilic attack of the Si-O-Al bond which could release the 98 

tetrahedral aluminum and leave behind a siliceous gel. In the second step, the leached Ca2+ 99 

diffuses towards the solution and reacts with the sulfate anions in the acid solution, leading to 100 

the formation of gypsum in the corroded layers. The expansive gypsum generates internal 101 

stresses and induces spalling or cracking, resulting in the failure of the framework [30]. 102 

However, the degradation mechanisms of AA-NFS when exposed to sulfuric acid solution have 103 

not been addressed at all. Apart from the different precursors, the methodology to address the 104 

question can be also revisited. 105 

 106 

In the majority of works [31, 32], measuring the degradation degree is commonly done by 107 

evaluating mass loss, as this is a simple, fast, and non-destructive method. On the other hand, 108 

this approach is nonconclusive with respect to the occurring phenomena, as it is sensitive to 109 

other processes that can change the sample mass, such as water absorption, precipitation of 110 

gypsum, or insoluble salts [33]. Another widely used indicator is compressive strength change 111 

[32]. Correlating this performance indicator to durability is also complex due to the increasing 112 

strength of the undamaged area [31, 34] and the significant dimensional changes during the 113 



test. In fact, both approaches discussed above are purely indirect evaluations, as no information 114 

on the microstructure changes is revealed. Hence, in order to extract a more mechanistic 115 

understanding of the sulfuric acid resistance of AA-NFS, corrosion depth is used more and 116 

more frequently in AAM research as it can be measured very precisely [12] [31]. The authors 117 

of [31] investigated both mass change and corroded depth for AAM samples after exposure to 118 

sulfuric acid and found that corroded depth is a more effective measurement of degradation 119 

degree compared to mass change. This is because AAM is a highly connected silicate structure. 120 

After acid attack, there is a reaction product layer formed on the sample surface. It is apparently 121 

intact and contributes to the mass of the specimen but is physically porous and weak [31]. Thus 122 

mass change cannot predict the degree of degradation very well.  123 

 124 

Compared to the previous studies [12] [31] where a vernier caliper was used to indicate the 125 

deterioration depth  (and thus the degradation degree), µ-CT (micro-Computed Tomography) 126 

was applied in this work to measure the corroded depth more precisely. For the µ-CT 127 

measurement, there is no extra drying or cleaning process involved which may damage or alter 128 

the pore structure. Additionally, this non-destructive technique will also provide insights on 129 

the microstructure itself, and how that changes over time. The aim of this work is to investigate 130 

the effect of the chemical composition of NFS on the sulfuric acid resistance of AA-NFS and 131 

to understand the degradation mechanisms of sulfuric acid attack for this novel Fe-rich AAM. 132 

To efficiently study the chemical composition of NFS on the acid resistance of alkali-activated 133 

NFS, 6 synthetic slags were produced, with varying Al2O3, CaO and MgO concentrations under 134 

the same FeOx/SiO2 molar ratio, and thus 6 AA-NFS were synthesized to enable a comparative 135 

assessment. Paste samples were exposed to sulfuric acid, and corrosion degradation was 136 

evaluated using corroded depth that was precisely measured by µ-CT. After that, samples were 137 



characterized by SEM-EDX, XRD, FTIR and NMR analysis to investigate the degradation 138 

mechanisms.  139 

2. Materials and methods 140 

The chemicals used for the slag synthesis include iron (III) oxide, metallic iron, quartz, 141 

magnesium oxide and calcium oxide (all having a purity >99%), with the chemical 142 

compositions chosen to represent industrial NFS. The mixture was melted in an induction 143 

furnace (Indutherm TF4000) at 1250 ± 20 °C. This temperature was intentionally set around 144 

100 °C higher than the liquidus temperature estimated using FactSage. The molten process 145 

lasted for 30 minutes under an atmosphere of CO/CO2 at 2 (volume ratio). The melt was 146 

subsequently quenched in water to obtain a highly amorphous phase content. The slag was then 147 

dried at 105 °C for 2 days, and milled to a Blaine surface of 4000 ± 300 cm3. The detailed 148 

synthetic route can be found in previous research work [5, 35]. The chemical composition of 149 

the slags is presented in Table 1. The slags are named by the molar ratio of the Al2O3 (A), CaO 150 

(C) and MgO (M) contents after normalization to the SiO2 content in the slag. In particular, 151 

C6A2 and C6A1 were designed with the hope of revealing the influence of Al concentrations. 152 

The effect of Ca in the system was studied by comparing C6A1, C3A1 and C2A1. In addition, to 153 

investigate the influence of Mg on the acid resistance, another two slags C2A1M2 and C2A2M5, 154 

with low and high Mg concentration, were produced. Compared to C3A1, , 4 wt% CaO was 155 

replaced by MgO to obtain C2A1M2. In addition, compared to C6A2, 10 wt% CaO was replaced 156 

by MgO to obtain C2A2M5. After melting and quenching, all the synthetic slags presented high 157 

amorphous content (>95 wt% with max 4 wt% olivine), except for C2A2M5, which is 82 wt% 158 

amorphous, with 17 wt% olivine and 1 wt% hercynite. The XRD pattern and phase assemblage 159 

of all slags is shown in Appendix Figure A.1 and Table A.1.   160 



Table 1 Chemical composition of slags (mol%) 161 

Sample code FeO SiO2 CaO Al2O3 MgO Formula of slag 

C6A2 40 33 20 7 0 F1.2S1C0.6A0.2 

C6A1 41 35 19 5 0 F1.2S1C0.6A0.1 

C3A1 45 38 12 5 0 F1.2S1C0.3A0.1 

C2A1 48 39 8 5 0 F1.2S1C0.2A0.1 

C2A1M2 44 37 8 5 7 F1.2S1C0.2A0.1M0.2 

 C2A2M5 38 33 7 7 15 F1.2S1C0.2A0.2M0.5 

 162 

The alkali activating solution (Na2O·1.65 SiO2, with 65% H2O) was produced by dissolving 163 

sodium hydroxide pellets (>85% purity, Honeywell, Belgium) in a commercial sodium silicate 164 

(Na2O·3.3 SiO2 with 63.5 wt% H2O, Silmaco, Belgium) and deionized water. The solution 165 

mixing for the aimed molar ratio was calculated using the relevant app in the online SREWay 166 

platform (http://sreway.info). The activator was prepared at least 24 hours before the paste 167 

preparation.  168 

 169 

To fully focus on the effect of slag chemistry on acid resistance, only paste samples were used 170 

in the present work. For the mixing, the slag to activating solution mass ratio was 0.4. During 171 

mixing, the slag was mixed with the activating solution for 3 minutes using a hand mixer to 172 

form a homogenous paste and was then cast into a sealed cylindrical mold with a diameter of 173 

1.3 cm and height of approximately 4 cm. The paste samples were cured at ambient temperature 174 

(20 °C, 50% relative humidity) for 27 days. Subsequently, they were embedded in a low-175 

density epoxy under vacuum conditions, and after 1 day, when the epoxy fully hardened, the 176 

resin on the bottom surface was ground away. Hence, only the bottom surface came into contact 177 

with the acid solution when samples were exposed to sulfuric acid. 178 



A commercial CEM I 52.5N (PC) was used as a benchmark, and the chemical composition is 179 

shown in Table 2. The paste was made with a water-to-cement ratio of 0.4 and the same mixing 180 

and curing methods as for the AAM paste samples. After 28 days from casting, the paste 181 

samples were immersed in 2 wt.% sulfuric acid. The H2SO4 solutions were replaced every 182 

month over a period of 6 months to maintain the acid environment.  183 

Table 2 Chemical composition of PC (in wt %) 184 

 Fe2O3 SiO2 CaO Al2O3 MgO SO3 K2O Na2O Other 

PC 3 20 63 5 2 3 0.6 0.3 4 

 185 

After every month, the cylindrical paste samples were taken out from the used solution and the 186 

corrosion depth was measured using µ-CT (Tescan UniTOM XL). The µ-CT was performed 187 

with an Al filter at the focal spot. The greyscale resolution of detector is 16 bit. The condition 188 

of the data collection was: X-ray power of 18 W, beam energy of 180 kV, step size of 0.2/360°. 189 

Balancing the need to maximize scan area with maintaining precision led to the selection of an 190 

18 µm voxel size. 1500 projections were taken with 270 ms exposure time. The reconstruction 191 

of the 2D image was conducted using Datos|x software. For the calculation of the corrosion 192 

depth, the measurements run in duplicate, and for each sample, at least 5 slices and 10 points 193 

from the corrosion boundary to the original surface of each slice were measured. The average 194 

from the depth measurements is reported hereafter as the final corrosion depth. 195 

 196 

After 6 months, the bottom surface of the samples was stabilized by a low-density epoxy resin 197 

to prevent the corroded section from dropping out during the following cutting. Afterward, the 198 

stabilized cylindrical samples were cut from the middle of the longitudinal side using a low-199 

speed diamond saw. In order to study the deterioration, both the bottom-corroded layers and 200 

the top intact area were analyzed. 201 



 202 

The microstructure and the concentration of the different elements for both the corroded layers 203 

and the intact fraction were measured using scanning electron microscopy (SEM) equipped 204 

with Energy-dispersive X-ray spectroscopy (EDX). For this purpose, cross-sections after 205 

cutting were impregnated in a low-density epoxy resin. After the hardening of the resin, the 206 

surface underwent a polishing procedure using a 9 µm-diamond suspension solution, followed 207 

by 3 µm and 1 µm abrasives, each applied for 5 minutes. Subsequently, a 2 nm-thick Pt coating 208 

was applied to guarantee the sample was conductive. SEM (XL30, Philips) was performed at 209 

an accelerating voltage of 15 kV. Elemental mapping was carried out via a field emission 210 

microprobe (JXA-8530F, JEOL), and the acquired maps were processed using software 211 

(TEAM software) with the eZAF algorithm for standardless quantitative analysis. The reaction 212 

extent of each slag in AA-NFS prior to acid exposure was assessed through Backscattered 213 

Electron (BSE) image analysis, following the procedures outlined in [36, 37]. For each AA-214 

NFS sample, a minimum of 25 micrographs were taken from different areas of the 215 

microstructure at a magnification of 250x. The area fraction of unreacted NFS particles was 216 

determined using Image J software. In AA-NFS, there are only two solid components: 217 

unreacted slag and reaction binder. Due to the higher concentration of Fe in the unreacted slag, 218 

it appears brighter in the BSE images, facilitating easy distinction and allowing for the 219 

determination of the volume percentage of unreacted slag. By considering the density of the 220 

slag and AA-NFS, the weight of unreacted slag can be calculated, thereby enabling the 221 

evaluation of the reaction degree. Given that every NFS presents more than 95% amorphous 222 

phase, except C2A2M5, which contains only 82% amorphous phase, and considering the 223 

absence of the crystal phase (olivine) involvement in the reaction process for NFS, the 224 

determination of the reaction extent for C2A2M5 in AA-C2A2M5 was only based on the 225 

amorphous phase. 226 



 227 

The corroded layers and intact area were also milled separately until a particle size < 0.125 µm 228 

was reached for the XRD and FTIR analysis. XRD was carried out using a Bruker D2 Phaser 229 

instrument. Data were collected with Cu Kα radiation of 30kV and 10mA, in a 2 theta range of 230 

10-70° with a rate of 2° /min. Attenuated total reflection Fourier transform infrared (ATR-231 

FTIR) spectra were collected using a Bruker Alpha-P on the powder samples, over the range 232 

of 4000-380 cm-1 and 32 scans per spectrum with 4 cm-1 resolution. The spectrum was analyzed 233 

by the software Opus. 234 

 235 

Sample AA-C2A2M5 was characterized before and after the acid attack using solid-state 29Si 236 

and 27Al magic angle spinning (MAS) nuclear magnetic resonance (NMR) to further examine 237 

the changes in chemical arrangement after the sulfuric acid attack. The NMR spectra were 238 

measured at 25 °C on a Varian Inova 500 MHz NMR spectrometer (𝐵0 = 11.7 𝑇 ). The 239 

resonance frequencies of 29Si and 27Al were at 99.3 ppm and 130.23 ppm, respectively. A 240 

single-pulse sequence was applied to all measurements. The 29Si spectra were acquired using 241 

a Varian 7.5 mm double air-bearing ZrO2 rotor at a spinning frequency of 6 kHz. The 90 º pulse 242 

length was calibrated to 10.5 𝜇s. The relaxation delay was set as 5 seconds for intact paste and 243 

30 seconds for the corroded layers. The number of scans for C2A2M5 – AAM before the acid 244 

attack and the corroded layer are 102400 and 2048, respectively. The 29Si spectra were 245 

referenced to an external standard sample of tetrakis(trimethylsilyl)silane (TKS). The 27Al 246 

spectra were measured using a Varian 2.5 mm double air-bearing probe at a spinning frequency 247 

of 20 kHz. The calibrated 90 ° pulse length was 2 𝜇s. Relaxation delay was set as 0.5 s. The 248 

number of scans is 102400 for AA-NFS before the acid attack and 10240 for the corroded layer. 249 

The 27Al spectra were referenced to 1M Al(NO3)3 solution. The deconvolution of the 29Si 250 

spectrum of the corroded layer was performed in FitYK software using Gaussian functions.  251 



3. Results and discussion 252 

3.1 Corrosion depth 253 

Figure 1 presents a 2D slice from µ-CT images of AA-NFS after exposure to sulfuric acid for 254 

1 month. As only the bottom surface was immersed in the sulfuric acid solution, one-direction 255 

corrosion was observed. The boundary between corroded layers and intact area is relatively flat 256 

(as indicated in the red line in Figure 1), which is helpful to obtain a reliable corrosion depth 257 

with low data scattering.  258 

 259 

AA-NFS shows a different corrosion behavior, in comparison with cement, as appears in Figure 260 

1. In the case of cement, a slight expansion occurs, accompanied by the presence of a white 261 

substance. The expansion is due to the formation of gypsum or ettringite, resulting from the 262 

reaction of the sulfuric acid with the calcium hydroxide and the reaction of formed gypsum 263 

with aluminate phases in the hydrated cement [38]. This expansion caused surface scaling and 264 

resulted in the degradation of cement. On the contrary, in AA-NFS samples, the formation of 265 

this layer is absent. Instead, all AA-NFS pastes were partially dissolved after exposure to 266 

sulfuric acid, yet, as suggested by Figure 2, the dissolution kinetics were not the same. The 267 

corroded depth during 6 months in sulfuric acid is plotted in Figure 2. In the investigated range, 268 

higher Al/Si has no obvious positive effect on sulfuric acid resistance. However, variations in 269 

Ca/Si and Mg/Ca ratios have a substantial impact. The degradation was notably more 270 

pronounced in the case of AA-NFS derived from precursors with lower Ca/Si, consistent with 271 

prior research [22]. Previous studies have shown that introducing additional Ca sources in AA-272 

NFS can enhance its sulfuric acid resistance. Moreover, the replacement of Ca by Mg, for both 273 

low and high levels of replacement, negatively affected sulfuric acid resistance, although there 274 

was only a slight change for the low replacement level. 275 



Figure 1 Tomography for the samples exposed to sulfuric acid after 1 month 276 
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Figure 2 Corrosion depth of AA-NFS samples immersed in sulfuric acid for up to 6 months (a) Al2O3 group (b) CaO group 280 
(c) MgO group  281 
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The evolution of physical damage was tracked using µ-CT in corresponding AA-NFS of C6A2 282 

(which obtained the lowest corrosion depth) and C2A1 (which obtained the highest corrosion 283 

depth) immersed in sulfuric acid for 6 months, and the results are shown in Figure 3. The 2D 284 

tomography depicting degradation for the other four AA-NFS and PC can be found in 285 

Appendix Figure A.2. For AA-NFS with higher Al/Si and Ca/Si (C6A2), the corrosion 286 

happened through a denser degraded product layer, indicated by fewer cracks in the degraded 287 

area. This layer could potentially act as a barrier, thereby possibly inhibiting the progress of 288 

the corrosion process. Over 6 months in sulfuric acid, this layer grows thicker on the surface. 289 

However, for the low Ca-system, this degraded product layer is full of cracks and quite 290 

permeable. The interconnected pores or cracks provided a much easier path for the ingress of 291 

the sulfuric acid toward the paste matrix and thus corrosion occurred with limited impediment. 292 

From the observations here, the structure including the thickness and porosity of this degraded 293 

layer could explain the different corrosion rates for different AA-NFS.  294 
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Figure 3 Tomography for AA-C6A2 and AA-C2A1 during exposure to sulfuric acid for 6 months (samples after exposure to 296 

sulfuric acid for 6 months would be subjected for SEM-EDX analysis in next section 3.2, as indicated in the sample of C6A2-6 297 

months, A represents intact area, B represents transition area and C represents corroded area) 298 

 299 

Figure 4 Corrosion depth and fitted lines for AA-NFS samples immersed in sulfuric acid for 6 months 300 

 301 

Figure 4 plots the fitting between the corroded depth and the square root of exposure time. As 302 

stated by Pavlik [16], for one-direction corrosion, the diffusion process follows a square root 303 

of time. Therefore, there is a linear function between the thickness of the corroded layers and 304 

the square root of exposure time according to the model of Fick’s laws of diffusion. A linear 305 

fit was exhibited in Figure 4, which reflects that the case in this study is a diffusion-controlled 306 

model rather than a reaction-controlled one. This is in line with the findings from previous 307 



work [31]. Although the diffusion control model remains valid, discrepancies are observed in 308 

the fitting data initially lying above the fitting line and later below it. Another study introduces 309 

a novel model for AA-NFS in sulfuric acid solution [39]. Given that Fe3+ within the AA-NFS 310 

exists in a silicate network, the dissolution of Fe3+ serves as an indicator of framework 311 

deterioration. Thus, monitoring the leaching of Fe3+ from the AA-NFS silicate network serves 312 

as a measure of framework degradation. This enables the evaluation of degradation by tracking 313 

changes in Fe3+ concentration over time in the acid solution using NMR. Results indicate that 314 

chemical reactions control leaching in the first few hours, followed by diffusion over time. The 315 

precision of this in-situ test may account for the observed deviation. Despite the fitting data 316 

spanning 6 months, the dominance of diffusion control largely persists, given the prolonged 317 

exposure time. The slope of the fitted line can serve as a key parameter for assessing the 318 

potential corrosion degree in AA-NFS. 319 

 320 

In a previous study [36], a dissolution test was conducted in which both NFS C6A2 and AA-321 

C6A2 were immersed in sulfuric acid. The results indicated that unreacted slag particles are 322 

more susceptible to sulfuric acid damage than the reacted binder in AA-C6A2. This observation 323 

suggests that the extent of the NFS reaction in AA-NFS may have a significant influence 324 

oninfluence the corrosion degree of AA-NFS in sulfuric acid. Figure 5 presents a plot of the 325 

reaction extent of AA-NFS against the corrosion degree which is indicated by the slope in 326 

Figure 4, with error bars indicating the variation in the BSE images used for reaction extent 327 

evaluation. This plot clearly demonstrates a strong negative correlation between the reaction 328 

extent and corrosion degree, which shows that a higher reaction extent of slag corresponds to 329 

a lower corrosion degree. This correlation provides an explanation for the varying degradation 330 

degree observed in different AA-NFS when exposed to sulfuric acid. 331 
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 332 

Figure 5 The fitting of the reaction extent of NFMS in AA-NFMS with the corrosion extent of AA-NFS in sulfuric acid.  333 

 334 

3.2 Microstructure of the corroded samples 335 

As all the AA-NFS present similar degradation mechanisms, tThe microstructures of AA-C6A2 336 

and AA-C2A2M5 were taken as examples for SEM imaging (Figure 6). For the intact area 337 

(delineated in Zone A of Figure 3), as seen in Figure 6a (C6A2) and 6b (C2A2M5), the 338 

morphology of AA-NFS pastes exhibits a homogenous reacted binder with unreacted slag 339 

particles embedded inside. There are visible cracks, which formed most likely due to the drying 340 

shrinkage or the vacuum process in the SEM sample preparation.  341 

 342 

The microstructure of the transition between intact and corroded layers (delineated in Zone B 343 

of Figure 3) is shown in Figures 6c and 6d. In the corroded layers, gypsum could be detected, 344 

which was also identified by XRD (to be discussed in the following 3.2 XRD session). There 345 

are many sublayers observed in the corroded layers of AA-C6A2, separated by gypsum 346 

precipitate as evidenced by the SEM images. The prevailing reason for this is most likely that 347 

the diffusion process of sulfuric acid penetrating the paste matrix over time resulted in a gradual 348 

deterioration [30] and the paste samples were split into pieces with neo-forming gypsum filling 349 



interspaces. Some researchers have stated that gypsum clogs pores and could provide a 350 

protective effect inhibiting the total process of deterioration [29]. From the comparison of 351 

Figure 6c and 6d, more gypsum was observed for the C6A2-NFS with higher Ca contents. For 352 

AA-C2A2M5, much less gypsum was observed and a corroded structure with big cracks was 353 

noticed. Hence, a decreased corroded depth with a higher Ca concentration was observed in 354 

Figure 2. This could be the reason for the denser corroded layers of the AA-NFS system with 355 

higher Ca concentration, and this also explains why the replacement of Ca by Mg showed lower 356 

resistance to the sulfuric acid attack in this work. The zoomed-in microstructure of the corroded 357 

area is presented in Figures 6e and 6f. From the comparison of the intact area and corroded 358 

area, it can be noticed that the unreacted slags appear to undergo a greater degree of degradation, 359 

which is in agreement with the diffusion test results [36], where the slag exhibited a tendency 360 

to dissolve more easily and rapidly than the reacted binder.  361 



 362 

Figure 6 SEM analysis of AA-C6A2 and AA-C2A2M5 after the exposure to sulfuric acid: (a) intact area of AA- C6A2; (b) intact 363 
area of AA-C2A2M5; (c) transition area of AA- C6A2; (d) transition area of AA-C2A2M5; (e) corroded area of AA- C6A2, and (f) 364 
corroded area of AA-C2A2M5 365 

A zoomed-in view of the transition zone (delineated in Zone B of Figure 3), for AA-C2A2M5 366 

after the sulfuric acid attack characterized using EDX is shown in Figure 7. From the elemental 367 

distribution, the formation of gypsum is visible. The dissolution of slag and binder led to the 368 

oversaturation of the interstitial solution with respect to calcium sulfate phases [10], and led to 369 

the formation of gypsum as a consequence.   370 



 371 

Figure 7 Mineral phase distribution of the transition zone of AA-C2A2M5 by EDX measurement 372 

 373 

The elemental mapping of the corroded front (delineated in Zone C of Figure 3), for AA-374 

C2A2M5 is presented in Figure 8. In this area, no unreacted slag was found. A complete 375 



transformation was noted as only a depleted amorphous silica gel network was formed from 376 

the original reaction product. This was also indicated in section 3.4 FTIR analysis and 377 

indirectly reveals the leaching out of the ions (Na+, Ca2+, Mg2+, Al3+ and Fex+). Special attention 378 

should be given to the role of Fe in the AA-NFS system. As Fe could be in different valence 379 

states, Fe3+ was suggested to participate in the silicate network similar to Al, while Fe2+ is 380 

assumed to aggregate and participate in trioctahedral layers [5, 40]. Because the silica gel is 381 

the main residual structure, this suggested both Fe3+ and Fe2+ in the structure did not resist the 382 

sulfuric acid attack.  383 

 384 

It is interesting to notice that both Si and Al play the network-forming role but mostly silica is 385 

left in the structure after acid attack. There are two possible reasons. One is that during acid 386 

exposure, at the early stage, Al and Si in AA-NFS dissolved congruently. At a later point, this 387 

activity shifted to the preferential Al dissolution process, resulting in an amorphous Si-rich gel 388 

left [41]. In the acid environment, it is possible that Al ions were absent as it has a high 389 

solubility in low pH [42]. The other explanation originally suggested for the formation of silica 390 

gel in the system of alkali-activated GGBFS/fly ash, proposes that a large quantity of silicic 391 

acid was released because of the acid attack, which triggered the precipitation of the Si gel [43]. 392 

Meanwhile, the dissolved Al ions could interact with the silicic acid and the resulting reaction 393 

product could retard the network depolymerization [44]. Hence, the precipitation of Si gel 394 

would be ongoing until the end of the experiment [43, 45], and many thin layers rich in Al and 395 

Si would be detected in SEM-EDX analysis [46]. Nevertheless, as there are no such rich in 396 

both Al and Si layers detected, the first explanation appears to be more persuasive. To confirm 397 

this, additional dedicated research (e.g. (in-situ) dissolution tests) is required to elucidate the 398 

dissolution mechanisms of Al and Si. 399 



 400 

Figure 8 Mineral  phase distribution image of the corroded layers of AA-C2A2M5 by EDX measurement 401 

 402 

The degradation observed in Figures 6-8 involves one-dimensional attack, occurring vertically 403 

within the samples, as acid gradually penetrates the inside matrix. To further examine 404 

microstructural changes, an etching test was conducted. However, after 2 hours of exposure to 405 

sulfuric acid, the surface becomes uneven, which compromises the quality of measurements 406 

and introduces the potential for errors in the analysis. Thus, the results of the etching test are 407 

presented in Appendix Figure A.4.  408 

3.3 XRD analysis 409 

The XRD patterns for slag precursors, intact area and corroded layers of AA-NFS after the 410 

sulfuric acid attack are shown in Figure 9. All slags are amorphous glasses, except for slag 411 

C2A2M5, which is predominantly amorphous but features also a minor crystalline phase of 412 

olivine and hercynite. The XRD patterns of AA-NFS in the intact area are similar to the original 413 

Si 

O 

Fe 

BS
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10µm 10µm 

10µm 10µm 



slag, with a big hump centered at approximately 32° 2Ɵ arising from the amorphous nature of 414 

unreacted slag and reacted binder. The reflections of olivine and hercynite remain unchanged 415 

in the AA-C2A2M5, which indicates that these crystalline phases are inert in the alkaline 416 

solution [19].  417 

 418 

All samples underwent significant changes after the sulfuric acid attack as the XRD patterns of 419 

corroded layers are totally different from the intact area. Instead of a hump between 22-38°, 420 

there is a broad hump centered at around 22°. This confirms the complete loss of unreacted 421 

slag and reacted binder and the formation of the amorphous silica gel [13, 47], consistent with 422 

the observations in SEM images. The formation of gypsum and the loss of unreacted slag and 423 

binder are consistent with the literature [30], where XRD patterns of alkali-activated GGBFS 424 

exposed to 1-5% sulfuric acid for 28 days were examined. Along with this hump, the 425 

characteristic diffraction peaks of gypsum were observed. A comparison of the gypsum peak 426 

intensities indicates that the more Ca was present in the system, the more gypsum was formed 427 

after the sulfuric acid attack.  428 

 429 



    430 

Figure 9 XRD patterns of the AA-NFS exposed to sulfuric acid for the intact area and corroded layers 431 

3.4 FTIR  432 

Figure 10 exhibits the FTIR spectra of the intact area and corroded layers of AA-NFS after 433 

exposure to the sulfuric acid solution. To focus on the network evolution, spectra in a 434 

wavenumber region of 1800-400 cm-1 are presented. For the intact area, the spectra are 435 

dominated by a broadband for all the samples. The vibration at approximately 960 cm-1 is 436 

attributed to the asymmetrical Si-O-T (T= Fe, Al, or Si) stretching bond [48]. Additionally, this 437 

broadband is sensitive to the T-Si ratio and more Al or Fe atoms could shift the wavenumber 438 

to a lower value [49] due to the widening of the Si-O-T distance compared to the Si-O-Si bond 439 

[7]. Another main band detected at around 450 cm-1 corresponds to the Si-O asymmetric 440 

bending bond [50]. A band at 1400 cm-1
 with minor intensity, assigned to the C-O vibrations, 441 

indicates the presence of minor contents of carbonates [48]. The FTIR spectra for the intact 442 



area of AA-NFS are similar, except there is a small band at approximately 886 cm-1 in AA-443 

C2A2M5, which is associated with the crystalline phases in the unreacted slag.  444 

 445 

446 

 447 

Figure 10 FTIR spectra in the range of 1800 to 400 cm-1 of the AA-NFS exposed to sulfuric acid for the intact area and 448 
corroded layers 449 

After sulfuric acid exposure, all AA-NFS show similar spectra. The small band at 886 cm-1 for 450 

AA-C2A2M5 is not detected anymore, suggesting these crystalline phases in C2A2M5 do not 451 

exist after sulfuric acid attack. The main band of Si-O-T significantly shifts to a higher 452 

wavenumber around 1059 cm-1 and becomes sharper, suggesting the large extent of leaching 453 

out of Al, Ca, Mg and Fe from the polymer as well as the incorporation of Si into the polymer, 454 

leading to a highly polymerized structure. In addition, it shows the highly amorphous character 455 

of the corroded layers as pure silica glass, which has a band centered around 1080 cm-1 [51]. 456 

This is consistent with the observed silica gel in the SEM-EDX and XRD results conducted in 457 

section 3.2. Moreover, the main band overlaps with the S-O stretching mode of gypsum at 458 

around 1115 cm-1 [13]. Bands at around 947 cm-1 arising from the Si-O stretching vibration of 459 

Si-OH groups [52] were observed for all the AA-NFS, corresponding to a slight shoulder 460 



around 850 cm-1 for the intact area. The appearance of new sharp bands at 1622, 798, 667 and 461 

602 cm-1 indicates the presence of gypsum [53]. The intensity of these bands is much lower for 462 

low Ca-AA-NFS. There is no significant change in the bending modes around 450 cm-1 as it is 463 

not sensitive to the Al, Ca, Mg, and Fe substitution [49]. These FTIR spectra combined with 464 

the XRD patterns reveal the highly polymerized amorphous silica gel is formed after the 465 

sulfuric acid attack [13], which is consistent with the SEM-EDX analysis.  466 

3.5 Solid-state NMR results 467 

3.5.1 27Al MAS NMR 468 

Figure 11 shows the 27Al MAS NMR spectra of the AA-C2A2M5 sample before and after the 469 

6-month sulfuric acid attack. The spectrum of AA-C2A2M5 exhibits pronounced intensity of 470 

sidebands symmetrically distributed on both sides of the central peaks. However, the amplitude 471 

of sidebands in the sample after the acid attack reduced drastically, which indicates that most 472 

of the paramagnetic ions (Fe in our case) have been leached out from the original sample. The 473 

spectrum also shows higher resolution after the acid attack. The unpaired electrons in the Fe 474 

ions can interact with the nearby nuclear spins through dipolar coupling, which is hardly 475 

removed by the MAS. The signal is thus separated and refocused at the spinning frequency. 476 

The intense electron-nuclear dipolar interaction also causes the line to broaden, resulting in 477 

lower spectral resolution. Therefore, the sidebands intensity and the spectral resolution can be 478 

used as indicators of the concentration of paramagnetic ions.  479 

 480 

Focusing on the central peaks (Figure 11b), the intact AA-C2A2M5 is identified by one 481 

pronounced broad region centered at 60.5 ppm and a small hump at 14.0 ppm, which 482 

correspond to Al in tetrahedral (Al(IV)) and octahedral (Al(VI)) sites, respectively. The 483 

resonance at 60.5 ppm denotes Al in a q4(4Si) environment, where the Al(IV) coordinates with 484 

4 tetrahedral silicon through oxygen bridge sites [54]. The tetrahedral Al is attributed to the Al 485 



in the siliceous network. The octahedral Al at 14 ppm is similar to that in hydrated aluminates, 486 

such as the AFt group [55]. However, this octahedral Al might be associated with layered 487 

double hydroxides or phyllosilicate-like phases, which were previously found in Fe-rich AAMs 488 

[50, 56] or, the most likely scenario, this is indicative of undissolved slag in the AA-NFS paste. 489 

Interestingly, this peak is also present after sulfuric acid exposure, meaning that this phase is 490 

not attacked by sulfuric acid or that the product of sulfuric acid attack has the same local 491 

environment of Al. However, due to the impact of Fe ions, it would be problematic to just 492 

directly compare the 27Al spectra intensity before and after the acid attack.  493 

 494 

Upon 6 months of exposure to the sulfuric acid, the Al(IV) resonance shifts from 60.5 ppm to 495 

53.1 ppm, suggesting that Al(IV) is still in the q4(4Si) environment. This can be assigned to 496 

the tetrahedral Al coordination in the residual AA-C2A2M5 or in the freshly formed gel. The 497 

shift in Al(IV) resonance can be attributed to the replacement of charge-balancing cations or 498 

network modifiers cations by H+ from the acid. A narrow resonance at 0 ppm is detected, which 499 

can be assigned to Al(VI) in well-defined octahedral coordination. It originates from the 500 

formation of amorphous alumina hydrates under the acid attack [57]. The dealumination and 501 

the removal of charge-balancing cations and network modifiers cations from the AA-NFS 502 

network can lead to the decomposition of the initial phase in the AA-NFS. The loss of 503 

aluminum from the tetrahedral framework is consistent with the FTIR results, which will be 504 

further confirmed by the 29Si NMR in the next section. 505 

 506 



  507 

Figure 11 27Al MAS NMR spectra of C2A2M5-AAM before (red) and after (blue) 6-month sulfuric acid attack: (a) full spectra, 508 
and (b) central peaks. Sidebands are marked with *. 509 

 510 

3.5.2 29Si MAS NMR 511 

The 29Si MAS NMR spectra of AA-C2A2M5 before and after exposure to sulfuric acid for 6 512 

months are shown in Figure 12. Due to the effect of Fe ions, an extremely broad resonance 513 

from -58 ppm to -135 ppm is observed in the sample before the acid attack, resulting in a low 514 

resolution. This broad line covers a very wide frequency range, including Q0 to Q4, thus we 515 

could not exclude the possibility of any species. In addition, Fe-O-Si bonds might not be 516 

detected by the NMR because they relax too fast before detection. Also, the hyperfine 517 

interaction between unpaired electrons and the nucleus might shift the resonance (known as 518 

fermi and pseudo-contact shifting). These uncertainties bring difficulties to quantitative 519 

analysis (deconvolution) and further qualitative assignments. Nevertheless, it can be observed 520 

that the dominant 29Si resonance is centered at -82 ppm, which belongs to the Q2 group sites. 521 

After the acid attack, the spectrum becomes well resolved due to iron removal. The shift in 29Si 522 

resonance reveals extensive changes in microstructure. The main signals now occur at chemical 523 

shifts of −100 ppm and −110 ppm corresponding to silicate tetrahedra in Q3 and Q4 524 

environments, suggesting the generation of more cross-linked gels after the acid attack.  525 

 526 



Deconvolution was only applied on the spectra of samples after the acid attack, to better 527 

understand the gel structure via 29Si MAS NMR. Figure 13 exhibits the fitting peaks, simulating 528 

curves and experimental data. The peak positions were referenced from the literature [58], in 529 

which a similar line shape was observed in a cement sample stored in HCl at pH 2 for 28 days. 530 

The 29Si spectrum can be deconvoluted into eight peaks and Si can be distributed into different 531 

sites (Table 3). The percentage of tetrahedral silicate in these sites, derived from the 532 

deconvolution, can also be found in Table 3. Using the integral of the signal intensities, one 533 

can calculate the Si/Al ratio in the framework based on Engelhardt's formula for N-A-S-H [59] 534 

and the formula for C-A-S-H [60]. The Si/Al ratio calculated for silicate gel is about 41, which 535 

is much higher than the initial ratio of around 2.5. Considering most of the aluminum in the 536 

AAM is coordinated with Si in the framework according to the 27Al spectrum, the designed 537 

Si/Al ratio can be considered to be the ratio in the AAM framework. The Si/Al ratio in the 538 

framework increased over 16 times after the acid attack, which demonstrates the dealumination 539 

during acid exposure. These findings are consistent with the results from SEM and FTIR.  540 

Table 3 Results from the deconvolution of C2A2M5 - AAM after exposure to sulfuric acid for 6 months 541 

site Positions (ppm) Distribution of Si (%) 

Q4 -119, -110, and -107  55.7 

Q4(1Al) -104  5.7 

Q3 -101  28.7 

Q3(1Al) -96  5.0 

Q2 -92  4.7 

Q2(1Al) -86  0.2 

 542 

Apart from the small amounts of aluminum in the framework, the percentage of silicate species 543 

and their resonances are consistent with those in the silica gel prepared at acid conditions (pH 544 

4) [61]. As demonstrated by XRD and SEM, the precipitation of gypsum depleted the calcium 545 

in AA-NFM. Thus in the silica gel, most of the Q3 sites are not calcium modified but attribute 546 

to single silanol groups of Si(OSi)3OH. Similarly, the Q2 sites are probably geminate silanol 547 

groups Si(OSi)2(OH)2. Overall, the NMR results confirmed that silica gel with a more cross-548 



linked structure tends to form after a long-term sulfuric acid attack, accompanied by the 549 

leaching out of cations such as Fe3+ (Fe2+), Na+, Ca2+, and Al3+ from the AAM. 550 

 551 

Figure 12 29Si MAS NMR spectra of C2A2M5-AAM before (red) and after (blue) 6-month sulfuric acid attack. Sidebands are 552 

marked with *. 553 

   554 

Figure 13 Deconvolution of 29Si spectrum of the sample after a 6-month acid attack 555 

3.6 Degradation mechanism  556 

The degradation process of AA-NFA in sulfuric acid significantly differs from that of PC. 557 

When exposed to sulfuric acid, the primary structural components dissolve. The essential 558 

charge-balancing cations or network modifiers cations (such as Na+, Ca2+, Fe2+, and Mg2+) 559 

dissolve in the acid and also the Al3+ and Fe3+ leached out from the tetrahedral framework. This 560 

dissolution leaves behind a more cross-linked silica gel as the new predominant structural 561 



component, as indicated by SEM, XRD, FTIR and NMR results. Furthermore, the dissolved 562 

Ca2+ ions react with SO4- ions within the sulfuric acid solution, leading to the formation of 563 

gypsum in the corroded region. This gypsum could clog pores, in turn, offering an additional 564 

protective barrier for AA-NFS against sulfuric acid. In addition, the degradation of AA-NFS 565 

in sulfuric acid can be described as a diffusion-controlled process. A simplified representation 566 

of this degradation mechanism is provided in Figure 14 for reference. 567 

 568 

Figure 14 Schematic diagram of the deterioration mechanism of AA-NFS in sulfuric acid 569 

The chemistry of NFS plays an important role in determining its resistance to sulfuric acid 570 

corrosion. Firstly, variations in slag chemistry result in different reaction extent of NFS in AA-571 

NFS, and this reaction extent is closely associated with the extent of degradation. Secondly, 572 

the structure of the degraded areas differs depending on the NFS chemistry. In particular, AA-573 

NFS with a higher Ca/Si ratio exhibit less fractured degradation areas as visually observed in 574 

µCT, which inhibits the progress of the corrosion process. This can be attributed to the fact that 575 

in AA-NFS systems with higher Ca/Si ratios, the intact regions are less porous [62], and on top 576 

of that, the increased Ca/Si ratio increases the formation of gypsum, which effectively blocks 577 

the pores. It's important to note that while this enhanced gypsum formation has a beneficial 578 



effect, it is not without limits. Excessive gypsum expansion can lead to spalling, which in turn 579 

may contribute to degradation, as in the cases of cement or AA-GGBFS.  580 

 581 

The replacement of Ca by Mg has an adverse impact on the resistance to sulfuric acid corrosion. 582 

Firstly, as the degradation process is diffusion-controlled,  the replacement of the CaO by MgO 583 

leads to higher porosity from the results of MIP [62]. As a result, it is expected that the 584 

increased porosity of the AA-NFS system with MgO would result in a faster diffusion and thus 585 

reduced corrosion resistance. Secondly, the replacement of Ca with Mg leads to a reduced 586 

formation of gypsum, which results in less effective pore-clogging. Lastly, the replacement of 587 

Ca by Mg in NFS leads to a lower reaction extent of NFS in AA-NFS. Since unreacted slag 588 

particles are more vulnerable to sulfuric acid, the reduced reaction extent of AA-NFS with the 589 

replacement of Ca by Mg contributes to higher degradation. 590 

 591 

In our study, we have investigated the degradation mechanism of AA-NFS. However, it's 592 

important to note that in real-world scenarios, the concentration of acid may vary, which could 593 

impact the degradation process. Therefore, further studies should explore the effects of 594 

different acid concentrations to provide a more comprehensive understanding. Additionally, in 595 

this work, CEM I 52.5 is used as a reference material to highlight the significant differences in 596 

attack mechanisms between AA-NFS and traditional cement. However, we acknowledge that 597 

using sulfate-resistant (SR) Portland cement would be more appropriate, especially considering 598 

its relevance to sulfate-rich environments. Furthermore, it is important to include other 599 

evaluation parameters such as strength in assessing the real performance of AA-NFS. Currently, 600 

no single parameter can fully evaluate the performance of AA-NFS in sulfuric acid solution. 601 

Therefore, incorporating more parameters will provide a more comprehensive understanding 602 

of its behavior under these conditions. 603 



4. Conclusion 604 

While Fe-rich metallurgical slag has already proved to be successfully applied in alkali 605 

activation, the long-term durability performance of these novel AAM is still not clear. This 606 

work explored the degradation mechanisms of AA-NFS with varying Al/Si, Ca/Si, and Mg/Ca, 607 

after exposure to sulfuric acid attack for up to 6 months. Corrosion depth, measured by µ-CT, 608 

was applied as the indicator of deterioration degree after the acid attack. 609 

  610 

The results revealed that the slag chemistry has a significant effect on the extent of sulfuric 611 

acid attack of the AA-NFS. In the investigated range of chemical compositions, higher Al/Si 612 

had no obvious positive effect on the sulfuric acid resistance, while the replacement of Ca by 613 

Mg negatively affected the performance. Additionally, the acid resistance increased with 614 

increasing Ca/Si, which thus appeared to be crucial for sulfuric acid resistance for this novel 615 

low-Ca and high-Fe system of AA-NFS. The importance of Ca content can be related to the 616 

formation of gypsum after acid attack. As a diffusion-controlled process, which is confirmed 617 

by the development of corrosion depth, the presence of gypsum clogs pores and hinders further 618 

diffusion, leading to a lower corrosion rate. By SEM-EDX, XRD, FTIR and NMR analysis, it 619 

was revealed that after the sulfuric acid attack, ions (Na+, Ca2+, Fex+, Mg2+ and Al3+) leach out. 620 

Al in both tetrahedral and octahedral coordination is detected because of dealumination during 621 

acid exposure. After the long-term sulfuric acid attack, the main binder and unreacted slag were 622 

completely disintegrated whereas extensive precipitation of gypsum and the formation of a 623 

highly cross-linked silica-rich gel were noted. 624 

 625 

The results here fill the knowledge gap for the sulfuric acid resistance of the Fe-rich alkali-626 

activation system. Although AA-NFS shows lower sulfuric acid resistance compared to cement, 627 

the permeability and porosity of cement are much lower than the AA-NFS developed herein, 628 



so the comparison is not fair as it is based on different initial pore structures. Future work could 629 

focus on how to reduce pores and permeability of AA-NFS. In addition, other aspects of 630 

durability performance, like organic acid resistance and sulfate salts resistance, should be 631 

addressed as well. 632 
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