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Abstract 10 

This study investigated the effect of alkali content (Na:Al = 0.86 and 1.39) and brucite (i.e., 11 

Mg(OH)2) mineral addition on the sulfuric acid resistance of alkali-activated metakaolin (i.e., 12 

geopolymers). Geopolymers consist primarily of a sodium-stabilized aluminosilicate hydrate (N-13 

A-S-H) framework. Results demonstrate that higher alkali contents and brucite addition 14 

improves the acid resistance of N-A-S-H, as evidenced by reduced dealumination and Si and Na 15 

leaching upon exposure to acid. These results are mechanistically explained by increased 16 

retention of Mg2+ within the microstructure and increased Mg-Al interaction upon acid exposure. 17 

Higher Mg2+ retention and increased Mg-Al coupling together provide empirical evidence of 18 

polyvalent cationic stabilization—a mechanism involving polyvalent cations (e.g., Mg2+) that 19 

stabilize the N-A-S-H binder by arresting acid-induced electrophilic attack. Results further 20 

illustrate that brucite addition, especially at high-alkali content formulations, reduces micro-scale 21 

porosity while increasing the proportion of gel pores (< 5nm), which suggests that increased 22 
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tortuosity of gel pores may aid in Mg2+ retention and promote the increased Mg-Al coupling 23 

observed herein.  24 

 25 
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1. Introduction 28 

Calcium-free (Ca-free) alkali-activated cements (AACs), also named geopolymers, are primarily 29 

composed of sodium-stabilized aluminosilicate hydrate (N-A-S-H) gels. These cementitious 30 

binders can offer multiple benefits in terms of low-CO2 emissions and durability properties 31 

compared to portland cement [1–3]. Alkali-activation of an aluminosilicate material (e.g., 32 

metakaolin) begins with precursor dissolution in a high-pH activator solution, which releases 33 

silica and alumina species [4]. As the precursor dissolves, silicate and alumina species 34 

polymerize to form a cation-stabilized cementitious binder [5]. In Ca-free AACs, the main binder 35 

comprises an amorphous N-A-S-H cementitious binder [6]. Lower Ca contents of N-A-S-H 36 

materials have been linked to improved durability performance, namely for sulfate and seawater 37 

attack, acid exposure, alkali-silica reaction, steel corrosion, and fire [7].  38 

Biogenic acid corrosion of concrete structures is a major cause of civil infrastructure 39 

deterioration. Corrosion due to sulfuric acid is the most common form of this mechanism [8]. 40 

Previous studies have shown that AACs are more resistant to acid attack than ordinary portland 41 

cement (OPC) [9] [10]. Briefly, the acid degradation of calcium-free AACs begins with an ion-42 

exchange between framework cations (i.e., sodium) and protons from the acid solution. The 43 

protons induce an electrophilic attack, which results in the ejection of aluminum (i.e., 44 

dealumination) from the Si-O-Al bonds of the binder [11]. 45 
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The complex mechanisms of acid deterioration of Ca-free AACs are not well understood. 46 

Further research is needed to be able to better predict dissolution-precipitation reactions of the 47 

AAC binders, while taking into consideration different factors, such as Si:Al ratios and varying 48 

H2O and cation contents [12]. In addition, more research is required to understand how mineral 49 

phases—either unreacted minerals or minerals precipitated during alkali activation—affect acid 50 

degradation [13–15]. The availability of network-modifying cations, such as magnesium (i.e., 51 

Mg2+), can affect the durability of AACs by influencing microstructural changes occurring 52 

within the N-A-S-H gel either (1) during alkali activation or (2) upon exposure to acid. Previous 53 

research has shown that minerals can provide multivalent cations, like Mg2+, have the potential 54 

to improve the acid resistance of AACs by stabilizing the gel at the acid degradation front 55 

[16,17]. However, the chemical heterogeneity, polycrystallinity, and variability of many 56 

industrial aluminosilicates that are used as precursors for alkali-activation (e.g., slag, fly ash) 57 

confound the mechanistic understanding of the role of Mg2+ in acid degradation of AACs.  58 

Brucite is a common mineral present in industrial aluminosilicate precursors used in the 59 

production of AACs, such as high-magnesium and high-nickel slag and, to a lower extent, 60 

natural clays (e.g., bentonite). Brucite can also form as a result of alkali-activation, since it is 61 

thermodynamically favorable to form under Al-deficient conditions that can exist during slag 62 

activation [18–20]. Hence, due to its common presence in AACs and its solubility at low pH (i.e., 63 

acidic) conditions, it is important to understand the effect of brucite—and Mg2+ specifically—on 64 

the acid resistance of AACs. In this study, metakaolin was selected as the aluminosilicate 65 

precursor due to the purity of its aluminosilicate chemical composition, high reactivity, and 66 

proven ability to form N-A-S-H. By utilizing metakaolin, we consequently aim to isolate the role 67 

of Mg2+ during acid degradation of Ca-free AACs.  68 
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2. Materials and Experimental Methods 69 

2.1 Materials 70 

Metakaolin (MK) (MetaMax) was supplied by BASF Chemical Corporation (Georgia, USA). 71 

The chemical composition of MK, as determined by ICP-OES, is shown in Table 1. ICP-OES 72 

analysis was performed following the methodology reported in [21]. The alkali-activating 73 

solution used was prepared using sodium hydroxide (Sigma-Aldrich, NaOH ≥ 97%) and sodium 74 

silicate (Sigma-Aldrich, SiO2 = 27 wt. %, Na2O = 11 wt. %). Light metal (i.e., Mg) addition to 75 

the AACs was provided in the form of brucite powder (Sigma-Aldrich, Mg(OH)2 ≥ 95%).  After 76 

the AAC pastes were created, the samples were exposed to a sulfuric acid solution with a pH of 77 

2.0 ± 0.07. The sulfuric acid solutions were prepared by adding concentrated sulfuric acid 78 

(Sigma-Aldrich, H2SO4 ≥ 95%) to deionized water.  79 

Table 1. Chemical composition of metakaolin in weight percentage (wt. %). 80 

(wt.%) SiO2 Al2O3 CaO SO4 Fe2O3 K2O Na2O P2O5 
Metakaolin 54% 47% 0.10% 0.30% 0.40% 0.10% 0.30% 0.10% 

 81 

2.2 Experimental methods 82 

The experiments were designed using a 22 factorial design of experiments. Specific proportions 83 

and constituent materials for each mixture design formulation (see Table 2) were selected based 84 

on ranges explored in previous studies. To enable the explicit study of MK-activated 85 

formulations that form faujasite minerals, the alkali (i.e., sodium, Na) to aluminum ratio (Na:Al) 86 

was varied to produce cements with Na:Al ratios of 0.86 and 1.39. As previously elucidated by 87 

the authors in [21], Na:Al ratios of 1.39 and Si:Al ratios of 1.15 form faujasite minerals, while 88 

lower Na:Al ratios of 0.86 do not exhibit these mineral dynamics. Samples were prepared 89 
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without and with the addition of brucite to explore the effect of theis magnesium mineral on acid 90 

degradation of alkali-activated MK materials. In order to meet these Na:Al ratios and produce N-91 

A-S-H binders during alkali-activation of MK the mass amounts of MK and alkali-activator 92 

solutions were not increased with brucite supplementation – a mineral admixture that remains 93 

inert during alkali-activation. However, it is important to note that the low liquid-to-solid ratio of 94 

brucite-supplemented samples resulted in poor workability and, as reported in [22] , presented 95 

less effective dispersion of raw materials. Workability issues were circumvented by employing 96 

high-shear mixing of all samples, as detailed in section 2.3. Brucite was added to obtain a Mg:Si 97 

ratio of 0.85, which was chosen based on previous research related to the synthesis of 98 

magnesium silicate hydrate (M-S-H) gels [23][16]. Such a high ratio studied herein result in a 99 

fundamental investigation of Mg chemical modification of the N-A-S-H binders present in 100 

alkali-activated MK materials.  101 

Table 2. Mixture proportions for metakaolin-based alkali-activated cement control and Mg(OH)2 102 

addition samples. 103 

Sample ID Constituent Materials Important Parameters 

Sample Name MK (g) Mg(OH)2 (g) NaSi (mL) NaOH (g) H2O (ml)  Mg:Si Si:Al Na:Al 
MK Control Low 50 0 13.5 13 45 0 1.15 0.86 
MK Control High 50 0 13.5 22.8 45 0 1.15 1.39 
Control Low + Mg 50 26.4 13.5 13 45 0.85 1.15 0.86 
Control High + Mg 50 26.4 13.5 22.8 45 0.85 1.15 1.39 

 104 

2.2.1 AAC sample preparation 105 

AAC pastes were prepared using the calculated amounts of metakaolin, sodium silicate, sodium 106 

hydroxide, deionized water, and brucite (Mg(OH)2) shown in Such a high ratio studied herein 107 
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result in a fundamental investigation of Mg chemical modification of the N-A-S-H binders 108 

present in alkali-activated MK materials.  109 

Table 2. These components were mechanically mixed in a high-shear mixer for 3 minutes before 110 

being cast in molds (diameter 2.5 – 2.7 cm), after which the mixtures were tamped for 30 111 

seconds and vibrated for 30 seconds. Paste samples were then cured in sealed containers (99% 112 

RH) in a Quincy forced air laboratory oven for 48 hours (2 days) at 40 °C. After initial curing, 113 

samples were demolded and cured 35 ± 5 °C for an additional 24 hours (1 day). These curing 114 

periods and temperature regimes were selected to control the mineral dynamics of metkaolin-115 

based alkali-activated materials (i.e., extent of formation of faujasite minerals in MK control 116 

High and Control High + Mg samples) [21]. As a result, thermodynamic conditions were 117 

provided for Control High samples to form faujasites minerals, while Control Low samples 118 

retained a predominantly amorphous structure consisting of a N-A-S-H binder. 119 

2.2.2 Acid exposure and leaching 120 

Samples were exposed to a sulfuric acid solution (pH 2.0 ± 0.07) twice until pH equilibrium was 121 

attained, defined as ΔpH < 0.0025 per hour. A modified ASTM C1308 methodology was 122 

employed to expose samples to acid. Modifications consisted of a volume-to-surface-area ratio 123 

of seven to determine the amount of acid solution to be used for each exposure as well as 124 

collection of the leachate only after pH equilibrium was attained.  This pH-driven data collection 125 

ensures that information from complete acid-base reactions is collected and analyzed. Samples 126 

were suspended using a 46 mm Savillex support screen (730-0046) and stirred continuously in an 127 

acid solution using a magnetic stirrer to ensure homogenous solution mixing. Triplicates were 128 

utilized to ensure statistical robustness of the data. After pH equilibrium, leachate samples were 129 

collected, and acid solutions were replaced. Leachate samples were analyzed via ICP-OES and 130 
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ICP-MS. To account for brucite supplement by mass, the leaching data were normalized by the 131 

surface area of the cylindrical samples and cement content  to facilitate comparison between 132 

samples. 133 

2.2.3 Mineralogical characterization 134 

Mineralogy was determined via semi-quantitative X-ray diffraction (XRD) using Cu Kα 135 

radiation (Siemens D500 X-ray diffractometer). An internal standard (i.e., corundum, American 136 

Elements) was employed to normalize peak heights between samples and align diffraction 137 

patterns. Samples were homogenized by creating fine powders using a micronizing mill with 138 

well-packed yttrium-stabilized zirconium grinding beads. Subsequently, samples were 139 

homogenized in a plastic scintillation vial with three Delrin balls. 500 µL of Vertrel cleaning 140 

agent (Miller-Stephenson) was added to randomize particle orientation via the formation of 141 

aggregates. Lastly, samples were sieved through a 250 µm mesh and packed into XRD analysis 142 

plates. Samples were then analyzed from 5 to 65 degrees 2θ using Cu Kα X-ray radiation, with a 143 

step size of 0.02 degrees and a dwell time of 2 seconds per step. Diffraction patterns were 144 

analyzed using Jade software (MDI, Version 9) and the International Centre for Diffraction Data 145 

(ICDD) 2003 database. 146 

2.2.4 Microstructural Mg:Al ratio determination 147 

Electron microprobe analysis was employed using a JEOL JXA-8230 electron probe 148 

microanalyzer outfitted with five wavelength-dispersive spectrometers (WDS) and a 149 

Thermoscientific energy dispersive spectrometer (EDS) to examine the chemical composition of 150 

the AAC microstructure, namely  changes in Mg:Al ratio upon acid exposure. The acceleration 151 

voltage and beam current used for all WDS acquisition was 15keV and 100nA, respectively. The 152 

pixel size chosen was 6 µm, and the electron beam was adjusted to match the size. Lastly, a 153 
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dwell time of 20 msec was used. The data were processed using CalcImage software 154 

(ProbeSoftware, Inc.) in order to apply the mean atomic number (MAN) background correction. 155 

EDS acquisition was standard-less using a spectral acquisition of 15 seconds, which was 156 

sufficient to accumulate counts over 4000. An acceleration voltage of 15 keV and a beam current 157 

of 20 nA was used for all acquisitions. An elemental matrix correction (ZAF) was performed in 158 

all acquisitions. Twenty randomized points were collected for five different locations in all 159 

samples (top, bottom, center, left, and right), totaling an acquisition of 100 EDS points per 160 

sample. 161 

2.2.5 Nano- and micro-scale porosity determination 162 

Nitrogen (N2) adsorption using a Gemini V apparatus (Micromeritics) was used to characterize 163 

nano-scale gel porosity of unexposed and acid-exposed AAC samples. Identical sample 164 

formulations as those detailed in Table 2 were prepared with unique sample sizes to fit test tubes 165 

(diameter: 0.65 cm, height: 1.4 cm) needed for N2 adsorption experiments. Hence, materials were 166 

tested as a whole. All materials were first degassed for 24 hours in a vacuum (< 100 mTorr). For 167 

specific samples, duplicate measurements were collected. Porosities and pore-size distributions 168 

were calculated using the Barrett-Joyner-Hallenda (BJH) method prior to sulfuric acid exposure. 169 

Later, in order to characterize the unexposed micro-scale porosity, whole samples were subjected 170 

to X-ray micro-computed tomography (µ-CT) analysis in a Zeiss Xradia 520. Samples were 171 

secured in commercial plastic vials (diameter: 2.5 cm) and scanned using a 0.4x objective and X-172 

ray source parameters of 60 kV acceleration voltage and 4 Watts. An air filter was utilized to 173 

reduce the transmission values between 29% and 60% and maintain intensity counts above 5000 174 

by regulating the exposure time. A pixel size resolution of 5.786 microns was achieved utilizing 175 

a bin 1 pixel averaging acquisition.  176 
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Once the initial pore structure was characterized, samples were exposed to sulfuric acid 177 

as detailed in section 2.2.2. The acid-attacked micro-scale pore structure was subsequently 178 

characterized by µ-CT scans with the same settings as those stated previously. After µ-CT 179 

scanning, the N2 adsorption experiments employing the BJH method was conducted to 180 

characterize the impact of acid exposure on the sample’s nanoscale pore structure, as detailed 181 

above. This procedure enabled the investigation of acid effects on both nano- and micro-scale 182 

porosity for the whole sample, including both affected and unaffected areas.  183 

All µ-CT scans were reconstructed using the ZEISS Scout-and-Scan Control System 184 

Reconstructor (V.11.1.6411.17883) software to manually adjust the center shift values and 185 

minimize beam hardening artifacts. Prior to pore-structure segmentation, image pre-processing in 186 

Dragonfly 4.0 was required to minimize noise from acidic solutions. Denoising and smoothing 187 

were performed utilizing an Open mathematical morphology operation (circle kernel size of 7), a 188 

median smoothing (circle kernel size of 3), and a non-local means smoothing (square kernel size 189 

of 9). Such a procedure enabled consistent segmentation across all scans.  190 

3. Results and Analysis 191 

3.1 Physical Evidence of Sulfuric Acid Degradation 192 

The addition of brucite visibly improved the pH ~2 acid resistance of the AAC formulations 193 

investigated herein, as visually demonstrated in Figure 1. Failure of control formulations without 194 

brucite addition was evident at both alkali contents, indicating a greater extent of binder 195 

breakdown by sulfuric acid attack in those samples. While structural integrity was maintained in 196 

Control Low + Mg samples, shallow surface cracks were observed, indicating some surface-level 197 

degradation. However, Control High + Mg samples maintained structural integrity and exhibited 198 
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no observable cracking, suggesting that brucite addition improved the sulfuric acid resistance of 199 

the high-alkali sample.  200 

 201 

Figure 1. Visual evidence of a sulfuric acid attack on Ca-free AACs for representative non-202 

supplemented samples (control) and supplemented samples with brucite (control + Mg).   203 

 204 

3.2 Chemical Evidence of Sulfuric Acid Degradation 205 

Brucite addition increased elemental silicon (Si) retention upon acid exposure, as demonstrated 206 

by a reduced loss (i.e., reduced leaching) of Si (see Table 3). Low Na:Al samples with brucite 207 

revealed negligible differences during the first acid exposure but a 75% decrease during the 208 

second acid exposure. Incorporation of brucite in higher Na:Al content formulations (Control 209 

High samples) decreased Si leaching 35% and 75% of during the first and second acid exposure 210 

cycles, respectively. However, the concentration of leached Si remained high in these 211 

formulations and is observed to correlate well with sodium (Na) leaching. This result can be 212 

explained by the presumed existence of Si monomers and dimers in the pore solution, which can 213 
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polymerize and gelate via Na stabilization. Recent studies of Na:Al = 1.0 AACs have found an 214 

increased content of orthosilicic acid (i.e., Si monomers) 15 hours after alkali-activation [24,25]. 215 

This increase in monomeric Si concentration enables the formation of silica gel networks within 216 

the perimeter of the sample—a well-known phenomenon of AACs [2,11,26,27].  217 

The addition of brucite improved the acid resistance of AACs by reducing dealumination 218 

of the Si-O-Al bonds in the N-A-S-H binder. Upon first acid exposure, regardless of brucite 219 

addition or alkali content, dealumination and magnesium (Mg) leaching is minimal for both 220 

formulations that contain Mg (Table 3). However, upon second acid exposure, dealumination 221 

increased in samples without brucite. Increased dealumination occurs concomitantly with a 222 

decrease in Na leaching, indicating that the electrophilic attack of protons cannot be arrested 223 

solely by the alkalinity within the AAC. Contrastingly, samples containing brucite release Mg, 224 

indicating that the dissolution of brucite aids in increasing the alkalinity (i.e., pH buffering 225 

capacity) of these formulations. High Na:Al samples with brucite are observed to retain 226 

dissolved Mg and simultaneously exhibit lower dealumination. These results chemically support 227 

the physical evidence observed in Figure 1 that brucite improves the acid resistance of AACs, 228 

especially at high alkali contents. 229 

 230 

Table 3. Normalized elemental leaching for all samples for both first and second acid exposure 231 

after achieving pH equilibrium.  232 

  1st Equilibrium  

  
MK Control 

Low 
Control Low + 

Mg 
MK Control 

High 
Control High + 

Mg 
  mean s.d. mean s.d. mean s.d. mean s.d. 

Si 0.05 0.007 0.05 0.004 1.61 0.034 0.96 0.068 
Al  0.16 0.010 0.03 0.002 0.04 0.005 0.04 0.014 
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Na 7.96 0.135 6.45 1.505 15.02 0.422 12.87 2.776 
Mg - - 0.02 0.006 - - 0.00 0.001 

         
  2nd Equilibrium 

  
MK Control 

Low 
Control Low + 

Mg 
MK Control 

High 
Control High + 

Mg 
  mean s.d. mean s.d. mean s.d. mean s.d. 

Si 0.45 0.037 0.16 0.037 0.44 0.003 0.13 0.006 
Al  0.06 0.054 0.00 0.000 0.05 0.039 0.00 0.000 
Na 2.11 0.236 2.38 0.386 2.16 0.109 2.95 0.426 
Mg - - 0.30 0.055 - - 0.03 0.020 

 233 

Mineralogies of Control and Control + Mg samples before and after acid exposure remain 234 

unchanged between formulations (see Figure 2), indicating that no significant precipitation 235 

reactions occurred during acid exposure. All samples indicate a predominantly amorphous 236 

component, identified by a hump ~25° 2q angles. This amorphous component is indicative of N-237 

A-S-H. Silicon-rich faujasite minerals (Na2.06Al2Si3.8O11.63∙8H) form in high sodium content 238 

(Na:Al = 1.39) formulations, regardless of brucite addition, as expected [21]. Upon acid 239 

exposure, minimal changes in the mineralogy of AACs are observed. High Na:Al samples 240 

demonstrated an increased diffraction intensity of faujasite after acid exposure, possibly 241 

indicating further mineralization during acid exposure. Similar mineralization reactions after 242 

acidic exposure observed by [28] were also correlated to reduced porosity and increased 243 

mechanical performance. Thus, these results indicate that acid degradation of these Ca-free 244 

AACs does not involve significant precipitation reactions as observable in Ca-rich cementitious 245 

materials, which form gypsum (e.g., CaSO4∙2H2O) phases upon exposure to sulfuric acid 246 

[29,30].  247 
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 248 

Figure 2. Mineralogy of AAC samples without and with brucite before and after acid exposure. 249 

Symbols correspond to mineral phases identified as follows: “F” indicates the presence of 250 

faujasite-Na (Na2.06Al2Si3.8O11.63∙8H2O); “B” indicates the presence of brucite (Mg(OH)2); and, 251 

“C” indicates the presence of corundum (Al2O3), which was used as an internal standard.   252 

The acid neutralization capacity of AACs increases with the addition of brucite during 253 

the second acid exposure (Figure 3). Brucite-supplemented samples attained  higher equilibrium 254 

pH values indicating a higher acid neutralization capacity than their control counterparts. During 255 

the first acid exposure, regardless of alkali content, equilibrium pH values of all samples are not 256 

statistically different (p-value of 0.517). As discussed earlier in regard to leaching data (Table 257 

3), pH values are highly correlated with an increase in Na leaching during the first acid exposure. 258 

The correlation was verified by computing the Pearson correlation coefficient, which yielded a 259 

value of 0.938 (p-value of 0.0001). This correlation is expected, given that an inter-cationic 260 

exchange between H+ and Na occurs during the first step of acid degradation of N-A-S-H. Also, 261 

the acid-base reaction of trace carbonates and hydroxides in the pore solution (e.g., Na2CO3, 262 
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NaOH) may contribute to this leaching correlation. However, the presence of these phases in the 263 

pore solution is speculated as XRD was unable to resolve distinct patterns in the solid phase of 264 

these materials (Figure 2). Remnant NaOH is evidenced by high equilibrium pH values (i.e., 265 

12.4, 12.7) attained in high Na-content formulations (Na:Al = 1.39). However, during the second 266 

acid exposure, samples without brucite demonstrated a low acid neutralization capacity, 267 

achieving equilibrium pH < 4.6. The addition of brucite improves acid neutralization capacity. 268 

Control Low + Mg and Control High + Mg samples reach pH values of 10.2 and 7.0, 269 

respectively, during the second acid exposure.  270 

It is worth noting that, while Control High + Mg samples attain lower pH equilibrium 271 

conditions, these samples simultaneously demonstrate high Mg retention (Figure 2), which 272 

indicate differences in acid-base reactions occurring in the samples. In order to explain the 273 

differences in the acid-base reactions occurring in the pastes, a microstructural chemical analysis 274 

was performed. More specifically, Mg:Al ratios of the pastes were determined before and after 275 

exposure to acid. While Control Low + Mg formulations exhibited higher acid  neutralization 276 

capacity, Control High + Mg samples were evidently more acid resistant.  277 

The high Na:Al samples with brucite exhibit a two-fold increase in Mg:Al ratio within 278 

their microstructures after the second acid exposure (Figure 4). The increase of Mg and Al 279 

spatial pairing is likely a result of Mg stabilization of negative moieties along with the acid-280 

attacked Si-O-Al bonds – a process name polyvalent cationic stabilization and previously 281 

hypothesized in [17]. Contrastingly, Control Low + Mg samples demonstrate lower Mg:Al ratios 282 

after acid exposure a consequence of high Mg leaching (Table 3). This observed leaching of 283 

alkalis (e.g., Na, Mg, K, Ca) is a common phenomenon that has been previously observed in 284 

AACs [31–33].  285 
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 286 

Figure 3. Equilibrium pH of sulfuric acid solutions for samples without and with brucite. Data 287 

show pH of the leachate after the first and second acid equilibrium exposure cycles. 288 

Polyvalent cationic stabilization of negative moieties in the N-A-S-H binder can occur 289 

due to functionalized brucite surfaces or release of Mg2+ cations. Seminal research on Brucite 290 

(Mg(OH2)) surface chemistry has shown that the protonation of the mineral surface (>Mg-OH) 291 

yields >MgOH2+ sites, which are at a maximum concentration on brucite surfaces at pH values < 292 

7.0.  As observed in Figure 3, the final equilibrium pH of Control High + Mg samples is 7.0, 293 

which may enable dipole-dipole interactions between >MgOH2+ and negative moieties of the 294 

surrounding N-A-S-H binder [34]. Additionally, >MgOH2+ surface sites also enable the 295 

dissolution and release of Mg2+ ions, according to the thermodynamically  preferred dissolution 296 

reaction (pike -16.844) [35,36]: 297 

 298 
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   Mg(OH)2 + 2H+ à Mg2+ + 2H2O                   299 

Eq. 1 300 

 301 

Lastly, the small atomic radii of Mg2+ ions are advantageous in terms of  mobility, which would 302 

facilitate leaching. However, results presented here suggest a higher retention of Mg2+ due to 303 

Mg-Al interactions in the high Na:Al samples with brucite. Thus, it is evident that a higher 304 

number of Mg-Al interactions within the AAC microstructure yield improved acid resistance 305 

with a lower breakdown of the Si-O-Al bonds of N-A-S-H binders 306 

 307 

Figure 4. Distribution and mean atomic Mg:Al ratio of Control Low + Mg (Na:Al = 0.86) and 308 

Control High + Mg (Na:Al = 1.39) AAC samples before and after acid exposure.  309 
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3.3 Porosity of Alkali-Activated Cements Supplemented with Brucite  310 

Micro-scale porosities of all samples before and after acid exposure are shown in Figure 5. Non-311 

connected porosities between 0.3%-0.8% are comparable to those reported by X-ray 312 

microtomography (μCT) studies of other fly ash-based AACs [37,38]. Results in Figure 5 313 

demonstrate that the addition of brucite at high Na:Al formulations decrease by 18% the porosity 314 

of AACs, while the opposite effect is observed at low Na:Al formulations containing brucite 315 

demonstrating a 26% porosity increase.  316 

As observed in Figure 5, increased alkali-content results in higher porosity values as observed 317 

for Control High formulations. This is a dissimilar trend reported in other AAC literature, where 318 

increased Na content is expected to decrease porosity due to an increased formation of reaction 319 

products and a denser microstructure [39]. Observed porosity differences, although minor, may 320 

be explained by utilization of activating solutions with low silica modulus (Ms) values (Ms = 321 

0.27) at high Na:Al formulations [40]. These activating solutions have higher viscosities due to 322 

higher contents of dissolved Na and Si ions and, hence, an increase of porosity is anticipated as a 323 

consequence of entrapped air during mixing [41–43]. This likely results in decreased compressive 324 

strength, due to a lower bulk density associated with higher porosities in less workable mixes 325 

[44].  326 
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 327 

Figure 5. µ-CT non-connected porosities of all AAC samples before and after the first sulfuric 328 

acid exposure (pH of 2.0 ±0.07).  329 

             Regardless of brucite addition, AACs develop higher micro-scale porosities during the 330 

first acid exposure. The addition of brucite reduces the increase in porosity for both Control Low 331 

and Control High formulations by 50.9% and 14.1%, respectively. These results correlate well 332 

with the lower Na and Si leaching of these samples (Table 3). The expected Si gelation and 333 

retention of Na ions likely plays a role in decreasing the changes in porosity at the micro-scale of 334 

brucite-supplemented AACs. Moreover, results suggest that the preservation of the pore structure 335 

in Control Low + Mg samples correlates with reduced dealumination. In light of the Mg:Al 336 

results shown in Figure 4, as well as leaching results presented in Table 3, Control High + Mg 337 

samples may preserve their porous structure as a result of Mg-Al stabilization. The formation of 338 
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crystalline faujasite phases during acid attack, as discussed in Figure 2, may also play a role in 339 

pore-structure preservation. 340 

Addition of brucite in low Na:Al formulations is observed to double the gel pore volumes 341 

above a pore size of 10 nm (Figure 6). In general, the opposite trend is observed at high Na:Al 342 

formulations with brucite (Control High + Mg) as these samples exhibit a ~30% lower nano-343 

scale porosity when compared to samples without brucite. Moreover, when analyzing the effect 344 

of alkali content, Control High formulations have a higher content of nano-scale porosity, when 345 

compared to Control Low. These nano-scale porosity trends are consistent with the micro-scale 346 

porosity trends observed in Figure 5. Increased micro- and nano-scale porosity at higher sodium 347 

contents may be due to residual inter-layer porosity from unreacted MK precursor, as well as 348 

rheology differences due to extent of binder network formation, as previously discussed [45].  349 
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 350 

Figure 6. Nano-scale porosity characterization of all samples without and with brucite addition 351 

before acid exposure and after sulfuric acid exposure (pH of 2.0 ±0.07).  352 

 353 
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Upon acid exposure, there is an apparent decrease in incremental pore volume in samples 354 

without brucite, see Figure 6. Given the utilization of BJH, the apparent decrease in nano-scale 355 

pore volume may actually be a consequence of acidic dissolution, which may create larger pores 356 

(> 100 nm) outside of the method’s pore size range. This result is supported by a higher extent of 357 

Si-O-Al breakdown as shown by high leaching of Na, Si, and Al (Table 3) as well as the 358 

increased micro-scale porosity (Figure 5).  359 

Nonetheless, it is evident that the addition of brucite preserves nano-scale porosity. 360 

Interestingly, only Control High formulations with brucite double in nano-scale porosity (< 361 

5nm), which may increase the tortuosity of porous network and, hence, increase the dissolution 362 

of brucite. Similar observable increases in tortuosity have been reported in previous experiments 363 

with chemically-active mineral admixtures [46]. As Mg2+ ions are liberated from the acid-364 

induced dissolution of brucite, the higher tortuosity may increase the probability of Mg2+ 365 

encountering negative moieties along the acid-attack N-A-S-H binder. This phenomenon could 366 

suggest a higher Mg retention (Table 3) and concomitant lower acid neutralization capacity 367 

(Figure 3), which would lead to increased Mg-Al pairing within the microstructure (Figure 4). 368 

Together, these results indicate that the increase in tortuosity caused by an increase in nano-scale 369 

gel pores after acid exposure may be critical to the effectiveness of the polyvalent cationic 370 

stabilization mechanism. 371 

4. Conclusions 372 

We studied the effect of brucite, a common mineral found in unreacted and reacted AAC 373 

materials, on the sulfuric acid resistance of alkali-activated metakaolin. Converging lines of 374 

evidence suggest that brucite improves acid resistance by (1) increasing acid neutralization 375 

capacity and/or (2) polyvalent cationic stabilization, depending on AAC formulation. 376 
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Experimental data indicate that brucite increases acid resistance in AACs with low alkali 377 

contents (Na:Al = 0.86) by increasing acid neutralization capacity alone. Low Na:Al AACs with 378 

brucite exhibit a high acid neutralization capacity, with equilibrium pH values reaching >10 after 379 

the first and second acid exposure. This neutralization, in turn, resulted in decreased loss of Al, 380 

Si, and Na upon acid exposure, indicating a reduced breakdown of Si-O-Al. The decreased 381 

leaching of Al, Si, and Na also correlated with minimal changes to micro-scale preservation of 382 

nano-scale porosity (1-100 nm). However, no significant changes in Mg-Al pairing were 383 

observed in these samples and, as a result, polyvalent cationic stabilization was not evidenced in 384 

these samples.  385 

Experimental data also indicate that brucite improves acid resistance in AACs with high 386 

alkali (Na:Al = 1.39) contents by increasing acid neutralization capacity and polyvalent cationic 387 

stabilization. Upon acid exposure, addition of brucite improved acid resistance, as evidenced by 388 

lower Al, Si, and Na leaching and simultaneous increases in acid neutralization capacity 389 

compared samples without brucite. However, the acid neutralization capacity was dependent on 390 

Mg leaching and, during the second acid exposure, Mg was retained within the material’s 391 

microstructure. This retention led to a decrease in the acid neutralization capacity and a 392 

concomitant increase in Mg-Al interactions, as evinced via electron microprobe analysis. Results 393 

also demonstrate that, while the nano-scale porous structure was preserved in these samples, 394 

there was an increase in pore sizes <5nm. Increased nano-scale porosity likely increased the 395 

tortuosity and brucite dissolution, which supports the increase in Mg-Al pairing observed. 396 

Together, these results provide evidence in support of polyvalent cationic stabilization as a 397 
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unique acid resistance mechanism that preserves the integrity of aluminosilicate binders upon 398 

exposure to acid.   399 
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