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ABSTRACT: Chemically induced material degradation is a
major durability issue facing many technologically important
materials systems, including conventional and new sustainable
cementitious materials. In this study, the nanoscale chemical
degradation mechanisms have been elucidated for an amorphous
sodium hydroxide-activated slag paste (one type of sustainable
cement) exposed to different types of sulfate-bearing solutions
(i.e., Na2SO4, MgSO4, and H2SO4), by combining synchrotron-
based X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy and X-ray pair distribution function
(PDF) analysis. The XRD, FTIR, and PDF results show that
the chemistry and structure of the paste is essentially immune to
Na2SO4 attack, whereas exposure to 5−10 wt % MgSO4 and H2SO4 cause complete disintegration of the main binder gel (i.e.,
sodium-containing calcium−(alumino)−silicate−hydrate), along with formation of magnesium−silicate−hydrate or silica-rich
gels and extensive precipitation of gypsum. These differences appear to be directly correlated with the ability of the ions (i.e.,
Na+, Mg2+, H+) accompanying SO4

2− to alter the pH of the pore solution in the samples. By correlating the changes that
occurred to the phase composition and the structure of the paste with the pH data from the equilibrated solutions, this study has
provided important mechanistic insight on the fundamental sulfate-induced degradation reactions occurring in hydroxide-
activated slag.

1. INTRODUCTION

Alkali-activated materials (AAMs), including alkali-activated
slags (AASs) and those classified as geopolymers, are a class of
low-CO2 cements that are being actively pursued as alternatives
for ordinary Portland cement (OPC) paste. The carbon
footprint of the concrete construction industry contributes
approximately 5−8% of anthropogenic CO2 emissions due to
extensive usage of OPC powder which must be manufactured
from limestone and clays.1−3 AAMs are synthesized by mixing
an amorphous aluminosilicate source (denoted as precursor)
with an alkaline activator, where the precursor particles dissolve
and reprecipitate to form an interconnected gel network,2

similar to the gel that forms during hydration of ordinary
Portland cement (OPC)4,5 (especially for high-calcium AAMs).
This gel makes up the main binder phase in AAMs, and is
primarily responsible for most engineering properties of the
cement/concrete, similar to the role of calcium−silicate−
hydrate (C−S−H) gel in OPC-based systems. Numerous
studies have shown that AAMs exhibit similar mechanical
properties compared with OPC-based systems when properly
formulated.6 However, questions still remain regarding their
long-term durability performance under different environ-
mental conditions relevant to building and infrastructure
materials, primarily due to the lack of an extensive long-term
track record. This missing information on the long-term

durability performance is considered a major obstacle impeding
large-scale adoption of AAMs in the construction industry.7

One durability issue facing AAMs is sulfate attack induced by
reactions with sulfate-bearing chemicals (e.g., Na2SO4, MgSO4,
and H2SO4), which are ubiquitous in many building environ-
ments.7−9 For OPC-based concrete, sulfate attack occurs when
sulfate ions permeate through the pore network and react with
calcium and aluminum phases in the OPC paste to form
expansive ettringite and/or gypsum.10−14 The formation of
these phases, ettringite in particular, leads to a buildup of
crystallization pressure that can cause expansion and cracking of
the concrete.15,16 The cracking of concrete provides an easier
path for the ingress of additional sulfate ions and other
aggressive chemicals, which not only accelerates the rate of
sulfate attack but also increases the corrosion risk of the
embedded steel rebar (if present). Since there are readily
available sources of calcium (i.e., portlandite (Ca(OH)2) and
aluminum (i.e., monosulfoaluminate (Ca4Al2(OH)12·SO4·
6H2O)) in OPC paste, sulfate ions preferably react with
these phases when they are present, which delays attack of the
main binder phase, C−S−H gel.11,12,17 This degradation
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mechanism is different from AAM-based material systems
which do not contain any portlandite or monosulfoaluminate
phases. For the case of AAMs, sulfate attack may directly target
the main binding gels, such as sodium-containing aluminum-
substituted calcium−silicate−hydrate (C−(N)−A−S−H) gel in
AAS, as has been reported for blended OPC cements
containing slag and silica-fume where portlandite is depleted
due to pozzolanic reaction with the slag and silica fume.13,18

AAS is typically made by alkaline activation of blast furnace
slag, a highly amorphous aluminosilicate glass charge balanced
by Ca and Mg. Because of the high Ca content of slag, the
principle reaction product in AAS is a C−(N)−A−S−H gel
with a chain-like structure (the aluminosilicate chains are
mostly Q1 and Q2),19−22 similar to the C−S−H gel in OPC-
based systems.23 This C−(N)−A−S−H gel in AAS is very
different from low-Ca AAMs (e.g., metakaolin-based or class F
fly ash-based AAMs), where the reaction product is an
amorphous and highly polymerized aluminosilicate gel
(predominately Q4) charge balanced by Na, which is generally
known as N−A−S−(H) gel.2 The main difference between C−
(N)−A−S−H in AAS and C−S−H in OPC is (1) the presence
of a small amount of Q3 in C−(N)−A−S−H, (2) a lower Ca/Si
ratio in C−(N)−A−S−H compared with C−S−H due to the
lower Ca content of the precursor (slag versus OPC powder),
(3) substitution of Al into tetrahedral bridging silica sites in C−
(N)−A−S−H, and (4) the presence of alkalis (i.e., Na).19,21,22

In addition to the C−(N)−A−S−H gel, a secondary phase
such as a hydrotalcite-like layered double hydroxide (LDH) is
often observed in AAS paste.24−26 Because of the absence of
portlandite and monosulfoaluminate in AAS, the C−(N)−A−
S−H gel may be directly targeted during sulfate attack.
Although many studies have investigated sulfate-induced

degradation of AAS,8,9,17,27−30 there are outstanding questions
regarding the chemical degradation mechanisms occurring in
AAS due to sulfate attack. To date, most studies have focused
on macroscopic measurements such as mechanical strength,
weight loss, expansion and corrosion depth,8,9,17,27−29 with only
a few investigations17,28,30 reporting the impact of sulfate attack
on the chemical phases in AAS. Ismail et al.30 studied alkali-
activated fly ash/slag pastes that were exposed to 5 wt %
MgSO4 and Na2SO4 solutions for 3 months and observed
extensive physical deterioration in the pastes exposed to
MgSO4 but not those exposed to Na2SO4. Fourier transform
infrared (FTIR) spectroscopy and X-ray diffraction (XRD)
results revealed that exposure to 5 wt % MgSO4 led to a higher
degree of polymerization of the C−(N)−A−S−H gel along
with extensive formation of gypsum, which was not observed
for the Na2SO4-exposed samples. Hence, the effect of Na2SO4
exposure on AAS is very different from its effect on OPC-based
materials, where previous investigations have shown that
expansive ettringite and sometimes gypsum formed, which
led to significant macroscopic expansion and cracking of the
OPC-based samples,8,10−12,14 via crystallization pressure
effects.16 This difference may be attributed to the fact that
there are readily accessible sources of Ca and Al in OPC-based
materials for the formation of ettringite and gypsum, which are
not as easily accessible in AAS.17 Nevertheless, it has been
reported that exposure to a periodically renewed 5 wt %
Na2SO4 solution for 12 months led to a reduction in
compressive strength (up to ∼17%) of an AAS-based
concrete.17

For AAS exposed to MgSO4 solutions, scanning electron
microscope combined with energy dispersive X-ray spectros-

copy (SEM−EDX) analysis7,30 showed that there was a
significant decrease in the Ca/Si ratio and an increase in the
Mg/Si ratio for the binder as a result of exposure, which is
consistent with SEM−EDX results on MgSO4-exposed OPC
samples.14,31 It has been postulated that MgSO4 attack leads to
a transformation of the C−(N)−A−S−H and C−S−H gels to a
magnesium−(alumino)silicate−hydrate (M−(A)−S−H) gel
for AAS7 and a magnesium-silicate-hydrate (M−S−H) gel for
OPC-based materials,14,31 which have lower cohesive strengths
compared with C−(N)−A−S−H and C−S−H gels. These
transformations, along with the formation of expansive gypsum,
have been identified as the main factors responsible for the
reported strength loss in both AAS17 and OPC-based
materials.12 However, there is no direct experimental evidence
for the formation of M−(A)−S−H/M−S−H in these systems,
mainly due to the highly disordered nature of the C−(N)−A−
S−H and M−(A)−S−H/M−S−H gels.
Studies have also shown that exposure to H2SO4 solutions

causes severe degradation of AAS.9,27,28,32,33 Recently, Aliques-
Granero et al.28 examined AAS pastes exposed to 1−5 wt %
H2SO4 solutions for 28 days using XRD, where they observed
the formation of gypsum and the loss of C−(N)−A−S−H gel
in the attacked surface regions along with expansion of the
samples. SEM−EDX analysis of the attacked regions revealed
the presence of precipitated gypsum and a reduced Si and Al
content indicating that these two elements partially dissolve
during this type of sulfate attack. Previous SEM−EDX analysis
on alkali-activated slag/fly ash pastes exposed to pH 1−3
H2SO4 solutions32,33 showed the presence of many thin
sublayers rich in Si and Al but depleted in Ca and Na in the
attacked region, separated by gypsum precipitates. On the basis
of these observations the authors28,32,33 proposed a two-step
degradation mechanism for H2SO4 attack of AAS samples: (1)
ion exchange reaction between H3O

+ in the solution and Ca2+

from C−(N)−A−S−H gel leading to decalcification of the C−
(N)−A−S−H gel, and an electrophilic attack of the Si−O−Al
bonds by H+ resulting in formation of a siliceous gel structure
(2) precipitation of gypsum after the leached Ca2+ reacts with
SO4

2− ions from the solution.
It is evident from the above studies that we do not fully

understand the detailed chemical degradation mechanisms at
play in AAS exposed to different sulfate-bearing chemicals.
However, elucidating these chemical degradation mechanisms
is particularly important for AAS (as well as other types of
AAMs) because the chemical degradation processes involved in
these systems are likely to differ from OPC-based systems due
to their different chemistries, and hence the physical
degradation mechanism identified for OPC-based systems
(e.g., development of crystallization pressure effects via
formation of ettringite and/or gypsum15,16) may also differ
for AAMs. Therefore, this experimental study aims to elucidate
and unify the chemical degradation mechanisms in AAS by
analyzing the changes occurring to the chemistry and local
atomic structure of a NaOH-activated slag paste exposed to
different concentrations of Na2SO4, MgSO4, and H2SO4
solutions. To minimize/eliminate the impact of ion diffusion
through the pore network, the AAS samples have been crushed
into fine powders prior to immersion in the different sulfate
solutions. The use of powders allows the AAS particles to have
full exposure to the sulfate-bearing chemicals and hence this
approach significantly accelerates the sulfate attack process. X-
ray pair distribution function (PDF) analysis is employed to
assess the extent of change in the local atomic structure of the
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AAS powder due to immersion in the different sulfate solutions.
PDF analysis is ideally suited for studying the local atomic
structure of highly disordered materials and has been used
extensively to investigate the structural changes occurring in
amorphous/nanocrystalline material systems subjected to
alkaline activation,34−36 carbonation,37,38 heating39−42 and
high pressure/mechanical stress.43,44 Synchrotron-based XRD
is used in this investigation to trace the sulfate-induced changes
in the (nano)crystalline phases of the AAS paste. Furthermore,
the impact of sulfate exposure on the extent of Si/Al
polymerization associated with the main binder gel (i.e., C−
(N)−A−S−H) in the AAS paste is examined using FTIR.
Finally, the pH of the sulfate solutions before and after
exposure has been monitored using an electronic pH meter,
providing important information on the removal of hydroxyl
ions from the AAS paste during sulfate attack.

2. MATERIALS AND METHODS

2.1. Materials and Sample Preparation. Ground
granulated blast-furnace slag with a chemical composition
shown in Table 1 was used in this investigation. The sodium
hydroxide activating solution was prepared by dissolving NaOH
pellets (Sigma−Aldrich, reagent grade) in distilled water. The
slag was activated with this sodium hydroxide solution such that
the mix proportions were 4 g of Na2O and 50 g of H2O for
every 100 g of slag. The mixture (∼15 g) was initially hand
mixed for 1 min and then subjected to vibration (using a vortex
mixer) for 2 min to ensure homogeneous mixing. The mixture
was then sealed in airtight containers (∼5 g per container) and
cured at room temperature (20 °C) for 40 days, after which the
samples were demolded and ground into a powder form using a
mortar and pestle before being immersed in different types of
sulfate solutions (i.e., Na2SO4, MgSO4, and H2SO4) with
different concentrations by weight (i.e., 1, 5 and 10%). Weight
percentage (rather than molar concentration) was used to align
with existing literature on sulfate attack.9,16,17,28,31 For each
immersed powder sample, ∼1 g of powder was added to ∼10 g
of solution. The use of powder samples in this investigation
allows for the chemical interactions between the samples and
the sulfate-bearing chemicals to be studied independent of
transport properties. This method not only simplifies data
interpretation but also significantly accelerates the rate of
sulfate attack, which usually takes months or even years using
the standard testing methods developed for OPC-based
systems.
Two reference samples were also prepared: one was

immersed in distilled water (Ref−water) while the other was
stored in a sealed container (Ref−air). The Ref−water data are
presented in this article with the sulfate-exposed data, while the
Ref−air data are given in the Supporting Information. After
soaking in the solutions for 10 days, the samples were filtered,
rinsed with distilled water, and mildly dried under a flow of N2
gas. Samples were then loaded into polyimide capillaries (sealed
with epoxy on both ends) for measurement on 11-ID-B at the
Advanced Photon Source (APS) at Argonne National
Laboratory (ANL). The remaining powders were stored in
airtight containers for subsequent FTIR analysis.

2.2. Experimental Details. X-ray total scattering experi-
ments were performed at room temperature using the 11-ID-B
beamline at the APS. A wavelength of 0.2112 Å and a Perkin-
Elmer amorphous silicon two-dimensional image plate
detector45 were used. The wavelength was selected to provide
a compromise between high flux (statistics), Q-resolution and a
sufficient maximum momentum transfer. The detector was
located 180 mm from the sample. Data were collected for 2 min
per sample. The data conversion from 2D to 1D was carried
out using the program Fit2D46,47 with CeO2 as the calibration
material. The PDF, G(r), is obtained by taking a sine Fourier
transform of the measured total scattering function, S(Q),
where Q is the momentum transfer, as outlined by Egami and
Billinge.48 The PDF data were obtained using PDFgetX2,49

with a Qmax of 20 Å
−1. The instrument parameters were refined

by using a standard calibration material (CeO2) and the
refinement program PDFgui.50 The refined parameters (Qbroad
= 0.010 Å−1 and Qdamp = 0.034 Å−1) were used for removal of
crystalline phases during analysis of the PDF data.
Immediately after the X-ray total scattering experiment, XRD

data were collected for 30 s for each sample on the 11-ID-B
beamline at a sample−detector distance of 950 mm. Attenuated
total reflectance (ATR)-FTIR measurements have also been
performed on all samples using a Nicolet 730 FTIR instrument,
purged with a N2 flow. For each sample, 16 scans were
collected from 4000 to 500 cm−1 with a resolution of 4 cm−1.
Moreover, the pH of the sulfate solutions prior to, and after
immersion of the samples for 10 days has been measured using
an electronic pH meter (Oakton 1100 Series Benchtop Meter)
which was calibrated using three buffer solutions with pH
values of 4, 7, and 10. Each pH measurement was taken after an
equilibration period of 20 min.

3. RESULTS AND DISCUSSION

3.1. Impact of Sulfate Attack on Phase Stability in
AAS Paste. The impact of exposure to different concentrations
of Na2SO4, MgSO4, and H2SO4 solutions on the stability of the
chemical phases in the NaOH-activated slag paste has been
evaluated using synchrotron-based XRD. The XRD patterns
along with the phases identified in the samples are given in
Figure 1, which clearly show that the phases present in the
sulfate-exposed samples vary considerably depending on the
type and concentration of the sulfate solution. For the Ref−
water sample, the XRD pattern is dominated by two phases: a
C−(N)−A−S−H gel phase with broad Bragg peaks matching
those of the poorly crystalline C−S−H(I) (CaO·SiO2·HO,
PDF #00-034-0002) and a hydrotalcite-like LDH structure
(Mg6Al2(CO3)(OH)16·4H2O, PDF #00-014-0191), which are
the typical phases found in NaOH-activated slag
pastes.2,24−26,37 After exposure to Na2SO4 solutions, even at
high concentrations (i.e., 5−10 wt %), the C−(N)−A−S−H
gel and hydrotalcite-like phases are still present (Figure 1a),
which suggests that these two phases are largely stable under
Na2SO4 attack in a sealed environment. A major difference
between the Ref−water sample and the Na2SO4-exposed
samples is that ettringite (Ca6Al2(SO4)3(OH)12·26H2O, PDF
#01-073-6239) forms in the latter. Nevertheless, it is clear from
the XRD patterns in Figure 1a that the amount of ettringite is

Table 1. Chemical Composition of Neat Slag Obtained Using X-ray Fluorescence (XRF)37

oxide component CaO SiO2 Al2O3 MgO SO3 other
weight percentage (%) 42.5 34.5 11.7 7.3 1.7 2.3
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relatively small, as further illustrated by the long-range X-ray
PDF data in Figure S1 of the Supporting Information (no
obvious increase in the long-range ordering was observed after
Na2SO4 exposure). A broad diffuse peak located at a Q value of
∼2.15 Å−1 can be observed in all the XRD patterns in Figure 1a.
This is consistent with the presence of unreacted slag26 (refer
to Figure S2a in Supporting Information for direct compar-

ison), which is expected for NaOH-activated slag pastes that
have cured for less than 2 months. It should be noted that the
first peak at ∼0.36 Å−1, seen in all the XRD patterns in Figure
1, has not been assigned to any phase because this Q value
overlaps with the small-angle scattering region and part of the
scattered beam has been cut off by the beam stop.
In contrast to Na2SO4, exposure to MgSO4 solutions,

especially at higher concentrations (i.e., 5−10 wt %),
significantly alters the phase composition of NaOH-activated
slag paste, as illustrated in Figure 1b. In the 1 wt % MgSO4-
exposed sample, both the C−(N)−A−S−H gel and the
hydrotalcite-like phase remain clearly visible along with
formation of a small amount of ettringite, which is similar to
the case of Na2SO4 exposure. However, at 5−10 wt % MgSO4,
extensive formation of gypsum is observed along with the
disappearance of the C−(N)−A−S−H phase peaks (i.e., the
peak at ∼0.49 Å−1 corresponding to the interlayer distance and
the main peak at ∼2.05 Å−1), indicating a complete loss of the
C−(N)−A−S−H gel in these two samples. The XRD peaks of
the hydrotalcite-like phase overlap with those of gypsum, hence
it is unclear whether the hydrotalcite-like phase dissolves based
on these data. A closer examination of the XRD patterns for the
5−10 wt % MgSO4-exposed samples reveals the emergence of
two new broad diffuse peaks at ∼2.47 and ∼4.11 Å−1 along with
a shoulder at ∼0.57 Å−1, which may be indicative of a highly
disordered M−(A)−S−H phase, such as disordered talc (refer
to Figure S2a in the Supporting Information for direct
comparison of the broad diffuse peaks).51

The XRD patterns of the NaOH-activated slag paste exposed
to different concentrations of H2SO4 are given in Figure 1c. It is
seen that H2SO4 exposure is even more aggressive than MgSO4,
especially via the significant amount of gypsum formed in the 5
and 10 wt % H2SO4-exposed samples. In the 1 wt % H2SO4-
exposed sample, a small amount of gypsum is observed in
addition to formation of ettringite. Nevertheless, there is still a
strong presence of C−(N)−A−S−H gel and the hydrotalcite-
like phase in this sample, indicating that these two phases are
largely stable at 1 wt % H2SO4. On the other hand, for samples
exposed to 5 and 10 wt % H2SO4, the C−(N)−A−S−H gel
phase is completely lost. Furthermore, the broad diffuse peak at
∼2.15 Å−1 in the original paste, attributed to unreacted slag,26

mostly disappears after immersion in 10 wt % H2SO4. This
implies that the 10 wt % H2SO4 solution attacks both the
binder gel and the unreacted slag. The dissolution of the
unreacted slag in the sample exposed to 10 wt % H2SO4 is
consistent with the literature,52,53 which report slag dissolution
in acidic conditions. Finally, for the 10 wt % H2SO4-exposed
sample a broad diffuse peak at ∼1.5−1.6 Å−1 (corresponding to
a 2θ value of ∼21−23° for Cu radiation) emerges, which aligns
well with the broad XRD peak (centered at a 2θ value of ∼22°)
for amorphous SiO2 (refer to Figure S2b in the Supporting
Information for direct comparison).54

The discrepancies in the phase compositions between the
samples exposed to different sulfate solutions appear to be
directly correlated with the equilibrated solution pH values
after immersion of the NaOH-activated slag paste, as shown in
Figure 2 (the detailed pH values are given in Table S1 in the
Supporting Information). Although we have not directly
measured the pH of the sample pore solution, the pH of the
sulfate solutions after 10 days of sample immersion in a closed
system (Figure 2) can be used to represent the pore solution
pH since it is estimated that equilibrium has been reached
within 10 days of exposure (calculation shown in the

Figure 1. Stacked plot of the XRD patterns for the NaOH-activated
slag paste that has been exposed to different concentrations of (a)
Na2SO4, (b) MgSO4, and (c) H2SO4 solutions. The broad diffuse
peaks in parts b and c are highlighted using red dotted lines, and the
diffuse shoulder at ∼0.57 Å−1 in part b is outlined by the red dotted
circles.
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Supporting Information). The solution pH for the samples
exposed to 1, 5, and 10 wt % Na2SO4 is maintained at ∼12.6−
12.7, which is similar to that of the Ref−water sample (∼12.5).
At these pH levels, both the C−(N)−A−S−H gel and
hydrotalcite-like phase are stable according to refs 55−58. As
a result, Ca and Al in the main binder phases are not readily
accessible to SO4

2− ions and hence the extent of gel
decalcification and ettringite formation is rather limited.17,30

This behavior is very different from OPC-based systems
undergoing Na2SO4 attack, where there are readily available
sources of Ca (i.e., portlandite) and Al (i.e., monosulfoalumi-
nate), and, as a result, ettringite and/or gypsum can form
extensively, leading to a buildup of crystallization pressure and
ultimately cracking and failure of the system.10−16

Conversely, for the samples exposed to MgSO4 solutions the
pH equilibrates to a much lower level than the samples exposed
to Na2SO4 solutions. At 1 wt % MgSO4, the pH of the solution
is maintained at ∼11.9 after 10 days of exposure, and therefore
both the C−(N)−A−S−H gel and the hydrotalcite-like phase
are still stable, though the conditions are favorable for ettringite
formation. However, as the concentration of MgSO4 increases
to 5 and 10 wt %, the pH values of the samples drop to ∼9.2
and ∼8.7, respectively. At these pH levels, the C−(N)−A−S−
H gel is no longer stable,56 which explains the disappearance of
the corresponding peaks in these two samples (Figure 1b).
According to solubility data of synthetic C−S−H gels, the
equilibrium pH of C−S−H gels drop as the Ca/Si ratio of the
gel decreases, with a pH value of 8.7−9.2 corresponding to a
Ca/Si ratio of 0.59 This indicates that the C−(N)−A−S−H gel
in these two samples is close to full decalcification, with the
released Ca2+ ions combining with SO4

2− and water molecules
to form gypsum. Moreover, the formation of gypsum instead of
ettringite in the 5−10 wt % MgSO4-exposed samples is because
ettringite is unstable at a pH below ∼10.7.60 Finally, the pH
level of 8.7−9.2 aligns well with the equilibrium pH (∼8.9) of
synthetic M−S−H gels with Mg/Si ratios close to ∼1.0.51
These pH data provide additional, yet indirect, evidence for the
transformation of C−(N)−A−S−H to a M−(A)−S−H-type
gel in the 5−10 wt % MgSO4-exposed samples.

Figure 2 shows that the H2SO4-exposed samples equilibrate
to even lower pH levels compared with samples exposed to the
same concentrations of MgSO4. This could explain the severe
impact H2SO4 exposure has on the phase composition of the
NaOH-activated slag paste as shown in Figure 1c. At 1 wt %
H2SO4, the pH of the solution is maintained at ∼11.5, and
therefore the C−(N)−A−S−H gel and the hydrotalcite-like
phase are largely stable55−58 and so is ettringite.60 Gypsum also
forms in this sample (Figure 1c) since this phase starts to
precipitate at a pH below ∼11.6, according to predictions from
chemical equilibria modeling developed for cement/water
systems.61 As the H2SO4 concentration increases to 5 wt %,
the pH drops to ∼7.8, at which point both the binder phases
and ettringite are no longer stable. As a result, both the C−
(N)−A−S−H gel and the hydrotalcite-like phase in this sample
disappear while extensive gypsum formation occurs as shown in
Figure 1c. As the H2SO4 concentration increases further to 10
wt %, the exposed solution pH drops to ∼1.8, at which all the
phases in the paste, including the unreacted slag, are unstable.
This explains the disappearance of the broad diffuse peak
(attributed to unreacted slag) in the 10 wt % H2SO4-exposed
sample (Figure 1c).

3.2. Impact of Sulfate Attack on Si/Al Polymerization.
Having elucidated the impact of sulfate attack on the stability of
the different phases in the NaOH-activated slag paste, this
section examines how the different forms of sulfate exposure
change the relative extent of Si/Al polymerization of the main
binder phase (i.e., C−(N)−A−S−H gel). This is achieved by
evaluating the peak position of the main asymmetric Si−O−T
(T = Si or Al) stretching band (mainly attributed to the C−
(N)−A−S−H gel) in the FTIR spectrum, which reflects the
extent of Si/Al polymerization, with a larger wavenumber
generally associated with a higher degree of Si/Al polymer-
ization.51,56,64 Figure 3a-c shows the FTIR spectra from 500 to
1250 cm−1 for the NaOH-activated slag paste exposed to
different concentrations of Na2SO4, MgSO4 and H2SO4
solutions, respectively, with the full FTIR spectra (500−4000
cm−1) given in Figure S3a-c in the Supporting Information. In
the FTIR spectra of the 5−10 wt % MgSO4-exposed and 1−10
wt % H2SO4-exposed samples, characteristic bands of gypsum
(i.e., ∼3520, ∼3400, ∼1680, ∼1620, ∼1110, ∼666, and ∼595
cm−1)65 are observed, whereas characteristic bands of ettringite
(i.e., ∼3630, ∼1100, and ∼610 cm−1)66 can be observed in the
FTIR spectra of the 1−10 wt % Na2SO4, 1 wt % MgSO4, and 1
wt % H2SO4 samples. These FTIR results are consistent with
the XRD results presented in Figure 1.
Figure 3 clearly shows that each type of sulfate exposure has

a distinct impact on the main asymmetric Si−O−T stretching
band. It is observed that exposure to Na2SO4 solutions, even at
high concentrations (i.e., 5−10 wt %), does not cause an
obvious shift in this band (Figure 3a). This is expected given
that the C−(N)−A−S−H gel phase is found to be stable under
Na2SO4 attack as outlined in the previous section. However,
this band is significantly altered after exposure to high
concentrations (i.e., 5−10 wt %) of MgSO4 and H2SO4
solutions. For the samples exposed to 5−10 wt % MgSO4,
the peak position shifts from ∼953 cm−1 to ∼1000 cm−1, which
suggests that the C−(N)−A−S−H gel in these two samples has
become more polymerized after interacting with MgSO4. This
wavenumber is in agreement with the asymmetric Si−O−Si
stretching mode of synthetic M−S−H gels with Mg/Si ratios of
0.8−1.3 (∼1000 cm−1),51 which contains a larger proportion of
Q3 and Q4 than C−(N)−A−S−H gel (predominantly Q2).

Figure 2. Solution pH of the immersed NaOH-activated slag paste
samples (in different concentrations of Na2SO4, MgSO4, and H2SO4
solutions) after 10 days of exposure. The pH of the pore solution given
for “Ref−air” (∼13−14, denoting unexposed sample) has been
obtained from the literature for similar types of AASs.62 The formation
pH of gypsum (<∼11.6),61 and unstable pH range for ettringite
(<∼10.7),60 C−S−H-type gels (<∼10.0),58 and hydrotalcite
(<∼9.0)55 are labeled in the Figure. The acidic pH range where slag
dissolution becomes substantial is also labeled, based on refs 52 and
63.
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Also, a small shoulder at ∼3680 cm−1 due to the O−H
stretching mode in M−S−H gel51 can be observed in the two
samples exposed to 5−10 wt % MgSO4 (Figure S3b in
Supporting Information). These observations provide addi-
tional, yet indirect, evidence for the formation of a M−(A)−S−
H-type gel phase in the 5−10 wt % MgSO4-exposed samples.
The resulting M−(A)−S−H gel is likely to contain a reasonable
amount of Al since the solubility of Al at a pH of 8.7−9.2
(equilibration pH values for the 5−10 wt % MgSO4-exposed
samples, Figure 2) is relatively low.67

H2SO4 exposure exhibits an even stronger impact on the
asymmetric Si−O−T stretching band compared with MgSO4 as
seen in Figure 3c, where this band shifts to overlap with the S−
O stretching mode of gypsum (located at ∼1115 cm−1) for 10
wt % H2SO4. Deconvolution of this peak (Figure 3d) reveals
that the main asymmetric Si−O−T stretching band occurs at
around ∼1045 cm−1, which is close to the corresponding band
in silica gel (∼1080 cm−1).68 The mode at ∼962 cm−1 may be
attributed to the Si−O in-plane stretching vibration of Si−OH
groups,69 while the new band at ∼800 cm−1 can be assigned to
Si−O−Si symmetric stretching mode in silica gel.68 Hence,
these data together with the XRD data in Figure S2b (in
Supporting Information) reveal that a highly polymerized silica-
rich gel with predominantly Q3 and Q4 is formed after exposure
to 10 wt % H2SO4 solution. Because of the relatively high
solubility of Al in this sample arising from its low pH (∼1.8,
Figure 2),67 it is possible Al is absent/deficient in the resulting
gel. For the sample exposed to 5 wt % H2SO4, however, Al is
likely to be present in the resulting gel since Al solubility is
close to its lowest point at a pH of ∼7.667 (equilibration pH for
the 5 wt % H2SO4 sample, Figure 2). For this sample, the
asymmetric Si−O−T stretching band is located at ∼1000 cm−1,
which is close to the asymmetric Si−O−T stretching mode in a
N−A−S−(H) gel (∼1020 cm−1).56 Hence, an aluminosilicate-
type gel is likely to have formed in the 5 wt % H2SO4-exposed
sample.
The relationship between the equilibrated pH of the sulfate

solution and the main asymmetric Si−O−T stretching band of
the sulfate-attacked NaOH-activated slag pastes is plotted in
Figure 4, which shows that the equilibrated pH of the sulfate
solution is inversely related to the location (in cm−1) of the
main asymmetric Si−O−T stretching band of the exposed
paste. It is clear that a lower equilibrated pH generally leads to a
larger wavenumber for this band and hence a higher degree of
Si/Al polymerization for the attacked paste. This result suggests

Figure 3. Impact of (a) Na2SO4, (b) MgSO4, and (c) H2SO4 exposure
on the FTIR spectra of NaOH-activated slag paste. (d) Deconvolution
of the FTIR spectrum of the sample exposed to 10 wt % H2SO4
solution between ∼700 and ∼1300 cm−1 using multiple Gaussians.
Note that the data in parts a−c are each given as a stacked plot.

Figure 4. Correlation between the equilibrated pH of the sulfate
solution and the peak position of the main asymmetric Si−O−T band
of the exposed binder gel. The solid line is provided to guide the eye.
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that the extent of Si/Al polymerization for the sulfate-attacked
paste is largely controlled by the equilibrated pH of the sulfate
solution, which is then related to the type and concentration of
the sulfate-bearing solution.
3.3. Impact of Sulfate Attack on the Local Atomic

Structure. X-ray PDF analysis is employed to further elucidate
how the local atomic structure of the NaOH-activated slag
paste is altered by the different forms of sulfate attack. The X-
ray PDF results are presented in Figure 5, where the peaks
below ∼4 Å (the nearest and second nearest neighbor bonding
environments) have been assigned based on ref 26 and the
simulated X-ray PDFs of ettringite and gypsum (Figure S4 in
the Supporting Information). The atom−atom correlations for
ettringite and gypsum are labeled in blue and gray text,
respectively, in Figure 5. It should be noted that the first peak
shown at ∼1.2 Å along with any peaks located below ∼1.0 Å
arise from artifacts generated due to imperfect corrections,
termination ripples and statistical noise.48 The results show that
exposure to Na2SO4 solutions does not significantly alter the
local atom−atom correlations of the NaOH-activated slag paste
whereas exposure to MgSO4 and H2SO4 solutions, especially at
higher concentrations (i.e., 5−10 wt %), results in dramatic
changes in the local atom−atom correlations. These dramatic
changes are attributed to gypsum precipitation and severe
damage to the main binder phase (i.e., C−(N)−A−S−H gel) in
these samples. The significant shift of the Si/Al−O peak from
∼1.64 Å to ∼1.50 Å in Figure 5b,c is caused by the S−O
correlation in gypsum located at ∼1.43 Å, which suggests that
gypsum contributes significantly to the local atom−atom
correlations of these four samples (5−10 wt % MgSO4 and
H2SO4-exposed samples).
Hence, in order to assess the impact of MgSO4 and H2SO4

exposure on the local atomic structure of the binder phase (i.e.,
C−(N)−A−S−H gel), it is necessary to remove the PDF
contributions of gypsum from these samples (i.e., 5−10%
MgSO4 and H2SO4-exposed samples). This has been carried
out following the method presented in ref 70. For more details
on the removal process and the resulting data quality, refer to
ref 70 along with Figure S5 and Table S2 in the Supporting
Information. It would be ideal to also remove contributions
from ettringite and/or gypsum in the 1, 5, and 10 wt %
Na2SO4, 1 wt % MgSO4, and 1 wt % H2SO4-exposed samples,
however, this is extremely difficult if not impossible using the
current method,70 largely due to the relatively small quantities
of ettringite and gypsum formed in these samples (no obvious
increase in the long-range ordering of the PDF for these
samples, see Figure S1 in the Supporting Information).
The short-range ordering in the X-ray PDFs of the MgSO4-

and H2SO4-exposed AAS pastes after removal of the gypsum
contributions from the 5 and 10 wt % samples are shown in
Figure 6, parts a and b, respectively. It is seen in Figure 6a that
all the samples exposed to MgSO4 exhibit reduced Ca−O and
Ca−Si/Al peak intensities compared with the Ref−water
sample, which is direct evidence of C−(N)−A−S−H gel
decalcification in these samples. As the MgSO4 concentration
increases from 1 to 5 wt %, the degree of decalcification
increases significantly, however, no further increase occurs as
the concentration is raised from 5 to 10 wt %. In fact, the short-
range atom−atom correlations for the 5 and 10 wt % MgSO4-
exposed samples are almost identical, and the relative amount
of gypsum formed in these two samples is essentially the same
(as shown in Figure 7a). This is consistent with FTIR results
which show that the main asymmetric Si−O−T stretching band

of the 5 and 10 wt % samples are almost identical. These results
indicate that decalcification of the C−(N)−A−S−H gel is
essentially complete after immersion in a 5 wt % MgSO4
solution for 10 days, and a higher concentration does not
induce any additional changes in the local atomic structure of
the C−(N)−A−S−H gel nor does it alter the amount of
gypsum that precipitates. These results also suggest that the
remaining Ca−O and Ca−Si/Al correlations in the 5−10 wt %

Figure 5. X-ray PDFs showing the impact of exposure to (a) Na2SO4,
(b) MgSO4, and (c) H2SO4 solutions on the local atomic structure of
the NaOH-activated slag paste. The atom−atom correlations of
ettringite and gypsum are labeled in blue and gray, respectively.
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MgSO4-exposed samples are mainly attributed to the unreacted
slag, although there may be a small amount of gypsum still
present in Figure 6a due to the imperfect removal of this phase
from the PDF data.
Along with the decalcification of the C−(N)−A−S−H gel,

the Mg−O/AlVI−O peak intensity is found to increase
significantly with increasing MgSO4 concentration (Figure
6a), showing that a considerable amount of Mg has been
incorporated into the sample. The loss of Ca and incorporation
of Mg suggests that a magnesium/silicate-rich phase is formed
via exposure to 5−10 wt % MgSO4. It is observed in Figure 6a
that the Si−Si/Al peak intensity is significantly higher for the
5−10 wt % MgSO4-exposed samples than the Ref−water
sample. Since the Si−Si/Al correlation reflects the Si/Al
tetrahedra connectivity (gel polymerization) to a certain
extent,26 the marked increase in the Si−Si/Al peak intensity
with increasing MgSO4 concentration indicates that the
resulting gel has a higher degree of polymerization, in
agreement with the FTIR results in Figure 3b. Given that
there is a substantial amount of Q3 and Q4 in M−S−H gel,51

these results definitively show that a M−(A)−S−H-type gel
forms due to MgSO4 attack. As mentioned in the previous
section, Al is likely to remain in the gel due to its relatively low
solubility at the pH of ∼8.7−9.2, although it is also possible for

Al to end up in an amorphous Al(OH)3 gel as has been
predicted to occur in highly carbonated OPC paste.71

H2SO4 exposure is also seen to be destructive to the local
atomic structure of the NaOH-activated slag paste, as depicted
in Figure 6b. Samples exposed to H2SO4 solutions, especially at
high concentrations (i.e., 5, 10 wt %), have a significant
decrease in the intensities of the nearest Ca−O (at ∼2.35 Å)
and Ca−Si/Al correlations, showing that these two samples
have undergone severe decalcification. Nevertheless, the nearest
Ca−O (at ∼2.35 Å) and Ca−Si/Al correlations are still evident
in the 10 wt % sample, and one would expect them to be lower
since the results in the previous sections showed that both the
unreacted slag and the C−(N)−A−S−H gel have dissolved in
this sample. The residual intensity is likely due to some gypsum
remaining in the PDF data that could not be removed using the
current method, as seen by the relatively strong Ca−O
correlation at ∼4.10 Å (attributed to gypsum) in Figure 6b.
Figure 6b shows that the Si−Si/Al peak intensity is higher for

the 5 wt % sample than the 1 wt % sample. This indicates that
the Si/Al polymerization of the paste increases as the H2SO4
concentration increase to 5 wt %, which is consistent with the
FTIR results in Figure 3b. However, as the H2SO4
concentration increases from 5 to 10 wt %, the Si−Si/Al
peak intensity decreases, which, at first glance, may indicate a
reduction in the degree of Si/Al polymerization. This
contradicts with the FTIR results in Figure 3b, where the
resulting gel in the 10 wt % H2SO4-exposed sample is highly
polymerized. Since both the solubility of Si and Al increases
with increasing acidity,52,67 it is likely that a substantial amount
of Si and Al has dissolved in the 10 wt % H2SO4 solution and
was washed away during the sample treatment process. This
lowers the overall Si+Al content remained in the attacked gel,
leading to a lower intensity for the Si−Si/Al correlation.

Figure 6. Short-range X-ray PDF data of the samples exposed to (a)
MgSO4 and (b) H2SO4 solutions after removal of gypsum.

Figure 7. Correlation between the relative amount of gypsum in the
paste and (a) the concentration of sulfate solutions and (b) the
equilibrated pH of the samples. The solid line in part b is provided to
guide the eye.
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The relative amount of gypsum formed in the different
samples was determined by refining the simulated gypsum PDF
(Figure S4b in Supporting Information) against the exper-
imental PDF over an r range of 10−50 Å, where the PDF data
are dominated by gypsum (refer to Table S2 and Figure S5 in
the Supporting Information for more details). The fractional
amount of gypsum is plotted against the concentration of the
sulfate solutions in Figure 7a, where increasing the MgSO4
concentration from 5 to 10 wt % does not alter the amount of
gypsum formed. However, increasing the H2SO4 concentration
from 5 to 10 wt % almost doubles the amount of gypsum. The
additional gypsum in the 10 wt % sample is due to its low
equilibrated pH (∼1.8, Figure 2) which causes the unreacted
slag in the sample to dissolve and supply additional Ca2+. In
fact, there is an apparent correlation between the equilibrated
pH of the sulfate-attacked sample and the relative amount of
gypsum formed, as illustrated in Figure 7b.
3.4. Sulfate Attack Degradation Mechanisms. In the

previous sections it was seen that (i) the stability of chemical
phases in the NaOH-activated slag paste, (ii) the relative extent
of Si/Al polymerization for the C−(N)−A−S−H gel, and (iii)
the local atomic structure of the paste are largely controlled by
the type and concentration of the accompanying cation (Na+,
Mg2+, or H+), which, in turn, is linked with the equilibrated pH

of the exposed solution. Hence, to elucidate the underlying
chemical degradation mechanisms according to the cation type,
it is necessary to understand how the different sulfate-bearing
chemicals regulate the pH in the pore solution of the samples.
This information along with the sulfate attack mechanisms are
schematically illustrated in Figure 8.
For samples exposed to distilled water and Na2SO4 solutions,

the pH is equilibrated via leaching of OH− from the pore
solution to the surrounding immersion solutions (Figure 8a),
which is driven by their difference in OH− concentration. This
leaching of OH− then drives the dissolution of the C−(N)−A−
S−H gel to supply OH− to the pore solution. It is noted that a
minor secondary phase calcium hemicarboaluminate hydrate
(C4Ac0.5H12) identified in the unexposed sample (Figure S6 in
Supporting Information) has not been observed in any of the
exposed samples including the Ref−water sample. The
dissolution of the C4Ac0.5H12 phase may have also contributed
to the supply of OH− and Ca2+ during the different forms of
exposure, however, its buffering effect is likely to be limited due
to its relatively small quantity. Additional discussion on the
C4Ac0.5H12 phase is included in the Supporting Information.
As the concentration of OH− in the immersion solution

increases, the driving force for the leaching of OH− will
diminish quickly since the leached OH− remains in the

Figure 8. Schematic illustration of the degradation mechanisms for the NaOH-activated slag paste exposed to (a) distilled water and Na2SO4, (b)
MgSO4, and (c) H2SO4 solutions. The sulfate attack mechanism is controlled by the equilibrated pH of the solution, which depends on the type and
concentration of the sulfate solution. For MgSO4 attack, the pH is lowered through formation of brucite, which drives decalcification of the C−(N)−
A−S−H gel. The decalcified C−(N)−A−S−H gel then combines with brucite to form a Mg-rich (alumino)silica gel, along with precipitation of
ettringite or gypsum. For H2SO4 attack, the pH is lowered through proton neutralization and excess H+, which drives dissolution of C−(N)−A−S−
H, as well as the unreacted slag in the case of 10 wt % H2SO4. In addition to formation of a silica-rich or (alumino)silica-rich gel, ettringite, and/or
gypsum precipitates depending on the equilibrated pH levels, similar to the case of MgSO4 attack.
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immersion solution. Hence, the pH of these samples, regardless
of the concentration of Na2SO4 solution studied here, are
equilibrated at relatively high levels (∼12.6−12.7). At these pH
levels, the binder phases (i.e., the C−(N)−A−S−H gel and
hydrotalcite-like phase) in the paste are stable according to refs
55−58; hence, the structure of the C−(N)−A−S−H gel (both
the degree of Si/Al polymerization (Figure 3a) and the local
atomic structure (Figure 5a)) is only slightly altered.
However, the behavior of MgSO4 and H2SO4 exposure is

very different, where the leached OH− can be quickly
consumed via precipitation of low solubility brucite (Mg-
(OH)2) or proton neutralization, as illustrated in Figure 8, parts
b and c, respectively. These reactions lead to a lower
equilibrium pH for the surrounding sulfate solution compared
with Na2SO4 exposure, which increases the solubility of the C−
(N)−A−S−H gel. Any additional OH− ions liberated from the
pore solution or the dissolved binder phases will continue to be
taken out of the solution via brucite or H2O formation, as long
as there is abundant supply of Mg2+ or H+ ions remaining in the
sulfate solution. As a result, the pH of these systems will
equilibrate at much lower levels compared with Na2SO4-
exposed samples as shown in Figure 2. For samples exposed to
a higher concentration of MgSO4 or H2SO4 solution, a larger
amount of OH− will be consumed, which, due to the associated
drop in solution pH, will increase the solubility of the various
phases (i.e., C−(N)−A−S−H and unreacted slag). This
explains why the equilibrated pH of the system decreases
with increasing concentration of MgSO4 or H2SO4 solution
(Figure 2), leading to a larger extent of decalcification of the
sample. It is also seen from Figure 2 that H2SO4 exposure leads
to a lower pH value compared with MgSO4 for the same
concentration level, which is due to the higher molarity of
H2SO4 at the same weight percentage and the surplus of H+

controlling the pH.
Interestingly, the formation of brucite is not detected in any

of the MgSO4-exposed samples studied here, similar to several
previous studies on MgSO4-exposed AAMs,17,30 although its
formation has been widely reported in OPC-based systems
under MgSO4 attack.12−14,18,31,72,73 It is likely that brucite
forms initially in the MgSO4-exposed samples and then reacts
with the decalcified C−(N)−A−S−H gel to form a Mg-rich
silica gel. A similar reaction pathway (brucite reacting with a
silica gel to form a M−S−H gel) has been postulated to occur
in OPC-based cement/concrete for advanced stages of MgSO4
attack by a number of studies.31,73,74 Furthermore, the reaction
between brucite and such Al/Si-rich gel has been reported as a
common pathway to synthesize M−S−H gel, where mixing
MgO and silica fume with water leads to the initial formation of
brucite (detected by XRD measurement), which subsequently
reacts with silica fume to form M−S−H gel.51,64,75 The
formation of a M−(A)−S−H-type gel in MgSO4-exposed
samples is supported by our XRD (Figure S2 in Supporting
Information), FTIR (Figure 3b), and PDF results (Figure 6a)
as shown in the previous sections.
It is noted that based on the current results we cannot

eliminate another possible reaction pathway for the formation
of M−(A)−S−H-type gel in the MgSO4-exposed samples,
specifically via direct replacement of Ca2+ in the C−(N)−A−
S−H gel by Mg2+. However, this reaction route needs to be
driven by a preferential incorporation of Mg (versus Ca) in the
C−(N)−A−S−H gel, which is not supported by the fact that
Mg is taken up in a hydrotalcite-like phase (as opposed to
ending up in the C−(N)−A−S−H gel) during alkali-activation

of slag.20,24−26 Furthermore, it has been shown recently, via
density function theory calculations, that replacement of Ca in a
C−S−H structure (14 Å tobermorite) by Mg makes the
structure less energetically favorable.76 Hence, this reaction
pathway is less feasible than the first one, where brucite forms
initially and then reacts with decalcified C−(N)−A−S−H gel
to form M−(A)−S−H gel. Nevertheless, in situ data are needed
to confirm the reaction pathway, which can be obtained using
characterization techniques such as in situ X-ray PDF analysis.
Finally, the decalcification of the C−(N)−A−S−H gel also

lead to the release of Ca2+ and Al3+ ions into the solution, which
combine with SO4

2− to form ettringite and/or gypsum
precipitates (once the saturation point of the specific phase is
reached). This formation is linked with the equilibrated pH
levels of the solutions together with the pH-dependent
solubility of the respective phase as shown in Figure 2 and
Figure 8. The degree of Si/Al polymerization and the relative
amount of gypsum formed (linked with the extent of
decalcification in the sample) are also directly related with
the equilibrated pH levels, which then depend on the type and
concentration of sulfate solutions, as shown in Figure 4 and
Figure 7.
Because of the importance of Mg2+ and H+ in regulating the

pH of AAS, it is expected that other types of Mg-containing
phases (e.g., MgCl2

77) or acid (e.g., HCl9) could also induce a
similar type of decalcification of the cementitious binders/gels.
However, the rate of attack by these chemicals could be very
different from their sulfate-bearing counterparts, where leached
Ca2+ can be quickly taken out of the solution via precipitation
of gypsum and/or ettringite. This is outside the scope of the
current paper, and future research is needed to examine the role
played by the different anions (e.g., SO4

2− versus Cl−).
3.5. Broader Implications. The results presented here

reveal that the extent of sulfate attack of a NaOH-activated slag
paste is closely linked to the equilibrated pH of the immersed
sample, which is then controlled by the type and concentration
of the sulfate-bearing chemical. Because of the use of powder
samples for immersion, the sulfate attack process has been
significantly accelerated, allowing for equilibrium to be reached
within a relatively short period for these concentrated sulfate
systems. Therefore, quantitative information on the impact of
sulfates on the phase stability/deterioration has been obtained
quickly and reproducibly. This research has potential
implications for the development of testing standards to
evaluate sulfate resistance of AAS, which is important for the
commercial adoption of AAMs. However, additional research is
required to assess the relative speed of the different forms of
sulfate attack on powder samples and to evaluate the impact of
the transport properties of the samples on the sulfate attack
process of AAMs, as well as the connection between the
chemical changes/degradation (as observed here) and physical
degradation of bulk samples (e.g., expansion, weight loss and
loss of strength). Eventually, by combining the sulfate attack
results on powder samples (such as the current study) with the
transport and physical degradation properties of the solid
binder (during sulfate attack), it will be possible in the future to
develop mathematical models that predict the service life of
AAS-based structures exposed to sulfate-bearing environments.
Further research is also required to evaluate the impact of
sulfates on the permeability (and pore structure) of the binder.
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4. CONCLUSIONS
In this study, we investigated the impact of sulfate attack on the
phase stability, relative degree of Si/Al polymerization and local
atomic structure of a NaOH-activated slag by using X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spec-
troscopy and X-ray pair distribution function (PDF) analysis.
For all concentrations of Na2SO4 (1−10 wt %) and low
concentrations of MgSO4 and H2SO4 (1 wt %), relatively small
changes are seen to occur in the paste, in agreement with
existing literature, with minimal formation of ettringite and
gypsum. This is attributed to the relatively high pH levels
(∼11.5−12.7) existing in these samples (paste immersed in
sulfate solution) caused by slight leaching of OH− ions from
the pore solution of the paste. At higher MgSO4 and H2SO4
concentrations there is sufficient Mg2+ or H+ ions in the sample
to react with the leached OH− units causing a drop in the
overall pH. For the case of MgSO4, we propose that low
solubility brucite (Mg(OH)2) initially forms, but subsequently
reacts with the decalcified C−(N)−A−S−H gel to form a M−
(A)−S−H-type gel, explaining why no brucite was detected in
the experimental results. For concentrated H2SO4 solutions (5
and 10 wt %), the pH drops to even lower levels due to the
stronger neutralizing effect of H+, resulting in complete
destruction of the binder phases (and even unreacted slag at
the highest concentration studied) and formation of a silica-rich
gel for the 10 wt % sample and a (alumino)silica rich gel for the
5 wt % sample. This investigation highlights that the degree of
sulfate attack in a NaOH-activated slag paste is closely related
to the ability of the ions accompanying SO4

2− to regulate the
pH of the pore solution in the paste.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.7b11270.

Long-range X-ray PDF data, magnesium−silicate−
hydrate gel and silica gel, solution pH before and after
immersion of paste, estimation of the time to reach pH
equilibrium during sulfate exposure, FTIR spectroscopy,
simulated X-ray PDFs of crystalline phases, gypsum
contributions in sulfate-exposed samples, and impact of
water immersion on the phases in NaOH-activated slag
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*(C.E.W.) Telephone: +1 609 258 6263. Fax: +1 609 258
2799. E-mail: whitece@princeton.edu.
ORCID
Kai Gong: 0000-0002-5884-4607
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Science Foundation
under Grant No. 1362039. The authors would like to
acknowledge the use of the 11-ID-B beamline at the Advanced
Photon Source, an Office of Science User Facility operated for
the U.S. DOE Office of Science by Argonne National
Laboratory, under U.S. DOE Contract No. DE-AC02-
06CH11357. The authors also acknowledge the beamline

staff Mr. Kevin Beyer and Dr. Olaf Borkiewicz for their
assistance and guidance. The authors would like to thank Prof.
Andrew B. Bocarsly for providing access to the FTIR
instrument in the Frick Chemistry Laboratory at Princeton
University, Dr. Nishant Garg and Mr. Eric McCaslin for their
assistance during the synchrotron experiment, and Ms. Maya
Ravichandran and Mr. Kengran Yang for their assistance with
sample preparation.

■ REFERENCES
(1) Worrell, E.; Price, L.; Martin, N.; Hendriks, C.; Meida, L. O.
Carbon dioxide emissions from the global cement industry. Annu. Rev.
Energy Env. 2001, 26, 303−329.
(2) Provis, J. L.; Bernal, S. A. Geopolymers and related alkali-
activated materials. Annu. Rev. Mater. Res. 2014, 44, 299−327.
(3) Monteiro, P. J. M.; Miller, S. A.; Horvath, A. Towards sustainable
concrete. Nat. Mater. 2017, 16, 698−699.
(4) Bullard, J. W.; Jennings, H. M.; Livingston, R. A.; Nonat, A.;
Scherer, G. W.; Schweitzer, J. S.; Scrivener, K. L.; Thomas, J. J.
Mechanisms of cement hydration. Cem. Concr. Res. 2011, 41, 1208−
1223.
(5) Thomas, J. J.; Jennings, H. M.; Chen, J. J. Influence of nucleation
seeding on the hydration mechanisms of tricalcium silicate and
cement. J. Phys. Chem. C 2009, 113, 4327−4334.
(6) Komljenovic  , M. Mechanical strength and Young’s modulus of
alkali-activated cement-based binders. In Handbook of alkali-activated
cements, mortars, and concretes; Pacheco-Torgal, F., Labrincha, J. A.,
Leonelli, C., Palomo, A., Chindaprasirt, P., Eds.; Woodhead Publish-
ing: Cambridge, U.K., 2015; pp 171−217.
(7) Bernal, S. A.; Provis, J. L. Durability of alkali-activated materials:
Progress and perspectives. J. Am. Ceram. Soc. 2014, 97, 997−1008.
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