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ABSTRACT: Hybrid organic—inorganic binders based on blast furnace slag were produced using sodium (NaAc) or potassium
(KAc) acetate as the sole activator, and their properties were compared with those of sodium- or potassium hydroxide-activated slag
pastes. The acetate-activated binders showed significantly lower cumulative heat release and extended setting time (~230 h) than the
hydroxide-activated binders. The main reaction products forming in all binders were calcium aluminosilicate hydrate-type gels and a
hydrotalcite-like phase, independently of the activator type used. Compressive strengths of the acetate-activated pastes (~40 MPa at
180 days) were lower than those of the hydroxide-activated binders (~80 MPa at 180 days). However, the acetate-based binders
exhibited superior impermeability and reduced wettability at 28 days, likely due to hydrophobic acetate groups. It is hypothesized
that acetates dissociate in water, forming calcium acetate and alkali silicates via a reaction with species dissolving from the slag. This

study demonstrates alkali acetates are effective activators for creating hybrid slag-based binders with reduced permeability.

1. INTRODUCTION

The production of alkali-activated slag cements using sodium
hydroxide (abbreviated as NaOH) or sodium silicates
(abbreviated as Na,SiO;) (as well as potassium equivalents)
as alkaline activators has been extensively investigated due to
their potential for reducing the carbon footprint compared to
conventional Portland cements, when used to produce
different construction products (e.g., mortars, concrete).l’2
However, the high alkalinity of such activators is perceived as
one of the key limitations for their widespread use.” To address
this issue, researchers have explored different activating routes
including the use of near neutral salts such as sodium
carbonate (abbreviated as Na,CO,;)*° or sodium sulfate
(abbreviated as Na,SO,)° with demonstrated potential for
enhancing the durability of materials produced with them,
although their effectiveness can vary depending on slag
composition. Sodium aluminate (abbreviated as NaAlO,) has
also been used as a potential activator; it is known for
accelerating the setting time and early strength development,”
but its high cost and sensitivity to environmental conditions
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limit its widespread use. The use of calcium oxide (abbreviated
as Ca0)® and magnesium oxide (abbreviated as MgO)”' has
also been investigated, as the formation of calcium or
magnesium bearing phases can be promoted, contributing to
the mechanical strength development of slag-based cements.
However, their high reactivity can pose challenges in terms of
handling and workability of the pastes produced with them."'
This highlights the urgent need of developing studies exploring
alternative routes of activation to achieve a desirable
performance of end products, while finding practical solutions
that can be scaled up in future construction practices.

Over the past decades, there has been a growing interest in
developing hybrid organic—inorganic alkali-activated materials
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Table 1. Oxide Composition (wt %) of the GGBFS Measured by XRF*

chemical composition

$i0, ALO, Ca0 MgO K,0
36.30 9.70 43.85 6.28 0.3
“LOI is loss on ignition at 900 °C.

Na,O Fe,0, SO, TiO, LOI
026 037 148 0.59 0.87

with the aim of enhancing reactivity and/or mechanical
properties of these binders. The term “organic” is used here
to broadly refer to carbon-based substances (excluding simple
carbonates). These hybrid organic—inorganic materials com-
prise a conventional alkali-activated binder, an aluminosilicate
source plus an alkali activator (often sodium silicate), and
minor additions of organic substances. There are two main
rationales for designing hybrid organic—inorganic alkali-
activated binders: to enhance strength and toughness by filling
pores with an organic phase'” or to enhance hydrophobicity by
a combination of altering pore structure and/or the surface
chemistry."* The majority of studies in this area have centered
in evaluating uncalcined clay-,"*"® metakaolin-,"*'® or fly ash-
based'”'® geopolymers, and some of the organic substances
evaluated include epoxy resins,'® polyurethane waste,'”
melamine,”” and polyethylene glycol,”" among others.

Very limited studies on hybrid organic—inorganic alkali-
activated slag cements have been conducted. Xing et al.*
added 0.5% to 5% of polyacrylamides (CPAM), poly(vinyl
alcohol) (PVA), or poly(acrylic acid) (PAA) to sodium
silicate-activated slag binders and identified an increase in
flexural strength particularly when adding PVA. Chen et al.*”
evaluated the effect in the microstructure and performance of
alkali-activated slag cements of adding small quantities (0.4—
1% per gram of slag) of poly(ethylene glycol) (PEG),
polyacrylamide (PAM), and sodium polyacrylate (PAAS) to
sodium silicate activating solutions. In this study, a reduction
in the porosity and an increase in the touzghness of these
materials were identified. Ramaswamy et al.”* evaluated the
effect of different ligands (e.g, triethanolamine (TEA),
triisopropanolamine (TIPA), trisodium nitrilotriacetate
(NTA), tetra potassium pyrophosphate (TKPP), and 2,3-
dihydroxynapthalene (DHNP)) on sodium carbonate-acti-
vated slag cements. Results revealed that depending on the
type of ligand added, the pH of the pore solution increases,
accelerating the dissolution of Si and other metal ions from the
slag via complexation reactions, accelerating the reaction
kinetics and therefore the compressive strength development
of these cements.

Metal acetates are organic ionic salts made up of two
components: a metal cation and an acetate anion. They have
been used by the construction sector as deicing and anti-icing
agents, mainly for use on airfield pavements and bridge
decks.” Their advantage over conventional deicing salts is that
they do not contain chloride anions and hence reduce the risk
of chloride-induced corrosion of steel reinforcement.*® Sodium
acetate,25 potassium acetate,26 magnesium acetate,27 calcium
acetate,”” and calcium magnesium acetate®® have all been
investigated or used in practice as deicers. However, the
potential of metal acetates (especially potassium acetate) to
exacerbate the alkali—silica reaction in concrete has been a
subject of ongoing research.”® Potassium acetate has been
shown to increase the OH™ concentration in cement pore
solution through its reaction with Ca(OH), to form Ca acetate
and hence increase the solubility of Ca(OH),.”’ Although
there are several studies investigating the use of alkali metal

acetates in concrete, mainly to enhance impermeability,”” the
use of alkali metal acetates as the only source of alkalis to
manufacture alkali-activated slag cements has not yet been
explored. Alkali metal acetate solutions can provide sufficient
alkalinity for the precursors to dissolve and alkali cations for
charge-balancing reaction phases forming in the binder. Such
actions fulfill the requirements of an alkaline activator.’’
Therefore, it is hypothesized that metal acetates could form
suitable alkaline activating solutions when dissolved in water.

Thus, this study investigated the feasibility of producing
hybrid organic—inorganic blast furnace slag-based binders
using sodium acetate (abbreviated as NaAc) or potassium
acetate (abbreviated as KAc) solutions as sole activators.
Conventional sodium hydroxide- or potassium hydroxide-
activated slag cements were also produced as reference systems
to determine the effectiveness of the metal acetate solutions.
The reaction kinetics and phase assemblage evolution of the
binders produced were evaluated by applying multiple
analytical characterization techniques. Compressive strength,
porosity, and water contact angle (wettability) of the cements
produced were also determined.

2. MATERIALS AND METHODOLOGY

2.1. Materials. A commercial granulated blast furnace slag
(GBFS) was used as the precursor in this study, with an oxide
composition (Table 1) determined by X-ray fluorescence
(XRF) spectroscopy (Rigaku ZSX Primus II) using the fused
bead preparation method. The blast furnace slag had a specific
surface area of 125 m?/ g, determined by BET nitrogen
sorption analysis (Micromeritics Tristar), and its dg, was 10.75
um, measured by laser diffraction (Malvern Mastersizer 2000)
in a dispersant of isopropanol.

Sodium hydroxide (NaOH, Honeywell, 98%) as well as
potassium hydroxide (KOH, Honeywell, 98%) were employed
as benchmark activators. Commercial sodium acetate,
abbreviated as NaAc (anhydrous, Alfa Aesar, 99%), and
potassium acetate, abbreviated as KAc (anhydrous, Alfa Aesar,
99%), were used. Metal acetates are known to be highly
hygroscopic.” To ensure the dehydration of the metal acetate
prior to being used, the acetate was heated at 350 °C in air for
7 min. This temperature is deemed sufficiently high to achieve
dehydration of the hydrate phases but not high enough to
incur thermal decomposition. The treated acetates are referred
to as NaAc or KAc throughout the manuscript. The quantity of
acetates used to produce the activating solutions was
determined so that the equal number of moles of alkalis (i.e.,
Na*, K*) were supplied to the system by the acetate or
hydroxide activating solutions. The molality and composition
of the activating solutions are listed in Table 2.

2.2. Sample Preparation and Mix Design of the
Evaluated Binders. The slag-based pastes were prepared
with a constant water to solid (slag + solid activator) ratio of
0.3 and an activator amount of 4 wt % M,O (where M = Na or
K) with respect to the mass of the slag, in line with ref 33. The
activating solutions were prepared by dissolving the solid
activator in distilled water by using a stirrer plate to ensure

https://doi.org/10.1021/acsomega.4c04857
ACS Omega XXXX, XXX, XXX—-XXX


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Composition and Molality of the Activating
Solutions

alkali mass of solid  mass of distilled  molality (moles of alkali
source activator (g) water (g) source/kg of water)
NaOH 5.16 31.58 4.09

KOH 722 32.17 4.01

NaAc 10.58 33.17 3.89

KAc 8.34 32.50 2.62

complete dissolution of all solids. The dissolution of NaOH or
KOH pellets in distilled water causes an exothermic reaction. It
is essential for the alkaline solutions to cool to room
temperature to maintain consistent reactivity in subsequent
processes. Therefore, the solutions were prepared at least 2 h
prior to their use. Table 3 reports the mix design of the

Table 3. Mix Proportions of Produced Slag-Based Binders

sla M,0 activator water/solid water

activator ( g§ (wt %) (g) ratio (g)
NaOH 100 4 5.16 0.3 31.585
NaAc cast 100 4 10.58 0.3 33.17
KOH 100 4 7.22 0.3 32.17
KAc cast 100 4 8.34 0.3 32.50

evaluated binders. The pastes were produced by mixing slag
and the activating solution in a high-shear mixer for 3 min at
low speed (139 rpm), followed by 2 min at high speed (591
rpm). Then, pastes were cast in 15 mL centrifuge tubes, sealed,
and placed in a water bath at 20 °C for up to 180 days.

2.3. Characterization of Dried Acetates and Activat-
ing Solutions Produced with Them. The dried acetates
were characterized by X-ray diffraction (XRD) using a Bruker
D8 diffractometer to ensure the dehydration of the hydrate
phases prior to producing the activating solutions. The
radiation used was Cu Ka with a wavelength of 0.1541 nm
(40 kV). The 20 range evaluated was 5° to 45° with a step size
of 0.033° at a rate of 3 s/step at room temperature.

The pH values of solutions created by dissolving NaAc and
KAc after heat treatment into distilled water, as well as NaOH
and KOH solutions, were monitored at 5 min time intervals
using a pH meter (HACH HQ40D) up to 30 min to ensure all
the solids were fully dissolved.

2.4. Fresh State Properties of Pastes. The reaction
kinetics were evaluated by isothermal calorimetry by using a
TAM air calorimeter. For each mix, 9 g of fresh paste was
tested at 20 + 0.02 °C for 28 days. Reference samples were
composed of quartz and distilled water (9 g in total). The heat
release was normalized by the total mass of the paste.

The initial and final setting times were determined using a
Vicat apparatus, coupled with a 1.13 mm diameter needle,
according to BS EN 196-3:2016."* When nearing the initial
setting time, measurements were taken every minute, similarly
for the final setting time. The typical configuration of the Vicat
apparatus for measuring setting time, in which the paste sample
is immersed in water, is not suitable for alkali-activated pastes
because the submersion in water would lead to leaching of the
activator and hence affect the reaction kinetics. Instead, the
paste was placed in a fog room with high relative humidity
(>90%) at approximately 20 °C.

The flowability of freshly prepared workability of the alkali-
activated slag (AAS) pastes was determined by a mini-slump

test.”> The test apparatus consisted of a cylindrical container

(S cm in diameter and 10 cm in height) and a 2 X 2 cm?
square poly(methyl methacrylate) flat plate with markings.
Approximately 70 g of freshly mixed paste was used for each
measurement. For each mix design, three freshly prepared
batches of pastes were evaluated. The yield stress has
previously been quantitatively linked with the mini-slump
test.>° The yield stress (7)) of the binders assessed was
calculated according to eq 1,” considering the density of paste
p, the volume of the cone €, and the spread diameter R. g
represents the acceleration due to gravity, assumed to be 9.81
m/s%.

o 225pgQ°
° 1282°R° (1)

The density of every paste mix was calculated considering the
density of every component according to ref 37.

2.5. Phase Assemblage Evolution and Microstruc-
tural Analysis. The pastes were cured for 7, 28, 60, and 180
days in sealed containers in a water bath at 20 °C. After
different curing durations, the hardened pastes were manually
ground into powders until they passed through a 74 ym sieve
to obtain similar fineness prior to testing.

A Bruker D8 powder X-ray diffractometer (using Cu Ka
radiation, 4 = 0.1541 nm) operating at 40 kV was used to
collect diffraction patterns. The range evaluated was from 5° to
60° (20), using a step size of 0.033° (20) at a rate of 3 s/step.
All measurements were conducted at room temperature. The
HighScore software and the PDF-4+ 2023 ICDD database
were utilized for crystalline phase identification.

Mid-range Fourier transform infrared (FTIR) spectra were
collected using a PerkinElmer Spectrum 2 spectrometer with
an ATR attachment in the range of 400—4000 cm™' at a
resolution of 4 cm™ with a minimum of 16 scans per
measurement.

The solid-state °Si MAS NMR spectra of 180 day cured
samples were collected in a Bruker Avance III HD
spectrometer with a 400 MHz magnet (magnetic field: 9.4
T). Powder samples were packed in a zirconia rotor used in a 7
mm probe rotating at 6 kHz. Measurement conditions were a
79.5 MHz operating frequency, a 90° pulse of 5.5 s duration,
and a 40 s relaxation delay with at least 2048 scans collected
for each spectrum. The reference for the *°Si shifts was
tetramethylsilane (TMS). Conventional Q"(NAI) notation is
employed to describe Si bonding, where n denotes the number
of —O—Si “bridges” to the closest neighboring sites and N
indicates the number of Al next-nearest-neighbor sites.”®
Deconvolutions of the *°Si MAS NMR spectra were not
performed in the study due to the relatively low pH values of
the acetate-based activating solutions; therefore, congruent
dissolution of the slag cannot be assumed.

Scanning electron microscopy using a backscattered electron
(BSE) detector coupled with energy dispersive X-ray spec-
troscopy (EDS) was employed for studying the microstructural
and compositional variations in the cured pastes. Sections of
each cured paste specimen were impregnated with an epoxy
resin. SiC paper with grit sizes of P600, P1200, and P2500
were used for initial grinding of the exposed surface, followed
by a sequence of diamond pastes containing progressively
smaller particle sizes (6, 3, 1, and 0.25 pm) for the polishing
step. A Zeiss Evo 15 scanning electron microscope operating at
a voltage of 20 kV was used for image analysis. The samples
were evaluated after 180 days after being sputter coated with
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Figure 1. Cu Ka XRD patterns of (A) NaAc and (B) KAc. The word “cast” refers to samples after heat treatment.

gold. Element maps of calcium, aluminum, magnesium, sodium
or potassium, silicon, and carbon were collected.

2.6. Mechanical and Physical Characterization. Paste
samples were cast into 25 X 25X 25 mm’ molds for
compressive strength testing. Molds were sealed with plastic
wrap and cured in a fog room (95% relative humidity) for 7,
28, 60, and 180 days. An Instron 3382 instrument was
employed for the compressive strength measurements, using a
loading rate of 50 N/s, in line with BS EN 196-1:2016.>*

The pore size distribution of samples cured for 28 days was
determined by mercury intrusion porosimetry (MIP) using a
MicroActive AutoPore V 9600 Version 1.02 instrument. In this
study, cylindrical samples with an aspect ratio of 1:1 were cut
and then quartered. The small specimens were placed in a 60
mL beaker, covered with ethanol, and sealed for 5—6 h.
Samples were then placed in a vacuum desiccator before
testing for 1 week. A mass of 0.8—1 g was used per test using a
Penetrometer 11 with a S cc head size. Mercury was intruded
at a rate of 0.1—61 000 psi at 20 °C, and a contact angle was
set at 130°.

Water contact angle was measured to determine the
potential hydrophobicity or hydrophilicity of pastes cured for
28 and 180 days. Water contact angle refers to the angle that a
liquid interface meets a solid surface.’”” Disks 2 mm in
thickness were cut by using an Isomet high-precision saw. The
basal surfaces of each disk were polished by using SiC paper to
flatten the surface and reduce potential roughness induced by
cutting, which can influence the contact angle detected. After a
flat surface was obtained, the samples were kept in a vacuum
desiccator before testing. Images with contact angle values
were automatically collected by using a KSV instrument for
each water contact angle measurement. The released water
drop volume was 0.10 mL per measurement.

3. RESULTS AND DISCUSSIONS

3.1. Metal Acetate Activating Solutions. The XRD
patterns of NaAc and KAc, both in their as-received form and
after the initial heating step to remove any hydrate phases, are
shown in panels A and B of Figure 1, respectively. For both
NaAc and KAc, the heat treatment was successful at
dehydrating the hydrate phases present in the as-received
materials, with the anhydrous phases of sodium acetate
(powder diffraction file (PDF) #00-028-1029) and potassium
acetate (PDF #00-046-0898) remaining.

In KAc, an additional strong reflection was observed at
10.08° (26); the limited number of reference patterns for
potassium acetate meant this could not be identified with
confidence. At least two polymorphs of A'potassium acetate are
known to exist above room temperature; " the partial retention
of a higher-temperature polymorph after rapid cooling is
plausible.

Activating solutions were prepared by adding the as-received
hydroxide activators and dehydrated acetate activators to
distilled water (Table 2). The measured pH values up to 30
min are shown in Figure 2. The pH value of all the solutions

14
KOH

13

12
T
o

NaAc-cast
11
10
T T T
0 10 20 30
Time (min)

Figure 2. pH value of the activating solutions up to 30 min after
mixing.

became stable 30 min after mixing, indicating that dissolution
was complete. The ranking of pH values after 30 min, from
strongest to weakest, was KOH (14.0), NaOH (13.3), KAc
(13.0), and NaAc (11.8). The NaAc solution had the lowest
pH value, despite its molality being higher than the KAc
solution. This difference may arise from buffering reactions
induced by the dissolution of atmospheric carbon dioxide.*'
The alkaline pH of the acetate salts is advantageous to
promote alkali activation reactions by contributing hydroxide
ions to the solution, effectively elevating the alkalinity of the
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solution. Hydroxide ions, along with acetic acid, are igenemted
by a series of dissociation reactions (eqs 2 and 3).*' This, in
turn, can enhance the dissolution of silicate or aluminosilicate
present in the slag, which is a fundamental step in the alkali
activation reaction process.

CH;COONa = Na* + CH,COO )
CH,COO™ + H,0 = CH,COOH + OH~ 3)

The pH values of the NaAc and KAc solutions were both <1
unit lower than their respective hydroxide activating solutions.
The molality of the NaAc and KAc activating solutions was
3.89 and 2.62 mol/kg, respectively (Table 2). Considering that
the solubility limits of sodium acetate or potassium acetate
under standard temperature and pressure are 123.3 g/100 mL
and 268.6 g/100 mL, respectively,’” there is potential to
develop higher-concentration solutions of NaAc or KAc with
molality of up to 15.03 and 27.41 mol/kg. However, to
determine the effectiveness of these solutions in comparison
with conventional hydroxide-based ones, the molarity concen-
trations or amount of alkalis (Na* or K*) were dosed at values
consistent with current practice when producing alkali-
activated slag cements.

Nonetheless, it is important to note that highly alkaline
solutions are not essential for producing slag-based binders due
to the hydraulic nature of blast furnace slag. The activating
solution accelerates the rate of the slag reaction and provides
cations and anions that can influence the phase assemblage.*’
While the lower pH of the acetate activators may make them
unsuitable for pozzolanic aluminosilicate precursors (e.g.,
calcined clays), which require high pH for acceptable
dissolution rates, they can be acceptable for hydraulic
precursors (e.g., blast furnace slag).**

3.2. Reaction Kinetics and Fresh State Properties. An
initial heat release peak (<1 h) was observed in all isothermal
calorimetry curves (Figure 3), consistent with the wetting and
dissolution of slag.* In the hydroxide-activated pastes, the
induction period was followed by an acceleration period,
typically associated with the formation of reaction products,
most likely aluminum-substituted calcium silicate hydrates (C-
(A)-S-H)." The onset of acceleration occurred at approx-
imately 1 h in both hydroxide-activated slag pastes; the
corresponding exothermic peak centered is observed at 2.5 h in
the NaOH-activated slag and 2 h in the KOH-activated slag
binder. Beyond the time of maximum heat flow in the
acceleration period, the heat flow decreased to a low yet non-
negligible value, as seen in the continuing increase in the
cumulative heat curves (Figure 4). The features of the heat
curves of the hydroxide-activated slag cements are consistent
with those observed in previous studies.*’

In the NaAc-activated slag binder (Figure 3A), the induction
period was followed by an acceleration period with its peak
center at 2.5 h. The time of maximum heat release, associated
with the acceleration period, was similar to that of the NaOH-
activated slag binder but 2 orders of magnitude smaller (0.038
mW/g of paste) compared to the NaOH-activated binders (2.6
mW)/g of paste). A dormant period then occurred. After nearly
50 h, a second acceleration period began with a slow increase
in heat flow up to a maximum of 0.044 mW/g of paste at 228
h, after which heat flow slowly decreased.

In the KAc-activated slag binder (Figure 3B), no
acceleration period was observed within the first 5 h after
mixing, conversely to the NaAc binder, which exhibited a
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Figure 3. Heat release rate of AAS produced with different activators
including (A) NaOH and NaAc and (B) KOH and KAc (relative to
the mass of mixed paste). Time is after mixing time.

modest acceleration period within the first 5 h of reaction.
After a dormant period of approximately 40 h, an acceleration
period began with a slow increase in heat flow up to a
maximum of 0.07 mW/g of paste at 128 h, followed by a
decrease in heat flow. The time at which maximum heat flow
occurred in this delayed acceleration period was noticeably
earlier for KAc (128 h) compared to NaAc (228 h).
Nonetheless, this delayed acceleration period was a shared
feature of both acetate-activated slag binders.

The cumulative heat values (Figure 4) recorded for the
NaAc- or KAc-activated pastes (83.63 and 98.48 J/g of paste)
were significantly smaller than those recorded for the NaOH-
or KOH-based pastes (168.28 and 172.43 J/g of paste).

The lower pH of the acetate-based activators (Figure 2) may
have delayed the dissolution of the slag, consequently resulting
in a longer time to reach the critical concentration of ionic
species in solution to form reaction products.47 However, given
that the pH value of the KAc activating solution (13.2) was not
substantially lower than the pH of the KOH activating solution
(14.0), it is unlikely that a lower alkalinity alone explains the
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Figure 4. Cumulative heat of slag-based binders produced with
different activators; 800 h is equivalent to 33.3 days.

significant difference between the acetate- and hydroxide-
activated slag pastes. It is possible that acetate anions are
reacting with species released from the slag (i.e.,, Ca, Si, Al),
thus delaying the onset of supersaturation and hence hindering
the precipitation of reaction phase(s). These isothermal
calorimetry results indicate that the sequence of solution-
mediated reactions and dissolution of slag when using acetate-
based activators are different from what are known for
hydroxide-based activators. This is discussed in more detail
in section 3.6.

The setting times of the pastes evaluated are reported in
Table 4. The NaOH-activated binders had an initial setting

Table 4. Setting Time of Activated Slag Binders Produced
with Various Activators

activator type initial setting time (h) final setting time (h)

NaAc 3.0 230
NaOH 0.5 3

KOH 0.2 4.5
KAc 1S 129

time of <0.5 h, consistent with previous studies analyzing
samples produced with similar activators*®.*” The initial setting
times for the acetate-activated samples were much longer: 3 h
for the NaAc binder and 1.5 h for the KAc binder respectively.

The final setting times for NaOH- and KOH-activated
pastes were 3 and 4.5 h, respectively. The acetate-activated
samples both had far longer final setting times (>100 h) than
the hydroxide-activated samples. The final setting times align
closely with the time of maximum heat flow in the acceleration
period for each paste, as shown in Figure 3A,B. The long
setting time of the acetate-activated slag pastes may restrict
their use in some, but not all, applications.

The mini-slump spread diameters of activated slag pastes as
a function of water to binder (w/b) ratio are shown in Figure
S. The acetate-activated binders exhibited slightly higher
fluidity than the hydroxide-activated binders, independently
of the w/b ratio. At a w/b ratio of 0.3, the hydroxide slag
pastes had no fluidity, whereas the acetate slag pastes were
workable. Across both the hydroxide- and acetate-based
systems, the K-based activators yielded a slightly higher

Figure S. Effect of w/b ratio on mini-slump of alkali-activated slag
pastes produced with different activators. Results for NaOH- or
KOH-activated pastes with w/b = 0.3 are not reported, as the pastes
were not fluid.

fluidity than the respective Na-based activators. This is
consistent with previous measurements on the relative fluidity
of KOH-activated slag and NaOH-activated slag systems.*’
Figure 6 displays the calculated yield stress values of the
assessed activated slag pastes, calculated using eq 1. Yield stress
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Figure 6. Yield stress calculated from mini-slump test results of
activated slag binders as a function of the w/b ratio. Error bars
represent one standard deviation of three measurements.

values of the hydroxide-activated binders are consistent with
those reported by Tan et al.*® for other alkali-activated
cements, produced with the same activator dosage of 4 wt %
M,0 used in this study and a w/b ratio of 0.4. The acetate-
activated pastes exhibited a slightly lower yield stress compared
with the hydroxide-activated pastes at w/b ratios of 0.35 and
0.4.

3.3. Phase Assemblage Evolution. The X-ray diffraction
patterns of the binders produced with the hydroxide-based and
acetate-based activators are shown in Figure 7A—D. Gehlenite
(PDF #00-029-0285) was identified as the only crystalline
phase in the unreacted slag. In the NaOH-based system
(Figure 7A), two crystalline reaction products were identified:
a calcium silicate hydrate (PDF #029-0329) and a layered
double hydroxide with a hydrotalcite-type structure (PDF #01-
089-0460), independently of the curing age, consistent with
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Figure 7. Cu Ka XRD patterns of AAS produced with different activators of (A) NaOH, (B) NaAc, (C) KOH, and (D) KAc curing at various days

(relative to the mass of mixed paste).

previous studies." In the KOH-AAS system (Figure 7C), the
main crystalline reaction products were also a C-(A)-S-H-type
gel and hydrotalcite at all curing ages. In both hydroxide-based
binders, the main peak assigned to the C-(A)-S-H-type gels
(26 = 29.5°) became sharper and more intense at extended
curing durations, consistent with an ongoing slag reaction.”’

In the NaAc- and KAc-activated binders, the main reaction
product observed was a C-(A)-S-H-type gel (Figure 7B,D). In
both acetate-activated systems, the main peak assigned to the
C-(A)-S-H-type gels (20 = 29.5°) was visible only from 28
days of curing onward. For the NaAc-activated paste, a very
small amount of C-(A)-S-H is expected to have formed by 7
days of curing (ie., 168 h) since the maximum of the main
heat flow peak occurred at 9.5 days (i.e.,, 228 h) (Figure 3A); it
is therefore unsurprising that no C-(A)-S-H peak is visible in
its 7 day XRD pattern (Figure 7B). For the KAc-activated
paste, a higher intensity C-(A)-S-H is observed at 7 days (i.e.,
168 h), consistent with the maximum of the heat flow peak
occurring at ~5.3 days (i.e,, 128 h) (Figure 3B). However, the
cumulative heat released for both the acetate-activated pastes
by 168 h was significantly lower than that of the hydroxide-
activated pastes (Figure 4). These observations indicate that
the quantity of reaction products formed by 7 days in the
acetate-activated pastes was sufficient to result in final setting
(Table 4) but was too low to result in the formation of
crystalline C-(A)-S-H (Figure 7B,D); but by 28 days, when the
cumulative heat values of the acetate-activated pastes were
double than those at 7 days, semicrystalline C-(A)-S-H is
detectable in the XRD patterns.

The main basal reflection (003) of a hydrotalcite-type phase
(Ht) (at 20 ~ 11.5°) was observed at 180 days of curing in

both NaAc- or KAc-based binders, albeit with very weak
intensity. Layered double hydroxides can be poorly crystalline
in cementitious systems depending on their interlayer anion.>>
It is therefore plausible that hydrotalcite formed at curing times
earlier than 180 days but was not detectable by XRD. Minor
traces of vaterite (PDF #01-074-1867) were identified after 7
days of curing for both NaAc and KOH binders. The
occurrence of vaterite is most likely due to carbonation during
sample handling,> as this phase was only observed in 7 day
cured samples, and it does not seem to be directly linked to the
type of activator used.

In the NaAc-activated (Figure 7B) and KAc-activated
(Figure 7D) binders, no reflections corresponding to
crystalline sodium acetate or potassium acetate or their
hydrates (Figure 1) were observed in the diffractograms: this
indicates that these compounds had not precipitated during
the curing process. Despite the slower reaction kinetics of
acetate-activated binders compared with those of the
hydroxide ones, similar crystalline reaction products were
identified after 180 days of curing.

FTIR spectra were collected for curing times up to 180 days
(Figure 8A—D). These spectra can give information about the
formation and structural evolution of the C-(A)-S-H-type gels
formed and whether acetate groups were retained in the
system. Si—O—T asymmetric stretching bands in the range of
951—971 cm™ " were observed, with a distinctive line shape that
was narrower than the broad band from 800 to 1100 cm™" in
the slag, and were attributed to C-(A)-S-H-type gels.”* These
narrow Si—O—T bands associated with C-(A)-S-H-type gels
were clearly observed in the hydroxide-activated pastes’ spectra
at all ages (Figure 8A,C), but in the acetate-activated pastes,
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Figure 8. FTIR spectra of AAS produced with different activators of (A) NaOH, (B) NaAc, (C) KOH, and (D) KAc curing up to 180 days as a
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Figure 9. Si MAS NMR spectra of 180 day activated slag binders produced with (A) Na-based or (B) K-based activators.

they were only detectable at 28 days and beyond (Figure
8B,D). The absence of detectable absorption bands associated
with C-(A)-S-H-type gels at 7 days is consistent with the
similar observations on their XRD patterns (Figure 7B,D);
these data support the interpretation that sufficient C-(A)-S-H
was formed to achieve a final set before 7 days in the acetate-
activated pastes, but the amount of C-(A)-S-H was still
relatively small (in relation to the hydroxide-activated pastes).

A progressive shift in the asymmetric Si—O—T band
maximum to higher wavenumbers with increasing curing
times was observed for all systems. This phenomenon is
attributed to an increasing degree of polymerization in the C-

(A)-S-H-type gel over time.”> The deformation vibrations of
Si—O bonds,*® located approximately at 663—662 cm™,
exhibited no significant differences between hydroxide-
activated slag cements and acetate-activated slag cements.
The FTIR spectra indicate that the local bonding environ-
ments within the C-(A)-S-H-type gels are very similar at later
aging times (ie., 28 days and onward) when using hydroxide-
or acetate-based activators.

In hydroxide-activated binders, two bands associated with
stretching vibrations v[CO;]*” were identified, one in the
range of 1492—1498 cm™' and the other in the range of 1394—
1397 cm™'. These bands are typically attributed to
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Figure 10. BSE images of the evaluated AAS cements after 180 days of curing at different magnifications: (A) NaOH-AAS, (B) NaAc-AAS, (C)

KOH-AAS, and (D) KAc-AAS.

carbonates;*” the calcite present in the anhydrous slag is
expected to exhibit stretching vibrations v[CO;]*” in this
wavenumber range.’® In the acetate-activated slag binders,
bands were also present in the region of 1350—1500 cm™’,
albeit at different positions to the bands observed in the
hydroxide-activated samples: one band at 1418—1420 cm™!
and another at 1558—1563 cm™'. These two bands were

respectively assigned to symmetric and antisymmetric

stretching vibrations ©[CO,] and attributed to acetate group
anions.” Given that no characteristic peaks corresponding to
unreacted sodium or potassium acetates were observed in the
XRD patterns (Figure 7), it is possible that acetate groups have
adsorbed onto surface sites of the reaction products.

The structure and local chemical environments in the C-
(A)-S-H-type gel were expected to be similar for both the
hydroxide-activated and acetate-activated pastes at later aging
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Figure 11. EDS results for 180 day cured (A, C) Na-based and (B, D) K-based binders. Results correspond to 47 measurements conducted in the

main binding phase.

times, from the evidence of the XRD patterns (Figure 7) and
FTIR spectra (Figure 8). To investigate this further, *’Si MAS
NMR spectra were collected for the slag-based pastes after 180
days of curing (Figure 9). The spectra of NaOH- (Figure 9A)
and KOH-activated (Figure 9B) pastes were broadly similar;
three separate resonances could be clearly identified and were
assigned to Q' (84ps = =79 ppm), Q*(1Al) (Sops = —82 ppm),
and Q* (84 = —84 ppm), consistent with a C-(A)-S-H-type
gel.®” The shoulder between &, = —50 and —75 ppm
corresponds to the unreacted slag.*’

In both of the acetate-activated binders, only two peaks were
clearly resolved. A Q” resonance had very similar chemical shift
values to those of the respective hydroxide-activated pastes’
spectra. A broader peak with a center at approximately J,p,, =
—81 ppm was situated between the Q' and Q?*(1Al) resonance
positions in the respective hydroxide-activated pastes’ spectra.
This difference in spectral line shape between the hydroxide-
activated and acetate-activated slags in this study is similar to
previously reported spectral differences between sodium
hydroxide-activated slags and sodium silicate-activated
slags.”" Previous studies have interpreted this seeming single
peak in alkali-activated slags’ spectra as being composed of
separate, partly overlapping Q' and Q*(1Al) resonances.’’ ~**
Given that the activator anion type is known to affect the
structure of binder gels in alkali-activated slag cements,” it is
plausible that the presence of acetate groups resulted in slight
changes in the ordering of the silicate chains of the C-(A)-S-H-
type gels forming, compared to those formed in hydroxide-
activated slag.

3.4. Microstructure Features. Figure 10 displays BSE
images at two different magnifications of the activated binders

after 180 days of curing. Unreacted slag particles are
identifiable by their light gray color. Meanwhile, the medium
gray areas surrounding correspond to binding phases, primarily
comprising C-(A)-S-H-type gels along with secondary reaction
products of hydrotalcite-like phases and carbonates, as
identified from the XRD patterns (Figure 7).

No major differences were identified between samples; a
homogeneous and dense continuous matrix was observed in all
cases, independently of the type of activator used. A
comparable microstructure in the NaOH- and KOH-activated
binders is expected.”*®® Comparing the acetate-activated
binders to the hydroxide-activated binders, the cumulative
heat curves (Figure 4) and setting times (Table 4) indicated a
much lower degree of slag reaction in the acetate-activated
pastes at all curing times, consistent with the lower pH of the
activating solutions (Figure 2); therefore, a less dense
microstructure was therefore expected. However, neither
large pores nor a disconnected microstructure was identified
after 180 days; this can be explained by the ongoing reaction of
slag at extended curing durations, as shown by the positive
gradients of the alkali-activated pastes’ cumulative heat curves
beyond 28 days (Figure 4), which were in fact higher than
those of the hydroxide-activated pastes.

Results of the EDS analysis are listed in Figure 11. The Ca/
Si ratios in the Na-based activated binders varied significantly
when using NaOH or NaAc activators, being lower and more
homogeneous in the case of using NaAc (Figure 11A). A
comparable range of Al/Si ratios was detected for both
activator types. This confirms that Al substitution is happening
in the C-(A)-S-H-type gel forming in both systems, consistent
with the observations from the *Si MAS NMR results (Figure
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9). In K-based activated binders, no significant differences in
either Ca/Si or Al/Si ratio ranges were observed when using
hydroxide- or acetate-type activators. The Al/Si ratios were
below 0.8 across all pastes, in line with what has been
previously reported for C-(A)-S-H.°° The average Ca/Si and
Al/Si ratios are reported in Table 5.

Table 5. Ca/Si and Al/Si Atomic Ratios of 180 Day Cured
Activated Slag Binders as a Function of the Activator Type”

activator type Ca/Si ratio Al/Si ratio
NaOH 1.70 £ 0.30 0.31 + 0.06
NaAc 1.21 + 0.09 0.29 + 0.0S
KOH 1.30 + 0.12 0.29 + 0.04
KAc 1.21 £ 0.10 0.28 + 0.0S

“Values correspond to the average and one standard deviation of 47
measurements conducted in the main binding phase.

Figure 11C,D shows the correlation between Mg/Si and Al/
Si, providing robust evidence of the formation of a Mg—Al
layered double hydroxide (LDH) with a hydrotalcite-like
structure, as identified in other alkali-activated slag binders®”
and consistent with the XRD results (Figure 7). A more
pronounced scattering of the Mg/Al ratio was observed in the
Na-based activated slag binders, while the Mg/Al ratios of the
K-based activated binders were comparable. The XRD patterns
for 180 day cured samples clearly showed the formation of a
hydrotalcite-type phase in the hydroxide-activated slag binders
(Figure 7A,C), whereas much weaker peaks were attributed to
a hydrotalcite-type phase in the acetate-activated pastes’
patterns at 180 days (Figure 7 B,D). Collectively, these results
suggest that the formation of a Mg—Al LDH is still happening
in the presence of an acetate-type activator but with a poorly
crystalline structure.

Elemental map analysis of NaOH-based slag binders is
shown in Figure 12, where enriched Ca regions, consistent
with the unreacted slag particles, and a homogeneous
distribution of Ca throughout the binding phase, consistent
with the formation of a C-(A)-S-H-type gel, can be observed.
Al, Si, and Mg are also enriched in the unreacted slag particles,
and the Al and Si distributions in the samples seem to follow a
similar trend to that observed in the Ca maps. Of interest,

discrete Na-rich regions consistent with fully reacted slag
particles were identified. In those regions, Al or Mg were not
clearly identified, which might suggest that Na is chemically
bonded to a Ca- and Si-rich phase, consistent with a C-(N)-A-
S-H-type gel typically identified in alkali-activated slag
cements.”®

Similar to the NaOH-activated binders, when using a NaAc
activator (Figure 13), Ca-, Si-, Al, and Mgrich regions
corresponding to the unreacted slag particles are observed. In
this case, a distinctive rim around some of the large slag
particles (dark gray) are observed, which are rich in Mg and Al
consistent with the formation of hydrotalcite phases, as
observed in other NaAc-activated slag systems.”” In this case,
a more homogeneous distribution of Na is observed in the
binding phase; however, a discrete Na-rich particle was
observed where no Ca, Si, or Mg were present. The C map
does not show any enriched intensity in the region where the
Na-rich particle was observed; therefore, it is unlikely that this
corresponds to unreacted NaAc. For alkali-activated slag
cements, it has been hypothesized that depending on the
activator type (particularly when using sodium silicate), the
formation of a N-A-S-H-type gel is possible at extended curing
ages.” The results suggest that when using an acetate-type
activator at advanced curing ages, preferential formation of this
phase might be happening.

The elemental maps for a KAc-based binder are shown in
Figure 14, where regions rich in K and C can be clearly seen
around unreacted slag particles without Ca, Si, Al, or Mg. This
suggests the precipitation of KAc. However, no reflections of
crystalline KAc were identified by XRD (Figure 7D) in these
samples, suggesting that any KAc precipitating on the surface
of the slag particles is poorly crystalline.

3.5. Compressive Strength and Porosity. Figure 15
shows the compressive strength evolution of paste cubes up to
180 days of curing. In the case of the acetate-activated binders,
it was not possible to record compressive strength values
before 7 days of curing, as the samples did not harden before
this age, consistent with the delayed reaction identified by
isothermal calorimetry (Figure 3) and setting times (Table 4).
After 28 days of curing, all samples had hardened. The 28 day
strengths of the samples activated with NaAc (25.3 MPa) and
KAc (19.0 MPa) were lower than those of the samples

x BSE

Figure 12. BSE and EDS elemental maps of 180 day cured NaOH-activated slag paste.
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.

Figure 13. BSE and EDS elemental maps of 180 day cured NaAc-activated slag paste. The Na-rich particle is circled in the Na map, showing

potential formation of N-A-S-H.

i

Figure 14. BSE and EDS elemental maps of 180 day cured KAc-activated slag paste. K-rich and C-rich regions are circled in the K and C maps to

show precipitation of amorphous KAc.
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Figure 15. Compressive strength of slag-based pastes as a function of
activator type and curing age.

activated using NaOH (45.1 MPa) and KOH (39.3 MPa).
Considering the comparable microstructures of the acetate-

activated pastes compared to the hydroxide-activated pastes at
180 days (Figure 10), it might be expected that the
compressive strengths of all pastes would be similar at 180
days. However, at all curing durations, the strengths of the
acetate-activated pastes were significantly lower than those of
the hydroxide-activated materials. This suggests that other
factors caused the lower compressive strength of the acetate-
activated pastes. A steady strength gain was observed in the
acetate-activated pastes from 28 to 180 days. This indicates
that the reaction of the slag in acetate-activated systems
continued beyond 28 days, as suggested by the cumulative heat
curves (Figure 4). The compressive strength values achieved in
the acetate-activated pastes are sufficiently high for producing
grouts, blocks, or paver.

Compressive strength development is not only influenced by
the phase assemblages of a cementitious matrix; it can also be
affected by the pore structure. Figure 16A,B shows mercury
intrusion porosimetry results for the 28 day cured AAS pastes.
Unlike the 28 day strength results, there was not a clear and
consistent difference between acetate-activated and hydroxide-
activated pastes: the NaAc-activated binder exhibited a lower
cumulative intrusion volume compared to the NaOH-activated
slag, while the KAc-activated binder exhibited a higher
cumulative porosity volume compared to the KOH-activated
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Figure 16. Pore size distribution of alkali-activated slag pastes at 28 days as a function of different activators. (A) Differential pore volume and (B)

cumulative pore volume.

slag (Figure 16B). Previous research on hybrid organic—
inorganic alkali-activated slag cements found that the presence
of an organic phase in the cured samples’ microstructure
reduced the total porosity and shifted the pore distribution to
.23 .

smaller sizes;™” such an effect was not seen in these acetate-
activated systems.

The porosity distributions were classified into size categories
of <10 nm, 10—100 nm (i.e,, micropore range), and >100 nm

; 70 (g .\

(i.e., macropore range)’” (Figure 17), and the critical pore

ranges (Figure 17). The proportion of macropores (i.e., >100
nm) was highest for the pastes activated with NaOH (4 vol %)
and KAc (13 vol %); these pastes also had the highest total
porosity (14.0 and 14.8 vol %, respectively) (Table 6). The
critical pore size corresponds to the maximum value observed
in the differential distribution curves, as well as the pore size
occurring in the highest frequency in the interconnected
pores.” A comparable critical pore size of 9—10 nm is
identified in all the activated binding pastes except for the
KOH-activated paste, which had a lower critical pore size of 4
nm (Table 6). However, ultimately, there were no clear and
consistent differences between the porosity characteristics of
the acetate-activated and hydroxide-activated pastes. There
does not seem to be a clear correlation between the pore
structure of the binders produced and the compressive
strength developed after 28 days of curing.

Further studies are required to determine the degree of slag
reaction, the nanostructure features of the reaction products
forming, and the pore structure determined via nondestructive
techniques in order to elucidate the factors controlling the
acetate-activated slag binders’ performance.

3.6. Wettability of Activated Slag Pastes. Water contact
angle measurements give an indication of affinity between a
solid surface and surface water: a smaller contact angle
represents better surface wettability.”> Figure 18 shows

120
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Figure 17. Pore size fraction of 28 day cured alkali-activated slag
binders as a function of the activator type.

entry size diameter and total porosity values for each sample
are listed in Table 6. The >100 nm pore size range made up
the smallest proportion of pores (<13 vol %) across all
samples, whereas there was much more variation for the 10—
100 nm (16—71 vol %) and <100 nm (26—82 vol %) pore size

Table 6. Critical Pore Diameter and Total Porosity of 28
Day Activated Slag Cement Pastes

paste type critical pore size diameter (nm)  total porosity (vol %)
NaOH-AAS 10 14.0
NaAc-AAS 9 8.5
KOH-AAS 4 10.9
KAc-AAS 9 14.8

A B

e P

C D

¥ “”-

Figure 18. Photographs showing contact angle in 180 day cured slag
cements produced with (A) NaOH-, (B) NaAc-, (C) KOH-, and (D)
KAc-based activators.
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photographs showing the water contact angle in different 180
day alkali-activated binders, with the values of the contact
angles reported in Table 7. After 28 days of curing, the water

Table 7. Average Contact Angle of Activated Slag Cement
Pastes as a Function of Activator Type and Curing Age”

curing age (days)

activator type 28 180
NaOH - 34.33° + 0.14°
NaAc 44.21° + 0.01° 43.09° + 0.11°
KOH - 42.17° + 0.01°
KAc 49.95° + 0.07° 46.12° + 0.02°

“Error corresponds to one standard deviation of two measurements.

contact angle could not be obtained for the NaOH- or KOH-
activated pastes, as the water completely covered the surface,
indicating perfect wetting and/or water absorption of these
materials. Conversely, for the acetate-activated binder, a clear
water contact angle was observed at 28 days, indicating less
hydrophilicity than the hydroxide-activated pastes. At 180 days
of curing, a water contact angle could be obtained for all of the
evaluated activated slag cements. NaAc-activated pastes
exhibited a slightly higher contact angle than NaOH-activated
pastes, indicating that using NaAc leads to a slightly lower
hydrophilicity. Similarly, using a KAc activator leads to a
slightly higher contact angle than when using KOH.

This approach for attempting to enhance hydrophobicity
can be classified as “integral mixing”, as the hydrophobic agent
is mixed within the cement paste, rather than applying a
surface-based treatment only.”” A two-way mechanism for the
enhanced impermeability from sodium acetate addition was
proposed in previous studies: first, precipitation of sodium
acetate in pores helped to densify the microstructure; second,
the bonding of organic functional groups with silicon atoms in
the C-S-H gel gave a greater hydrophobic character to the
microstructure.”””> However, for the activated slag samples in
this study, the densification part of the previously proposed
mechanism is not applicable. As shown in Table 6, the acetate-

porosities of the four samples evaluated at 28 days. Yet, the
acetate-activated pastes exhibited less hydrophilicity at 28 days,
whereas the hydroxide-activated pastes were sufliciently
hydrophilic that a contact angle could not be successfully
measured. The second part of the previously g)roposed
mechanism around hydrophobic functional groups’® is more
plausible for these systems. The activator anion type is the only
variable that matches the trends observed for the contact angle
values. It is plausible that increased hydrophobicity can be
achieved through surface functional groups in alkali-activated
systems as well as Portland cement-based systems (which have
been the focus of most previous studies). The addition of
sodium methyl silicate to a sodium hydroxide- and sodium
silicate-activated metakaolin geopolymer achieved highly
hydrophobic behavior; this was attributed to the presence of
alkyl surface groups on the N-A-S-H gel."” The FTIR spectra
(Figure 8) suggest that it is likely that acetate groups are still
present in the acetate-activated slag at 28 days of curing, and
the BSE-EDS results for the KAc-activated paste at 180 days
(Figure 14) support this interpretation. Changes in the
hydrophilicity of the binder would need to occur at the
solid—liquid interface. Given that acetate anions are not
consumed (or at least not fully consumed) in the formation of
C-(A)-S-H-type gels, it is plausible that interactions between
the C-(A)-S-H-type gel and acetate anions in pore solution
may be occurring during the curing process.

Therefore, the decreased wettability in these acetate-
activated slag pastes was attributed solely to the hydrophobic
effect of acetate functional groups with no consistent pore
densification effects observed. This behavior is distinct from
previous studies using alkali acetate as an impermeability
enhancing agent, in which increased hydrophobicity is
attributed to both pore densification and the hydrophobic
effect of acetate functional groups.”””> This difference is
attributed to the fact that in this study, sodium acetate is used
as the activator and is partly consumed in the formation of
binder phases, whereas in the conventional use of sodium
acetate as an additive, it is not consumed in product phase
formation and instead precipitates out of solution within the

activated binders present the lowest and highest total pores.” "
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Figure 19. Schematic diagram illustrating the proposed reaction mechanism of alkali acetate-activated slag pastes.
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3.7. Proposed Reaction Mechanism of Alkali Acetate-
Activated Slag Cements. Figure 19 illustrates the proposed
reaction process in alkali metal acetate-activated slag cements.
The dissociation of NaAc in solution, as represented in eqs 2
and 3, produces OH™ ions that aid the dissolution of different
species from the slag as the reaction progresses. The Ca*" ions
released from the dissolved slag are likely to react with the
CH,COOQO™ ions dissociated from NaAc in the solution,
resulting in the formation of calcium acetate, along with
sodium silicate, as depicted in eq 4 below. The formation of
aqueous calcium acetate complexes has previously been found
to occur when potassium acetate is used as a deicing agent in
Portland cement pastes, in which Ca** cations from portlandite
dissolution form complexes with acetate anions in solution.””

CaSiO, + 2CH,COONa — Ca(CH,COO), + Na,SiO,
(4)

The formation of sodium silicate, which is a conventional
activator used for producing alkali-activated cements, will favor
the continued dissolution of slag, and a competitive reaction
toward the formation of calcium acetate via a complexation
with precipitation of C-(A)-S-H-type gels is likely to take place.
The C-(A)-S-H-type gels formed in the acetate-activated
pastes indeed exhibited similarities with those formed in
sodium silicate-activated slags, in terms of the *’Si MAS NMR
spectral line shape®' (Figure 9) and the slightly lower Ca/Si
ratio compared to those of the hydroxide-activated slags®>””
(Figure 11).

At early times of reaction, it is also likely that any C-(A)-S-H
precipitating reacts with the sodium acetate in solution (as per
eq 4), consequently driving the preferential formation of
calcium acetate until the CH;COO™ ions are depleted. This
phenomenon might explain the longer induction period
observed in the calorimetry results of NaAc/KAc-AAS. A
substantial delay before the occurrence of maximum heat flow
of the main hydration peak has also been observed when using
weak sodium silicate activators,”® albeit less extreme than the
durations seen here (Figure 3). There are similarities with the
proposed mechanism for sodium oxalate (Na,C,0,) activation
of basic oxygen furnace steel slag, in which dissociated oxalate
anions in solution bond with Ca®* cations leached from the
slag to form calcium oxalate.”

Calcium acetate is highly hygroscopic and readily forms
hydrates. From a previous study on calcium acetate hydrate
and calcium acetate hemihydrate,® their most intense XRD
peak is at ~9° (20), thermal decomposition occurs at ~390
°C, and they exhibit two groups of overlapping resonances in
their FTIR spectra between 1350 and 1600 °C. None of these
key features were identified in the acetate-activated binders
produced here. Hence, it is plausible that acetate groups are
bound to the C-(A)-S-H and/or Mg—Al LDH, which could
explain the structural changes and compositions identified in
these reaction products as a function of the activator type.

Testing this hypothesized reaction mechanism would require
detailed investigation of the pore solution at different aging
times, which could confirm whether calcium acetate and
sodium silicate are forming as intermediary compounds in
solution. The lower pH of the NaAc activating solution
compared to that of the KAc activating solution (Figure 2) is a
straightforward explanation for the slower reaction kinetics of
the NaAc-activated slag pastes compared to those of the KAc-
activated pastes (Figure 3, Table 4). However, the multistep
nature of the proposed reaction mechanisms means it is

necessary to understand various potential influences on
solution speciation: for example, differences in solubility®
and dissociation constants®' between KAc and NaAc and the
effect of buffering reactions induced by the dissolution of
atmospheric carbon dioxide.”' Nonetheless, on the basis of the
experimental evidence available so far, the proposed mecha-
nism is the simplest and most plausible mechanism to explain
the reaction kinetics and phase assemblage formation of alkali
acetate-activated slags.

4. CONCLUSIONS

The feasibility of using NaAc and KAc to produce hybrid
organic—inorganic slag-based binders was evaluated, and the
properties of the resulting binders were determined. Acetate-
activated slag cements exhibited a much longer induction
period in the initial hours after mixing. Consequently, the
initial setting times (up to 3 h) and final setting times (up to
230 h) were longer compared with those of NaOH- or KOH-
activated slag binders.

The main reaction products identified in acetate-activated
slag cements were C-(A)-S-H-type gels and layered double
hydroxide (LDH)-type phases, with no significant differences
in the types of reaction products between acetate- and
hydroxide-based binders. However, XRD analysis showed
variations in peak intensities, indicating differences in reaction
kinetics and the time of hydrotalcite phase formation, which
appeared much later in acetate-activated binders (180 days)
compared to hydroxide-activated binders (7 days). **Si MAS
NMR spectroscopy suggested slight microstructure changes in
C-(A)-S-H-type gels when using acetate activators compared
with hydroxide-activated pastes, consistent with the slight
chemical composition variations in C-(A)-S-H-type gels
identified by BSE-EDS analysis. Significant differences were
noted in the LDH with different Mg/Al ratios, especially with
KAc activators. Further studies are needed to analyze the
degree of Al substitution in C-(A)-S-H and the degree of slag
reaction depending on the activator type to elucidate structural
changes induced by acetate activators.

The compressive strength of hydroxide-activated binders
was consistently higher than that of acetate-activated pastes at
all curing ages, up to 180 days. Water contact angle
measurements were higher for acetate-activated binders up to
49.95° + 0.07°, indicating greater impermeability, likely due to
the hydrophobic nature of acetate ions intermixed with
reaction products.

These results suggest that alkali acetates can serve as
effective activators for slag-based cements, promoting the
development of microstructures and phase assemblages similar
to those of hydroxide-activated cements. However, optimizing
acetate-activated binders is necessary to enhance reaction
kinetics and compressive strength, potentially by blending with
conventional alkaline activators. The reduced hydrophilicity of
alkali acetate-activated binders makes them attractive for
applications requiring moderate strength and reduced perme-

ability.

B ASSOCIATED CONTENT

Data Availability Statement

The database of the results reported in this study is available at
https://doi.org/10.5518/1548.

https://doi.org/10.1021/acsomega.4c04857
ACS Omega XXXX, XXX, XXX—-XXX


https://doi.org/10.5518/1548
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

B AUTHOR INFORMATION

Corresponding Author
Susan A. Bernal — School of Civil Engineering, University of
Leeds, Leeds LS2 9] T, United Kingdom; ® orcid.org/0000-
0002-9647-3106; Email: s.a.bernallopez@leeds.ac.uk

Authors

Yuyan Huang — School of Civil Engineering, University of
Leeds, Leeds LS2 9] T, United Kingdom; ® orcid.org/0009-
0004-6429-7189

Alastair T. M. Marsh — School of Civil Engineering, University
of Leeds, Leeds LS2 9]T, United Kingdom

Zengliang Yue — School of Civil Engineering, University of
Leeds, Leeds LS2 9JT, United Kingdom

Sreejith Krishnan — School of Civil Engineering, University of
Leeds, Leeds LS2 9] T, United Kingdom; Department of Civil
and Infrastructure Engineering, Indian Institute of
Technology Jodhpur, Jodhpur 342011, India

Samuel Adu-Amankwah — School of Civil Engineering,
University of Leeds, Leeds LS2 9] T, United Kingdom; School
of Engineering and Applied Science, Aston University,
Birmingham B4 7ET, United Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c04857

Author Contributions

Y.H.: Methodology, Investigation, Data curation, Formal
analysis, Validation, and Writing—original draft. A.T.M.M.:
Methodology, Supervision, and Writing—review and editing.
ZY.: Data curation and Writing—review and editing. S.K.:
Data curation and Writing—review and editing. S.A.-A.:
Supervision and Writing—review and editing. S.A.B.: Con-
ceptualization, Supervision, Funding acquisition, Project
administration, and Writing—review and editing.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This study was sponsored by the UK Engineering and Physical
Sciences Research Council (EPSRC) via the Early Career
Fellowship EP/R001642/1. Y.H. is grateful to the University of
Leeds and the China Scholarship Council for sponsoring her
Ph.D. studies via scholarship no. 201906260625. The SEM
analysis was conducted at the UKCRIC National Centre for
Infrastructure Materials at the University of Leeds, grant EP/
P017169/1. Stuart King is greatly acknowledged for the
training in SEM sample preparation.

B REFERENCES

(1) Bernal, S.; Provis, J.; Fernindez-Jiménez, A.; Krivenko, P.;
Kavalerova, E.; Palacios, M.; Shi, C. Binder chemistry - High-calcium
alkali-activated materials. In Alkali Activated Materials; Springer, 2014;
p 59-91..

(2) Provis, J. L; Bernal, S. A. Geopolymers and related alkali-
activated materials. Annu. Rev. Mater. Res. 2014, 44, 299—327.

(3) Provis, J. L. Alkali-activated materials. Cem. Concr. Res. 2018,
114, 40—48.

(4) Kovtun, M.; Kearsley, E. P.; Shekhovtsova, J. Chemical
acceleration of a neutral granulated blast-furnace slag activated by
sodium carbonate. Cem. Concr. Res. 2015, 72, 1-9.

(5) Ellis, K. Mechanical, environmental and economic feasibility
analysis of sodium carbonate activated blast furnace slag. Master of
Science Thesis, Rochester Institute of Technology, 2015.

(6) Adesina, A.; Rodrigue Kaze, C. Physico-mechanical and
microstructural properties of sodium sulfate activated materials: A
review. Construction and Building Materials 2021, 295, 123668.

(7) Luukkonen, T.; Abdollahnejad, Z.; Yliniemi, J.; Kinnunen, P.;
Illikainen, M. One-part alkali-activated materials: A review. Cem.
Concr. Res. 2018, 103, 21—34.

(8) Kim, M. S.; Jun, Y.; Lee, C.; Oh, J. E. Use of CaO as an activator
for producing a price-competitive non-cement structural binder using
ground granulated blast furnace slag. Cem. Concr. Res. 2013, 54, 208—
214.

(9) He, J.; Zheng, W.; Bai, W,; Hu, T.; He, J.; Song, X. Effect of
reactive MgO on hydration and properties of alkali-activated slag
pastes with different activators. Construction and Building Materials
2021, 271, 121608.

(10) Jin, F,; Gu, K; Al-Tabbaa, A. Strength and drying shrinkage of
reactive MgO modified alkali-activated slag paste. Construction and
Building Materials 2014, 51, 395—404.

(11) Gu, K; Jin, F.; Al-Tabbaa, A.; Shi, B,; Liu, J. Mechanical and
hydration properties of ground granulated blastfurnace slag pastes
activated with MgO—CaO mixtures. Construction and Building
Materials 2014, 69, 101—108.

(12) Ferone, C.; Roviello, G.; Colangelo, F.; Cioffi, R;; Tarallo, O.
Novel hybrid organic-geopolymer materials. Appl. Clay Sci. 2013, 73,
42-50.

(13) Ruan, S.; Chen, S.; Zhang, Y.; Mao, J.; Yan, D,; Liu, Y.; Liu, X,;
Hosono, H. Molecular-level hybridized hydrophobic geopolymer
ceramics for corrosion protection. Chem. Mater. 2023, 35, 1735—
1744.

(14) Zhang, S.; Gong, K; Lu, J. Novel modification method for
inorganic geopolymer by using water soluble organic polymers. Mater.
Lett. 2004, S8, 1292—1296.

(15) dos Reis, G. S.; Lima, E. C.; Sampaio, C. H.; Rodembusch, F.
S.; Petter, C. O.; Cazacliu, B. G.; Dotto, G. L.; Hidalgo, G. E. N.
Novel kaolin/polysiloxane based organic-inorganic hybrid materials:
Sol-gel synthesis, characterization and photocatalytic properties.
Journal of Solid State Chemistry France 2018, 260, 106—116.

(16) Colangelo, F.; Roviello, G.; Ricciotti, L.; Ferone, C.; Cioffi, R.
Preparation and characterization of new geopolymer-epoxy resin
hybrid mortars. Materials 2013, 6, 2989—3006.

(17) Roviello, G.; Ricciotti, L.; Molino, A. J.; Menna, C.; Ferone, C.;
Asprone, D.; Cioffi, R,; Ferrandiz-Mas, V.; Russo, P.; Tarallo, O.
Hybrid fly ash-based geopolymeric foams: microstructural, thermal
and mechanical properties. Materials 2020, 13, 2919.

(18) Roviello, G.; Ricciotti, L.; Molino, A.J.; Menna, C.; Ferone, C.;
Cioffi, R; Tarallo, O. Hybrid geopolymers from fly ash and
polysiloxanes. Molecules 2019, 24, 3510.

(19) Bergamonti, L.; Taurino, R.; Cattani, L.; Ferretti, D.; Bondioli,
F. Lightweight hybrid organic-inorganic geopolymers obtained using
polyurethane waste. Construction and Building Materials 2018, 185,
285—292.

(20) Roviello, G.; Ricciotti, L.; Ferone, C.; Colangelo, F.; Tarallo, O.
Fire resistant melamine based organic-geopolymer hybrid composites.
Cement and Concrete Composites 2015, 59, 89—99.

(21) Catauro, M.; Papale, F.; Lamanna, G.; Bollino, F. Geopolymer/
PEG hybrid materials synthesis and investigation of the polymer
influence on microstructure and mechanical behavior. Mater. Res.
2015, 18, 698.

(22) Xing, X; Xu, W,; Zhang, G; Wen, X. The Mechanical
performance and reaction mechanism of slag-based organic—inorganic
composite geopolymers. Materials 2024, 17, 734.

(23) Chen, X; Zhu, G.; Zhou, M; Wang, J.; Chen, Q. Effect of
organic polymers on the properties of slag-based geopolymers.
Construction and Building Materials 2018, 167, 216—224.

(24) Ramaswamy, R.; Illikainen, M.; Yliniemi, J. Influence of ligands
as chemical admixtures in the early hydration of sodium carbonate-
activated blast furnace slag. Construction and Building Materials 2024,
422, 135753.

https://doi.org/10.1021/acsomega.4c04857
ACS Omega XXXX, XXX, XXX—-XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susan+A.+Bernal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9647-3106
https://orcid.org/0000-0002-9647-3106
mailto:s.a.bernallopez@leeds.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuyan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0004-6429-7189
https://orcid.org/0009-0004-6429-7189
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alastair+T.+M.+Marsh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zengliang+Yue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sreejith+Krishnan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+Adu-Amankwah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04857?ref=pdf
https://doi.org/10.1007/978-94-007-7672-2_3
https://doi.org/10.1007/978-94-007-7672-2_3
https://doi.org/10.1146/annurev-matsci-070813-113515
https://doi.org/10.1146/annurev-matsci-070813-113515
https://doi.org/10.1016/j.cemconres.2017.02.009
https://doi.org/10.1016/j.cemconres.2015.02.014
https://doi.org/10.1016/j.cemconres.2015.02.014
https://doi.org/10.1016/j.cemconres.2015.02.014
https://doi.org/10.1016/j.conbuildmat.2021.123668
https://doi.org/10.1016/j.conbuildmat.2021.123668
https://doi.org/10.1016/j.conbuildmat.2021.123668
https://doi.org/10.1016/j.cemconres.2017.10.001
https://doi.org/10.1016/j.cemconres.2013.09.011
https://doi.org/10.1016/j.cemconres.2013.09.011
https://doi.org/10.1016/j.cemconres.2013.09.011
https://doi.org/10.1016/j.conbuildmat.2020.121608
https://doi.org/10.1016/j.conbuildmat.2020.121608
https://doi.org/10.1016/j.conbuildmat.2020.121608
https://doi.org/10.1016/j.conbuildmat.2013.10.081
https://doi.org/10.1016/j.conbuildmat.2013.10.081
https://doi.org/10.1016/j.conbuildmat.2014.07.032
https://doi.org/10.1016/j.conbuildmat.2014.07.032
https://doi.org/10.1016/j.conbuildmat.2014.07.032
https://doi.org/10.1016/j.clay.2012.11.001
https://doi.org/10.1021/acs.chemmater.2c03522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c03522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matlet.2003.07.051
https://doi.org/10.1016/j.matlet.2003.07.051
https://doi.org/10.1016/j.jssc.2018.01.028
https://doi.org/10.1016/j.jssc.2018.01.028
https://doi.org/10.3390/ma6072989
https://doi.org/10.3390/ma6072989
https://doi.org/10.3390/ma13132919
https://doi.org/10.3390/ma13132919
https://doi.org/10.3390/molecules24193510
https://doi.org/10.3390/molecules24193510
https://doi.org/10.1016/j.conbuildmat.2018.07.006
https://doi.org/10.1016/j.conbuildmat.2018.07.006
https://doi.org/10.1016/j.cemconcomp.2015.03.007
https://doi.org/10.1590/1516-1439.342814
https://doi.org/10.1590/1516-1439.342814
https://doi.org/10.1590/1516-1439.342814
https://doi.org/10.3390/ma17030734
https://doi.org/10.3390/ma17030734
https://doi.org/10.3390/ma17030734
https://doi.org/10.1016/j.conbuildmat.2018.02.031
https://doi.org/10.1016/j.conbuildmat.2018.02.031
https://doi.org/10.1016/j.conbuildmat.2024.135753
https://doi.org/10.1016/j.conbuildmat.2024.135753
https://doi.org/10.1016/j.conbuildmat.2024.135753
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(25) Kotwica, L; Malich, M. Alkali-silica reaction in calcium
aluminate cement mortars induced by deicing salts solutions. Road
Materials and Pavement Design 2021, 1707.

(26) Terry, L. G,; Conaway, K; Rebar, J; Graettinger, A. J.
Alternative deicers for winter road maintenance - A review. Water, Air,
& Soil Pollution 2020, 231, 394.

(27) Kaladharan, G.; Szeles, T.; Stoffels, S. M.; Rajabipour, F. Novel
admixtures for mitigation of alkali-silica reaction in concrete. Cement
and Concrete Composites 2021, 120, 104028.

(28) Rajabipour, F.; Giannini, E.; Dunant, C.; Ideker, J. H.; Thomas,
M. D. A. Alkali—silica reaction: Current understanding of the reaction
mechanisms and the knowledge gaps. Cem. Concr. Res. 2015, 76, 130—
146.

(29) Giebson, C.; Seyfarth, K; Stark, J. Influence of acetate and
formate-based deicers on ASR in airfield concrete pavements. Cem.
Concr. Res. 2010, 40, 537—54S.

(30) Jahandari, S.; Tao, Z.; Alim, M. A.; Li, W. Integral waterproof
concrete: A comprehensive review. Journal of Building Engineering
2023, 78, 107718.

(31) Alkali activated materials; Provis, J. L., van Deventer, J. S. J.,
Eds.; Springer, 2013.

(32) Sidgwick, N. V.; Gentle, J. A. H. R. CCXXL.—The solubilities
of the alkali formates and acetates in water. Journal of the Chemical
Society, Transactions 1922, 121, 1837—1843.

(33) Zhang, J; Shi, C.; Zhang, Z. Effect of Na,O concentration and
water/binder ratio on carbonation of alkali-activated slag/fly ash
cements. Construction and Building Materials 2021, 269, 121258.

(34) BS EN 196-3 - Methods of Testing Cement - Determination of
setting times and soundness; British Standards Institution, 2016.

(35) Tan, Z.; Bernal, S. A.; Provis, J. L. Reproducible mini-slump test
procedure for measuring the yield stress of cementitious pastes.
Materials and Structures 2017, 50, 235.

(36) Pierre, A; Lanos, C.; Estellé, P. Extension of spread-slump
formulae for yield stress evaluation, applied rheology. Applied Rheology
2019, 23, 63849.

(37) Thomas, J. J.; Allen, A. J.; Jennings, H. M. Density and water
content of nanoscale solid C—S—H formed in alkali-activated slag
(AAS) paste and implications for chemical shrinkage. Cem. Concr. Res.
2012, 42, 377-383.

(38) Walkley, B.; Provis, J. L. Solid-state nuclear magnetic resonance
spectroscopy of cements. Materials Today Advances 2019, 1, 100007.

(39) Yao, H,; Xie, Z.; Huang, C.; Yuan, Q; Yu, Z. Recent progress of
hydrophobic cement-based materials: Preparation, characterization
and properties. Construction and Building Materials 2021, 299, 124255.

(40) Hatibarua, J.; Parry, G. S. A crystallographic study of the
acetates of potassium, rubidium and caesium. Acta Crystallographica
Section B 1972, 28, 3099—3100.

(41) Schmitz, G. pH of sodium acetate solutions. J. Chem. Educ.
2002, 79, 29.

(42) Patnaik, P. In Handbook of inorganic chemicals; McGraw-Hill,
New York, NYY, USA, 2003.

(43) Walkley, B.; Ke, X.; Provis, J. L.; Bernal, S. A. Activator anion
influences the nanostructure of alkali-activated slag cements. J. Phys.
Chem. C 2021, 125, 20727—20739.

(44) Duxson, P.; Provis, J. L. Designing precursors for geopolymer
cements. J. Am. Ceram. Soc. 2008, 91, 3864—3869.

(45) Sun, Z.; Vollpracht, A. Isothermal calorimetry and in-situ XRD
study of the NaOH activated fly ash, metakaolin and slag. Cem. Concr.
Res. 2018, 103, 110—122.

(46) Shi, C; Day, R. L. A calorimetric study of early hydration of
alkali-slag cements. Cem. Concr. Res. 1995, 25, 1333—1346.

(47) Zuo, Y.; Nedeljkovic, M;; Ye, G. Coupled thermodynamic
modelling and experimental study of sodium hydroxide activated slag.
Construction and Building Materials 2018, 188, 262—279.

(48) Duran Atig, C.; Bilim, C.; Celik, O.; Karahan, O. Influence of
activator on the strength and drying shrinkage of alkali-activated slag
mortar. Construction and Building Materials 2009, 23, 548—555.

(49) Dai, X;; Aydin, S.; Yardimci, M. Y.; Lesage, K.; De Schutter, G.
Early age reaction, rheological properties and pore solution chemistry

of NaOH-activated slag mixtures. Cement and Concrete Composites
2022, 133, 104715.

(50) Kashani, A.; Provis, J. L.; Qiao, G. G.; van Deventer, J. S. J. The
interrelationship between surface chemistry and rheology in alkali
activated slag paste. Construction and Building Materials 2014, 65,
583-591.

(51) Mobasher, N.; Bernal, S. A.; Provis, J. L. Structural evolution of
an alkali sulfate activated slag cement. J. Nucl. Mater. 2016, 468, 97—
104.

(52) Bernard, E.; Zucha, W. J,; Lothenbach, B.; Mider, U. Stability
of hydrotalcite (Mg-Al layered double hydroxide) in presence of
different anions. Cem. Concr. Res. 2022, 152, 106674.

(53) Ben Haha, M.; Le Saout, G.; Winnefeld, F.; Lothenbach, B.
Influence of activator type on hydration kinetics, hydrate assemblage
and microstructural development of alkali activated blast-furnace
slags. Cem. Concr. Res. 2011, 41, 301-310.

(54) Cao, R; Zhang, S, Banthia, N.; Zhang, Y., Zhang, Z.
Interpreting the early-age reaction process of alkali-activated slag by
using combined embedded ultrasonic measurement, thermal analysis,
XRD, FTIR and SEM. Composites Part B: Engineering 2020, 186,
107840.

(55) Puertas, F.; Fernandez-Jiménez, A. Mineralogical and micro-
structural characterisation of alkali-activated fly ash/slag pastes.
Cement and Concrete Composites 2003, 25, 287—292.

(56) Garcia-Lodeiro, 1; Palomo, A.; Fernindez-Jiménez, A.;
Macphee, D. E. Compatibility studies between N-A-S-H and C-A-S-
H gels. Study in the ternary diagram Na,0—CaO-Al,0;—SiO,—
H,O0. Cem. Concr. Res. 2011, 41, 923—931.

(57) Stevens, R. W., Jr; Siriwardane, R. V.; Logan, J. In situ Fourier
transform infrared (FTIR) investigation of CO, adsorption onto
zeolite materials. Energy Fuels 2008, 22, 3070—3079.

(58) Xyla, A. G.; Koutsoukos, P. G. Quantitative analysis of calcium
carbonate polymorphs by infrared spectroscopy. Journal of the
Chemical Society, Faraday Transactions 1: Physical Chemistry in
Condensed Phases 1989, 85, 3165—3172.

(59) Liao, L.-F.; Lien, C.-F.; Lin, J.-L. FTIR study of adsorption and
photoreactions of acetic acid on TiO,. Phys. Chem. Chem. Phys. 2001,
3, 3831—-3837.

(60) L'Hopital, E.; Lothenbach, B.; Scrivener, K; Kulik, D. A. Alkali
uptake in calcium alumina silicate hydrate (C-A-S-H). Cem. Concr.
Res. 2016, 85, 122—136.

(61) Schneider, J.; Cincotto, M. A.; Panepucci, H. *Si and *’Al high-
resolution NMR characterization of calcium silicate hydrate phases in
activated blast-furnace slag pastes. Cem. Concr. Res. 2001, 31, 993—
1001.

(62) Fernindez-Jiménez, A.; Puertas, F.; Sobrados, L; Sanz, J.
Structure of calcium silicate hydrates formed in alkaline-activated slag:
Influence of the type of alkaline activator. J. Am. Ceram. Soc. 2003, 86,
1389—-1394.

(63) Tinzer, R;; Buchwald, A.; Stephan, D. Effect of slag chemistry
on the hydration of alkali-activated blast-furnace slag. Materials and
Structures 20185, 48, 629—641.

(64) Haha, M. B.; Lothenbach, B.; Le Saout, G.; Winnefeld, F.
Influence of slag chemistry on the hydration of alkali-activated blast-
furnace slag — Part I: Effect of MgO. Cem. Concr. Res. 2011, 41,
955-963.

(65) Richardson, I. G.; Li, S. Composition and structure of an 18-
year-old SM KOH-activated ground granulated blast-furnace slag
paste. Construction and Building Materials 2018, 168, 404—411.

(66) Wang, J.; Hu, Z.; Chen, Y.,; Huang, J.; Ma, Y,; Zhu, W,; Liu, J.
Effect of Ca/Si and Al/Si on micromechanical properties of C(-A)-S-
H. Cem. Concr. Res. 2022, 157, 106811.

(67) Bernal, S. A.; San Nicolas, R;; Myers, R. J.; Mejia de Gutiérrez,
R.; Puertas, F.; van Deventer, J. S. J.; Provis, J. L. MgO content of slag
controls phase evolution and structural changes induced by
accelerated carbonation in alkali-activated binders. Cem. Concr. Res.
2014, 57, 33—43.

https://doi.org/10.1021/acsomega.4c04857
ACS Omega XXXX, XXX, XXX—-XXX


https://doi.org/10.1080/14680629.2021.1916573
https://doi.org/10.1080/14680629.2021.1916573
https://doi.org/10.1007/s11270-020-04773-x
https://doi.org/10.1016/j.cemconcomp.2021.104028
https://doi.org/10.1016/j.cemconcomp.2021.104028
https://doi.org/10.1016/j.cemconres.2015.05.024
https://doi.org/10.1016/j.cemconres.2015.05.024
https://doi.org/10.1016/j.cemconres.2009.09.009
https://doi.org/10.1016/j.cemconres.2009.09.009
https://doi.org/10.1016/j.jobe.2023.107718
https://doi.org/10.1016/j.jobe.2023.107718
https://doi.org/10.1039/CT9222101837
https://doi.org/10.1039/CT9222101837
https://doi.org/10.1016/j.conbuildmat.2020.121258
https://doi.org/10.1016/j.conbuildmat.2020.121258
https://doi.org/10.1016/j.conbuildmat.2020.121258
https://doi.org/10.1617/s11527-017-1103-x
https://doi.org/10.1617/s11527-017-1103-x
https://doi.org/10.3933/applrheol-23-63849
https://doi.org/10.3933/applrheol-23-63849
https://doi.org/10.1016/j.cemconres.2011.11.003
https://doi.org/10.1016/j.cemconres.2011.11.003
https://doi.org/10.1016/j.cemconres.2011.11.003
https://doi.org/10.1016/j.mtadv.2019.100007
https://doi.org/10.1016/j.mtadv.2019.100007
https://doi.org/10.1016/j.conbuildmat.2021.124255
https://doi.org/10.1016/j.conbuildmat.2021.124255
https://doi.org/10.1016/j.conbuildmat.2021.124255
https://doi.org/10.1107/S0567740872007496
https://doi.org/10.1107/S0567740872007496
https://doi.org/10.1021/ed079p29.1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c07328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c07328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1551-2916.2008.02787.x
https://doi.org/10.1111/j.1551-2916.2008.02787.x
https://doi.org/10.1016/j.cemconres.2017.10.004
https://doi.org/10.1016/j.cemconres.2017.10.004
https://doi.org/10.1016/0008-8846(95)00126-W
https://doi.org/10.1016/0008-8846(95)00126-W
https://doi.org/10.1016/j.conbuildmat.2018.08.087
https://doi.org/10.1016/j.conbuildmat.2018.08.087
https://doi.org/10.1016/j.conbuildmat.2007.10.011
https://doi.org/10.1016/j.conbuildmat.2007.10.011
https://doi.org/10.1016/j.conbuildmat.2007.10.011
https://doi.org/10.1016/j.cemconcomp.2022.104715
https://doi.org/10.1016/j.cemconcomp.2022.104715
https://doi.org/10.1016/j.conbuildmat.2014.04.127
https://doi.org/10.1016/j.conbuildmat.2014.04.127
https://doi.org/10.1016/j.conbuildmat.2014.04.127
https://doi.org/10.1016/j.jnucmat.2015.11.016
https://doi.org/10.1016/j.jnucmat.2015.11.016
https://doi.org/10.1016/j.cemconres.2021.106674
https://doi.org/10.1016/j.cemconres.2021.106674
https://doi.org/10.1016/j.cemconres.2021.106674
https://doi.org/10.1016/j.cemconres.2010.11.016
https://doi.org/10.1016/j.cemconres.2010.11.016
https://doi.org/10.1016/j.cemconres.2010.11.016
https://doi.org/10.1016/j.compositesb.2020.107840
https://doi.org/10.1016/j.compositesb.2020.107840
https://doi.org/10.1016/j.compositesb.2020.107840
https://doi.org/10.1016/S0958-9465(02)00059-8
https://doi.org/10.1016/S0958-9465(02)00059-8
https://doi.org/10.1016/j.cemconres.2011.05.006
https://doi.org/10.1016/j.cemconres.2011.05.006
https://doi.org/10.1016/j.cemconres.2011.05.006
https://doi.org/10.1021/ef800209a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef800209a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef800209a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/f19898503165
https://doi.org/10.1039/f19898503165
https://doi.org/10.1039/b103419g
https://doi.org/10.1039/b103419g
https://doi.org/10.1016/j.cemconres.2016.03.009
https://doi.org/10.1016/j.cemconres.2016.03.009
https://doi.org/10.1016/S0008-8846(01)00530-0
https://doi.org/10.1016/S0008-8846(01)00530-0
https://doi.org/10.1016/S0008-8846(01)00530-0
https://doi.org/10.1111/j.1151-2916.2003.tb03481.x
https://doi.org/10.1111/j.1151-2916.2003.tb03481.x
https://doi.org/10.1617/s11527-014-0461-x
https://doi.org/10.1617/s11527-014-0461-x
https://doi.org/10.1016/j.cemconres.2011.05.002
https://doi.org/10.1016/j.cemconres.2011.05.002
https://doi.org/10.1016/j.conbuildmat.2018.02.034
https://doi.org/10.1016/j.conbuildmat.2018.02.034
https://doi.org/10.1016/j.conbuildmat.2018.02.034
https://doi.org/10.1016/j.cemconres.2022.106811
https://doi.org/10.1016/j.cemconres.2022.106811
https://doi.org/10.1016/j.cemconres.2013.12.003
https://doi.org/10.1016/j.cemconres.2013.12.003
https://doi.org/10.1016/j.cemconres.2013.12.003
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(68) Myers, R. J.; Bernal, S. A.; Provis, J. L. A thermodynamic model
for C-(N-)A-S-H gel: CNASH_ss. Derivation and validation. Cem.
Concr. Res. 2014, 66, 27—47.

(69) San Nicolas, R;; Bernal, S. A; Mejia de Gutiérrez, R.; van
Deventer, J. S. J.; Provis, J. L. Distinctive microstructural features of
aged sodium silicate-activated slag concretes. Cem. Concr. Res. 2014,
65, 41-51.

(70) Chen, S.; Ruan, S.; Zeng, Q.; Liu, Y.; Zhang, M.; Tian, Y.; Yan,
D. Pore structure of geopolymer materials and its correlations to
engineering properties: A review. Construction and Building Materials
2022, 328, 127064

(71) Zajac, M.; Skocek, J.; Adu-Amankwah, S.; Black, L.; Ben Haha,
M. Impact of microstructure on the performance of composite
cements: Why higher total porosity can result in higher strength.
Cement and Concrete Composites 2018, 90, 178—192.

(72) Adamson, AW. In Physical chemistry of surfaces; Interscience
Publishers, New York, NY, USA, 1967.

(73) Zhao, J.; Gao, X.; Chen, S.; Lin, H.; Li, Z.; Lin, X. Hydrophobic
or superhydrophobic modification of cement-based materials: A
systematic review. Composites Part B: Engineering 2022, 243, 110104.

(74) Al-Kheetan, M. J.; Rahman, M. M. Integration of anhydrous
sodium acetate (ASAc) into concrete pavement for protection against
harmful impact of deicing salt. JOM 2019, 71, 4899—4909.

(75) Al-Kheetan, M. J.; Rahman, M. M.; Chamberlain, D. A.
Moisture evaluation of concrete pavement treated with hydrophobic
surface impregnants. International Journal of Pavement Engineering
2020, 21, 1746—1754.

(76) Jahandari, S.; Tao, Z.; Alim, M. A.; Li, W. Integral waterproof
concrete: A comprehensive review. Journal of Building Engineering
2023, 78, 107718.

(77) Puertas, F.; Fernandez-Jiménez, A.; Blanco-Varela, M. T. Pore
solution in alkali-activated slag cement pastes. Relation to the
composition and structure of calcium silicate hydrate. Cem. Concr. Res.
2004, 34, 139—148.

(78) Gebregziabiher, B. S.; Thomas, R.; Peethamparan, S. Very
early-age reaction kinetics and microstructural development in alkali-
activated slag. Cement and Concrete Composites 2015, 55, 91—102.

(79) Franco Santos, W.; Botterweg, J.-J.; Chaves Figueiredo, S.;
Schollbach, K.; van der Laan, S.; Brouwers, H. J. H. Sodium oxalate
activation of basic oxygen furnace slag for building materials,
Resources. Conservation and Recycling 2023, 198, 107174.

(80) Musumeci, A. W.; Frost, R. L.; Waclawik, E. R. A spectroscopic
study of the mineral paceite (calcium acetate). Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy 2007, 67, 649—661.

(81) Proll, P. J.; Sutcliffe, L. H. Dissociation constants of some
inorganic acetates in anhydrous acetic acid. Trans. Faraday Soc. 1961,
57, 1078—1087.

https://doi.org/10.1021/acsomega.4c04857
ACS Omega XXXX, XXX, XXX—-XXX


https://doi.org/10.1016/j.cemconres.2014.07.005
https://doi.org/10.1016/j.cemconres.2014.07.005
https://doi.org/10.1016/j.cemconres.2014.07.008
https://doi.org/10.1016/j.cemconres.2014.07.008
https://doi.org/10.1016/j.conbuildmat.2022.127064
https://doi.org/10.1016/j.conbuildmat.2022.127064
https://doi.org/10.1016/j.cemconcomp.2018.03.023
https://doi.org/10.1016/j.cemconcomp.2018.03.023
https://doi.org/10.1016/j.compositesb.2022.110104
https://doi.org/10.1016/j.compositesb.2022.110104
https://doi.org/10.1016/j.compositesb.2022.110104
https://doi.org/10.1007/s11837-019-03624-3
https://doi.org/10.1007/s11837-019-03624-3
https://doi.org/10.1007/s11837-019-03624-3
https://doi.org/10.1080/10298436.2019.1567917
https://doi.org/10.1080/10298436.2019.1567917
https://doi.org/10.1016/j.jobe.2023.107718
https://doi.org/10.1016/j.jobe.2023.107718
https://doi.org/10.1016/S0008-8846(03)00254-0
https://doi.org/10.1016/S0008-8846(03)00254-0
https://doi.org/10.1016/S0008-8846(03)00254-0
https://doi.org/10.1016/j.cemconcomp.2014.09.001
https://doi.org/10.1016/j.cemconcomp.2014.09.001
https://doi.org/10.1016/j.cemconcomp.2014.09.001
https://doi.org/10.1016/j.resconrec.2023.107174
https://doi.org/10.1016/j.resconrec.2023.107174
https://doi.org/10.1016/j.resconrec.2023.107174
https://doi.org/10.1016/j.saa.2006.07.045
https://doi.org/10.1016/j.saa.2006.07.045
https://doi.org/10.1039/tf9615701078
https://doi.org/10.1039/tf9615701078
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

