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Abstract

Inorganic polymer binders (IPBs) are synthesized by the activation of aluminosilicate
precursors with an alkaline solution such as sodium hydroxide. This paper studies
the relationship between the composition, structure, and solubility of sodium alumi-
nosilicate hydrates (N-A—S—(H)), the primary binding phase in IPBs. It was found
that changing the aqueous Si/Al ratio had little effect on N—A—S—(H) Si/Al ratio,
but small changes in the aqueous Si/Na ratio led to substantial changes in N—A—S—
(H) Si/Al ratio. Early N-A—S—(H) products were found to be X-ray amorphous, but
a rapid transition to the crystalline phase faujasite occurred after several weeks of
aging. The transition of the solid amorphous phase to faujasite was accompanied by
a rapid drop in aqueous Si(IV) and Al(IIT) concentrations. Solubility products were
determined, temporally, for the N-A—S—(H) before and after the transition to fauja-
site and represent new contributions to the literature, particularly for the amorphous
state. The results presented here provide fundamental insights that are needed for
the development of kinetic and thermodynamic models that can establish phase bal-
ances and evolutions of IPBs across a range of precursor compositions and synthesis
conditions.
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compositional parameters, and activating solutions with
pre-dissolved silica are often used to achieve target composi-

Inorganic polymer binders (IPBs), also known as geopoly-
mers, are a relatively new class of infrastructure materials
that have recently received substantial attention in the sci-
entific literature owing to their potential to serve as an alter-
native to ordinary portland cement (OPC).'~ These binders
are synthesized by the chemical activation of an aluminos-
ilicate powder by a highly alkaline aqueous solution, most
commonly sodium or potassium hydroxide, to form primarily
an amorphous sodium aluminosilicate phase referred to as
N—-A-S—(H). Bulk Si/Al, Na/Al, and H,O/Na ratios, as well
as activator Si/Na ratios, are considered the most important

tions.*® Fly ash, a coal combustion product used extensively
as a partial replacement for OPC in concrete, is one of the
most promising aluminosilicate sources for IPBs since it is
available on a large scale at relatively low cost with the added
motivation of diverting fly ash from landfills. Fly ash-based
IPBs (often referred to in the literature as alkali-activated fly
ash [AAFA]) are the primary focus of the research presented
here, although much of the discussion is relevant to IPBs
based on other aluminosilicate sources (eg, metakaolin).

An extensive body of research has demonstrated com-
parable mechanical properties (compressive strength,
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stiffness) as well as superior dimensional stability
and durability (resistance to corrosion, alkali-silica reaction,
acid attack)'>™'® of IPB concrete compared to OPC concrete.
Much of the existing research, however, has focused on the
characterization and evaluation of a variety of aluminosilicate
sources with significant levels of variation (in both composi-
tion and solubility) from one source to the next and inhomo-
geneity within a given source. While the understanding of
basic mechanisms that govern product formation, microstruc-
ture development and, ultimately, engineering properties has
advanced significantly, substantial progress in the under-
standing of the reaction thermodynamics is still required.l7
For example, while several studies have examined the phases
formed, documented in a review by Provis et al,'’
studies have quantified solubility products needed as ther-
modynamic modeling inputs for these phases,18 particularly
with respect to the primary reaction product, an amorphous
N-A-S—(H) phase. As a result, it is not possible to a priori
optimize conditions for the formation of particular phases or
to assess their long-term stability.

The general process of alkali-activation of aluminosilicate
solids is shown schematically in Figure 1. The process begins
with rapid dissolution of the initial solid particles (Figure 1A)
through alkaline hydrolysis, leading to a highly concentrated
aqueous solution containing sodium, Al (OH), (the dominant
aqueous aluminum hydroxide species under alkaline condi-
tions), and various silicate species depending on the pH of
solution and Si/Na ratio (Figure 1B). As the solution becomes
saturated with respect to binding phases, the hydrolyzed sili-
cate and aluminate species polymerize, condense, and precip-
itate (Figure 1C). Previous literature has paid much attention
to macroscopic factors impacting dissolution of various sil-
icate and aluminate-bearing phases from fly ash and to the
effect of bulk Si/Al ratio of the system on engineering prop-
erties.'”' The formation and fundamental physical/chemi-
cal properties of the solid binding phase that forms from a
liquid phase of given composition has been explored briefly,

very few

FIGURE 1
of the inorganic polymer binder precursor

Schematic illustration

to product reaction pathway with relevant
physical/chemical properties shown below
each stage. where Stage A, is dissolution of
the solid, Stage B, represents a solution with
increasing concentration of ions, and Stage
C, represents the precipitation of solids from
solution
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however, and is critical in developing a full understanding of
the factors influencing engineering properties.® Linking bulk
Si/Al ratio directly to engineering properties is often futile
because of the difficulties in deconvoluting the effects of the
many variables discussed hitherto. The study described here
addressed that challenge by mixing solutions containing fully
dissolved reagent grade silicates and aluminates, eliminat-
ing the complex variables that lead to a given aqueous phase
composition, which occur during dissolution and subsequent
reactions. This approach allows for complete stoichiometric
control over the solution composition to elucidate directly the
development of N-A—S—(H) structure and composition as it
relates to a given solution composition.

The research presented here investigated the relationship
between pore solution composition and the solid's com-
position, structure, and solubility to better understand the
formation of OPC-free IPBs. To this end, N-A-S—(H) was
synthesized from reagent grade precursors across a range of
compositions, allowing stoichiometric control of the reactants.
N-A-S—(H) compositions were determined by mass balance
and thermogravimetric analysis (TGA). Nuclear magnetic
resonance (NMR) spectroscopy and X-ray diffraction (XRD)
were applied to probe the atomic structure of N-A—S—(H) as
a function of solution composition. Additionally, solubility
products (Ksp) of N-A-S—(H) were determined by monitor-
ing the ionic concentration of the supernatant solution over
time using inductively coupled plasma optical emission spec-
troscopy (ICP-OES). The resulting understanding of product
composition and structure will be useful in predicting the
performance of IPBs made from commercial fly ashes across
a range of compositions, while solubility data are critical to
the development of thermodynamic models describing IPB
product development. This work is also relevant to the forma-
tion of aluminosilicate in alkaline environments in general,
especially formation of zeolite, which is an area of interest for
catalysis and other technological applications, as the structure
of the resultant aluminosilicate drives the material properties.
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EXPERIMENTAL MATERIALS
AND METHODS

2.1 | N-A-S-(H) synthesis

N-A-S—(H) samples were synthesized in batch reactors by
mixing appropriate proportions of de-gassed (by boiling for
10 minutes) Milli-Q water (Merk Millipore) with sodium sili-
cate and sodium aluminate solutions in a N,-filled glove box
to achieve bulk molar Si/Al ratios of 1, 1.5, and 2 follow-
ing the methods detailed by Williamson et al.*> The Si/Al
ratios were chosen based on the studies in the literature that
have reported optimum molar Si/Al ratios in the range of 1 to
2492324 The sodium silicate-activating solution had a Si/Na
molar ratio of 0.1. This ratio was intentionally selected to be
low enough so that the dissolved silicate species in this solu-
tion would be monomeric.”

A separate set of samples was prepared with the silicate
stock solution Si/Na molar ratio varying from 0.1 to 1.0
and bulk Si/Al varying from 0.89 to 9.58 to investigate the
effect of silicate-activating solution on N-A-S—(H) com-
position. In these experiments, Si/Na was manipulated by
increasing the silicic acid concentration in the silicate stock
solution so that the final sodium hydroxide concentration
in all samples remained constant (and the same as in the
experiments with constant silicate solution Si/Na ratio) at
1 M. The same sodium aluminate stock solution (0.1 M so-
dium aluminate) was used in these experiments as in the
previous experiments.

All samples were reacted for 56 days at 50°C in 40 mL
polyethylene tubes, rotated continuously at 8 rpm. This reac-
tion temperature falls within the range of curing temperatures
found in the literature for IPBs.'®2¢2 Supernatant Si(IV) and
AI(IIT) concentrations were monitored over time, and only
small changes (<10%) in concentrations were observed after
56 days. For the bulk molar Si/Al = 1 and Si/Al = 2 N-A-S—
(H) samples, aliquots of the supernatant (following the pro-
cedure outlined in the next section) were analyzed for total Si
and Al concentrations at 3, 7, 10, 14, 29, and 56 days. For the
bulk molar Si/Al = 1.5 N-A-S—(H) samples, aliquots were
analyzed for total Si and Al concentrations at 7, 14, 29, 42,
and 56 days. For each concentration, multiple samples were
prepared so that a fresh sample (with no aliquot removed pre-
viously) could be analyzed at the final measurement time of
56 days, which are the samples used to calculate solubility
products.

2.2 | Aqueous and solid-state
characterization

Aliquots from supernatants of reacted samples were fil-
tered using a 0.2 um polyvinylidene fluoride syringe filter
and diluted with 3% (v/v) nitric acid. Supernatant Na, Si,

and Al concentrations were determined using a Varian 10-
ES ICP-OES with a SPS 3 autosampler and ICP Expert
II software (v 1.1). All ICP measurements were taken in
triplicate, and each concentration value reported repre-
sents the average of three measurements. The solution con-
centrations along with solid compositions (calculated by
mass balance using solution concentrations combined with
TGA data) were used to calculate temperature-dependent
solubility products using PHREEQC software (version
OS X). Reactions and constants used for modeling were
taken from the LLNL database as shown in the Supporting
Information.

Solids were either centrifuged and freeze-dried for XRD,
solid-state NMR, and ICP-OES analysis, or vacuum-filtered
for TGA. The centrifuged solids were triple-rinsed with
Milli-Q water by dispersing them in the water, centrifuging
at 3000 g for 10 minutes, and decanting. They were then
frozen with liquid N, for 5 minutes, freeze-dried at —50°C
and 5 Pa for 48 hours using a Labconco Freezone Bulk Tray
Dryer and stored at —20°C under N, until further analysis.
The vacuum-filtered solids were filtered using nylon filter
membranes with a pore size of 0.45 pm and a diameter of
47 mm. The solids were washed and then stored under N, at
4°C until undergoing TGA.

Powder XRD was performed on a Rigaku MiniFlex oper-
ated at 40 KV and 15 mA using CuKa radiation. The powder
samples were scanned from 5° to 60° 20 at a rate of 2° 20/
minute and a step size of 0.02° 26. Solid-state NMR was per-
formed on a Bruker AVANCE-II NMR spectrometer, with
an 11.7 T wide-bore superconducting magnet, operating at
frequencies of 500.24 MHz for lH, 99.38 MHz for 29Si, and
130.35 MHz for *’Al. The *’Si NMR spectra were recorded
at 273 K with a MAS frequency of 10 kHz at 11.3 T. A D,
of 200 seconds was used for the early time points, while the
28-day spectra were acquired with a D, of 60 seconds, which
accounted for full relaxation of the signals. The Al NMR
spectra were recorded at 273 K with a MAS frequency of
10 kHz at 11.3 T. A D; of 0.5 second was sufficient for full
relaxation of the signals. Thermogravimetric data were col-
lected using a Mettler Thermogravimetric Analyzer, Model
TGA/DSC 1 with a sensitivity of 2 pg. The vacuum-filtered
samples were equilibrated at 40°C for 1 hour and then heated
from 40°C to 600°C under N, at a flow rate of 20 mL/minute
with a heating rate of 20°C/minute in pure aluminum oxide
crucibles. The 40°C equilibration period was to allow for the
evaporation of excess water so that the water content con-
tained in the solid phases could be accurately quantified.

Some of the freeze-dried solids were digested using a
mixture of hydrofluoric and hydrochloric acids and analyzed
by ICP-OES to determine the solid composition. The solids
were digested following a detailed protocol developed by
Inorganic Ventures specifically for the compositional analy-
sis of zeolites. The protocol uses two premixed, proprietary
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solutions: (a) Inorganic Ventures UA-1, comprised of pro-
prietary proportions hydrofluoric and hydrochloric acids to
digest the solids and (b) Inorganic Ventures UNS-1, com-
prised of proprietary proportions of triethanolamine and tri-
ethylenetetramine to buffer the acids used for digestion. To
perform the digestion, 80 to 100 mg of freeze-dried solids
were weighed to the nearest 0.1 mg and added to a polyeth-
ylene bottle. Ten drops of deionized water were then added
to the solids, and the bottle was swirled to hydrate the surface
of the solids. Next, 10 mL of UA-1 and 0.5 mL of concen-
trated nitric acid (trace metal grade, Fisher) were added and
the vessel was capped and shaken for 3 minutes (at this point,
the solid appeared completely dissolved to the naked eye).
The resulting solution was neutralized by adding 50 mL of
UNS-1, and the final solution weight was adjusted to 500 g
using deionized water. Finally, the solution was analyzed
using ICP-OES in the same way that supernatant concentra-
tions were measured (described previously).

3 | RESULTS AND DISCUSSION
3.1 | Evolution of aqueous chemistry and
solid structure

Changes in solution Si and Al concentrations over time
were monitored in order to establish the time required for
N-A-S—(H) solids to reach equilibrium. Changes in Si and
Al were chosen over changes in Na concentrations, because
the relatively high concentrations of Na (>1 M) in all systems
meant that the relative change in solution phase Na was small
compared to the total Na in the system. As a result, the abso-
lute error would have been higher compared to the measured
values.

Figures 2—4 show changes in Si and Al concentrations
over time for N-A-S—(H) reacted at 50°C with bulk Si/
Al = 1.0, 1.5, and 2.0, respectively. Initially, both Si and Al
concentrations decreased rapidly at all three compositions,
corresponding to rapid precipitation of N—A—S—(H) solids.
Indeed, precipitated solids were observed visually in all ex-
periments within seconds of combining the sodium alumi-
nate and sodium silicate stock solutions.

Concentrations of Si and Al became relatively stable in
N-A-S—(H) with bulk Si/Al = 1.0 (Figure 2) after about
14 days (there was only a 5.4% decrease in Si and 5.8% de-
crease in Al between 14 and 29 days). At Si/Al = 2.0 (Figure
4) significant changes in concentrations were observed be-
tween 14 and 29 days (17% decrease in Si and 82% decrease
in Al). At Si/Al = 1.5 (Figure 3); there were 30% and 84%
decrease in Si and Al, respectively, between 14 and 29-day
measurements, after which Si and Al concentrations re-
mained relatively stable until the 56-day measurements. In
all three systems, measurable changes in concentrations were
observed until the 56-day measurements, at which point the
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FIGURE 2 Changes in supernatant Si and Al concentrations
over time for N~ A-S—(H) reacted at 50°C with bulk Si/Al = 1.0.
The error from triplicate measurements is smaller than the size of the
symbol, so error bars are not shown [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 3 Changes in supernatant Si and Al concentrations
over time for N~A-S—(H) reacted at 50°C with bulk Si/Al = 1.5.
The error from triplicate measurements is smaller than the size of the
symbol, so error bars are not shown [Color figure can be viewed at
wileyonlinelibrary.com]

reacted solids and solutions were analyzed to determine solid
composition and structure, solution composition, and solu-
bility products.

Interestingly, the presence of an early “plateau” in Si and
Al concentrations can be observed in all three experiments,
where concentrations leveled off as if approaching equilib-
rium, but then rapidly decreased again. For the Si/Al = 2.0
experiment, this plateau started at about 3 days and continued
until the 14-day measurements. A much shorter plateau was
observable at Si/Al = 1.0, occurring between the 3 and 7-day
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FIGURE 4 Changes in supernatant Si and Al concentrations
over time for N~A-S—(H) reacted at 50°C with bulk Si/Al = 2.0.
The error from triplicate measurements is smaller than the size of the
symbol, so error bars are not shown [Color figure can be viewed at
wileyonlinelibrary.com]

measurements. At Si/Al = 1.5, the plateau is visible between
the 7 and 14-days measurements.

The solids precipitated from the Si/Al = 1 and Si/Al =
systems with supernatant concentrations shown in Figures 2
and 4 were triple-washed and freeze-dried and then analyzed
by XRD to determine whether the rapid drops in Si and Al
concentrations were accompanied by a structural change in
the solids. Diffractograms for solids aged 3, 7, 10, 14, 28,
and 56 days (the same time points for which concentra-
tions are shown in Figures 2 and 4) with Si/Al = 1.0 and
2.0 are shown in Figures 5 and 6. Both samples are X-ray
amorphous at early ages and developed clearly defined peaks
as the reaction time increased. All peaks observed in both
samples are attributed to Na-faujasite (pdf #00-012-0246;
Na,Al,Si, 4Og 4:6.7(H,0)). This amorphous to crystalline
transition is similar to that observed when zeolite synthesis is
achieved by aging gels.29

In the Si/Al = 1.0 system, the formation of crystal-
line faujasite began between 3 and 7 days, and fully de-
fined peaks formed between 7 and 10 days (and remained
through 56 days). This timing correlates closely with the
rapid drop in Si(IV) and AI(III) concentrations shown for
the Si/Al = 1.0 samples in Figure 2, which occurred be-
tween 7 and 10 days. Similarly, the development of faujasite
XRD peaks visible in Figure 6 for the Si/Al = 2.0 sample
corresponds closely in time with the decreased concentra-
tions of Si(IV) and Al(IIT) shown in Figure 4 for the same
system. In the Si/Al = 2.0 system, this transition occurred
between 14 and 28 days. The rapid drop in concentrations
observed in Si and Al concentrations is thus attributed to the
formation of faujasite, which has a lower solubility than the

pseudo-equilibrium X-ray amorphous phase that caused the
plateau in concentrations.

The discovery of the amorphous phase that appears to be
at pseudo-equilibrium with the surrounding supernatant solu-
tion has significant implications with regard to developing
kinetic models for the formation of N—A—S—(H). Specifically,
this discovery emphasizes the importance of taking a stepwise
approach to modeling these systems. Since the N-A—S—(H)

FIGURE 5 Temporal evolution of powder X-ray diffraction data
for N—~A—S—(H) reacted at 50°C with bulk Si/Al = 1. All peaks are
attributed to faujasite (pdf #00-012-0246)

FIGURE 6 Temporal evolution of powder X-ray diffraction data
for N-A-S—(H) reacted at 50°C with bulk Si/Al = 2. All peaks are
attributed to faujasite (pdf #00-012-0246)
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composition and structure, as well as the supernatant concen-
trations, change over time, a stepwise approach to modeling
phase equilibria can account for the simultaneous increase in
dissolved silicon and aluminum availability due to precursor
dissolution and decrease in silicon and aluminum availability
due to incorporation into the N-A—S—(H) solids. Since the
amorphous N—A—-S—(H) develops as a precursor to the crys-
talline N—A—S—(H), the pathway to amorphous N-A-S—(H)
could be modeled first, and then the conditions reassessed to
determine whether the conditions favor a transition to crys-
talline N-A-S—(H).

Evolution of the local molecular environments over time
was monitored using 2Si and ?’Al solid-state NMR to provide
further insight into the initial N—A—S—(H) network formation
and evolution as the samples reached equilibrium concentra-
tions. In contrast to the XRD results, which are sensitive to
long-range ordering, solid-state NMR is sensitive to short-
range bonding and electronic environments, which enables
the characterization of local molecular environments in both
crystalline and amorphous materials. Figures 7 and 8 show
the 2Si solid-state single pulse NMR data from the same Si/
Al = 1 and Si/Al = 2 specimens that were characterized by
XRD at the respective time points.

After 3 days, the *°Si spectra for both Si/Al = 1 and Si/
Al = 2 show a broad distribution of 2°Si signal intensity
centered around —80 and —85 ppm. These two signals are
assigned to partially cross-linked Q*(1Al) species and an
overlapping distribution of partially cross-linked 0*(0Al)
and Q3(2A1), respectively.30 Here, Q"(mAl) refers to a tet-
rahedral silicon atom that is covalently bonded through a
bridging oxygen atom to n silicon or aluminum atoms, of

FIGURE 7
magnetic resonance (NMR) of synthetic sodium aluminosilicate

1D ¥Si solid-state single-pulse MAS nuclear

samples prepared from sodium silicate and aluminate solutions at 50°C
with a starting molar ratio of Si/Al = 1 for samples allowed to react for
three different time points as indicated on the spectra [Color figure can
be viewed at wileyonlinelibrary.com]
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which m are aluminum. At longer times, that is, at 7 and
14 days in the Si/Al = 1 and 2 materials, respectively, sig-
nals are observed at —80, —85, and —89 ppm. The new sig-
nal at —89 ppm is assigned to an overlapping distribution
of Q3(1A1) and Q4(3Al) species, while the narrow signal
at —85 ppm is believed to be fully cross-linked 0*(4Al),
though further NMR experiments are required to verify
the 2’ A1->’Si connectivity.31 Longer times also resulted in
narrower peak widths for the signals at —85 and —89 ppm,
which is consistent with a narrower distribution of 2°Si
sites in the N—A—S—(H) solids, such as would be present in
a crystalline material. The narrowing of the *’Si signals is
accompanied by the observation of reflections in the XRD
measurements, further corroborating the development of
a more highly ordered network. At 28 days for each sam-
ple, there was a further decrease of the NMR peak widths,
again indicating a narrower distribution of the 2Si sites,
consistent with a long-range ordered, crystalline material.
In the case of the Si/Al = 2 solid, new signals arose at
—94, —99, and —102 ppm. These three signals are assigned
to Q4(2A1), Q4(1A1), and Q3(OA1) species, respectively.
The observation of these signals is consistent with the for-
mation of a more highly coordinated 2Si network in the
N-A-S—(H) solids, again corroborated by the XRD reflec-
tions indicating a faujasite-like crystal structure.

Figure 9 shows the ?TAl solid-state single pulse NMR
characterization for the Si/Al = 2 sample at the same time
points as presented in Figure 8. The RN spectra shown were
similar under these field conditions, so only one set of spectra
is shown as a representative of the *"Al environment in the
N-A-S—(H) solids.

FIGURE 8
magnetic resonance (NMR) of synthetic aluminosilicate samples

1D ¥Si solid-state single-pulse MAS nuclear

prepared from sodium silicate and aluminate solutions at 50°C with a
starting molar ratio of Si/Al = 2 for samples allowed to react for three
different time points as indicated on the spectra [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 9 1D Al solid-state single-pulse MAS nuclear
magnetic resonance (NMR) of synthetic aluminosilicate samples
prepared from sodium silicate and aluminate solutions at 50°C with
a bulk molar ratio of Si/Al =
and 28 d as indicated on the spectra. *indicates the spinning sideband

2 for samples allowed to react for 3, 14,

signal present for the signals at ~60 ppm [Color figure can be viewed
at wileyonlinelibrary.com]

In the 3-day sample, the *’Al shows a broad distribution
of signal intensity centered around 61 ppm. The signal at
61 ppm can be attributed to 4-coordinate %7 Al sites, which are
7TAl species that are incorporated into tetrahedral bonding
networks.** As time elapsed, a narrowing of the signal peak
width is observed, indicating a narrower distribution of RN
sites, consistent with the long-range order observed by XRD,
and a small shift in the position by approximately 2 ppm to
higher frequency is observed. Measurements at higher mag-
netic fields are required to discern more subtle changes in the
2 Al 4-coordinate species observed in the solids.

The *Si and >’ Al solid-state NMR data from the N-A—S—
(H) solids at different times provide detailed information re-
garding the evolution of local molecular structure. The »si
and 2’ Al NMR spectra show signals that are consistent with
the formation of an initially amorphous, partially cross-linked
aluminosilica network that condenses as time increases into
a more highly coordinated network structure consistent with
that of faujasite. Although the XRD measurements show a
crystalline faujasite phase with no noticeable changes at later
times, the ’Si 1D NMR shows significant changes in the
local molecular structure as aging continues, indicating that
the network is still changing over time.

3.2 | Equilibrium N-A-S—(H) aqueous
chemistry and solid composition

Given the insubstantial changes in solution composition and
N-A-S—(H) structure between 28 and 56 days, it is assumed

that the N—A—S—(H) has reached equilibrium with the super-
natant solution at 56 days, so the equilibrium solution and
solid-state compositions were evaluated further for 56-day
samples. Equilibrium supernatant concentrations for samples
reacted at 50°C for 56 days with bulk Si/Al (molar) ranging
from 1.0 to 2.0 are shown in Figure 10. Error bars show the
range of measured concentrations from independent batch
reactors prepared with independent stock solutions. For Si/
Al = 1 and 2, three replicate reactors were analyzed, and for
Si/Al = 1.5, two replicate reactors were analyzed. As bulk
molar Si/Al increased from 1 to 2, supernatant Si concentra-
tions increased somewhat linearly from 10.4 to 48.0 mmol/
kg, and Al concentrations decreased from 7.56 to 1.63 mmol/
kg. It should be noted that bulk Si/Al ratios were manipulated
by adjusting the bulk AI(IIT) in each sample, so at lower Si/Al
ratios, bulk AI(IIT) concentrations were highest.
Thermogravimetric data for N-A—S—(H) solids synthe-
sized with bulk Si/Al = 1, 1.5, and 2 reacted at 50°C for
56 days are shown in Figure 11. All of the samples showed
continuous mass loss with peaks centered at 150°C to 200°C.
The mass losses correspond to a loss in evaporable and non-
evaporable water, and total mass loss increased with increas-
ing age for all samples. There was no systematic variation
in the temperature at which peak mass loss occurred (ie, the
temperature at which the derivative of mass loss curve was
the most negative) across bulk compositions and no substan-
tial difference in total water loss across bulk compositions.
All of the mass losses for all samples occurred between 40°C
and approximately 400°C. Peak mass loss is generally ob-
served between 175°C and 400°C for faujasite,* so the TGA
data are consistent with the XRD data in Figures 5 and 6.
Furthermore, Musyoka et al** found peak mass loss for zeo-
lite-X, a type of faujasite, to be between 150°C and 200°C.
As discussed later in this section, the faujasite precipitated
in the study presented here is believed to be zeolite-X, so the

FIGURE 10 N-A-S-(H) equilibrium Si and Al concentrations
versus bulk Si/Al molar ratios for N-A-S—(H) reacted at 50°C for 56 d
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11
analysis data for N—A—S—(H) samples
reacted at 50°C for 56 d with bulk Si/Al =1,
1.5, and 2

Thermogravimetric

TABLE 1 Composition of N-A-S-(H) phases reacted for 56 d at
50°C with bulk Si/Al =1 to 2

Bulk Si/Al ratio (molar) N-A-S-(H) composition

1 NaAlSij 9303 g5 (H,0); 35
15 NaAlSi( 9903 g0 (H,0)5 16
) NaAlSi; ;04 030(H;0), 23

peak mass loss between 150°C and 200°C found in this study
is consistent with the literature.

Table 1 shows the compositions of the solid N-A-S—
(H) phases reacted for 56 days at 50°C with bulk Si/Al
molar ratios of 1, 1.5, and 2. The Al,O5 and SiO, stoichio-
metric coefficients shown in Table 1 were calculated by
subtracting the equilibrium concentrations of Al and Si
from the bulk concentrations. Each value represents the av-
erage concentration calculated from the same two or three
independent samples whose supernatant concentrations are
reported in Figure 10.

The Na,O stoichiometric coefficients could not be calcu-
lated in the same way because the changes in aqueous sodium
concentrations were smaller than the measurement error due
to the high sodium concentrations. Instead, the molar frac-
tions were determined by charge balance to be equal to the
molar fraction of Al,O5 for each sample (ie, Na,O/Al,05; = 1)
since sodium is present as a charge balancing cation to alu-
mina tetrahedra, which carry a —1 charge.2 The molar water
content was calculated from the measured TGA mass loss
(Figure 11) for a single sample at each concentration, and the
stoichiometric coefficients for water shown in Table 1 repre-
sent these measured values. Estimated absolute errors in Si/
Al ratios are 0.01 based on the range of Si and Al supernatant
concentrations measured (Figure 10). Estimated absolute er-
rors in the H,O/Al ratios are +0.2 units, consistent with the
study by Myers et al.®

ournal L=«
#American Ceramic Society

To validate the solid composition measurements, a sepa-
rate series of N—A—S—(H) samples was prepared in the same
way as those described previously and analyzed by acid di-
gestion followed by ICP analysis of the resulting solution.
The Si/Al ratios determined by mass balance (the same
way as the values presented in Table 1) varied from the Si/
Al ratios determined by acid digestion by less than 1% for
all three samples analyzed in this way. The assumed sodium
concentrations could not be validated in the same way due
to complications resulting from the complex matrix in the
digested samples, which was composed of hydrofluoric acid
as well as a buffer solution composed of triethanolamine and
triethylenetetramine used to neutralize the acid prior to ICP
analysis.

As shown in Table 1, there was only a slight increase in
N-A-S—(H) Si/Al ratio as the bulk Si/Al ratio increased from
1 to 2, and the difference between all N—A—-S—(H) Si/Al ratios
was less than the estimated error. The Si/Al molar ratio in all
solid N-A-S—(H) phases was close to 1, regardless of the
bulk Si/Al ratio. Others have described three different frame-
work units that make up inorganic polymers: poly(sialate)
(-Si—-O-Al-0-), corresponding to N-A-S—(H) Si/Al = 1;
poly(silate-siloxo) (Si—-O-Al-O-Si-O), corresponding to
N-A-S—(H) Si/Al = 2; and poly(sialate-disiloxo) (Si—O—
Al-O-Si-0-Si-0) groups, corresponding to N-A—-S—(H) Si/
Al =336 Although Al-O-Al bonds are not favored accord-
ing to Loewenstein's principal,38 such bonds are possible if
sufficient aluminum is present in the pore solution.”* Here,
since the N—-A-S—(H) Si/Al ratio is close to one for all sam-
ples, it is presumed that poly(sialate) units dominate.

Based on the N-A-S—(H) composition presented here
and the XRD diffractograms in Figures 5 and 6, a further
discussion of characterization of the N-A-S—(H) is war-
ranted. Figures 5 and 6 show that the N-A-S—(H) reacted
for 56 days with bulk Si/Al = 1 and 2 has a crystalline
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structure resembling that of faujasite. Faujasite is a zeolitic
phase composed of sodalite cages connected by hexagonal
prisms and can be split generally into two types based on its
Si/Al ratio.*
is referred to as zeolite-X, while faujasite with a molar Si/
Al greater than 1.5 is referred to as zeolite-Y.*” Since the Si/
Al ratio in the present study was close to 1 for all bulk Si/
Al compositions (Table 1), the faujasite is classified as zeo-
lite-X. The 1D *’Si NMR spectra also corroborate the forma-
tion of zeolite-X based on the previously assigned signals.

Other researchers have successfully synthesized zeo-
lite-X in the laboratory by combining solutions of sodium
silicate and sodium aluminate. Buchwald et al*! found that
zeolite-A, zeolite-X, and sodalite can form separately or
coexist in different combinations depending on the synthe-
sis conditions, and the concentration of NaOH is the most
important factor in determining which phases form. At 1 M
NaOH, the Buchwald et al*! study found that zeolite-X with
Si/Al = 1 was the preferred phase regardless of bulk Si/Al
ratio, consistent with the findings of the study presented here.
Hajimohammadi et al*? previously observed the formation of
Na-faujasite in synthetic inorganic polymers formed by mix-
ing amorphous silica with sodium aluminate at 40°C, and
Fletcher et al*® detected an unnamed crystalline zeolite in a
metakaolin-based inorganic polymer with bulk Si/Al = 1.

It should be noted that fly ash Si/Al ratio is an important
parameter with regard to IPB performance beyond its effect on
N-A-S—(H) Si/Al ratio. Most notably, it has been shown to af-
fect dissolution rates of fly ash,’ in turn impacting the transient
concentrations of available silicon and aluminum to form the
binding N-A-S—(H) phase. Bulk Si/Al ratios have also been
shown to impact the microstructure of mature IPB in the case
of metakaolin-based systems,8 so composition of the N-A-S—
(H) is not the only factor impacting mechanical properties.

Faujasite with a molar Si/Al ratio less than 1.5

3.3 | Effect of silicate activator Si/Na ratio
on N-A-S—(H) composition

To test the impact of silicate solution Si/Na on N-A—S—(H) Si/
Al ratio, a series of N-A—S—(H) solids were synthesized fol-
lowing the same procedure used for the experiments described
previously, but with the silicate stock solution Si/Na molar
ratio varying from 0.1 to 1.0 and bulk Si/Al varying from 0.89
to 9.58. The silicate stock solution Si/Na in the experiments
described previously was held constant at 0.1. Here, the range
of Si/Na values in the silicate-activating solution was chosen
to match the common range of silicate activators used in al-
kali-activated fly ash systems. The same sodium aluminate
stock solution (0.1 M sodium aluminate) was used in this ex-
periment as in the previous experiments. In these experiments,
the samples were reacted at 50°C for 56 days.

Table 2 shows the Si/Al molar ratio of the solids increasing
from 1.10 to 2.39 as the Si/Na molar ratio of the silicate stock

TABLE 2 Si/Al molar ratios in N-A-S-(H) reacted at 50°C for
56 d with sodium silicate Si/Na molar ratios varying from 0.10 to 1.05
and bulk Si/Al ratios varying from 0.89 to 9.58

Si Solution Si/Na Bulk Si/Al N-A-S-(H) Si/Al
0.10 0.89 1.10
0.20 1.86 1.30
0.51 4.83 1.90
0.77 7.04 2.17
1.05 9.58 2.39

solution increased from 0.10 to 1.05. While the highest bulk
Si/Al ratio in this experiment (9.58) was much higher than in
the first set of experiments, it is worth noting that, even with
an increase in the bulk Si/Al molar ratio from 0.89 to 1.86,
the N-A-S-(H) solid's Si/Al molar ratio increased from 1.10 to
1.30 when it was accompanied by an increase in the Si Solution
Si/Na ratio. This is noteworthy because in the previous exper-
iments conducted with the Si/Na ratio held constant at 0.10,
increasing bulk Si/Al from 1 to 2 did not change the N-A-S—
(H) Si/Al (constant at approximately 1.0, Table 1). Here, with a
similar increase in bulk Si/Al ratio but with Si/Na also increas-
ing from 0.10 to 0.20 rather than remaining constant, there was
a significant increase in the solid N-A—S—(H) Si/Al ratio, in-
dicating an increase in the frequency of Si—O-Si type bonds
compared to the frequency of Si—-O—-Al type bonds.

In alkali-activated systems, it is well-known that the concen-
tration of silicates in the sodium hydroxide/sodium silicate-ac-
tivating solution can greatly impact the microstructure and thus
the engineering properties of the binder. The initial speciation
of the silicates in sodium silicate-activating solution is highly
complex and greatly impacts the network formation and struc-
ture (see Figure 12). The properties of sodium silicate solutions,
including viscosity and speciation of silicates, are highly depen-
dent on the Si/Na ratio of the solution.>* As Si/Na increases,
the number of Q0 and Q1 Si sites (monomeric and dimeric sili-
cates) in the solution decreases rapidly.25 This can cause a large
change in N-A-S—(H) microstructure,’
react preferentially with silicate anions of lower connectivity.44
Additionally, the formation of dissolved oligomers of silicates
in the silicate-activating solution leaves fewer bonding sites on
the silicate chains. Duxson et al” state that silicate speciation
in the activating solution is probably more important than the
absolute silicate concentration in determining N-A—S—(H) mi-
crostructure. The findings here support that claim, as changes
in bulk Si/Al ratio had little effect on the N-A—S—(H) composi-
tion, while increasing silicate solution Si/Na ratio had a signif-
icant impact on the N—A—S—(H) composition. Since these tests
were only done to determine if changes in solution composition
impacted the solid composition, solubility products were not
determined. More work is needed to better characterize the im-
pact of changes in Si/Na ratio in the future.

as aluminate anions
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FIGURE 12
sodium silicate solutions with varying Si/Na

Silica speciation in

ratios. Reprinted (adapted) with permission
from [*]. Copyright 2005 American
Chemical Society

3.4 | Calculation of solubility products for
N-A-S—(H) phases

Solubility products (K,,) were calculated for each of the
N-A-S—(H) solids with the bulk compositions shown in
Table 1. The dissolution reaction assumed to calculate solu-
bility products is shown in Equation 1:

NaAlSi, O, 45 - (HZO) +Q2x—y=2)H,0(,+4H,

¥(S) (aq) )
+ 3+ *)°
“ Na(aq) + Al(aq) +xH,Si0 (aq)®

where x is the Si/Al molar ratio of the solids and y is the
stoichiometric coefficient of H,O in the solids. This conven-
tion of calculating solubility products follows the convention
presented by Sposito45 for clays. Following the reaction in
Equation 1, equilibrium solubility products were calculated
with Equation 2:

X
— 3 ;
K,,= {Na(zq) } : {Ala; } : {H4SIOZ(aq) } :

" @)
(=2x42)
{Hty} {04} .

Equilibrium constants were also calculated based on the
dissolution reaction shown in Equation 3:

+ — c 22—
- Na(aq) + Al (OH) 1) +xH,SiO ag)"

+(2-y)H,0,+ 2xOH(_aq)

3

Equation 3, in contrast to Equation 1, shows OH™ as a re-
actant to represent the alkaline conditions present in the study,
and uses the dominant aluminum and silicon species expected
at high pH. Following the reaction presented in Equation 3,
equilibrium products were calculated using Equation 4:

X
_ cN\2—
Kyp= {Na(tiq) } ' {Al (OH)4(aq) } ' {H25104(aq) } .

_ —2x 0-2)
{ong,} - {10,}7.
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Activities of Naf, . AlP* . H,Si0g . H{, . and H,0,
were determined with PHREEQC using the measured su-
pernatant concentrations of Na,g), Si(IV),q), and AI(IID) ,q)
with the pH calculated from charge balance. The Truesdell-
Jones version of the extended Debye-Hiickel equation was
used within PHREEQC with the LLNL database to deter-
mine the activity coefficients of each species, shown in
Equation 5:

—Az.z\/i
— 40l )
1 +Bal-\/i

where y; is the activity coefficient of ion “i,” A and B are
Debye-Hiickel parameters based on the dielectric constant
of water and the temperature, z; is the ion valance, o; is a
parameter accounting from the ionic radius, b is an em-
pirical parameter, and I is the ionic strength of the solu-
tion. The activities of species for each sample, as well as
the ionic strength and pH, can be found in the Supporting
Information.

The calculated solubility constants for N-A—S—(H) solids
reacted at 50°C with bulk Si/Al ratios varying from 1.0 to
2.0 and average solid compositions from Table 1 are shown
in Table 3. An absolute error of 0.2 log units was determined
by varying all of the inputs in Equations 2 and 4 within their
respective error ranges to determine the maximum and min-
imum value of K, and K, that could be achieved with all
of the inputs staying within their respective error bounds.
Calculated K, and K, values do not vary significantly with
bulk Si/Al ratio.

Comparison of our results with previous work shows
consistency among different researchers; however, it also
highlights the importance of ensuring adequate equilibra-
tion times. For example, Gomez-Zamorano et al'® evaluated
the solubility using alternative product species (AIO*™ vs
AIO’"). Transforming their log K, to the form used in
Equation 3 yields a value of 11.8. This slightly higher value
reported by Gémez-Zamorano et al'® is likely due to the
extended reaction time utilized in our experiments. Indeed,
our data suggest that about 56 days were required to reach

logy; =
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Bulk Si/Al N-A-S-(H) composition Log K,

1 NaAlSi 9305 960 (H,0), 35 11.2+£0.2
1.5 NaAlSig 9903 gg@(H,0), 16 11.1 £0.2
2 NaAlSi; 5,04 o30(H,0); 53 11.0+£0.2

apparent equilibrium. Nonetheless, the values are reason-
ably consistent.

Lothenbach et al*® measured the solubility of zeolite-X
with a slightly different composition than that examined here,
Si/Al = 1.25, and at 25°C. Applying our composition val-
ues to their stoichiometry, we are within 26% of their value.
While these values are remarkably similar, it is important
to note that the experiments were conducted at different
temperatures.

Zeolite-X solubility was also calculated previously by
Seftik et al*’ from experimental data obtained from a sep-
arate study by Cizmek et al.*® In the latter experiments, ze-
olite-X precipitated from a mixture of sodium hydroxide,
sodium silicate, and aluminum trihydrate with Si/Al = 2 was
rinsed and dissolved in 2 M sodium hydroxide at 80°C (com-
pared to the 50°C reaction temperature in the present study).
The values from Seftik et al*® and Cizmek et al*® cannot be
directly compared to the values determined here because of
the large temperature differences, and Seftik et al*’ used
concentrations rather than activities in their calculations, ne-
glecting ionic strength effects. lonic strength effects are far
from negligible since the solution concentrations are so high
in both studies.

In addition to the solubility products and equilibrium con-
stants presented for the equilibrated crystalline phases pre-
sented in Table 3, equilibrium constants were determined for
the amorphous N-A—S—(H) phases using the 7-day Si(IV) and
AI(IIT) concentrations presented in Figures 2—4. Equilibrium
constants were calculated using Equation 4, corresponding to
the reaction presented in Equation 2, which uses the dominant
species of Si(IV) and AI(III) rather than the Sposito45 conven-
tion. Using Si(IV) and AI(III) to determine equilibrium con-
stants allows for a stronger correlation with total Si(IV) and
AI(IIT) concentrations to better understand the relationship
between the amorphous and crystalline N-A—S—(H) solids.
It should be noted that supernatant Na* concentrations and
water content were not measured for the amorphous phases,
as the original intent of this study was to understand the equi-
librium conditions. As such, to calculate amorphous phase
solubility products, 1000 mmol/kg was assumed for the Na*
supernatant concentrations, and the water contents were set
equal to the same water contents measured in the analogous
crystalline phases. While these assumptions may not be 100%
accurate, deviations in these values have relatively little im-
pact on the amorphous phase equilibrium constants. The equi-
librium products for N-A-S—(H) reacted with Si/Al = 1, 1.5,
and 2 for 7 and 56 days are presented in Table 4.

Log K TABLE 3  Solubility products (K,)

- and equilibrium constants (ch) of N-A-S-
—-570+0.2 (H) reacted at 50°C with Si/Al = 1, 1.5,
—-5.74+0.2 and 2 calculated using Equations 2 and 4,
—578+02 respectively

The amorphous N—A-S—(H) equilibrium products are
approximately two orders of magnitude higher than the
crystalline N-A-S—(H) equilibrium products, indicating
that the amorphous N-A-S—(H) is more soluble than the
crystalline N-A—S—(H) under the conditions studied here.
There is no significant change in amorphous N-A-S—(H)
solubility with bulk Si/Al, suggesting that a single amor-
phous phase precipitates at 50°C when bulk Si/Al varies
between 1 and 2.

4 | CONCLUSIONS

This study analyzed the relationship between the aqueous
chemistry and the resultant composition and structure of sol-
ids for N—~A—S—(H) phases synthesized at a constant tempera-
ture. It was shown that early N-A—S—(H) products are X-ray
amorphous, but a transition to an XRD-verified crystalline
structure, specifically faujasite, occurs after several weeks to
several months, depending on the equilibration temperature.
Both 2’Si and Al NMR spectra collected as a function of
time (up to 28 days) supported the XRD results indicating
that the initial amorphous, partially cross-linked aluminosil-
ica network condensed to a more highly coordinated network
structure.

The bulk Si/Al ratio was shown to have little impact on
N-A-S—(H) solid Si/Al ratio when synthesized using sodium
silicate solutions with Si/Na ratios low enough that all sili-
cate species are monomeric. Only slight changes in sodium
silicate Si/Na ratio were shown to have a significant impact
on the N-A-S—(H) Si/Al ratio, an important finding that has
implications for the understanding and optimization of acti-
vator solution chemistries. Additionally, solubility products
of N—A—S—(H) were calculated for a range of compositions,
and these values will allow for thermodynamic modeling of
N-A-S—(H) systems, which can have a substantial impact
on our ability to predict engineering properties for these

TABLE 4 Equilibrium products of crystalline N-A-S-(H) reacted
for 56 d and amorphous N-A-S-(H) reacted for 7 d

Log K,
Bulk Si/Al  Crystalline N-A-S-(H)  Amorphous N-A-S-(H)
1 -5.71 -3.10
1.5 -5.74 =33115
2 -5.78 -3.13
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cementitious binders. Finally, amorphous phase equilibrium
constants were determined, and, as expected, the amorphous
N-A-S—(H) is more soluble than its crystalline counterpart as
evident by the approximately 2.6 order of magnitude differ-
ence in log K, values. The results provide important insights
into the early formation of aluminosilicates, which are relevant
to determining appropriate design parameters for IPBs.
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Table S1: Reactions and constants used for modeling taken from the LLNL database from PHREEQC

Reaction Log k AH (kJ/mol)
H.O=0OH + H -14.00 55.81

H.O + Al* = AlO, + 4H- -22.88 180.90

2H.O + Na' + Al = NaAlO. + 4H- -23.63 190.33

2H.O + Al* = HAIO. -1643 144.70

2H.O + Al* = AI(OH), + 2H* -10.59 98.28

H.O + Al* = AIOH> + H- -4.96 49.80

2H.O + 2Al* = AL(OH);~ + 2H- -7.69 Not Available
4H.,0 + 3Al* = AL(OH); + 4H- -13.88 Not Available
28H.0 + 13Al* = A1,LO,(OH)..,- + -98.73 Not Available
32H:

Na' + HO = NaOH + H- -14.79 53.65

SiO, + Na' + H.O = NaHSIiO, + H- -8.30 11.65

2H.O + Na' + Al* = NaAlO. +4H- -23.63 190.33

2H.O + SiO, = H.SiO; + 2H- -22.96 Not Available
SiO. + H.O = HSiO. + H- -995 25.99

8H.O + 4Si0, = H,(H.Si0,), + 4H- -35.94 Not Available
8H.O + 4Si0, = H,(H.Si0,); + 2H- -13.64 Not Available




Table S2: Ionic strength, pH, and aqueous species activities for crystalline N-A-S-H

Bulk lonic {H*} {oH} {HsSi0s°}  {HsSiOs}  {H.Si0.%} {AlO,} {AP} {Na‘}
. Replicate
5'/'?" (No.) Strength PH  (mol/kg  (mol/kg  (mol/kg  (mol/kg  (mol/kg  (mol/kg  (mol/kg  (mol/kg logK
Ratio (mol/kgw) soln.) soln.) soln.) soln.) soln.) soln.) soln.) soln.)
1 1 9.58E-01 13.07 8.27E-14 5.77E-01 1.53E-07 4.42E-04 2.18E-04 4.27E-03 6.57E-35 6.07E-01 11.20
1 2 9.75E-01 13.08 8.12E-14 5.87E-01 1.39E-07 4.10E-04 2.06E-04 4.70E-03 6.74E-35 6.18E-01 11.18
1 3 9.54E-01 13.07 8.30E-14 5.75E-01 1.47E-07 4.25E-04 2.09E-04 4.35E-03 6.78E-35 6.05E-01 11.16
1.5 1 9.39E-01 13.06 8.51E-14 5.61E-01 5.09E-07 1.43E-03 6.88E-04 1.38E-03 2.37E-35 5.93E-01 11.03
1.5 2 9.42E-01 13.06 8.48E-14 5.63E-01 5.10E-07 1.44E-03 6.93E-04 1.40E-03 2.38E-35 5.95E-01 11.11
2 1 8.99E-01 13.04 8.96E-14 5.34E-01 7.83E-07 2.10E-03 9.58E-04 1.05E-03 2.22E-35 5.68E-01 10.90
2 9.38E-01 13.06 8.57E-14 5.57E-01 7.19E-07 2.01E-03 9.57E-04 7.85E-04 1.39E-35 5.91E-01 10.84
2 3 9.34E-01 13.05 8.61E-14 5.54E-01 7.47E-07 2.07E-03 9.84E-04 1.05E-03 1.91E-35 5.89E-01 11.12
Table S3: Ionic strength, pH, and aqueous species activities for amorphous N-A-S-H
Bulk . lonic {H} {oH?} {H.Si0°}  {HsSi0s}  {H:Si0.?}  {AlO;} {AP} {Na}
. Replicate
SI/N (No.) Strength PH  (mol/kg  (mol/kg  (mol/kg  (mol/kg  (mol/kg  (mol/kg  (mol/kg  (mol/kg logK
Ratio (mol/kgw) soln.) soln.) soln.) soln.) soln.) soln.) soln.) soln.)
1 1 9.21E-01 13.05 8.66E-14 5.50E-01 4.61E-07 1.27E-03 2.38E-02 1.66E-02 3.07E-34 5.96E-01 12.24
1 2 9.21E-01 13.05 8.65E-14 5.51E-01 4.56E-07 1.26E-03 2.36E-02 1.63E-02 3.00E-34 5.96E-01 12.03
1.5 1 9.12E-01 13.05 8.74E-14 5.45E-01 7.48E-07 2.05E-03 3.78E-02 1.01E-02 1.94E-34 5.89E-01 12.01
1.5 2 9.12E-01 13.05 8.73E-14 5.46E-01 7.41E-07 2.03E-03 3.75E-02 9.89E-03 1.89E-34 5.89E-01 12.21
1 9.06E-01 13.04 8.82E-14 5.40E-01 9.47E-07 2.57E-03 4.71E-02  8.14E-03 1.63E-34 5.84E-01 11.94
2 2 9.05E-01 13.04 8.83E-14 5.39E-01 9.61E-07 2.60E-03 4.77E-02  8.04E-03 1.61E-34 5.83E-01 12.14




