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Despite that sodium silicate solutions of high pH are commonly used in industrial
applications, most investigations are focused on low to medium values of pH. There-
fore we have investigated such solutions in a broad modulus range and up to high
pH values (~14) by use of infrared (IR) spectroscopy and silicon nuclear magnetic
resonance (*’Si-NMR). The results show that the modulus dependent pH value leads
to more or less charged species, which affects the configurations of the silicate units.
This in turn, influences the alkali-activation process of low CO, footprint cements,
i.e. materials based on industrial waste or by-products. © 2015 Author(s). All arti-
cle content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4923371]

I. INTRODUCTION

Sodium silicate solutions (Na;O-nSiO3), commonly also called water glass, are among the
most widely used chemicals in industrial products. For instance, water glass is commonly used as
binders or adhesives in various applications, to increase the fire and acid resistance in materials, as
detergents or to enhance the strength of cements and concretes.! In addition, different water glass
compositions are frequently used for the alkali-activation of green, i.e. low CO, footprint, cementi-
tious mineral materials.> As shown in the literature, this type of solutions has a complex molecular
structure and phase behavior, see e.g.,>”” which is highly dependent on pH.? Despite of years of
investigations, there are still questions about the molecular species configuration of these solutions
that need to be answered to gain clarity over the best conditions for the various applications such as
those mentioned above. In particular, for higher pH values the structure and behavior of this type of
solutions are not well established.?

When adding sodium hydroxide (NaOH) to a water glass, the ratio (molar or weight)
Si0,/NayO is decreased. This ratio is called water glass modulus (n) and determines various
physical and chemical properties such as the pH and the viscosity of the solution. For instance, a
previous study® on water glass showed that the viscosity is extremely dependent on the modulus
and increases as the solution becomes either more siliceous or more alkaline, i.e. at both higher and
lower Si0,/NayO molar ratios (n). Since the viscosity of such disperse systems like this is given
by the silicate conformation i.e. extended chain conformation and the degree of polymerization, it
was suggested® that increasing or decreasing the moduli, from the point of the minimum value of
the viscosity, results in that either larger or smaller aggregates of silicate anions dominates in the
solution.

Recently it was found that the alkali-activation of the green cementitious material ground gran-
ulated blastfurnace slag (GGBS) is highly dependent on the modulus (7) of the water glass, and
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that the initial setting time shows a V-formed trend.” A very similar modulus dependence was also
observed previously for initial setting time of another type of alkali-activated green cements.'? In
both studies,”' the shortest initial setting time of the water glass activated material was obtained
for modulus n = 2, whereas both lower and higher moduli resulted in longer initial setting times.
Interestingly, the initial setting time of alkali-activated cementitious materials follows the same
behavior as the viscosity of the water glass; the initial setting time has a minimum close to the
value of minimum in viscosity of the solutions.® Other studies indicate that the early reaction of
alkali-activated mineral materials is diffusion controlled,'"!? and therefore also dependent on the
viscosity of the initial mixture.'? Furthermore, it has been shown that the initial state of the gelation
process of alkali-activated mineral materials is dependent on the degree of polymerization of the
predominant silicate species in the alkali-solution.'* Taken this into account, it might be essential to
explore the modulus dependent changes of these liquids in order to reach a fundamental understand-
ing of the initial setting time behavior and hydration process of alkali-activation of cementitious
mineral materials.

In order to get a fundamental understanding of various silicate unit configurations as a func-
tion of moduli we applied infrared spectroscopy (IR) and silicon nuclear magnetic resonance
(*Si-NMR), which monitors bond vibrations and the main configurations of the silicate units in the
solution, respectively. Although the focus of this study is on the modulus dependent structure of
water glass, the outcome will give insight to the effect of different moduli (n) of water glass on the
initial setting time of green cement, i.e. to the point at which the material loses its plasticity during
the initial stage of the hydration. However, since water glass of high pH values are frequently used
in various industrial the findings are widely applicable.

Il. EXPERIMENTAL

This study focuses on exploring the silicate configurations of water glass of various moduli rang-
ing from n = 0.99-3.35. As the starting solution, a commercial available water glass from Sibelco
Nordic, which contains 27.6 wt% SiO, and modulus n = 3.35, was used. The modulus # of this water
glass was varied by the addition of NaOH solutions of different concentrations (previously prepared
by dissolving appropriate amounts of sodium hydroxide pellets (Fisher Scientific) in deionized wa-
ter). Each solution was prepared more than one day prior to the measurements in order to allow for
thermal equilibrium. Characteristics of the investigated water glass solutions are shown in table I.

One dimensional (1D) Silicon nuclear magnetic resonance (*’Si-NMR) experiments were
performed on an 11.7 T Varian Inova spectrometer operating at a 2°Si resonance frequency of
99.39 MHz at 24 °C. The magnet was equipped with a broadband probe containing glass. For each
measurement, glass NMR tubes were filled with roughly 600 ul water glass solution. To reduce any
background contribution from the probe and the glass tube a RIDE'>~!7 pulse sequence was used.
The spectra were acquired using a spectral width of 19800 Hz, an acquisition time of 0.5 s and 9900
points. The recycle delay was 10 s. The signal prior to a Fourier transform was accumulated for
4096 scans. For comparison, the spectra were normalized by the Si0O, concentration.

Infrared (IR) spectra were collected by using a Bruker IR spectrometer. Each spectrum was
taken in reflectance mode with 500 scans in the wavenumber interval 600 —7500 cm~'. Before
the measurements, a background spectrum was taken that was automatically subtracted from the

TABLE 1. pH values of the water glass solutions of various moduli 7.

Modulus (molar) n pH
3.35 11.2
2.59 11.8
2.07 12.6
1.69 13.3

0.99 13.9
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measured spectra. A number of consecutive preprocessing steps were applied to the raw spectra.
Smoothing was employed using Eilers’ algorithm with d = 2 and A = 10.'® The spectral background
was subtracted by fitting a piecewise polynomial to each spectrum.'” The spectra were vector
normalized so that the integrated intensities were equalized for a quantitative comparison of the
results. The analysis of the peaks in the Si-region (from about 800 — 1200 cm™') was performed by
curve fitting the spectra by Gaussians functions.

The initial setting time of a ground granulated blastfurnace slag (GGBS) called Merit 5000
(SSAB Merox AB) was measured as a function of modulus n of the water glass used for the alkali
activation by use of a Vicat instrument (Toni Technik) equipped with a calibrated weight of 300 g
and a cylindrical needle with a flat tip area of 1 mm?. A schematic illustration of the method is
shown in the right panel of figure 1.

lll. RESULTS
A. Initial setting time of alkali-activated ground granulated blastfurnace slag (GGBS)

The hydration process of GGBS starts with the so-called dissolution phase in which GGBS parti-
cles are gradually dissolved and released ions diffuses out from the particle surface into the surround-
ing liquid. Subsequently, the ions in the solution phase react and form so-called hydration products,
which nucleate on the particle surfaces. At a certain point the particles become bound together in
clusters, a network is formed throughout the material and the material changes from a viscous liquid
like slurry, in which particles are dissolved, to an interconnected more solid like phase. In analogy
with the hydration process of ordinary cements,?’ this point can be considered as a solid percolation
threshold, i.e. the material loses its plasticity, and the penetration of the Vicat needle (see inset of
figure 1) is prevented to a specific degree. This is the so-called initial setting time.

In figure 1, the measured initial setting times for the GGBS are shown, as a function of water
glass modulus 7, of the solution used for the alkali activation. As can be observed from this figure,
the initial setting time is the fastest for the water glass of modulus n = 2.07 and becomes slower at
both higher and lower moduli.

B. 29Si Nuclear magnetic resonance (NMR) on water glass

The normalized 2°Si-NMR spectra (see figure 2) show different peak patterns for various water
glass compositions (moduli). Harris et al.2! assigned peaks close to -80 ppm to cyclic Q2 species
(see figure 2) because of smaller Si-O-Si bond angles compared to linear Q? units, which are located

pH
13.9 13.3 12.6 11.8

1500
1000+

100+

o~
9

initial setting time (min)

N
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15 2 25 3
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b
o
-

FIG. 1. Initial setting time as a function of water glass modulus n (SiO2/Na;O ratio) for alkali activated ground granulated
blastfurnace slag (GGBS) and a schematic illustration of the Vicat method.
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FIG. 2. Normalized 2°Si-NMR spectra for water glass of moduli n =3.35-0.99 and a schematic illustration of the silicate
configurations Q° to Q*. Assignments of the peaks are according to Ref. 22.

around -88 ppm.>?? The same is true for the Q3 groups. For the initial water glass solution with
a modulus n = 3.35 (i.e. the lowest sodium content) the spectrum shows broad peaks, which are
assigned to larger aggregates, containing Q' - Q® whereas more simple silicate anions (Q° units) are
completely absent. For this composition there is also a weak indication of the highly connected Q*
configuration.

By reducing the modulus, the broad peaks start to split into multiple narrower peaks and indi-
cate the presence of e.g. a distribution of different aggregates containing Q° configurations. For
lower moduli, the *°Si spectra reveal also Q° peaks arising from the silicate anion. Our results are
in agreement with earlier studies, see e.g. Refs. 21 and 22 that reported on depolymerization of
silicates with increasing sodium content. Furthermore, a decrease in modulus and thus an increase
in pH shifts the peak position to higher ppm values, which is attributed to deprotonation of Si-OH
groups or silicate — sodium ion pairing.?” It should be noted that by use of the RIDE sequence
in liquid state >’Si-NMR only a qualitative distribution of various building groups and silicate
structures can be obtained.

C. Infrared spectroscopy (IR) on water glass

From IR spectroscopy, figure 3, it is obvious that there are significant differences between the
different compositions both in the water stretching and bending vibrations. All spectra reveal a
broad peak with center around 3250 cm~!' which is due to hydrogen bonded OH groups. In this
broad peak there is a shoulder around 3500 cm™!, which can be assigned to symmetric (v;) and
asymmetric (v3) stretching vibrations of OH. Around 1600 cm™! the scissoring bend (v,) of H,O can
be seen. For the OH-vibrations it can, for instance, be observed that the intensity of the very broad
band with a center at 3250 cm™! is changed for different moduli. The intensity initially increases and
the maximum intensity is found for the sample with n = 2.59. However, for the highest modulus,
n = 3.35, the intensity around 3250 cm~! decreases to the same value as for the lowest modulus at
n =0.99. As also can be observed from figure 3, the main peak around 1000 cm™! in the silicate
fingerprint region (800 -1200 cm™") is shifted to higher wavenumbers as the modulus is increased
(i.e. when the sodium content is decreased). The highest and lowest wavenumbers of this peak is
thus found for the highest and lowest modulus, respectively.

However, the actual silicate structure of the water glass solutions cannot be obtained from
figure 3. To distinguish the contribution of different structural units a curve fitting procedure was
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FIG. 3. Normalized Infrared spectra for water glass of moduli n =3.35-0.99 with schematic representations of stretching
(peak centered around 3250 cm™!) and bending (1600 cm™!) of OH groups. The silicate fingerprint region is found between
800 and 1200 cm™".

performed. The result is shown in figure 4. In the histogram in figure 4, seen below right hand
side, the differences between the different peaks are shown in terms of percent fractions. As can be
observed, the spectra obtained for all water glass of higher moduli are similar, whereas the solution
of the lowest modulus differs (n = 0.99) substantially. For the solution of higher moduli, the spectra
can be fitted by five Gaussian functions with peak maxima (denoted 1-5) at approximately 850,
964 + 6, 1007 = 7, 1060 + 10 and 1098 + 15 cm™!, where the most dominant peak is located around
1007 cm™'. For the water glass solution of the lowest modulus zn = 0.99 there was a need for 6
Gaussians (denoted 1-6) to fit the silicate region of the spectrum.

IV. DISCUSSION

A. 2°Si Nuclear magnetic resonance (NMR) on water glass

The degree of polymerization of silicate anions in water glass is dependent on the silicate
and sodium ions concentrations, the modulus and the pH, see e.g.3‘5 The different units are often

n=335 n=259 n=207
— intensity Si-region —— intensity Si-region —— intensity Si-region /-
870 cm-1 851 cm-1 850 cm-1 f
- 9(7)040m—11 . 969 cm-1 - 958 cm-1
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s 1085 cm-1 s 1069 cm-1 & 1054 cm-1
z 1136 cn‘n: t > 1111 cm-1 2 1088 cm-1
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8 2 s 2
E : £ £
2 \
1 ~ 5 B
75t
n=1.69 n=0.99
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FIG. 4. Spectral deconvolution (curve fitting) of IR spectra acquired of the silicate region as a function of modulus. Histogram
at the right-hand side below, shows the percent fractions of the different peaks.
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denoted by the NMR nomenclature for the silicate connectivity called QX. In this terminology, X
ranges from 0-4 and denotes the number of neighboring Si atom(s) connected to a SiO4*~ tetrahe-
dron via the oxygen atom. However, in water glass, the dissolved silicate anions (SiO4*") can be
protonated, interact with sodium ions or take part in the polymerization of larger aggregates, which
are composed of Q' - Q% configurations. A schematic illustration of the different connectivities is
shown in figure 2. In solutions different types of aggregates such as monomers, dimers, trimmers
and combinations of them generally coexist*%?* which form linear, branched or cyclic structures.’
It should be noted that the largest silicate configuration Q* is only expected to be found in highly
connected and branched configurations®” and should therefore be absent in diluted solutions.

With 2°Si-NMR it is possible to distinguishing between various silicate connectivities. As seen
in the result section, the NMR spectra (figure 2) show that the silicate configuration differs for the
water glass of different moduli. The highest modulus (n = 3.35) gives rise to broad peaks, which
indicates larger aggregates while Q° units seem to be absent. When the modulus is decreased, the
broad NMR bands start to split up due to the splitting of the aggregates into smaller ones. The shift
in peak position to larger ppm values results from an increase in pH (i.e. decrease in modulus),
which forms more negatively charged Si-O~ groups that can interact with the positively charged
sodium ions. For the water glass of modulus 7 = 3.35 there is an indication of a Q* configuration,
which could arise from the NMR glass tube or the glassy part of the probe. However, since we used
the RIDE pulse sequence'>~!” and since there is no indication of any Q* configuration in the spectra
obtained for the solutions of lower modulus, this should not be the case.

B. Infrared spectroscopy (IR) on water glass solutions

The intensity behavior in the water stretching and bending vibrations around 3250 and
1600 cm™! implies that more water molecules (OH-groups) contribute to the vibration at the inter-
mediate concentrations of sodium. The increasing intensity with increasing moduli is in accordance
with a previous study where it was found that the quasi free OH groups decrease with increasing
salt concentration, since more anions in the solutions lead to more and stronger docking sites for
OH groups.’** However, for the highest moduli n = 3.35, the abrupt decrease of the v; and the
v; peak in the spectrum could be explained by the binding of OH to the large silicate aggregates,
as seen in the 2°Si-NMR. The addition of ions to water leads to a decrease of the symmetric and
asymmetric stretch character of the tetrahedral hydrogen-bonded network, and thus to a decrease of
the 3250 cm™! peak intensity.

As mentioned above, modification of the modulus n and pH creates various silicate config-
urations,>™ affecting the viscosity of the solutions® and also the gelation process of cementi-
tious mineral materials'* in which the reaction between silicates and dissolved calcium ions from
alkali-activated mineral materials are involved. Therefore, we will here concentrate on the silicate
region located in the interval 800-1200 cm™'. Note that it is evident that the relative intensity, the
shape and the extension of the region varies with the modulus 7 (figure 3).

From previous IR studies on water glass* (and references therein) it has been suggested that
larger silicate structures contributes to the IR spectrum at higher wavenumbers and small molecular
weight units at lower wavenumber, respectively. Hence, both the extension of the silicate region to
particularly larger wavenumbers and the shift of the main peak (around 1000 cm™') indicate that the
size of the structural units increases with increasing modulus, which is in agreement with the results
obtained by >’Si-NMR.

The curve fitting procedure (figure 4) showed that spectra of water glass of higher moduli are
similar while the one with the lowest modulus differs substantially, i.e. the numbers of Gaussians
necessary for the curve fitting increased from 5 to 6. As shown in figure 4, for the latter most of
the peaks are found at somewhat different positions compared to the water glass of higher moduli,
which should indicate that the molecular structure is substantially changed. It can also be noted
that a new peak appears at about 904 cm~' and that the main peak is centered at about 986 cm™".
The latter suggests that the smallest silicate structural units are found in this concentration, which is
also confirmed by the 2°Si NMR measurements shown above. Even if the present study is focused
on the structure of water glass, it can be noted that the main peak around 1000 cm™! is interesting
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also when studying the structure and structure development of calcium-silicate-hydrate (CSH) gel
of alkali-activated slag and the degree of polymerization in geopolymerization, respectively.?*% In
general, the intensity of this peak increasees and the peak maximum is moving to higher wavenum-
bers when the structure becomes more polymerized; i.e. when larger structures are developed.

However, although often used in the literature, recent studies”?° on water glass made of dis-
solved sodium metasilicates have shown that the generally used NMR terminology regarding sili-
cate connectivity and configuration most likely cannot be used directly for describing specific IR
vibrations of water glasses. Instead it was suggested that for such solutions of higher pH (pH > 10),
the observed IR vibrations in the silicate region are dependent on the sodium ion content and due
to various degrees of dissociation of sodium ions. According to these studies,”?° the shift towards
lower wavenumbers with decreased moduli implies that more sodium ions are interacting with the
oxygen atoms on the silicate tetrahedrons. This is also what is obtained for the here investigated
samples where the position of the most intense peak if moved from 1015 cm™" for the water glass of
lowest sodium content (n = 3.35) to 985 cm™! for the sample of highest sodium content (n = 0.99).
When the peak maximum comes close to 985 cm™!, as for the n = 0.99 sample, the specific config-
uration bonds giving rise to this peak is a neutral silicate structure where all oxygen atoms on the
silicate tetrahedron are protonated or occupied by sodium ions.”?° In the histogram in figure 4 it can
be observed that for n = 2.07 the main peak around 1000 cm~' displays a maximum and the peak at
964 cm~! shows a minimum when compared to the other moduli. This latter peak is, according to
Halasz et al.,”* due to Si-OH vibrations. Interestingly, this solution gives rise to the fastest setting
time as shown in our previous study” (see figure 1).

C. Silicate configuration and insights for the alkali-activation of green
cementitious materials

According to the 2°Si spectra, the solution with modulus n = 3.35 is dominated by larger
silicate aggregates, which suggests that a large amounts of the sodium ions in the material are
incorporated, or buried, in the silicate structures. As a consequence, only a few sites of negatively
charged oxygens on the silica aggregates should be available for interaction with, for instance,
dissolved ions in the surrounding. As the modulus n is decreased, larger silicate structural units
break up and become smaller and thereby also a larger fraction of oxygen sites are found on the
corners of the silicate aggregates.

With increased modulus 7, the pH of the water glass is increased, which in turn influences
the solubility of ions.>* An increased pH results in reduced solubility of calcium ions whereas the
opposite is found for silicates.>*3! This should have an effect on the initial stage, the so-called
dissolution phase, of the hydration process of alkali-activated green cementitious materials like
GGBS. In the dissolution phase GGBS bonds are broken, and ions like calcium ions migrate out
of the slag material into the liquid phase surrounding the GGBS particles.’> However as can be
observed from figure 1, despite that the solubility of calcium ions is reduced, the smaller size of the
structural silicate units results in an increased (faster) initial setting time of GGBS. The reason for
this is most likely that the probability for interaction between dissolved ions and negatively charged
oxygen sites on the silicate aggregates increases.

The fastest initial setting time of water glass activated GGBS was previously found to occur for
modulus close to 2, both by us’ (see figure 1) and others.'? It is also close to the water glass compo-
sition for which a minimum in the viscosity is observed.® Thus, even if the solubility of calcium ions
is further decreased due to increased pH (pH = 12.6), the alkali-activated mixture (i.e. GGBS and
water glass) becomes more fluid due to the smaller size of the silicate aggregates. Consequently, the
diffusion process, important for the reaction and structure development of the alkali-activated slag,'!
is facilitated.

As shown in figure 1, the initial setting time becomes longer when the alkali solution becomes
either more siliceous or more alkaline (i.e. higher or lower moduli). With further decrease of
modulus, the position of the main peak in the infrared spectrum is moved to lower wavenumber,
which indicates that less negatively charged corners appear at the silicate structures. In addition, the
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results from the 2°Si NMR measurements indicate that the silicate aggregates get more depolymer-
ized. At the same time the solubility of calcium ions from the slag is decreased due to the increase
in pH.?° Thus, only a small amount of dissolved calcium ions will be available for the pozzolanic
reaction at the same time as the fraction of negatively charged sites are lower and, as expected, the
initial setting time becomes longer as can be seen in figure 1.

For the solution of the lowest modulus (n = 0.99) larger silicate aggregates are completely ab-
sent and the solution consists to a large extent only of smaller structural units like Q° and Q'. At this
water glass composition the pH is close to 14 and the total amount of sodium ions in the solution are
high (see table I). However as mentioned above, previous studies’->* have shown that when the peak
position of the main peak is located around 985 cm~!, most oxygen sites on the silicate tetrahedrons
are occupied by either hydrogen or sodium ions. Thus, in this case fewer amounts of negatively
charged oxygen sites are available for dissolved calcium ions, and as a result, the initial setting time
is further increased.

V. CONCLUSIONS

By using a combination of 2’Si-NMR, and IR we have revealed that for higher and lower
moduli (lower and higher sodium content, respectively) the structural units of silicate species in
the water glass solution vary. Lager silicate units are found in water glass of higher modulus. As
the modulus is decreased, these larger structures are split up into smaller aggregates, which results
in changes of the viscosity of the solutions. The silicate structures are stabilized by electrostatic
interactions between oxygen atoms on the corners of the silicate tetrahedrons and sodium ions,
respectively. The fastest initial setting time of GGBS is found when using water glass of modulus
2.07 for alkali activation. This implies an excess of charged sites (O~) on the silicate structures that
ions can interact which is favorable for the initial setting time of GGBS or other types of reactions.
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