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Thermally assisted alkali activation of silica-rich glass powder to produce sustainable binders is investi-
gated. Glass powder activated using NaOH provides higher compressive strengths than NaOH activated
fly ash binders at lower heat curing temperatures. Sodium silicate gel is the reaction product when glass
powder alone is used as the source material, while a combination of sodium silicate and sodium alumi-
nosilicate (N–A–S–H) gels form in activated glass powder–fly ash blends. The activated glass powder-
containing binders are found to disintegrate and lose strength when exposed to moisture or an alkaline
solution, with the pure glass powder binders suffering the highest strength loss. Structural changes to the
reaction product on exposure to moisture are explained using microstructural and FTIR spectroscopic
observations. Doping the systems with Al containing (metakaolin) and Ca containing (slag) source mate-
rials, while retaining glass powder as the major component (50% or more), result in the formation of
moisture-stable reaction products thereby mitigating the strength loss to a large extent.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Alkaline activation of aluminosilicate materials such as fly ash,
ground granulated blast furnace slag, and metakaolin has been
shown to be capable of producing sustainable binders to replace
ordinary Portland cement. The use of these natural or industrial
by-product materials results in significant environmental benefits
such as the decrease in CO2 emission and energy consumption
attributed to Portland cement production, and the conservation
of non-replenishable natural resources [1–4]. In addition, this ap-
proach allows for increased utilization of materials like fly ash,
the management of which is a concern.

Among the source materials used to produce alkali activated
concretes, fly ash and slag are the most commonly studied because
of their abundant availability and the presence of soluble silica and
alumina contents in these materials that undergo dissolution, poly-
merization with the alkali, and solidification that provides strength
and stability to these matrices [5–10]. Alkali hydroxides or silicates
of varying concentrations are generally used as the activating
agents. The processing conditions required to produce binders of
desirable mechanical and durability properties change with the
source material chemistry. For instance, activated fly ash binders
require mild to moderate thermal curing in order to facilitate
hardening and the formation of the alkali aluminosilicate binder
[4,7,11] whereas activated slag binders harden and develop
strength under moist curing [10,12]. Several studies have reported
the reaction product formation and property development in such
mixtures [13–17], aiding in a better understanding of these binder
systems.

While significant progress is being made on increased utiliza-
tion of industrial waste materials such as fly ash and slag through
alkali activation, there are materials from other waste streams that
have the potential to be activated to form sustainable binders.
Powdered glass is one such material, which is the focus of this pa-
per. Municipal waste streams across the world generate millions of
tons of glass every year. In the United States alone, 12 million tons
of waste glass is generated annually, with only a quarter of it being
recycled [18]. Fine glass powder has been reported to have ade-
quate pozzolanic properties [19,20] and concretes made with par-
tial replacement of cement by glass powder has shown comparable
performance to that of fly ash modified concretes [21,22].

Glass powder is rich in silica, and when activated with alkalis,
can result in the formation of sodium silicate gel. Only limited pre-
liminary studies have been reported on alkali activation of glass
powder. Limited mechanical properties of activated slag-glass
powder mixtures have been evaluated, and is reported that
increasing the glass powder content decreases the strength under
moist curing conditions [23]. There is a need to understand the
reaction product formation in binders that contain glass powder
as a major component, and their properties so as to enable
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beneficial utilization of this material. The alkali silicate gels, when
exposed to water, can leach alkali ions [24] that contribute to the
destabilization of the gel structure. This is an important criterion
that needs to be studied with respect to the durability of the acti-
vated glass powder binders. This paper evaluates the strength
development in NaOH activated glass powder (�72% SiO2) mix-
tures, and compares the reaction products formed to those found
in activated fly ash mixtures. The hydrolytic stability of the reac-
tion products formed from glass powder activation is investigated
and methods to produce water-resistant gels containing a major
proportion of glass powder are outlined.
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Fig. 1. Particle size distributions of glass powder and fly ash.
2. Experimental program

The glass powder used in this study is a by-product of industrial
and highway safety glass bead manufacturing, with pozzolanic
properties as reported earlier [19,21]. The manufacturing process
produces the fine powder as a waste, necessitating no grinding
or pre-treatment before the glass powder can be used as a source
material in activated binder systems. This waste material is either
being landfilled or used in limited amounts in fiberglass and paint
manufacture. A Class F fly ash conforming to ASTM C 618 [25] is
used in this study. The chemical composition of these starting
materials are given in Table 1 and their particle size distributions,
obtained using a laser particle size analyzer are shown in Fig. 1.
Both glass powder and fly ash have very similar particle size distri-
butions. The ground granulated blast furnace slag used in the ter-
nary blends is a Type 100 slag conforming to ASTM C 989 [26], and
the metakaolin for the ternary blends is classified as a Class N poz-
zolan according to ASTM C 618 [25]. Slag and metakaolin were
used as materials to partially replace glass powder in order to im-
prove the stability of these binders under exposure to moisture.
The slag used has a median particle size (d50) of 8 lm and metaka-
olin has a d50 of 4 lm. The chemical compositions of these materi-
als also can be found in Table 1. Laboratory grade NaOH beads were
dissolved in water to produce the activator solutions of desired
concentration (4, 6, or 8 M). The solutions were prepared and al-
lowed to return to ambient temperature before used in the mix-
tures in order to negate the effect of high temperatures caused
by the dissolution of NaOH in water. Mortars were prepared with
glass powder alone, 50% glass powder-50% fly ash (by mass) or
fly ash alone as the starting materials. River sand (d50 of 0.6 mm)
was used as the filler in mortars, which were proportioned using
a liquid-to-powder ratio of 0.50, with approximately 40% paste vol-
ume fraction. The binder pastes used for the microstructural stud-
ies had a liquid-to-powder ratio of 0.40 because the flowability of
pastes with a liquid-to-powder ratio of 0.50 was very high.

The source materials were mixed together in dry form in a lab-
oratory mortar mixer for 2 min. The activator solution was then
Table 1
Chemical composition and properties of the starting materials.

Composition (% by mass) Glass
powder

Fly
ash

Metakaolin Slag

SiO2 72.5 50.2 48.9 36.0
Al2O3 0.40 28.8 44.6 10.5
Fe2O3 0.20 5.72 0.47 0.67
CaO 9.70 5.86 – 39.8
MgO 3.30 1.74 – 7.93
Na2O 13.7 0.96 – 0.27
K2O 0.10 – 0.24 0.16
TiO2 – – 1.44 –
SO3 – 0.51 – 2.11
LOI – 2.80 – 3.0
Fineness, % passing 45 lm

sieve
74 75 100 95
gradually added to the dry material and mixed together until a uni-
form mixture was obtained. After mixing, the specimens were cast
in 50 mm cube molds and vibrated on a table vibrator until a
homogeneous mixture was achieved. The specimens were covered
with plastic sheets and allowed to set for 24 h in ambient condi-
tions before being removed from the molds, and then were placed
in the curing oven at the desired curing temperatures for the cho-
sen durations. Heat curing was carried out at 50 �C and 75 �C for
24, 48, or 72 h.

The compressive strengths of the mortar cubes were tested
after the respective curing regime (thermal curing, or moist curing
after heat curing to determine hydrolytic stability) and after they
returned to ambient conditions. To understand the morphology
and the composition of the reaction products formed in NaOH acti-
vated glass powder pastes, morphological analysis was performed
on Au sputter-coated samples using Scanning Electron Microscopy
(SEM) coupled with Energy dispersive X-ray analysis (EDX). The
samples for Fourier Transform Infrared (FTIR) spectroscopy were
prepared by mixing approximately 1 mg of sample with 300 mg
of KBr. The spectra of the reaction products at desired ages of cur-
ing were obtained using an ATI Mattson FTIR spectroscope in the
wavenumber range of 4000–400 cm�1 at a resolution of 1 cm�1.
3. Results, analysis, and discussion

3.1. Compressive strengths of NaOH activated glass powder mortars

The compressive strengths of mortars made using glass powder
or fly ash alone or a combination of 50% of each of these materials
by mass as the source materials are reported and discussed in this
section. Two different NaOH concentrations, 4 M and 8 M, and two
different curing temperatures, 50 �C and 75 �C were adopted for
this part of the study. Since the specimens cured for 24 h at 50 �C
did not develop considerable strength, the curing durations
adopted at this temperature were 48 and 72 h. Similarly, when
the curing temperature was 75 �C, a duration of 72 h resulted in
significant specimen cracking especially for the glass powder mor-
tars, and therefore the curing durations at this temperature were
restricted to 24 and 48 h.

Fig. 2(a) and (b) depict the changes in the compressive
strengths of NaOH activated mortars as a function of the glass
powder content for different NaOH concentrations, curing temper-
atures, and curing durations. It is noted that, in general, addition of
glass powder increases the compressive strength of the activated
mortars. The only exception is for the 8 M NaOH activated mix-
tures subjected to 75 �C for 48 h, where the 50% fly ash–glass
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Fig. 2. Influence of glass powder content on the compressive strengths of NaOH activated mortars cured at 50 �C or 75 �C for 24, 48, or 72 h for activator concentrations of: (a)
4 M, and (b) 8 M.
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powder blend shows the highest compressive strength. There is a
significant increase in compressive strength when the alkali con-
centration is increased, indicating that higher alkali concentrations
result in the formation of increased amounts of reaction products
(sodium aluminosilicate (N–A–S–H) gel) from fly ash activation
[7,27].

When glass powder is activated with NaOH, compressive
strength increases when the NaOH concentration is increased from
4 M to 8 M, although the effect is not as dominant as that for mix-
tures containing fly ash. This suggests that increasing the activator
concentration beyond a certain level might not be very critical for
glass powder activation. This is attributed to the fact that there is
very little alumina in glass powder to form N–A–S–H gel, and thus
the reaction product formed is primarily a sodium silicate gel. This
is confirmed later using electron micrographs as well as EDX
and FTIR spectroscopic analyses. With increasing concentration of
NaOH and the availability of reactive silica from glass powder,
additional sodium silicate gel is formed that is hardened by the
provision of external heat, resulting in some amount of strength
enhancement. However, the gel formed in this case has a lower
SiO2-to-Na2O ratio (silica modulus) that has inferior mechanical
properties than the gel with a higher modulus [28]. Sodium silicate
gels also demonstrate higher amounts of shrinkage and cracking
[29], which is shown in the micrographs in a later section.

It is noticed from Fig. 2(a) and (b) that a higher temperature al-
ways results in better compressive strengths for the activated
binders containing fly ash (both 100% fly ash and 50% glass pow-
der–fly ash blends) irrespective of the curing duration. On the con-
trary, for the glass powder mortars, the highest compressive
strengths are obtained when the specimens are heat cured for a
longer duration at a lower temperature or for a shorter duration
at a higher temperature. It is well known that heating and loss of
water facilitates the polymerization reaction and consequently
gel hardening. It is conceivable that the physically bound water
on the silanol groups on the surface of the sodium silicate gel,
which accounts for a significant proportion of water contained in
sodium silicate gels, could have been partly removed when the
combination of curing temperature and duration is higher, result-
ing in gel shrinkage and cracking and consequently lower strengths
under such conditions. Microscopic (Section 3.2) and spectroscopic
(Section 3.3.2) evidence of this are presented in forthcoming
sections.

For the mortars activated using 4 M NaOH, an increase in curing
duration from 48 to 72 h at a temperature of 50 �C or from 24 to
48 h at 75 �C result in little to no strength enhancement, indicating
that at lower alkali concentrations, the heat curing duration is not a
significant parameter at the temperatures considered. For the 8 M
NaOH activated mortars, increasing the curing duration from 48 to
72 h at a temperature of 50 �C results in appreciable strength gain,
attributable to the combined effects of the higher alkalinity that re-
sults in faster reaction product formation, and the longer heat cur-
ing duration that ensures further progress of diffusion controlled
reaction especially in activated mortars containing fly ash. When
the heat curing duration is increased from 24 to 48 h at a temper-
ature of 75 �C, a strength loss is observed for the 100% glass powder
mortar. This can plausibly be ascribed to gel cracking and deterio-
ration when sodium silicate gel is a reaction product.

3.2. Microscopic analysis of NaOH activated glass powder systems

Electron micrograph of an unreacted glass powder particle is
shown in Fig. 3(a), to demonstrate its surface characteristics and
smooth, unfractured nature of the particle. Fig. 3(b) shows the
microstructure of 4 M NaOH activated glass powder pastes heat
cured at 75 �C for 48 h, and Fig. 3(c) shows the EDX spectra of a
representative location (Point 1) in the microstructure. The silica
in the glass powder has reacted with the alkalis forming sodium
silicate gel. The EDX spectrum shows dominant peaks of Na and
Si only. Micro-cracks are observed in the gel, which is believed to
be a result of heat curing induced gel shrinkage. In a later section,
Environmental SEM (ESEM, which avoids issues with dehydration
under vacuum) micrographs are presented which also show the
presence of cracks. The microstructure of 8 M NaOH activated glass
powder paste, cured at 75 �C for 24 h is shown in Fig. 3(d). The
reaction product is still continuous, and the corresponding EDX
spectra detected the presence of Na and Si only in the reaction
product. Analysis of EDX spectra of 5–7 points (believed to be ade-
quate because of the homogeneity of the gel) on both these micro-
structures showed that the average Si/Na atom ratio of the gel is
lowered for the mixture activated using a higher concentration of
the activator (from 3.62 for the gel in Fig. 3(b) to 2.65 for the gel
in Fig. 3(d)), which is along expected lines. The higher amounts
of network modifiers such as sodium (which reduces the gel mod-
ulus) increases the number of non-bridging oxygen (NBO) sites
[26]. This changes the connectivity of the SiO4 tetrahedral network
[30], resulting in structural changes in the amorphous sodium sil-
icate phase. A quantification of the structural changes can only be
demonstrated through characterization techniques such as 29Si
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Fig. 3. (a) Scanning electron micrograph of an unreacted glass powder, (b) and (c): SEM and EDX spectra corresponding to Point 1 in (a) for 100% glass powder paste activated
using 4 M NaOH and heat cured for 48 h at 75 �C, (d) SEM of 100% glass powder paste activated using 8 M NaOH and heat cured for 24 h at 75 �C, (e) same mixture as in (d),
but heat cured for 48 h at 75 �C.
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NMR. Another additional level of complexity arises from the uncer-
tainties in the distribution of the network modifiers (whether they
are clustered into areas rich in NBO and rich in Si, or distributed
randomly) in the gel structure [31]. These aspects are beyond the
scope of the present study.

When the microstructure of 8 M NaOH activated glass powder
pastes cured at 75 �C for an even longer duration of 48 h is consid-
ered, a very different picture emerges as shown in Fig. 3(e). The
microstructure is very porous, and the gel can no longer be de-
scribed as continuous. Heat curing for longer durations and the
presence of higher alkalinity in the pore solution induces disinte-
gration of the gel, resulting in the microstructure shown in
Fig. 3(e). The compressive strength of this mixture is lower than
that of the one cured for only 24 h. The discussions above throw
light into the combined effects of alkalinity and the heat curing
duration on the microstructure and consequently the properties
of NaOH activated glass powder binders.

The microstructure of a 50% glass powder–fly ash blend, acti-
vated by 8 M NaOH and heat cured at 75 �C for 48 h is shown in
Fig. 4. The reaction product is found to be a mixture of N–A–S–H
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Fig. 4. (a) Micrograph of a 50% glass powder – fly ash blend activated using 8 M NaOH and heat cured for 48 h at 75 �C, (b) EDX spectra of the smooth silicate gel, and (c) EDX
spectra of N–A–S–H gel.
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and sodium silicate gels. The N–A–S–H gel is formed around the fly
ash particles [4,7,13,27], whereas the locations previously occu-
pied by the glass powder are transformed into a sodium silicate
gel. The EDX spectra shown in Fig. 4 confirm this observation, even
though the sodium silicate gel contains traces of Al. Some dissolved
Al from fly ash might have diffused into areas near the glass pow-
der particles. Silicate gels are reported to have a high affinity for Al.
Al can be incorporated into the silica tetrahedron with Na in a
charge balancing role and/or adsorbed in the gel surface with Al
retaining an octahedral configuration [32]. The mechanism of Al
incorporation also dictates its amount in the gel. The Si/Na and
Si/Al atom ratios for the sodium silicate gel are found to be higher
than the corresponding values for the N–A–S–H gel.
3.3. Stability of the reaction products under exposure to moisture

The moisture stability of conventional cement hydration prod-
ucts such as C–S–H gel and alkali activated aluminosilicate reac-
tion products such as N–A–S–H are well documented. With
regards to sodium silicate, the moisture stability is a function of
the silica modulus of the produced gel [28,33]. This, in turn, is
dependent on the source material and activator chemistry as well
as the processing conditions.
3.3.1. Compressive strength loss as an indicator of moisture instability
Fig. 5(a) and (b) depict the compressive strength changes in 4 M

and 8 M NaOH activated mortars respectively as a function of the
exposure duration to moisture (cured in a fog spray chamber) after
heat curing at 75 �C for 24 h. The fly ash mortars show no strength
loss, but in both the cases, the activated glass powder mortars
show the highest strength loss after 28 days of curing in a moist
environment, followed by the glass powder–fly ash blended mor-
tar. For the mortars containing glass powder, the most significant
strength loss under this exposure regime is observed for the first
7 days and then the strength loss is gradual. When the sodium sil-
icate gels are exposed to water, sodium will be leached out as
shown below:

BSiAOANaþH2O ! BSiAOAHþ Naþ þ OH�: ð1Þ

Further dissociation depends on the continuing hydrolysis of
@Si–O–Si@ linkages. When the specimens are subjected to moist
environment in a fog sprayed curing room (>98% RH) as was the
case for the results shown in Fig. 5, the pH of the environment does
not change significantly with exposure duration, even though a
slight localized increase in pH can be expected around the speci-
men due to the leaching of OH� ions. The surface of the gel be-
comes alkali depleted and a silica rich layer might form on the
surface. This will limit further silica dissolution, resulting in a re-
duced degree of strength loss after the initial dissociation period,
as observed in Fig. 5.

If the specimens are immersed in an aqueous environment, the
pH of the solution increases because of the alkalinity produced by
the reaction shown in Eq. (1). The alkaline environment attacks the
Si–O–Si bonds to further dissociate the silica [34] as shown in fol-
lowing equation:

BSiAOASiBþ OH� ! BSiAOHþBSiAO� ð2aÞ
BSiAOHþ OH� $ BSiAO� þH2O: ð2bÞ

To investigate the silica gel dissolution in such an environment,
8 M NaOH activated glass powder, and 50% glass powder–fly ash
blends were stored in 0.5 M NaOH solution (pH of 13.7) after heat
curing at 75 �C for 24 h. An alkaline storage medium is used be-
cause Eqs. (2a) and (2b) are catalyzed by hydroxyl ions, and the
reactions go to completion only in solutions with sufficient alkalin-
ity [35]. The dependence of the rate and extent of dissolution of the
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Fig. 5. Compressive strength as a function of moist curing duration for the glass powder, fly ash, and blend mortars activated using: (a) 4 M NaOH, (b) 8 M NaOH.
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silicate gel on the alkali metal cation type and the attainment of
equilibrium between the different oligomeric types have been ex-
plained in [33]. A comparison of strength loss on exposure to mois-
ture under both the conditions is shown in Fig. 6. It can be noticed
that the strength loss is higher when the specimens are immersed
in an alkaline solution, because of the reasons stated above. Even if
it is considered that the leaching process facilitates additional reac-
tion product formation because of the exposure of the hitherto
unreacted starting materials to the highly alkaline pore solution,
the strength loss because of the gel instability is found to be higher
than the strength enhancement thus achieved. The masses of the
saturated specimens (100% glass powder activated using 8 M
NaOH and cured at 75 �C for 24 h) before the start of the exposure
in the alkaline media and after 7 days of exposure indicated a
porosity enhancement in excess of 20%.

The 50% glass powder–fly ash blend shows a residual strength
of about 56% when exposed to moisture in a fog-spray chamber,
while it drops to 35% when immersed in an aqueous solution.
For the 100% glass powder mortars, the strength loss is more dras-
tic – a residual strength of 42% when exposed to moisture in the
fog-spray chamber, and only 24% when immersed in an aqueous
solution. After about 14 days of exposure to either of the condi-
tions, the glass power–fly ash blend does not lose any further
strength. For the 100% glass powder blend, strength loss occurs
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Fig. 6. Compressive strength of the glass powder mortars as a function of exposure
duration, when exposed to moisture in a fog-spray chamber or immersed in a 0.5 M
NaOH solution after heat curing at 75 �C for 24 h.
throughout the entire exposure duration, demonstrating the lack
of continued moisture stability of the reaction products.

3.3.2. Microstructural and spectroscopic analysis of hydrolytic
instability

Fig. 7(a) and (b) show the microstructures of 8 M NaOH acti-
vated glass powder paste cured at 75 �C for 24 h, before and after
3 days of immersion in deionized water. It appears that portions
of the reaction product are breaking away from the paste that is ex-
posed to moisture. This is responsible for some of the strength loss
at early periods of moisture exposure as shown in Fig. 6. Fig. 7(c)
and (d) depict the ESEM micrographs of the same specimen (8 M
NaOH activated glass powder paste, cured at 75 �C for 24 h) before
and after exposure to 10 days of immersion in water. A signifi-
cantly higher degree of paste deterioration can be observed in
Fig. 7(d), where the homogeneous structure of the pre-exposure
reaction product is non-existent. The influence of immersing the
specimen in an aqueous environment and the duration of exposure
on the property loss, as quantified from the strength results in
Fig. 6 are visually confirmed through these micrographs. Fig. 7(e)
and (f) show the pre- and post-exposure ESEM micrographs of
the 50% glass powder–fly ash blend paste. The exposure condition
was similar to that of the specimen shown in Fig. 7(d). The expo-
sure has resulted in loss of reaction products, as was confirmed
from the strength loss.

Fig. 8 presents the FTIR spectra of the 8 M NaOH activated glass
powder, glass powder–fly ash blend, and the fly ash binders before
and after 10 days of immersion in water. The major bands observed
in these spectra, other than the stretching and deformation modes
of OH� observed at around 3400 cm�1, are the ones associated
with the Si–O–Si asymmetric stretching vibrations in the range
of 1000–1050 cm�1. For conventional C–S–H gel from cement
pastes, the Si–O–Si stretching bands generally appear in the wave-
number range of 950–1000 cm�1 [36], which is typical of a silica
network that is not highly polymerized. Increase in silica polymer-
ization shifts the Si–O–Si stretching vibration peaks to higher
wavenumbers. The spectra (a) in Fig. 8 are for the 100% glass pow-
der binder, before and after moisture exposure. The only reaction
product for this binder is sodium silicate gel, where the peak of
the Si–O–Si stretching vibration appears at a wavenumber of
1054 cm�1 before moisture exposure. This is attributed to the pres-
ence of a polymerized silica rich gel in its microstructure. Pure sil-
ica shows a characteristic Si–O–Si stretching band at 1100 cm�1

and the presence of network modifiers such as Na reduces the fre-
quency. The predominance of Q2 and Q3 silicates in the gelatinous
silicate phases results in wavenumbers in the 1000–1050 cm�1
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Fig. 7. (a) SEM image of 8 M NaOH activated glass powder paste heat cured for 24 h at 75 �C; (b) exposed to moisture in a fog chamber for 3 days after the curing regime of
(a); (c) ESEM image of the specimen shown in figure (a); (d) ESEM image of the specimen in (c) immersed in water for 10 days; (e) ESEM image of 8 M NaOH activated 50%
glass powder–fly ash blend heat cured for 24 h at 75 �C; (f) ESEM image of the specimen in (e) immersed in water for 10 days.
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range, where as a predominance of Q1 and Q2 silicates results in
wavenumbers in the 950–1000 cm�1 range as is typically observed
for conventional C–S–H. After the moisture exposure, the peak of
the Si–O–Si stretching vibration shifts to a wavenumber of
1019 cm�1 (from 1054 cm�1) for the activated glass powder pastes.
This can be construed as an indication of the depolymerization of
silica network [37], as conjectured from the results on compressive
strength loss and observed from the micrographs in Fig. 7. Note
that the peak locations in the FTIR spectra could be the composite
signatures that account for the Si–O–Si vibrations in the other
components present in the reaction products as well. However
their relative shifts provide a qualitative indication of the moisture
induced disintegration of the reaction products that manifest in
the mechanical property reduction. For the NaOH activated fly
ash paste, there is no change in the location of the Si–O–Si stretch-
ing peak before and after moisture exposure as shown in spectra
(b) of Fig. 7, attesting to the moisture stability of the N–A–S–H
gel produced.

When the FTIR spectra for the 50% glass powder–50% fly ash
binder as shown in spectra (c) of Fig. 8 are observed, it can be seen
that the wavenumber corresponding to Si–O–Si stretching
vibration changes from 1026 cm�1 before the exposure to
1017 cm�1 after the exposure, i.e., the severity of depolymerization
as observed from FTIR spectra is apparently reduced, owing to the
presence of fly ash that results in the formation of N–A–S–H gel,
and the consequent changes in the sodium silicate gel (with re-
spect to its SiO2-to-Na2O ratio, and potential incorporation of Al
as shown in an earlier section) that makes it more resistant
to depolymerization. The characteristic wavenumber for the
non-exposed reaction product lies between that of the sodium
silicate gel from glass powder reaction (�1054 cm�1) and that of
N–A–S–H gel from fly ash activation (�1016 cm�1).

In Section 3.1, it was mentioned that the physically bound
water from the silanol groups on the surface of the sodium silicate
gel could have been removed as a result of heat curing for longer
times or at higher temperatures. The physically bound water in sil-
anol groups show characteristic IR bands in the 3400–3460 cm�1

range (difficult to detect because of the interference with the other
OH� groups) and around 1630 cm�1 [28]. From the FTIR spectra
shown in Fig. 8(a) and (c) for the pastes containing glass powder
(where sodium silicate gel is formed as a reaction product), peaks
at around 1630 cm�1 are absent before the exposure to moisture,



(a)

(b)

(c)

Fig. 8. FTIR spectra before and after exposure to moisture of: (a) 100% glass powder
paste, (b) 100% fly ash paste, and (c) 50% glass powder – 50% fly ash paste. All the
pastes were activated using 8 M NaOH and heat cured for 24 h at 75 �C.
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i.e., after the heat curing duration. However, when these specimens
were subjected to moisture again, distinct bands at 1630–
1640 cm�1 make their appearance, suggesting that heat curing re-
moves the physically bound water from the silanol groups on the
surface of the sodium silicate gel.
3.4. Methods to mitigate strength loss on exposure to moisture

The foregoing discussions clearly demonstrate the lack of mois-
ture stability in sodium silicate gels obtained as reaction products
when mixtures containing glass powder are activated using NaOH.
The behavior was not very different when sodium silicate powder
of different SiO2-to-Na2O ratios was used as the activating agent
[38]. Hence, this section explores means to obtain stable reaction
products in activated glass powder binder systems by changing
the source material constitution. The glass powder is retained as
the major source material (50% by total mass of the binder).

3.4.1. Addition of Al and Ca containing source materials
One of the straightforward means of accomplishing reaction

product stability is to ensure the formation of a sodium aluminosil-
icate (N–A–S–H) gel through doping the system with external reac-
tive alumina. Higher cross-linking offered by the presence of Al is
expected to reduce the solubility and lead to a stable microstruc-
ture. The replacement of Si4+ with Al3+ immobilizes an alkali ion
that is needed for charge balance, thus limiting the dissociation.
As seen thus far in this study, replacing 50% of the glass powder
by Class F fly ash does not seem to be sufficient to produce a mois-
ture resistant reaction product. A reduction in the Si/Al ratio of the
sodium silicate gel that is required to ensure moisture stability [39]
is likely to be achieved by a further increase in the fly ash propor-
tion in the mixture (this also depends on how much Al diffuses into
the sodium silicate gel structure and gets incorporated in it, as ex-
plained in Section 3.2), but such an attempt is not made because
the intention of this study is to facilitate the preparation of mois-
ture resistant reaction products from glass powder as the major
source material. Hence metakaolin which contains more reactive
alumina than fly ash was used in this phase of the work. However,
a replacement of up to 25% of the fly ash from the blended mixture
to produce 50% glass powder–25% fly ash–25% metakaolin systems
did not result in a reaction product that was moisture stable as ob-
served from compressive strength results before and after expo-
sure to moisture. Additions beyond 25% by mass of metakaolin
were impractical because of the high water demand of metakaolin
that created issues with proper mixing and placing.

Another option considered was to incorporate Ca into the reac-
tion products. The incorporation of each atom of Ca into the silicate
gel structure produces two NBOs; however the alkaline earth ions
are less mobile than the alkali ions and therefore can be expected
to block alkali diffusion [34]. Other possible means through which
the Ca incorporation in the silicate gel structure facilitates reduces
dissociation are: (i) the divalent Ca ion acts as a structural link be-
tween the neighboring NBOs and thus maintains the network con-
nectivity as opposed to the Na ion that only balances the charge on
the neighboring NBO, and (ii) the Ca2+ ion has a much greater elec-
trical field strength than the Na+ ion, allowing it to have a larger ef-
fect on the strength of the bonds in the silicate network [40],
thereby reducing dissociation. In addition, Ca addition opens up
the possibility of formation of C–(A)–S–H gel as a reaction product.
Therefore, ternary blends containing 50% glass powder by mass,
and the remaining 50% made up of a combination of ground gran-
ulated blast furnace slag as the Ca source and metakaolin as the Al
source were proportioned. It has been reported that binary blends
of slag and metakaolin compete for Si species since both Ca and Al
require Si to form reaction products [41]. Since there is an abun-
dance of silica in the glass powder, Ca and Al silicates can form
as the reaction products.

3.4.2. Strength, microstructure, and hydrolytic stability of ternary
blends

Fig. 9(a)–(c) show the compressive strength variation of mor-
tars activated using varying concentrations of NaOH as a function
of moist curing duration after heat curing at 75 �C for 24 h. The
binders, the results for which are shown in these graphs, consist
of: (i) 100% glass powder, (ii) 50% glass powder, 25% slag, and
25% metakaolin, and (iii) 50% glass powder, 35% slag, and 15%
metakaolin. When compared to the plain glass powder system,
both the examined ternary blends were able to better control the
strength loss occurring as a result of exposure to moisture. The ter-
nary blend containing a higher amount of slag is found to have the
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Fig. 9. Compressive strength of ternary blend mortars (glass powder – metakaolin – slag) as a function of moist curing duration for mortars activated using: (a) 4 M NaOH, (b)
6 M NaOH, and (c) 8 M NaOH.

Fig. 10. FTIR spectra of the 50% glass powder – 35% slag – 15% metakaolin blend
activated using 8 M NaOH and heat cured at 75 �C for 24 h, before and after
exposure to moisture.
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highest strength at the end of the moist curing duration. For exam-
ple, the ternary blend with 35% slag and 15% metakaolin activated
using 8 M NaOH retains 90% of its heat cured strength after 28 days
of moist curing whereas the 25% slag–25% metakaolin blend
retains 70% of its heat cured strength. This is a significant improve-
ment over the 100% glass powder mixture which retained only 42%
of its heat cured strength or the 50% glass powder–50% fly ash
blend that retained only 55% of its heat cured strength.

It is observed from these figures that the highest strength
before moist curing is invariably obtained for the 100% glass pow-
der mixtures. For the 4 M NaOH activated blends, the mixture con-
taining a higher amount of metakaolin shows lower strength after
heat curing, whereas for the 8 M NaOH activated blend, the
strength of this mixture is much higher indicating that a higher
alkalinity is necessary to accelerate the geopolymerization process.
Ca based reaction products can be expected to form along with
N–A–S–H and sodium silicate gels in these ternary binders.
Detailed mechanisms for the metastable co-existence of the Ca
based reaction products and the alkali aluminosilicate gel has been
presented in [42].

Both the ternary blends show an initial strength loss when ex-
posed to moisture after the heat curing duration. This could be
attributed to: (i) the presence of some amount of dissolution-prone
sodium silicate gel formed from the glass powder reaction, and (ii)
the fact that the strength testing was conducted on a relatively dry
specimen after heat curing and on a wet specimen after moisture
exposure (apparent compressive strengths are higher when tested
dry). The FTIR spectra for the 50% glass powder–35% slag–15%
metakaolin ternary blend before and after 10 days of immersion
in water, shown in Fig. 10, do not indicate noticeable shifts in
the Si–O–Si stretching peak. It is possible that some silica dissolu-
tion could have occurred, but they preferentially reacted with dis-
solved Ca than polymerize with the soluble aluminates, forming
calcium bearing reaction products, that facilitate a strength in-
crease under further moisture exposure. A slight strength increase
is observed for the blends with a higher amount of slag as seen in
Fig. 9(a)–(c). The low Ca/Si molar ratio products thus formed also
show higher wavenumbers for the Si–O–Si stretching band than
those in the conventional C–S–H gel [43], thereby potentially
masking the effects of sodium silicate gel depolymerization.

For the ternary blend with a higher metakaolin content acti-
vated by 8 M NaOH, there is a significant strength loss at early
times of exposure to moisture. Higher activator alkalinity coupled
with the higher alumina content and the larger surface area of
metakaolin facilitates N–A–S–H gel formation, and the further up-
take of Na to form the reaction products is slowed down (the reac-
tion becomes diffusion controlled). It is suggested here that the
sodium silicate gel that is formed does not have sufficient moisture
stability because of its lower modulus [28] resulting from the high-
er activator alkalinity. The dissolution of this sodium silicate under
moisture exposure results in the observed strength loss. On the
other hand, for the activated blend with a higher slag content,
the reaction product formed consists of C–(A)–S–H gel (from slag),
some amount of N–A–S–H gel (from metakaolin), and potentially a
high modulus sodium silicate gel (from glass powder). Here, the
sodium silicate gel is rendered more moisture resistant by the par-
tial replacement of Na+ by Ca2+ in the gel structure and Al incorpo-
ration, the consequences of which were elucidated earlier.

Microstructure (ESEM) of the high slag content ternary blend is
shown in Fig. 11(a) and the EDX spectra of the indicated locations
are shown in Fig. 11(b). The spectra indicate that N–A–S–H and Mg
containing C–A–S–H gels are the reaction products in this case. The
incorporation of Mg in the reaction products of alkali activated slag
has been reported elsewhere [44]. The consumption of Na in a



Fig. 11. (a) ESEM image of 8 M NaOH activated 50% glass powder – 35% slag – 15% metakaolin blend after heat curing at 75 �C for 24 h, (b) EDX spectra at the indicated
locations showing N–A–S–H and C–A–S–H gels, (c) ESEM image of the specimen in (a) immersed in water for 10 days.
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charge balancing role in N–A–S–H, the binding of some Na to C–S–H
gel [45], and the incorporation of Ca and Al into the sodium silicate
gel structure results in a reaction product that is more stable under
moisture exposure than the ones formed either from the activation
of pure glass powder or a 50% glass powder–fly ash blend.
Fig. 11(c) shows the microstructure of this ternary blend after
10 days of immersion in water. The microstructure does not appear
to be significantly altered by the exposure. The above discussions
show that it is possible to further optimize the source material
composition by carefully choosing the components so as to com-
pletely prevent the strength loss of these binders when exposed
to moisture after heat curing.

4. Conclusions

This paper has discussed the strength development, microstruc-
ture and reaction products, and the hydrolytic stability of alkali
activated binders where glass powder is used as the major source
material. The major conclusions are listed below.

� Glass powder binders activated using higher concentrations of
NaOH were found to have higher compressive strengths than
the activated fly ash mixtures when heat cured at lower tem-
peratures. Higher curing temperatures and durations adversely
influenced the strength of glass powder binders when higher
alkalinity was used in the activation process, demonstrated by
a porous and disconnected microstructure.
� The lack of hydrolytic stability of sodium silicate gels formed in

activated binders using glass powder alone was evident from
the drastic strength loss under moist curing conditions. Silica
depolymerization in sodium silicate gels of lower modulus
could explain this strength loss.
� Retaining glass powder as a major constituent of the binders
and doping the systems with Ca and Al through the use of
ground granulated blast furnace slag and metakaolin respec-
tively was found to better control the strength loss under mois-
ture exposure. The reaction products in the ternary blended
systems included C–A–S–H and N–A–S–H gels. It has been
shown that, by carefully choosing the source materials so as
to compositionally supplement the glass powder, alkali acti-
vated binders consisting of glass powder as the major compo-
nent, with desirable mechanical and moisture-resistance
characteristics could be produced.
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