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Abstract This study investigated the effect of using waste glass powder (GP) as
partial replacement of fly ash on the strength and microstructure development of
geopolmer binders. GP was used at different rates varying from 1 to 5% mass of
fly ash and 8 molar NaOH solution was used as the activator. Geopolymer paste
specimens of 50 mm cube were heat cured at 80 °C for the first 24 h after casting
and then left in ambient conditions. The 28-day compressive strength of the fly ash
geopolymer without GP was 23 MPa. The inclusion of 2% GP improved the 28-day
compressive strength of heat cured fly ash geopolymer by 18%. This is attributed to
the increment of soluble silica from the GP. However, compressive strength declined
with further increase of GP content beyond 2%. The decline of strength is attributed
to the presence of excess unreacted GP particles. X-ray diffraction (XRD) anal-
ysis indicated that the presence of higher amount of crystalline Na-type chabazite
and zeolite phases for using 2% GP. Scanning electron microscopy (SEM) images
showed denser microstructure of geopolymers containing 1–2% GP. The elemental
composition of gel formed in these binders consisted of higher percentages of Si, Al
and Na, which indicates the formation of higher amount of sodium aluminosilicate
gel (N–A–S–H).

Keywords Fly ash geopolymer ·Waste glass powder · Compressive strength ·
Sodium aluminosilicate gel

1 Introduction

Research on alkali activated binders or geopolymer binders is increasing in the recent
time since it has a huge potential to reduce the carbon footprint of construction sector
by replacing Portland cement. Alkali activated binders or geopolymer binders are
produced by the chemical reaction between aluminosilicate materials and an alkali
activator. In this binder system, two most common industrial by-products such as
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fly ash and ground granulated blast furnace slag (GGBFS) can be used as the main
aluminosilicate sources. Besides, sodium hydroxide, sodium carbonate and sodium
silicate solutions are the most effective and common alkaline activators used for
activationof the solid aluminosilicate sourcematerials [1, 2]. Previous studies showed
that the amount of available reactive silica in the source materials has a great impact
on the geopolymerization process [3, 4]. Therefore, some studies added a certain
amount of silica rich materials such as nanosilica and silica fume to improve the
geopolymerization process [5, 6]. For instance, Deb et al. [5] found that the use of 2%
nanosilica significantly improved the workability, compressive strength, sorptivity
and acid resistance of fly ash based geopolymer mortars. Similarly, Ramezanianpour
andMoeini [6] noticed that the inclusion of 5% silica fume enhanced the mechanical
and durability properties of alkali activated slag mortars. Besides, some researchers
studied the effects of rice husk ask, sugar cane bagasse ash and palm oil fuel ash in
geopolymers due to the availability of reactive silica in these materials [7–9].

The current research trend indicates that waste glass powder (GP) has a potential
to be used as a supplementary binder material in cementitious systems due to the
abundance of reactive silica [10, 11]. Usually, GP is produced by crushing the waste
glasses. However, studies related to the use of GP as a source of reactive silica in
geopolymers is very limited. Only a few studies were conducted to determine the
feasibility of GP in geopolymers as a source of reactive silica [12–14]. Therefore,
the primary objective of this study is to determine the effect of glass powder on
the strength and microstructural development of fly ash geopolymer binders. In this
regard, compressive strength andmicrostructural development of fly ash geopolymer
paste samples with 0, 1, 2, 3, 4 and 5% GP were studied.

2 Materials and Methods

2.1 Materials

In this study, fly ash was used as the main aluminosilicate source and waste glass
powder (GP) was used as a partial replacement of fly ash. Fly ash was collected
from the Gladstone power station in Queensland, Australia and glass powder was
produced by crushing waste glass cullet using a laboratory ball mill. As seen in Table
1, the fly ash used in this study is classified as class F according to ASTM C618 [15]
since the total of SiO2, Al2O3 and Fe2O3 contents exceeded 70% and the amount of
SO3 was only 0.25%. GP was mainly consisted of 70.61% SiO2, 10.90% CaO and
12.8% Na2O. The particle diameters of fly ash and GP are presented in Table 2. It
can be seen that the average particle sizes (d50) of fly ash and GP were 13.62 µm and
10.74 µm, respectively which indicates that waste glass powder used in this study
was finer than the fly ash. The photographs of fly ash and GP are shown in Fig. 1.
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Table 1 Chemical
compositions of fly ash and
GP

Constituents Fly ash GP

SiO2 60.03 70.61

Al2O3 22.75 1.43

CaO 3.80 10.90

Fe2O3 6.78 2.49

K2O 1.28 0.34

MgO 1.29 0.69

Na2O 0.54 12.8

P2O5 0.89 0.02

SO3 0.25 0.11

TiO2 1.06 0.06

MnO 0.07 0.03

SrO 0.05 0.01

Cr2O3 0.01 0.06

ZnO – 0.01

Loss on ignition 1.15 0.11

Table 2 Particle diameters of
fly ash and waste glass
powder

Characteristic diameter Fly ash (µm) GP (µm)

d80 45.50 28.93

d50 13.62 10.74

d10 1.42 1.86

(a) Fly ash (b) GP

Fig. 1 a Fly ash and b GP

2.2 Preparation of the Testing Samples

The binder compositions of the geopolymer paste mixes are provided in Table 3. The
mix proportions were selected based on the previous work reported by Deb et al. [5].
Fly ash was used as the main binder with 0–5% GP as fly ash replacement and 8 M
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Table 3 Mixture proportions of geopolymer binders

Mix ID Constituent (% mass) A/Ba Molar ratios (calculated)

Fly ash GP Si/Al Si/Na

FGP0 100 0 0.4 2.24 3.58

FGP1 99 1 0.4 2.26 3.53

FGP2 98 2 0.4 2.29 3.49

FGP3 97 3 0.4 2.32 3.45

FGP4 96 4 0.4 2.34 3.41

FGP5 95 5 0.4 2.37 3.37

aActivator to binder mass ratio

NaOH solution was used as the alkaline solution. The number at the end of a mix
ID in Table 3 represents the mass percentage of GP in the solid binder. The amount
of alkaline solution was kept constant at 40% of the total binder. First, all the dry
ingredients were placed in the Hobart mixer and then 8MNaOH solution was added
as the mixing continued to prepare the geopolymer paste mixture. Later, this freshly
prepared geopolymer paste were poured into the 50 mm acrylic plastic cube moulds.
The moulds were placed in an oven after casting and cured it for the next 24 h at
80 °C. After the desired heat curing period, the specimens were demolded and stored
in room temperature of 20± 2 °C with a relative humidity of 70± 10% until testing
age.

The compressive strength of paste specimens was determined at 28 days using a
300 kN Shimadzu machine with a constant loading rate of 0.9 kN/s as recommended
inASTMC109 [16]. Scanning electronmicrographs (SEM) and energy dispersiveX-
ray (EDX) spectroscopy were conducted using a NEON 40EsB (ZEISS) microscopy
instrument on small cut paste sample to examine the morphology and microstructure
of the paste specimens. The samples were coated with carbon before SEM and EDX
analysis. X-ray diffraction (XRD) was performed on powdered paste samples at
28 days using a D8 advance (Bruker AXS) instrument to investigate the reaction
products of the paste samples.

3 Results and Discussion

3.1 Compressive Strength

The effect of GP content on the compressive strength of fly ash geopolymers is shown
in Fig. 2. It has been noticed that compressive strength increased for 1–2% GP in fly
ash geopolymers and the maximum compressive strength was achieved for 2% GP.
For instance, FGP1, FGP2 and FGP3 geopolymer paste samples showed about 13,
18 and 5% higher compressive strength as compared to the FGP0 geopolymer paste
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Fig. 2 28-days compressive strength of the fly geopolymer pastes with glass powder

sample. Besides, it is noted that compressive strength declined when the amount of
GP content exceeded to 2%. This can be attributed to the decrease of Si/Na ratio and
increase of Si/Al ratio by the inclusion of GP, as shown in Table 2. It can be seen
that the amounts of SiO2, and Na2O were higher in GP than in fly ash, whereas the
amount of Al2O3 was significantly higher in fly ash than in GP. As a result, when
a small percentages of GP (about 1–3%) was used to replace fly ash, it improved
the geopolymerization process by adding additional soluble Si, Al and Na. However,
the use of GP beyond 3% could not produce additional geopolymeric product. This
is attributed to the reduced amount of reactive Al. Therefore, compressive strength
declined with the increase of GP content above 2%. These results show good agree-
ment with the results reported by Torres-Carrasco and Puertas [12] and Deb et al.
[5].

3.2 Microstructural Investigation

3.2.1 XRD Analysis

The XRD results of fly ash geopolymers containing 0, 2 and 5% glass powder are
shown in Fig. 3. In all cases, quartz, mullite, chabazite and zeolite are the main
detected crystalline phases. The peaks of crystalline quartz and mullite phases are
considered to be due to the presence of unreacted fly ash particles in these mixes,
whereas crystalline chabazite and zeolite phases represent the formation of sodium
aluminosilicate hydrate (N–A–S–H) gel. It is seen that the presence of chabazite
and zeolite phases in FGP2 paste are more prominent than the FGP0 and FGP5
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Fig. 3 XRD results of the fly geopolymer pastes with glass powder

paste samples which indicate the formation of a greater amount of N–A–S–H gel
in the FGP2 paste mix. The formation of this greater amount of N–A–S–H gel in
FGP2 paste mix is mainly attributed to the dissolution of additional Si and Na that
was present in GP. Therefore, FGP2 showed the maximum compressive strength.
Besides, the obtained peaks for quartz and mullite in FGP5 paste is higher than the
FGP0 paste which indicates the presence of more unreacted particles in FGP5 paste.
As a result, FGP5 showed lower compressive strength as compared to FGP0 paste
specimen.

3.2.2 SEM and EDX

The SEM and EDX of FGP0, FGP2 and FGP5 paste specimens are presented in
Figs. 4, 5 and 6, respectively. By comparing Figs. 4 and 5, it is seen that the elemental
compositions of the reaction product observed in FGP0 and FGP2 pastes are quite
similar. This reaction product ismainly sodiumaluminosilicate gelwhich is consisted
of primarily Si, Al and Na as confirmed by EDX. However, the presence of unreacted
fly ash particles and voids are noticeably higher in FGP0 specimen than the FGP2
specimen. In addition, it is also noticed that the unreacted fly ash particles in FGP2
paste are well connected with the reaction products, whereas a loose connection is
observed between the unreacted fly ash particles and reaction product in FGP0 paste.
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Fig. 4 SEM and EDX of FGP0 paste specimen

Furthermore, it is noticed that the microstructure of FGP5 contained greater amount
of unreacted fly ash particles with visible cracks and internal voids. Besides, the
peaks for Si, Al and Na in the reaction products are comparatively lower in FGP5
paste than in FGP0 and FGP2 pastes. This shows a good agreement with the XRD
results reported in the earlier section as well as with some previous studies [5, 12].
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Fig. 5 SEM and EDX of FGP2 paste

4 Conclusions

Strength and microstructure development of fly ash geopolymers with 0–5% GP
were studied. The following conclusions can be drawn based on the results of the
experimental study:

1. Compressive strengths of the fly ash geopolymers increased with the use of
GP up to 2% level and strength declined with the further increase of GP. The
geopolymer paste containing 2% GP showed about 18% higher compressive
strength than the geopolymer paste without GP.

2. XRD analysis showed that fly ash geopolymer with 2%GP had higher peaks for
crystalline chabazite and zeolite phases, which indicates the formation of higher
amount of sodium aluminosilicate hydrate (N–A–S–H) gel. This is attributed to
the dissolution of additional Si and Na from 2% GP.
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Fig. 6 SEM and EDX of FGP5 paste

3. The SEM images and associated EDX analysis indicated that the microstructure
of fly ash geopolymer containing 2% GP had fewer unreacted fly ash particles
and less voids as compared to the microstructure of fly ash geopolymer without
GP.

4. Therefore, it is concluded that the use of 2%GP in fly ash geopolymers improved
compressive strength and microstructure development due to the improvement
of reaction kinetics by providing additional soluble Si and Na.
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