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Abstract: This investigation elucidates the mechanical characteristics of geopolymer containing solar panel waste glass.
With the Si02/Na20 molar ratio (S/N = 0.75, 1.0, 1.25, 1.5, 1.75), the percentage of metakaolinite that is replaced by so-
lar panel waste glass (0- 40%), and the curing time of 1, 7, and 28 days as the study variables, the porosity, density, setting
time, compressive strength, and flexural strength of the geopolymer were evaluated. The morphology of geopolymer was
examined using Scanning Electron Microscopy (SEM), and its microstructural properties were examined through Fourier
transform infrared spectroscopy (FTIR) analysis. The results demonstrate that the S/N molar ratio significantly influences
the mechanical and morphological characteristics of geopolymers. The geopolymer containing solar panel waste glass
with an S/N of 1.75 had the greatest compressive strength. The intensity of the peak that represented Si-O-Al bonding of
the geopolymer containing solar panel waste glass increased with the S/N. Analysis of the sample morphology revealed
that the microstructures of stronger samples were more homogeneous and appeared denser. Furthermore, solar panel
waste glass has the potential to partially replace metakaolinite as a geopolymer material, and to exhibit favorable me-

chanical characteristics.
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1. INTRODUCTION

Geopolymers are formed by activating aluminosilicates
with alkaline or alkaline-silicate solutions at ambient tem-
perature or higher. This approach was developed by Davi-
dovits [1]. The main parameters of the geochemical reaction
of geopolymer systems include the molar ratios of SiO,/M,0
(M=Na" and/or K") and Si/Al and the concentration of MOH
[2]. The latter two parameters have been discussed exten-
sively [3-6]. Although the effects of S/N have been men-
tioned in some investigations [7-9], discussions have not
been extended to systems that include solar panel waste
glass. The present investigation focuses on the effect of S/N
on the properties of geopolymer products.

According to the IEO2007, the global emission of carbon
dioxide, which was measured at 26.9 x 1012 kg in 2004, will
increase to 33.9 x 1012 kg in 2015 and 42.9 x 1012 kg in
2030, or by 59% over the projected period [10]. Carbon di-
oxide emissions contribute significantly to climate
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deterioration, and therefore, more attention must be given to
the life cycle of carbon emissions. Low-emission renewable
energy sources, such as solar photovoltaic (PV) technology,
are experiencing rapid growth [11]. The amount of glass
recovered after recycling various types of PV modules is
reported to be between 16 and 17 kg m™. With the rapid ex-
pansion of the PV industry, the challenge of waste disposal
in 25-30 years is anticipated to be serious [12]. Additionally,
according to Taiwan’s Environmental Protection Admini-
stration (EPA), the total amount of waste glass that has been
dumped into landfills is approximately 0.52 million tons,
whereas the amount of solar panel waste glass has reached
1000 tons [13]. Waste materials are traditionally discarded in
landfills and often dumped directly into ecosystems without
adequate treatment. Therefore, reuse and recycling alterna-
tives should be investigated and implemented. The recent
environmental approach aims to achieve sustainable devel-
opment through the conservation of natural resources and by
minimizing the discarding of materials. Today, reusing and
recycling waste materials after their potentialities have been
detected is an activity that can contribute to product diversi-
fication, the reduction of production costs, the provision of
alternative raw materials for various industrial sectors, non-
renewable resource conservation, energy saving, and espe-
cially improved public health [14]. In this work, a dense ma-
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trix, the mechanical properties of which are suitable for civil
engineering projects, is obtained from geopolymers contain-
ing solar panel waste glass. The studied variables are the S/N
molar ratio (S/N = 0.75, 1.0, 1.25, 1.5, and 1.75), the per-
centage of metakaolinite replaced by waste glass (0%, 10%,
20%, 30%, and 40%), and the curing time (1, 7, and 28
days). The microstructure of all the samples was determined
using Fourier transformation infrared spectroscopy (FTIR)
and scanning electron microscopy (SEM).

2. EXPERIMENTAL
2.1. Materials

The geopolymer was synthesized from metakaolinite,
which was prepared by calcining kaolinite from Taiwan at
650 °C for 3 h. Solar panel waste glass was collected from a
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solar panel manufacturing plant in Taiwan. Approximately
500 kg were collected to ensure that the metakaolinite and
solar panel waste glass samples were representative. The
metakaolinite and solar panel waste glass were then pulver-
ized with a ball mill until they could pass through a 200
mesh sieve. The solar panel waste glass was ground to a
fineness value (on Blaine) of approximately 360 m”*kg™. The
resultant pulverized solar panel waste glass was desiccated
before testing. Sodium silicate solution contained 29.5 wt%
SiO, and 9.0 wt% Na,O for the SiO,/Na,O mole ratio of 3.2,
and 10M sodium hydroxide solution [15] was used as alka-
line reagents.

2.2. Preparation of Geopolymer Samples

The effects of the solid-to-liquid ratio and the amount of
added waste glass on the strength of the geopolymer pastes

Table 1. Ratio of Raw Materials in Mixture
Mix Proportion by Weight (g per 1000 g)
SO,/Na,O Glass Addition (%)
Waste Glass Metaolin Na,SiO; NaOH (10M)
0.75 0 0 444 237 319
10 44.4 399.6 237 319
20 88.8 355.2 237 319
30 133.2 310.8 237 319
40 177.6 266.4 237 319
1.0 0 0 444 290 266
10 44.4 399.6 290 266
20 88.8 355.2 290 266
30 133.2 310.8 290 266
40 177.6 266.4 290 266
1.25 0 0 444 336 220
10 44.4 399.6 336 220
20 88.8 355.2 336 220
30 133.2 310.8 336 220
40 177.6 266.4 336 220
1.5 0 0 444 375 181
10 44.4 399.6 375 181
20 88.8 355.2 375 181
30 133.2 310.8 375 181
40 177.6 266.4 375 181
1.75 0 0 444 409 147
10 44.4 399.6 409 147
20 88.8 355.2 409 147
30 133.2 310.8 409 147
40 177.6 266.4 409 147
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were examined. Table 1 presents the blend ratios of the geo-
polymer samples. Geopolymer pastes were prepared as fol-
lows: 1) Alkaline solution was made from a solution of
sodium hydroxide and sodium silicate mixed in a planetary
mixer for 6 min; 2) the metakaolinite and solar panel waste
glass powder were mixed with the alkaline solutions in a
mechanical mixer for 6 min to produce a homogencous
paste; and 3) the homogenous slurry was poured into cubic
plastic molds, which were then sealed. Samples were cured
in a laboratory oven at 30 °C for 24 h before they were re-
moved from the molds.

2.3. Analytical Methods

The geopolymers containing 0%-40% solar panel waste
glass underwent a series of tests to determine their quality.
The porosity and bulk density were evaluated according to
Archimedes’ method [15]. Compressive strength tests were
conducted after 1, 7, and 28 days on 50 mm cubic samples,
according to ASTM C109 [16]. Flexural strength tests were
performed after the same numbers of days of curing using 40
x 40 x 160 mm samples, according to ASTM C348 [17].

X-ray fluorescence (XRF) analysis was performed using
an automated RIX 2000 spectrometer. Specimens were pre-
pared for XRF analysis by mixing 0.4 g of sample and 4 g of
100 Spectroflux to yield a dilution ratio of 1:10 [18]. The
homogenized mixtures were placed in Pt-Au crucibles before
being heated for 1 h at 1000 C in an electrical furnace. The
homogeneous melted sample was recast into glass beads 2
mm in thickness and 32 mm in diameter.

The degree of reaction of the geopolymer was estimated
using the expression suggested by Fernandez-Jimenez et al.
[19]. The geopolymer samples were attacked by 250 ml of
(1: 20) HCI. The geopolymer samples were stirred for 3 h
using a plastic rotor, and then filtered and washed in deion-
ized water to a neutral pH. The insoluble residue was first
dried at 100 °C, and the residue was regarded as the unre-
acted part of the raw material. Equation (1) yields the degree
of reaction a:

a = Minitiar — M fina %100 % (1)
minitial

where mj,i, is the initial weight of the sample, and mgp,

represents the final weight of the insoluble residue follow-

ing the HCl attack.
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The chemical composition was determined by X-ray
fluorescence (XRF), using an automated RIX 2000 spec-
trometer. Fourier transformation infrared spectroscopy
(FTIR) was performed on the samples using a Bomem
DAS8.3 spectrometer and the KBr pellet technique (1 mg
powdered sample mixed with 150 mg KBr). A Hitachi S-
3500N scanning electron microscope was used to make SEM
observations.

3. RESULTS AND DISCUSSION
3.1. Characteristics of Materials

The results demonstrate that the pH of the solar panel
waste glass is 10.15, and its density is 2.19 g cm™. The pH of
kaolinite and metakaolinite are 6.42 and 6.12, respectively.
The densities of kaolinite and metakaolinite are 2.13 g cm™
and 2.24 g cm™, respectively. Table 2 shows that the chemi-
cal composition of the solar panel waste glass and metakao-
linite was rich in SiO, and Al,O3, and the major components
in solar panel waste glass were SiO, (72.33%), Na,O
(12.87%), and CaO (8.98%), indicating that the main con-
stituents of metakaolinite were SiO, (59.6%) and Al,O3
(38.0%).

3.2. Mechanical Characteristics of Geopolymer Contain-
ing Solar Panel Waste Glass

Fig. (1) presents the bulk density of geopolymer contain-
ing solar panel waste glass with various S/N after 1, 7, and
28 days of curing. The bulk density of the geopolymer
clearly increased as the S/N increased, and decreased when
the waste glass was added, probably because the structure of
the geopolymer sample became denser as S/N increased and
as more viscous sodium silicate solution was added to the
alkaline solution, and the sample became less compact as the
amount of waste glass increased. According to the experi-
mental results obtained by Delair et al. [20], during succes-
sive immersions, the Na' form gradually released species,
which indicated that these species were more difficult to re-
act and/or they were more difficult to be reached. Si was also
measured in the solution and was probably due to the disso-
lution of the geopolymer containing solar panel waste glass
or the presence of Na,Si)Os. This compound could be
formed initially according to the SiO,-Na,O phase diagram.
The compounds formed in Na: the geopolymer network and
M,Si,05 (M = Na" or K"). However, as a function of the al-
kaline element, the M,Si,05 compound exhibited a notable

Table 2.  Chemical Composition of Raw Materials
Composition (%) Kaolinite Metakaolinite Waste Glass

Si0, 53.70 59.60 72.33
AlLOs 37.88 38.00 1.90
Fe,05 0.88 1.30 0.03
Na,O N.D. N.D. 12.87
CaO 0.20 0.25 8.98
SO; ND 0.04 0.29

ND: Not detected.
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Fig. (1). Bulk density of geopolymer at various S/N.

difference in its hygroscopic property, which can be attrib-
uted to its differing resistance in acidic media [20-22].
Fig. (2) shows the porosity of the geopolymer with solar
panel waste glass. The porosity of the geopolymer sample
varied conversely with the density of the sample, increasing
with S/N and decreasing with the addition of solar panel
waste glass. The results demonstrate that increasing the S/N
of the geopolymer densified its structure, and adding more
waste glass to the system loosened its structure. When the
porosity of geopolymer containing 10% solar panel waste
glass similar to pure metakaolinite-based geopolymer in
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Fig. (2). Porosity of geopolymer at various S/N.

S/N=0.75 and 1.0. Evidence exists for the release of alkaline
elements from the geopolymer containing 10% solar panel
waste glass and some silicon. This release could lead to
changes in porosity. Moreover, a previous work based on
inorganic polymer binders showed a strong correlation be-
tween their permeability and resistance to acid attacks [23,
24]. This last result is attributed to the reduction in mass
transport rates through the finer pore network of such bind-
ers. Furthermore, the bulk density of the geopolymer in-
creased with curing time, whereas its porosity decreased.
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3.3. Setting Time of Geopolymer Contained Solar Panel
Waste Glass

In this investigation, the setting time of the geopolymer
was measured using a Vicat needle and by recording the time
required by a needle with a cross-sectional area of 1 mm to
penetrate the softening sample after the geopolymer paste
was poured into a mold. The initial time began when the
needle had penetrated 25 mm of the sample, and the final
time was reached when the needle could not visibly sink
further into the paste.

Fig. (3) shows the initial setting time of geopolymer con-
taining solar panel waste glass. The setting time is a function
of S/N and the amount of solar panel waste glass. The initial
setting time increased as the S/N molar ratio increased, pos-
sibly because the sodium silicate solution was more viscous
than sodium hydroxide, and the larger silicate oligomers that
were formed required more time to harden into the gel with
the increasing S/N. Moreover, as more waste glass was
added, the setting time increased, indicating that the glass
diluted the system.
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Fig. (4) shows the final setting time of the geopolymer,
which varied according to the initial setting time. The initial
and final setting times of the samples containing 10% waste
glass at S/N = 0.75, 1.0, 1.25, 1.5, and 1.75 were 0.58, 0.67,
0.83, 1.72, 2.58 h and 0.83, 1, 1.17, 2.05, 3.08 h, respec-
tively. The final setting time of all the samples was less than
5 h, revealing that each sample could be used in practical
engineering applications.

3.4. Compressive Strength of Geopolymer Contained So-
lar Panel Waste Glass

Fig. (5) presents the mean compression strengths of the
samples with S/N= 0.75, 1.0, 1.25, 1.5, and 1.75 containing
0%-40% waste glass cured for various time. As expected, the
compressive strength of the geopolymer increased as S/N
increased, and the sample with S/N =1.75 had the highest
compressive strength, probably because an aluminosilicate
polymeric reaction proceeded between AI(OH)* and mainly
larger silicate oligomers, and an increased S/N ratio pro-
moted the formation of larger silicate oligomers.
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Fig. (3). Initial setting time of geopolymer at various S/N.
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Fig. (4). Final setting time of geopolymer at various S/N.
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Fig. (5). Compressive strength of geopolymer at various S/N.

The compressive strength of geopolymer-containing solar
panel waste glass decreased as the amount of solar panel
waste glass added to the mixture increased. The geopolymer
containing 10% waste glass had a higher compressive
strength than the others. For this geopolymer, as the S/N
increased from 0.75 to 1.75, the compressive strength was
37.7, 46.6, 49.4, 58.2, and 63.3 MPa. The compressive
strength increased with curing time, which supports the find-
ings of other studies [25, 26], and indicates that polymeriza-
tion continued toward the end of the curing period. Bernal et
al. used slag and metakaolinite as the geopolymer, the
amount of metakaolinite replaced the granulated blast fur-
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Fig. (6). Flexural strength of geopolymer at various S/N.

nace slag (GBFS) increased, the compressive strength of
which decreased with the replacement. When the curing time
at 60 days, the sample of GBFS/ (GBFS+MK) equal to 0.8
with SiO,/Na,O 2.0 which compressive strength achieve
about 58 MPa [27] presents experiment results that are simi-
lar to those of this study.

3.5. Flexural Strength of Geopolymer Contained Solar
Panel Waste Glass

Fig. (6) shows the flexural strength of the geopolymer
containing solar panel waste glass after 1, 7, and 28 days of
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curing. The flexural strength of the geopolymer clearly var-
ied according to its compressive strength: the flexural
strength of the geopolymer increased with S/N, and the sam-
ple with S/N =1.75 had the highest flexural strength. The
flexural strength of the geopolymer containing 10% solar
panel waste glass at S/N ratios of 0.75, 1.0, 1.25, 1.5, and
1.75 on Day 28 of curing was 4.6, 6.4, 7.2, 8.5, and 8.9 MPa,
respectively. Additionally, increasing the amount of solar
panel waste glass reduced the flexural strength of the geo-
polymer, and the geopolymer containing 10% waste glass
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had the highest flexural strength. Curing time had less effect
than the S/N or the waste glass replacement percentage, but
the flexural strength nevertheless increased with curing time.

3.6. FTIR Patterns of Geopolymer Contained Solar Panel
Waste Glass

Fig. (7) presents the FTIR spectra of geopolymer-
containing solar panel waste glass at various S/N molar ra-
tios. The absorption bands at 3400 cm™ and 1650 cm™ were
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Fig. (7). FTIR patterns of geopolymer at various S/N.
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associated with the adsorbed atmospheric water [28]. The
strong peak at 1033 cm™ corresponds to the asymmetric
flexural vibration of the Si-O-Al and Si-O bonds [29]. A
band at approximately 950 cm™ was related to the asymmet-
ric stretching vibrations of the Si-O-T (T: Si or Al in tetrahe-
dral coordination) bonds in the geopolymer network [30].
The band at approximately 450-465 cm ' was attributed to
the in-plane Si-O bending [28].

The intensity of the peak from the geopolymer-
containing solar panel waster glass at approximately 1033
em’, associated with Si-O-Al, increased with S/N, probably
because more gel was formed at a higher S/N, producing
larger silicate oligomers, which reacted with AI(OH)"*. How-
ever, the intensity of the main peak, associated with Si-O-Al,
decreased slightly as the amount of waste glass increased,
and the intensity of the band that corresponded to the ad-
sorbed atmospheric water increased, revealing that the solar
panel waste glass had a diluting effect.

3.7. SEM Observation of Geopolymer Contained Solar
Panel Waste Glass

Fig. (8) shows the morphological characteristics of the
geopolymer sample containing 10% waste glass with various
S/N molar ratios after 28 days of curing. The geopolymer
samples with a higher S/N had a denser structure, corre-
sponding to a higher strength and bulk density, probably
because the sodium silicate was more viscous than the so-
dium hydroxide, thereby filling the small pores of the geo-
polymer. Furthermore, a more compact and homogenous
microstructure was associated with the increased formation
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of gel at a higher S/N molar ratio. In contrast, a geopolymer
sample with a lower S/N molar ratio was less dense and had
more noticeable pores, and therefore had a lower strength.

Fig. (9) presents the morphological structure of geo-
polymer containing 0%-40% waste glass at an S/N of 1.75
after 28 days of curing. The amount of solar panel waste
glass also affected the microstructure of the geopolymer:
increasing the amount of solar panel waste glass made the
structure more compact, and more unreacted raw material
was observed. However, the geopolymer containing 10%
waste glass had a dense structure, which was associated with
its highest mechanical strength.

4. CONCLUSION

Based on these data, solar panel waste glass can be used
as a source material for producing geopolymer, and the S/N
mole ratio of the geopolymer has a significant effect on its
properties. The following conclusions are drawn from the
experiments. The bulk density of geopolymer increased as
S/N increased, and decreased as more waste glass was added.
The porosity of the geopolymer varied conversely. The com-
pressive strength of geopolymer containing solar panel waste
glass increased with S/N. The geopolymer mortar containing
10% waste glass at an S/N of 1.75 had the highest compres-
sive strength. FTIR results demonstrate that the intensity of
the peak from the geopolymer-containing solar panel waste
glass that was associated with Si-O-Al at approximately
1033 cm™ increased with S/N. However, the intensity of the
main peak decreased as the amount of waste glass increased.
The S/N ratio had a significant effect on the microstructure

SIN=15

SIN =1.75

Fig. (8). SEM micrograph of geopolymer containing 10% waste glass at various S/N.
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Fig. (9). SEM micrograph of geopolymer containing various waste glass at S/N of 1.75.

of the geopolymer. Samples with higher S/N appeared to
have denser structures, corresponding to their higher strength
and bulk density. The S/N ratio also had a significant effect
on geopolymer properties; the optimal value was S/N = 1.75,
and the optimal amount of solar panel waste glass was 10%.
A geopolymer with such properties has the most favorable
high compressive strength.
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