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Abstract: This work focused on reusing polyvinyl chloride (PVC) plastic waste from bottle labels
(BLWA) as lightweight aggregates in geopolymer mortar. This way of reusing plastic waste is
beneficial for diminishing the negative impacts of plastics on the environment and reducing CO;
emissions by using geopolymer as an alternative cementing material. BLWA was used to partially
substitute natural fine aggregate at ratios of 0, 5, 10, 15, and 20% by volume. The geopolymer mortar
properties were tested, and the durability after exposure to elevated temperatures was also assessed.
It was found that the strengths were adversely affected by increasing BLWA content. The water
absorption and porosity were also increased with beneficial benefits on the reduced density (9-17%)
and thermal conductivity (28-44%). The geopolymer mortar containing 5-15% BLWA satisfied the
requirement of a lightweight mortar used in masonry work. After exposure to temperatures up to
600 °C, the properties of geopolymer mortar containing BLWA reduced more than that of the control
mortar due to the thermal degradation of BLWA at high temperatures. However, when increasing
the temperature from 600 °C to 900 °C, there was no further loss in strength. Microstructure analysis
indicated that increasing temperatures caused more increased voids and microcracks in geopolymer
mortars, especially the ones containing BLWA. However, after exposure at 900 °C, these voids and
cracks were minimized at 900 °C due to sintering effects. The findings in this work confirmed the
feasibility of using this PVC waste derived to produce lightweight construction material with thermal
insulation properties.

Keywords: waste; recycled aggregate; mortar; geopolymer; thermal conductivity

1. Introduction

Population growth has led to increased consumption of various resources, including
plastics. Over five decades, global production of plastics has grown exponentially from
15 to 322 metric tons representing more than 200 times increment [1,2]. The extensive
manufacture and consumption of plastic products inevitably result in a large amount of
plastic waste. According to the United States Environmental Protection Agency (EPA)
report in 2019, only 8.4 percent of plastic waste is recycled, while most of them are left
unattended in the environment and discarded in landfills [3]. Some plastic wastes are
dumped into the ocean instead of landfill due to the high cost of landfilling [4]. This
causes a massive accumulation of plastic waste in the oceans and directly disrupts the
livelihoods of marine life. In addition, toxic substances from manufacturing processes,
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such as initiators, plasticizers, and flame retardants, are leached out [5-8], which are also
harmful to many aquatic creatures. Another major concern is that plastic wastes can be
decomposed into microplastic, the most detrimental form of plastics, through abrasion,
weather changes, or exposure to ultraviolet radiation from sunlight [9]. Therefore, plastic
waste can have a serious impact on the environment and the well-being of many lives. To
reduce such negative impacts, the incorporation of plastic wastes into engineering materials
then becomes one of the promising ways to immobilize and reuse these wastes.

Concrete consists mostly of aggregates. Therefore, massive amounts of aggregates
are used for concrete production, which could reach 47.5 billion tons globally by 2023 [10].
In addition to reducing natural resource consumption, the substitution of conventional
aggregate with recycled aggregate can also reduce waste. Celik et al. [11] investigated the
properties of concrete replaced fine and coarse aggregate with a crushed waste glass of 0,
10, 20, 30, 40, and 50%. The results showed that the compressive, flexural, and splitting
tensile strength of concrete increased with an increase in fine aggregate replacement. While
using waste glass as coarse aggregate, the mechanical properties of concrete showed a
decreased value. By using the numerical analysis of data collected from previous research,
Basaran et al. [12] reported that by replacing sand with up to 15% marble aggregate, the
compressive strength of concrete increased in the range of 2-26%.

Among various types of plastics used nowadays, polyethylene terephthalate (PET)
waste derived from plastic bottles has been one of the most widely studied plastics for
application as aggregates in engineering materials [13-16]. However, what has been
overlooked is that most plastic bottles have plastic labels, which are usually made of
polyvinyl chloride (PVC). To date, there is still no proper way to effectively manage and
recycle these PVC wastes, resulting in more environmental problems. Therefore, it is
important to find alternative applications for reusing these wastes.

Recently, the reduction of plastic wastes by incorporating them as aggregates in
cement materials has been widely investigated. For example, Boucedra et al. [17] tested the
replacement of natural fine aggregates with plastic at ratios of 0, 25, 50, and 75% by volume
in concrete. The results revealed that the compressive strength of concrete reduced with
increasing content of plastic aggregates. Furthermore, the density and thermal conductivity
of concrete also decreased when plastic wastes were used as a replacement by up to 75%.
Adnan and Dawood [18] found that there was an approximately 25% decrease in the
splitting tensile strength of concrete when sand was substituted by plastic waste by up to
10.0%, compared to concrete without plastic waste. Ullah et al. [19] found that compressive
strength, splitting tensile strength, and unit weight of concrete containing electronic waste
reduced by 13.6, 20.5, and 13.9%, respectively, for a replacement ratio of up to 20%. In
addition, Shaker et al. [20] studied the replacing sand with PET waste in high-strength
concrete and found that by using 50% of PET waste, the density and thermal conductivity
of concrete became less than 2000 kg/m? and 0.71 W/m K, respectively. Although the
replacement of natural aggregate with plastic waste reduces the mechanical properties of
mortar and concrete, the lower density and thermal conductivity of the resulting composites
offer their alternative application as lightweight and thermal-resistant materials [21-23].

Geopolymer, an alternative material to cement, is an environmentally friendly binder
due to its lower carbon dioxide emissions from the manufacturing process and lower natural
resources consumption, while the compressive strength and durability are comparatively
high [24-28]. Various agro-industrial wastes and by-products, such as fly ash, slag, and rice
husk ash, can be used as raw materials for the production of geopolymer. Meanwhile, new
raw materials have begun to be used in the production of geopolymer, such as perlite [29].
Furthermore, in an effort to improve the properties of geo-polymers, Celik [30] found
that the addition of 5% recycled steel fibers from waste tire in the geopolymer mixture
yielded compressive strength up to 53 MPa, while the reference was 26 MPa. Recently,
several reports have shed light on the use of plastic wastes as partial substitutions in
geopolymers. Lazorenko et al. [15] investigated the use of different forms of PET waste,
including particles, flakes, and strips, as aggregates in geopolymer composites. The results
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showed that, regardless of plastic shapes, the incorporation of PET waste resulted in a
reduction in compressive strength, flexural strength, and splitting tensile strength of the
geopolymer. However, PET waste in the form of particles had a less negative impact on
mechanical strength due to its greater compaction than the other two forms of PET waste.
Moreover, Wongkvanklom et al. [31] found that even though recycled plastic beads had a
deleterious effect on the mechanical properties of geopolymer concrete, they could reduce
the density and thermal conductivity, which are favorable properties for being a lightweight
and thermal-resistant material. Therefore, similar to the case of cement, plastic wastes are a
source of aggregates that can provide promising properties for geopolymers.

Furthermore, it has been known that geopolymer has a superior fire resistance prop-
erty than ordinary Portland cement (OPC) because it contains less amount of calcium
compounds than OPC [32]. Temperatures of 200 °C up to as high as 1000 °C could even
enhance the compressive strength of the geopolymer due to additional geopolymeriza-
tion and sintering effect [33,34]. Nevertheless, the compressive strength declined after
exposure to higher temperatures because of the differences in the thermal expansion coeffi-
cients of the aggregates and the geopolymer matrix [35]. In the case of plastic-containing
geopolymers, it was found that the studies on the residual strength after exposure to high
temperatures were still limited. Therefore, it is interesting to investigate the durability of
plastic-incorporating geopolymer in terms of its resistance to fire, which is the focus of this
current study:.

This work then aimed to use PVC plastic from bottle labels as a fine aggregate in
geopolymer mortar. The mechanical and physical properties of the resulting material, in-
cluding compressive strength, flexural strength, splitting tensile strength, density, porosity,
water absorption, ultrasonic pulse velocity, thermal conductivity, and microstructure were
investigated. In addition, the mechanical and physical properties of the material after
exposure to elevated temperatures were also tested to assess its fire-resistant property. The
findings in this study would provide a promising way to reuse non-recyclable PVC waste
for the production of “green” materials.

2. Materials and Methods
2.1. Materials

The binder used in this study was fly ash from the Mae Moh power plant in the
northern part of Thailand. It had a specific gravity of 2.24, and the percentage retained on a
sieve No. 325 of 34.8%. The chemical compositions of fly ash are listed in Table 1. Alkali
activators used in the experiment were sodium hydroxide (NaOH) and sodium silicate
(NaySiO3). Sodium hydroxide at a concentration of 10 molar was prepared by diluting
400 g NaOH flakes (98% purity) in 1 L of distilled water. Then, the solution was left to
cool down at room temperature for 24 h. A commercial-grade sodium silicate solution
consisting of 32.39% SiO,, 13.44% NayO, and 54.17% H,O by weight was used without
any modification. River sand and bottle label waste aggregates (BLWA) were used as fine
aggregates. River sand with a maximum size of 4.75 mm was soaked in water for at least
24 h and then air-dried to provide saturated surface dry (5SD) condition, according to the
ASTM C128 [36] standard. BLWA (Figure 1) was derived from bottle labels that had been
separated from plastic bottles and collected by a recycling site in Northeast Thailand. They
were cleaned, dried, and shredded by a shredding machine. The physical properties of
both types of fine aggregates are summarized in Table 2. The sieve analysis according to the
ASTM C136 [37] standard was conducted to determine the particle size distribution of fine
aggregates. Sieve size and cumulative passing of fine aggregates are listed in Table 3, in
which the lower and upper limits following the ASTM C33 [38] standard were also shown.
It is evidenced that almost 90% of BLWA were retained on sieve No. 16, while the natural
fine aggregate exhibited a more evenly distributed particle size.
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Table 1. Chemical composition of fly ash.
Composition Percentage (%wt)
AlL,O3 21.3
5i0, 413
CaO 15.1
Fe203 11.9
MgO 25
KO 2.4
SO3 2.5
LOI 0.7
Figure 1. (a) Bottle label waste (b) BLWA.
Table 2. Physical properties of fine aggregates.
Properties Sand BLWA
Specific gravity 2.59 1.12
Fineness modulus 2.74 3.73
Unit weight (kg/m?3) 1682 71
Water absorption (%) 0.63 -
Table 3. Sieve size and cumulative passing of fine aggregates.
Sieve Cumulative Passing (%) Lower Limit (%) Upper Limit (%)
Size (mm) Sand BLWA ASTM C33[38] ASTM C33 [38]
4.75 (#4) 97.9 100.0 95 100
2.36 (#8) 90.1 94.5 80 100
1.18 (#16) 76.7 21.9 50 85
0.60 (#30) 49.0 8.3 25 60
0.30 (#50) 114 1.6 10 30
0.15 (#100) 14 0.4 2 10

The BLWA were subjected to thermogravimetric analysis (TGA) to determine their
thermal stability indicating their type of plastic as shown in Figure 2. The results illustrated
that the thermal degradation of BLWA started at a temperature of approximately 250 °C
with two-stage decomposition. The first degradation stage of BLWA occurred at a temper-
ature of 190-350 °C due to the decomposition of chlorine in the form of a hydrochloric
compound [39]. Then, at a temperature in the range of 420-550 °C, the second degradation
in which the PVC backbone is broken into carbon dioxide and water occurred [40]. After
both stages of thermal degradation, the total weight loss of the BLWA was approximately
85%, and the remaining weight was 15%. This was attributed to the inorganic additive
added to PVC during the manufacturing process [40]. This result agreed with the work of
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Yu et al. [41], suggesting that the thermal degradation of PVC was lower than polyethylene
(PE), polypropylene (PP), PET, and polystyrene (PS). In addition, other types of plastic
showed one-stage decomposition, while PVC exhibited two-stage decomposition. A similar
TGA curve of PVC was also reported by Merlo et al. [42] and Suresh et al. [40]. Therefore,
BLWA used in this study were PVC type.
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Figure 2. TGA curve of BLWA.

2.2. Mix Proportion

The geopolymer mortar was prepared with an alkali-to-binder ratio of 0.70, a fine
aggregate-to-binder ratio of 2.75, and a NaOH:Na,SiO3 ratio of 1.00, which this mix propor-
tion is recommended by Chindaprasirt et al. [43] for relatively high compressive strength
mortar. The substitution of river sand with BLWA was carried out at the following ratios:
0, 5, 10, 15, and 20% by volume, in which the resulting materials were designated as
LGO00, LG05, LG10, LG15, and LG20, respectively. Due to the absence of admixtures, the
maximum replacement of sand by BLWA in geopolymer mortar without compromising the
workability was 20% by volume. The mix proportions of geopolymer mortar are listed in
Table 4.

Table 4. Mix proportion of geopolymer mortar (kg/m3).

Mix FA NS NH RS BLWA
LG00 453 159 159 1246 -
LGO05 453 159 159 1184 26
LG10 453 159 159 1121 53
LG15 453 159 159 1059 80
LG20 453 159 159 997 106

To prepare geopolymer mortar, fly ash was mixed with 10 M NaOH solution for
5 min. Fine aggregate was then added and mixed for 5 min. Then, Na,SiOj3 solution was
added and mixed further for 5 min. The geopolymer mortar mixture was cast into an
acrylic mold and then covered by clingfilm to prevent moisture loss. The specimens were
cured in an electric oven at 60 °C for 48 h. Afterward, the specimens were demolded
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and cured in a humidity chamber with 50% relative humidity (RH) at a temperature
of 22 °C until the testing age of 7 days. Geopolymer mortar specimens prepared with
different mix proportions are shown in Figure 3, which showed a significant surface change
from the sample without plastic used (LG00) on the left to the sample with the highest
amount of plastic waste (LG20) on the right. The pictures showed that LG15 and LG20
specimens showed relatively more porous surfaces than those of the other specimens. It
was also observed that the BLWA were evenly distributed throughout the LG20 specimen
without segregation.

~

LGOS § .1G10 R-CEeiss\
‘. el h _4\-«7 <N

Figure 3. Geopolymer mortar specimens.

2.3. Testing
2.3.1. Fresh Properties

The workability of the fresh geopolymer mortar was determined by the flow table
conforming to the ASTM C1437 [44] standard. The fresh mortar was also tested for setting
time by using a Vicat apparatus according to ASTM C807 [45].

2.3.2. Physical Properties

Physical properties of geopolymer mortar, including density, porosity, water absorp-
tion, ultrasonic pulse velocity (UPV), and thermal conductivity, were tested on the 100 mm
cube specimens. The density, porosity, and water absorption tests were carried out accord-
ing to the ASTM C642 [46] standard. Thermal conductivity was tested using an ISOMET
2114 apparatus [47] in compliance with the ASTM D5930 [48] standard. Non-destructive
UPV test was performed according to the ASTM C597 [49] standard.

2.3.3. Mechanical Properties

The 50 mm cube specimens were tested for compressive strength as per ASTM
C109 [50] standard. Three-point bending test was performed on a 40 x 40 x 160 mm
prism specimen to assess flexural strength according to the ASTM C348 [51] standard. The
cylinder specimens with a diameter of 100 mm and a height of 200 mm were tested for
splitting tensile strength as per ASTM C496 [52] standard.

2.3.4. Fire Resistivity

Fire resistivity tests were performed on a control geopolymer mortar (LG00) and LG10
mortar with temperatures of 25 °C (room temperature), 300, 600, and 900 °C. The specimens
were placed and arranged in an electric furnace as shown in Figure 4. The heating process
was run as described in the previous works [33,53]. Briefly, the heating rate was increased
by 5 °C/min until reached the target temperature and then maintained temperature for
60 min. The specimens were then allowed to cool down to room temperature in an electric
furnace before being tested for the following properties: compressive strength, residual
strength, weight loss, density, porosity, water absorption, UPV, and thermal conductivity.
All tests were carried out in triplicate.
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Figure 4. Placement of the specimens in the electric furnace.

2.3.5. Scanning Electron Microscope (SEM)

Broken pieces of geopolymer mortars obtained from compressive strength tests were
used for the observation of microstructures using a scanning electron microscope.

3. Results and Discussion
3.1. Flow Value

The flow values of geopolymer mortar containing BLWA are shown in Figure 5.
The flow value of the control specimen (LG00) was 126%, while that of the geopolymer
mortar containing BLWA decreased with increasing BLWA replacement ratio. The impaired
fluidity of the fresh geopolymer mortar was due to the flaky and angular shape of BLWA
in comparison to the river sand [54,55]. This finding is consistent with Ferreira et al. [56],
which showed that spherical PET waste had a less negative effect on workability than flaky
and angular-shaped PET. As can be seen in Figure 5, the LG15 and LG20 specimens, which
had considerably low flow values, showed more porous surfaces and possibly a decline in
the mechanical strengths of geopolymer mortar.

140
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120
100 o7
56
I 27 21
: i
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[==] [==]

[
[T )

Figure 5. Flow values of geopolymer mortar containing BLWA.

3.2. Setting Time

The setting time of geopolymer mortars is shown in Figure 6. The initial setting time
and final setting time of LG00, LG05, and LG10 were not significantly different. However,
the setting time seems to be longer in LG15 and LG20, with the initial setting time and final
setting time of 115 min and 156 min for LG15, and 126 min and 173 min for LG20. The
presence of BLWA in the mixture did not hinder the geopolymerization in any way. The
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longer setting time is due to the more porous structure with less geopolymer paste of LG15
and LG20.
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Figure 6. Setting time of geopolymer mortar containing BLWA.

3.3. Dry Density, Porosity, Water Absorption, and Ultrasonic Pulse Velocity

Dry density, porosity, water absorption, and UPV of geopolymer mortar are shown in
Table 5. The results indicated that the dry density of geopolymer mortar containing BLWA
significantly decreased with increasing BLWA contents. The highest dry density of 1989
kg/m? was found in LGO00, whereas a drop in density of 17% was found in LG20. This was
because BLWA has a lower density than sand, resulting in a reduction in the density of the
geopolymer mortar. This finding agreed with other previous research showing that the
incorporation of plastic aggregates in the mixture led to a reduction in the dry density of
the cementitious composites.

Table 5. Dry density, porosity, water absorption, and ultrasonic pulse velocity of geopolymer mortar
containing BLWA.

. 3 s (o Water Ultrasonic Pulse

Mix De;;;g (cli(g/;n ) I:gf;)];ltz ( /;) Absorption (%) Velocity (m/s)

aev ey (STD .dev) (STD .dev)
LG0O 1989 (4.1) 20.6 (0.4) 7.7 (0.0) 3030 (190)
LGO5 1819 (17.1) 269 (0.3) 9.4(0.2) 2691 (44)
LG10 1732 (5.1) 27.5(0.5) 9.8 (0.3) 2606 (70)
LG15 1696 (8.3) 27.9 (1.6) 10.1 (0.4) 2476 (132)
LG20 1645 (6.2) 30.4 (0.8) 10.7 (0.5) 2295 (96)

Moreover, there was evidence indicating that it is not only the type and density of the
plastic aggregate but also the porosity of the materials that influenced the density of the
composites [17,19]. Kaur and Pavia [57] showed that the reduction in dry density of cement
mortar containing 20% PET waste was higher than that of the mortar containing 20% PC
waste, although PET (density of 1.36 g/cm?) was denser than PC (density of 1.24 g/cm?).
These results noticeably suggested that other than the types and density of the plastic waste,
the porosity of the composite also played an important role. The flaky and angular shape
of the BLWA in this present study resulted in increased pores within the matrix due to
difficulty in compaction. It should be noted that the density of all geopolymer mortars
containing BLWA in this study meets the standard recommended by ACI 213R-14 [58], in
which the dry density of structural lightweight concrete should be less than 1850 kg/m?.
Therefore, the replacement of natural fine aggregate with BLWA yielded a lightweight
property to the geopolymer mortar.

Furthermore, the porosity of geopolymer mortar incorporated with BLWA was inves-
tigated. The results in Table 5 indicated that the porosity of geopolymer mortar increased
with the increasing BLWA content. This was because the flaky and angular shape and
poor particle size distribution of BLWA reduced the compact ability of the geopolymer
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mortar. Moreover, the impermeability nature of BLWA caused the deposition of free water
surrounding the BLWA particles, thus resulting in more pores in the interfacial transition
zone between BLWA and the matrix [59]. As a result of increased porosity, water absorp-
tion of geopolymer mortar containing BLWA increased with an increasing replacement
ratio. All of these results suggested that the partial substitution of BLWA as fine aggre-
gate in geopolymer mortar led to a decrease in density and an increase in porosity and
water absorption.

UPV is one of the techniques used to verify material integrity. The ultrasonic pulse
travels faster when passing through a material with denseness and consistency [49]. The
UPV of geopolymer mortar with partial substitution of BLWA at ratios of 0, 5, 10, 15, and
20% by volume were 3030, 2691, 2606, 2476, and 2295 m/s, respectively. This indicated that
replacing sand with BLWA resulted in a reduction in UPV. This reduction is attributed to
an increase in porosity within the matrix, which caused discontinuities impeding pulse
motion. Furthermore, the sheet-like morphology of BLWA may act as a reflection, which
can also interrupt the movement of the ultrasonic pulse [60-62].

3.4. Compressive, Flexural, and Splitting Tensile Strengths

The compressive, flexural, and splitting tensile strengths of geopolymer mortar are
shown in Figures 7-9. Specimens after failure are also shown in Figure 10. The strengths of
geopolymer mortar decreased with the increase in the substitution ratio of BLWA in the
mixture. The compressive strengths of LG05, LG10, LG15, and LG20 were 26.3, 24.5, 18.8,
and 11.5 MPa, respectively. For the highest substitution level, the compressive strength
of geopolymer mortar containing BLWA was reduced by 59% compared to the control
sample. This result was consistent with other previous research, which also suggested
that a reduction in compressive strength was a result of low bond strength between plastic
and the geopolymer paste [15,17,19,31,63,64]. Moreover, the hydrophobic nature of BLWA
caused the free water to locate around them, which then reduced the adhesiveness between
BLWA and the paste [59,65]. The significant difference in elastic modulus between plastic
aggregate and geopolymer paste also resulted in an imbalanced modulus and thus led
to the development of micro-crack causing a decrease in the compressive strength of
the composite [66]. However, the obtained compressive strength of geopolymer mortar
containing BLWA (up to 15% replacement) in this present study was higher than the
required strength for structural lightweight concrete (17 MPa) as recommended by ACI
213R-14 [58].

=
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Figure 7. Compressive strength of geopolymer mortar containing BLWA.
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Figure 8. Flexural strength of geopolymer mortar containing BLWA.
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Figure 9. Splitting tensile strength of geopolymer mortar containing BLWA.

Figure 10. Specimens after failure.

When considering the compressive strength together with the dry density as shown
in Figure 11, it was found that although the compressive strength of LG00 achieved the
requirement for structural lightweight concrete, the dry density was higher than the spec-
ification. In contrast, LG20 had a satisfactory dry density, but its compressive strength
was lower than the minimum limit. The replacement of sand with BLWA at a ratio of
5,10, and 15% by volume in mixtures (LG05, LG10, and LG15, respectively) resulted in
the composites with desirable properties, which achieved the requirement recommended
by ACI 213R-14 [58] in both the compressive strength and the dry density, confirming
that these mixtures could be used as structural lightweight concrete. Furthermore, the
compressive strengths of LG05, LG10, and LG15 in a range of 18.8-26.3 MPa suggested
that they are applicable for Type M masonry concrete (12.4 MPa), while LG20 (11.5 MPa)
could be used as Type S (3.4 MPa) according to the ASTM C91 [67] standard. Moreover,
the result also presented the strong relationship between compressive strength and dry
density of geopolymer mortar containing BLWA with a correlation coefficient of as high as
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0.9639. These findings offered the alternative use of geopolymer mortar containing BLWA
as masonry work.
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Figure 11. Relationship between density and compressive strength of geopolymer mortar containing
BLWA compared with the limited for structural lightweight aggregate as ACI 213R-14 [58].

As seen in Figures 8 and 9, the tensile strengths, including flexural strength and
splitting tensile strength, tended to decrease with an increase in BLWA contents. The
flexural strength reduced from 7 MPa in LGOO to 2.6 MPa in LG20, while the splitting
tensile strength reduced from 2.4 MPa (LG00) to 1.2 MPa (LG20). The reduction in flexural
strength and splitting tensile strength was, similar to the case of compressive strength
due to the weak adhesiveness between BLWA and the geopolymer matrix. However, it
was found that a ratio of flexural strength to compressive strength and a ratio of splitting
tensile strength to compressive strength of geopolymer mortar containing BLWA (LGO5,
LG10, LG15, and LG20) enhanced when compared to the control mortar (LG00). This
explained that the use of BLWA in geopolymer mortar caused a less negative effect on
flexural strength and splitting tensile strength than on compressive strength. This was
also observed in Hannawi et al. [68], in which PET and polycarbonate (PC) were used in
cement mortar as partial replacements of natural sand 0, 3, 10, 20, and 50% by volume. The
results showed that the compressive strength of cement mortar was significantly decreased
with more plastic waste aggregate in the mixture, whereas the flexural strength when PET
and PC were used up to 20% replacement was still close to that of the control mixture. In
addition, in Figure 10, the specimen with BLWA showed the ductile failure mode, in which
after reaching the maximum tensile strength, the specimens were not broken or separated.
On the other hand, the specimens without BLWA were brittle and were immediately broken
after failure. Babu et al. [69] and Saikia and Brito [70] also found that an increase in plastic
content in the mixture could cause a reduction in the brittleness of concrete due to the
flexibility of the plastics, which allowed the specimen to behave as a more ductile material.

3.5. Thermal Conductivity

The thermal conductivity of geopolymer mortar is shown in Figure 12. The results in-
dicated that the use of BLWA could improve the thermal-resistant properties of geopolymer
mortar. The substitution by 5% of BLWA could cause a dramatic drop of approximately
28% in thermal conductivity when compared to the control geopolymer mortar (LG0O).
For the highest replacement ratio (LG20), the thermal conductivity of geopolymer mortar
was 0.6841 W/m-K, which was 45% lower than that of LG00. This can be explained by the
lower thermal conductivity of BLWA than that of the natural sand. Belmokaddem et al. [71]
experimented with PVC, HDPE, and PP as an aggregate in concrete and found that the
higher the replacement content of plastic, the lower the thermal conductivity of the concrete.
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In addition, Senhadji et al. [72] reported a 17% reduction in the thermal conductivity of
cement mortar containing 10% PVC waste from pipes compared with reference mortar. It
should be noted that the drop in thermal conductivity of mortar containing 10% BLWA
compared to LG0OO was 30%, which was higher than their finding. Another reason for lower
thermal conductivity is that BLWA-containing geopolymer mortar had greater porosity
than the control one, in which the pore or air void has the lowest thermal conductivity
compared to other geopolymer mortar components [73]. Reduced thermal conductivity is
an advantageous property of lightweight materials because it favors the application of ther-
mal insulation panels in buildings, which can help save energy consumption. According to
RILEM LC 2 [74], an insulating material can be classified by the thermal conductivity of
lower than 0.75 W/m-K. With LG20 having a thermal conductivity of 0.6841 W/m-K in this
work, it therefore meets the standard and could be used as thermal-insulating material.
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Figure 12. Thermal conductivity of geopolymer mortar containing BLWA compared with the limit of
insulating material as RILEM LC 2 [74].

Figure 13 shows the relationship between UPV and the thermal conductivity of
geopolymer mortar containing BLWA. The exponential equation with the correlation coeffi-
cient (R?) of 0.988 indicated that the increase in thermal conductivity was strongly related
to a higher value of UPV. The relationship is expressed as follows:

K= 0.1141e0.0008UPV, (1)
where K is thermal conductivity (W/m-K) and UPV is ultrasonic pulse velocity (m/s).
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Figure 13. Relationship between UPV and thermal conductivity of geopolymer mortar containing BLWA.
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According to Hacini et al. [75], an exponential relationship between UPV and thermal
conductivity also showed a good correlation coefficient (R?) of 0.7439. Thus, with the
above equation, in addition to predicting the compressive strength from the UPV, it is also
possible to estimate the thermal conductivity of geopolymer mortar from the UPV.

Moreover, Sengul et al. [76] stated that the thermal conductivity of concrete is strongly
related to density. In addition to a reduction in density, more air voids in the matrix also
enhanced the thermal insulating properties of mortar. The exponential relationship between
the density and thermal conductivity of mortars in this study is plotted in Figure 14. A
high correlation coefficient of 0.9686 confirmed a significant relationship between thermal
conductivity and density. The empirical expression of this study is as follows:

K = 0.0553¢2-0015D ()
1.6
14 —— Geopolymer mortar K = 0.0553¢0.0015D
—— ACI 213R-14 (2014) 2=1.9683
1.2 P
¢ Geopolymer mortar
1

Thermal conductivity (W/m.K)

0.8 |k — (0.0865e0-0012D
0.6
0.4
1600 1700 1800 1900 2000

Density (kg/m?)

Figure 14. Relationship between density and thermal conductivity of geopolymer mortar containing
BLWA compared with the equation of ACI 213R-14 [58].

The exponential relationship between density and thermal conductivity obtained in
this study is consistent with the relationship computed by the ACI 213R-14 [58] recommen-
dation, which is expressed as follows:

K = 0.0865¢%0012D, ®)
where K is thermal conductivity (W/m-K) and D is density (kg/ m3).

3.6. Fire Resistance
3.6.1. Visual Observation

Figure 15 shows LG00 and LG10 after exposure to different temperatures. At room
temperature, the LGOO color was a dark gray which is typical of geopolymers. Due to
the moisture loss, the color of LG00 was lightened after exposure to a higher temperature
of 300 °C. The color of LG00 became reddish brown and light brown after exposure to
temperatures of 600 and 900 °C. This phenomenon was also reported by Sarker et al. [77],
Wongsa et al. [78], and Zhao and Sanjayan [79], which suggested that the color change
was due to the high iron oxide content of fly ash. The discoloration of the LG10 after
exposure to higher temperatures was similar to that of the LG00. However, there were
black soot deposits on the surface of LG10 after exposure to temperatures of 300 and 600.
This is possibly due to the incomplete combustion of BLWA. Although larger pores were
observable on the surface of LG10 after exposure to elevated temperatures, which was
caused by the gas pressure from the thermal degradation of the BLWA, thermally large
cracks were not visible through the surface of the specimens. This ensures the durability of
LG10 even after exposure to high temperatures.
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Figure 15. Specimens after exposure to elevated temperatures (a) LG00 (b) LG10.

Figure 16 illustrates the cracked surfaces of LGO0 and LG10 after being tested for
compressive strength. It was found that the matrix of LG00 varied markedly after exposure
to elevated temperatures, wherein the denseness and homogeneity of the matrix were
reduced. Meanwhile, apart from the alteration of the colors of the matrix and the external
surface, the color of the sand also changed (Figure 16a,c,e,g). In the case of LG10, it was
noticeable that BLWA dispersed throughout the specimen without segregation (Figure 16b).
After exposure to the temperature of 300 °C, the BLWA thermally decomposed, and several
dark brown spots on the cracked surface from the incomplete combustion of BLWA were
observed (Figure 16d). The dark brown color became lighter after exposure to 600 °C
(Figure 16f). At 900 °C, the highest calcined temperature in this study, the brown/black
stains and the BLWA were not visible in the specimen (Figure 16h).

3.6.2. Compressive Strength

Figure 17 shows the compressive strength of control geopolymer mortar (LG00) and
geopolymer mortar containing BLWA (LG10) before and after exposure to elevated tem-
peratures. The compressive strength of LG0O tended to reduce after exposure to higher
temperatures. The compressive strength of LG0O declined from 46.2 MPa at room tempera-
ture to 21.9 MPa and 7.9 MPa after exposure to 300 °C and 600 °C, respectively. The decrease
in compressive strength was due to the thermal degradation of BLWA and the formation
of cracks due to different thermal expansion coefficients between geopolymer paste and
fine aggregate. In addition, the phase transition of fine aggregate from (-quartz to a larger
volume of x-quartz resulted in the intensification of cracking [80]. This caused the lowest
compressive strength of geopolymer mortar after being subjected to a temperature of 600 °C.
Nevertheless, an elevated temperature of up to 900 °C led to a slight increase in the com-
pressive strength of LG00. This finding agreed with Hager et al. [80], and Wongsa et al. [78],
which showed a reduction in compressive strength of fly ash-based geopolymer mortar
after calcination at 300-800 °C, but the strength was slightly increased after exposure to
800-1000 °C. Such enhancement of the compressive strength was suggested as a result of
sintering and densification of the geopolymer matrix.
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Figure 16. Specimens after exposure to elevated temperatures and being tested for compressive
strength: (a) LG00-25 °C, (b) LG10-25 °C, (c) LG00-300 °C, (d) LG10-300 °C, (e) LG00-600 °C, (f) LG10-
600 °C, (g) LG00-900 °C, and (h) LG10-900 °C.

Similar to the case of LG00, the compressive strength of geopolymer mortar containing
BLWA (LG10) dramatically decreased after exposure to 300 °C and 600 °C. When the
temperature was elevated to 900 °C, the compressive strength of LG10 was not significantly
different from that of after exposure to 600 °C. This indicated that the temperature of
600 °C had the most negative impact on the compressive strength of LG10. This finding
is consistent with Rickard et al.’s [81] work, which suggested that the critical exposure
temperature for geopolymer composite with quartz sand was 600 °C.
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Figure 17. Compressive strength of LG00 and LG10 after exposure to elevated temperatures.

3.6.3. Residual Compressive Strength

The residual strengths of LG00 and LG10 after exposure to 300, 600, and 900 °C are
shown in Figure 18. The results showed that the residual strength of LG10 was less than
that of LGO0O at all tested temperatures. This indicated that LGO0 was more durable in high
temperatures than LG10. This is due to the thermal degradation of BLWA at 600 °C as
indicated by the TGA test. In addition, the difference in thermal expansion coefficients
between the geopolymer paste and sand was lower than the difference between the paste
and BLWA; thus, fewer pores and cracks were formed in LG0O than in LG10 after treating
the composites with high temperature [82]. A larger reduction in compressive strength after
exposure to high temperatures of the plastic-containing materials was also evidenced by
Saxena et al. (2018), which reported that the strength of PET-containing concrete decreased
up to ~47% after exposure to 600 °C, while a reduction in strength of reference concrete
was only ~26%. Moreover, Correia et al. [83] also showed that the compressive strength
of plastic-containing concrete was reduced more than that of the reference concrete after
exposure to elevated temperatures. Although the incorporation of BLWA in geopolymer
mortar reduced the durability at high temperatures, it is interesting that an increased
temperature from 600 °C to 900 °C could no longer affect the strength of geopolymer
mortar containing BLWA (LG10).
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Figure 18. Residual compressive strength of LG00 and LG10 after exposure to elevated temperatures.

3.6.4. Weight Loss

Figure 19 shows the weight loss of geopolymer mortar after exposure to elevated
temperatures. It was evidenced that both LG00 and LG10 experienced an increase in
weight loss with increasing exposure temperatures. The largest loss of weight occurred
at 300 °C, accounting for about 90% of the total weight loss. This is due to the loss of
moisture in both weakly bound water and chemically bound water [80]. A slight increase
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in weight loss of geopolymer mortar after exposure to higher temperatures is attributed
to the decomposition of some geopolymerization products in the matrix [78]. A greater
weight loss of LG10, when compared to LG00, was a result of the thermal decomposition of
the BLWA in LG10. Moreover, a significant increase in weight loss of LG10 after exposure
temperature increased from 300 °C to 600 °C correlated to the TGA analysis of BLWA, in
which the degradation of BLWA continually occurred until 600 °C, a temperature beyond
the melting point of BLWA. At a temperature of 900 °C, all BLWA completely burnt out, so
the slight loss of weight was mainly due to the decomposition of other constituents in the
geopolymer matrix.
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Figure 19. Weight loss of LG00 and LG10 after exposure to elevated temperatures.

3.6.5. Density, Porosity, Water Absorption, UPV, and Thermal Conductivity

Density, porosity, water absorption, UPV, and thermal conductivity of LG00 and LG10
after exposure to the temperature of 300, 600, and 900 °C were also investigated, as listed
in Table 6. The results showed that the dry density of LG00 and LG10 decreased after
the calcined temperature increased due to weight loss, and higher porosity occurred as a
result of the thermal degradation of BLWA and different thermal expansion coefficients
between the paste and aggregates. As the temperature rose from 25 °C to 300 °C, there was
a huge weight loss of geopolymer mortars mainly due to moisture loss, while their volume
did not change much. Therefore, a relatively high reduction in the density of geopolymer
mortars was noticeable. At 600 °C, the dry density of geopolymer mortars continued to
decrease, but the reduction rate was less than at 300 °C. When the temperature reached
900 °C, the weights of geopolymer mortars were still reduced together with a decrease in
the volume of the materials due to densification and sintering, resulting in shrinkage of the
geopolymer matrix. Thus, the density of geopolymer mortars slightly decreased further
when compared to that of at 600 °C.

The porosity of LG00 and LG10 increased with increasing temperatures up to 600 °C.
In the case of LGOO, the phase change of sand due to high temperature could intensify the
volume of microcracks, resulting in increased porosity. Differently, a larger pore volume
within the matrix of LG10 was mainly due to the thermal degradation of BLWA, resulting in
increased porosity. At 900 °C, sintering effects caused the geopolymer matrix to be denser,
and thus porosity was reduced in LG00. Nevertheless, such an effect was not prominent in
the case of LG10 since the degradation of BLWA left more pores than the sintering could
repair. Likewise, an increase in water absorption of LG00 and LG10 was found when
exposed to higher temperatures due to an increase in porosity. The higher porosity of
the specimens brought about the absorption of water more readily. Moreover, when the
temperature increased to 900 °C, large porosity caused a reduction in water absorption of
both materials.
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Table 6. Density, porosity, water absorption, UPV, and thermal conductivity of LG00 and LG10 after
exposure to elevated temperatures.

Properties
Mix Tempoerature Densit Porosit Water'Ab- urv Therm-al.
“O K 3y o, Y sorption Conductivity

(kg/m”) (%) (%) (m/s) (W/mK)
LGO00 25 1989 20.6 77 3030 1.2167
LG00 300 1953 26.1 10.0 1554 1.0469
LGO00 600 1914 27.0 10.4 626 0.7472
LGO00 900 1902 259 10.2 725 0.7641
LG10 25 1732 27.5 9.8 2606 0.8571
LG10 300 1653 34.8 12.3 1123 0.7021
LG10 600 1634 36.6 14.0 529 0.5789
LG10 900 1623 36.6 13.9 510 0.5129

It was clear that elevated temperatures induced more formation of voids and microc-
racks within the geopolymer matrix, thus resulting in a reduced density, higher porosity,
increased water absorption, and lowered compressive strength. These voids and micro-
cracks created a discontinuous matrix, which also reduced the UPV value and thermal
conductivity. This is because the air inside voids within the matrix had a relatively low
thermal conductivity. However, the porosity of LG00 decreased and the compressive
strength slightly increased after exposure to 900 °C due to the sintering process. Therefore,
UPV and thermal conductivity of LG0O slightly increased at this temperature. On the other
hand, the UPV and thermal conductivity of LG10 experienced no significant change after
heating at 900 °C. This suggested that the increase in temperature to 900 °C did not have
an additional effect on the geopolymer mortar containing BLWA.

3.6.6. SEM Image

SEM images of LG00 and LG10 before and after exposure to elevated temperatures
are shown in Figure 20. In the cases of LG00 (Figure 20a) and LG10 (Figure 20b) before
calcination, the microstructures of geopolymer mortars appeared homogenous and dense,
with some unreacted fly ash and microcracks. The BLWA and natural aggregates adhered
well to the geopolymer paste (Figure 20b). but a large gap between BLWA and the paste
was observable (at 500 x magnification) in the interfacial transition zone between the paste
and the aggregates. This evidenced poor bondings between BLWA and the paste, which is
probably the main cause of the strength deterioration of this material.

After being exposed to 300 °C, voids and microcracks were more pronounced and
became connected in both LG00 and LG10. The presence of BLWA in the mixture can cause
more voids after thermal exposure, thus more severe damage occurred to the microstruc-
tures of LG10 than to that of LG00. In addition, Figure 20d illustrates the microstructures
of LG10 after exposure to 300 °C showed the discretion of thin sheets of the thermally
decomposed BLWA scattering on the mortar’s cracked surface. This suggested that the
thermal alteration of LG10 microstructures led to a decrease in residual strength after
calcination since the non-uniform distribution of the impaired BLWA was unable to sustain
the compression loads.

Microstructures of the control geopolymer mortar and the geopolymer mortar con-
taining BLWA after being exposed to 600 °C are shown in Figure 20e,f, respectively. At this
temperature, the geopolymer paste was extensively decayed, revealing more voids and
microcracks. Moreover, the interfacial transition zone between sand and geopolymer paste
was larger than its original condition before incineration, resulting from the transformation
of sands after expansion leading to a reduced bonding between sand and the binder, which
caused a reduction in mechanical strength.
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Figure 20. Microstructure of mortars: (a) LG00-25 °C, (b) LG10-25 °C, (c¢) LG00-300 °C, (d) LG10-300 °C,
(e) LG00-600 °C, (f) LG10-600 °C, (g) LG00-900 °C, and (h) LG10-900 °C.

After the calcined temperature reached 900 °C, LG00 (Figure 20g) and LG10 (Figure 20h)
showed changes in microstructures due to sintering and densification processes. Although
porosity and microcracks were visible, the number of voids and microcracks in the paste
was reduced. Some areas of the paste were more homogeneous and denser than the paste
at 600 °C. The edges of the unreacted fly ash particles were less obvious, which were likely
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to better blend in with the paste. These alterations contributed to a slight increase in the
compressive strength of LG00. In addition, the healing of microcracks was more noticeable
in LG00 when compared to LG10. This evidenced that sintering effects resulted in a more
homogeneous matrix of the geopolymer mortar both with and without BLWA.

4. Conclusions

This work investigated the effects of replacing natural fine aggregates with PVC waste
derived from bottle labels (BLWA) at 0-20% by volume. The mechanical, physical, and
durability properties of the geopolymer mortars were comprehensively tested. The results
can be summarized as follows:

1.  The mechanical strength decreased with increasing BLWA contents. This reduction
was due to weaker and lower bonding of BLWA with the geopolymer paste than those
of natural fine aggregates. Note that although the compressive strength of geopolymer
mortar containing BLWA was reduced, it met the requirement for use in masonry
work. In addition, the use of a higher volume of BLWA could improve the ductility of
geopolymer mortar.

2. The porosity and water absorption significantly increased due to increased voids at
the interface between BLWA and the paste.

3.  The compressive strength of 0% BLWA (LG00) and 10% BLWA (LG10) reduced with
increasing exposure temperatures (300, 600, and 900 °C). The largest reduction in
strength was observed at the temperature of 600 °C, considered a critical exposure
temperature for this material.

4. The loss of weight and compressive strength of LG10 after exposure to elevated
temperatures were higher than that of LG0O due to the thermal decomposition of
BLWA. Interestingly, LG10 could maintain its weight and strength after exposure to
900 °C.

5. The increase in the substitution content of BLWA decreased the density and thermal
conductivity of geopolymer mortar, which favored the use of BLWA for manufacturing
eco-friendly lightweight geopolymer mortars with thermal-insulating properties.

6.  The substitution of sand with BLWA 10% by volume in geopolymer mortar is the most
suitable for engineering application, considering workability, physical and mechanical
properties, and the amount of plastic waste reused in the mixture.
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