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Abstract: Increasing the thermal insulation of building components to reduce the thermal energy
loss of buildings has received significant attention. Owing to its porous structure, using expanded
vermiculite as an alternative to natural river sand in the development of building materials would
result in improvement of the thermal performance of buildings. This study investigates the properties
of fly ash (FA)-based geopolymer mortars prepared with expanded vermiculite. The main aim of
this study was to produce geopolymer mortar with lower thermal conductivity than conventional
mortar for thermal insulation applications in buildings. A total of twelve batches of geopolymers
were prepared for evaluating their different properties. The obtained results show that, at a given
FA and expanded vermiculite content, the geopolymers prepared with a 10 molar NaOH solution
exhibited a higher flowability, water absorption and porosity, as well as a lower dry unit weight,
compressive strength, ultrasound pulse velocity and thermal conductivity compared with those
prepared with a 15 molar NaOH solution. As is also shown, the geopolymers containing expanded
vermiculite (15%) developed a lower flowability (~6%), dry unit weight (~6%), compressive strength
(~7%), ultrasound pulse velocity (~6%) and thermal conductivity (~18%), as well as a higher apparent
porosity (~6%) and water absorption (~9%) compared with those without expanded vermiculite at a
given FA content and NaOH concentration. The findings of this study suggest that incorporating
expanded vermiculite in FA-based geopolymer mortar can provide eco-friendly and lightweight
building composites with improved sound and thermal insulation properties, contributing toward
the reduction of the environmental effects of waste materials and conservation of natural sand.

Keywords: expanded vermiculite; geopolymer; fly ash; strength; thermal conductivity; ultrasound
pulse velocity

1. Introduction

As the most widely used construction material, concrete mainly consists of binder
and natural aggregates. Ordinary Portland cement (OPC) is extensively used as a binder
material in concrete production [1]. However, the cement industry contributes to 5-8% of
carbon dioxide emissions [2]. In addition, it is estimated that production of one ton of OPC
results in about one ton of carbon dioxide being released into the atmosphere, causing a
destructive impact on the environment [3]. In the meantime, natural river sand has been
widely used as the fine aggregate component of concrete, which led to overexploitation of
this non-renewable natural resource. As was reported previously [4], the overexploitation
of natural river sand results in a negative environmental impact on the ecosystem. As
a result, finding suitable alternatives for replacing OPC and natural sand in concrete
production is important.
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Geopolymers, as alkali-activated aluminosilicate materials, are an environmentally
friendly building and construction material [5]. In a geopolymer, an aluminosilicate
binder is used as a replacement material for OPC [6]. Fly ash (FA) is an industrial by-
product which contains high-aluminosilicate resources [6]. As was reported previously,
the annual generation of FA is about 750 million tons [7], but only 25% of it is currently
being recycled [8]. Thus, there is great potential for FA to be used as an OPC alternative
in concrete production, with the aim of reducing the negative impact of OPC and FA on
the environment.

Vermiculate, as a naturally occurring mineral, is a hydrous phyllosilicate mineral [9].
It was reported that the worldwide production of vermiculite is approximately 2.35 million
tons annually, with the main deposits being in South Africa, the United States, Australia,
China, Russia, India and Uganda [10]. When vermiculite is heated to temperatures of
650-1000 °C, it expands to up to 30 times its original volume. Therefore, vermiculite in
its expanded form exhibits a very low density, high refractoriness, high sound absorption
and low thermal conductivity [11,12]. Koksal et al. [13] reported that dehydration of
vermiculite occurs at about 100 °C, which is due to the weight loss of the physically
absorbed water. Mass losses between 500 °C and 900 °C may be as a result of the loss
of chemically absorbed water. As was reported by the United States Environmental
Protection Agency (EPA) [14], the primary pollutants in the vermiculite expansion process
are particulate matter (PM) and PM of less than 10 micrometers, and there is no data
on carbon dioxide emissions corresponding to the vermiculite expansion process. Due
to its excellent properties, expanded vermiculite has great potential to be used as an
aggregate for producing lightweight concrete with excellent thermal and sound insulation
characteristics. Sodium hydroxide and sodium silicate are two alkaline activators usually
used in the production of geopolymers [5]. In the production of sodium hydroxide and
sodium silicate, the required heat is about 300 °C for sodium hydroxide [15] and 1400 °C
for sodium silicate [16], which are both lower compared with the heat required for cement
production (~1500 °C). In addition, the usage ratio of sodium silicate is about 0.5-2%, which
is significantly lower compared with that of sodium hydroxide and cement [5]. Therefore,
production of sodium hydroxide and sodium silicate needs less energy than production
of cement.

Many studies exist on cementitious materials containing lightweight aggregates, such
as pumice, expanded polystyrene, perlite and expanded clay [12,17-21]. However, there are
very few studies on the use of expanded vermiculite in cementitious materials [9,12,22-31].
Mladenovic et al. [27] studied the alkali-silica reactivity behavior of lightweight cement
mortar containing expanded vermiculite, perlite, expanded glass and expanded clay as
fine aggregates. They reported that the mortar containing expanded glass and perlite
exhibited high alkali-silica reactivity, whereas those containing expanded vermiculite and
expanded clay did not show any potential reactivity [27]. Schackow et al. [12] investi-
gated the mechanical and thermal characteristics of cement mortar made with expanded
vermiculite and expanded polystyrene as fine aggregates, and they reported that, at the
same mortar volume ratio of 55%, the mortar containing expanded vermiculite had a 25%
higher 28 day compressive strength and 11% lower thermal conductivity compared with
that containing expanded polystyrene. Koksal et al. [9,26] and Karatas et al. [24] assessed
the influence of an elevated temperature on the mechanical behavior of cement mortar
containing expanded vermiculite, and they revealed that mortar with a higher vermicu-
late content exhibited lower compressive and flexural strength losses at all temperature
ranges up to 900 °C. Shoukry et al. [30] used nano-metakaolin to improve the mechanical
and microstructural characteristics of cement mortar with expanded vermiculite. They
showed that incorporating 10% nano-metakaolin (by weight of the vermiculite) led to
about a 57% increase in the compressive and flexural strength and a 74% decrease in the
capillary water absorption of the cement mortar [30]. It was shown by Won et al. [31] that
incorporating 30% vermiculite as a fine aggregate in cement mortar resulted in a high
thermal stability. Benli et al. [22] evaluated the effect of raw vermiculite and expanded
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vermiculite on the durability and mechanical characteristics of cement mortar at ambient
and elevated temperatures, and they reported that mortar containing expanded vermiculite
had better high-temperature resistance compared with that containing raw vermiculite.
Sastri et al. [29] and Chandra Sekar et al. [23] assessed the influence of FA content on
the compressive strength of cement mortar containing expanded vermiculite as a fine
aggregate. They showed that the influence of FA content on the compressive strength of
the mortar was lower with a larger content of vermiculite, in comparison with mortar with
a smaller vermiculite content [23,29].

Based on the above literature review, the existing studies on the addition of expanded
vermiculate as a fine aggregate in cementitious materials focused on cement mortar, and
no study has been performed on geopolymers. To address this research gap, this paper
presents the first systematic study on different properties of FA-based geopolymers in-
corporating expanded vermiculate as a sand replacement material. The presented results
show significant potential for using expanded vermiculite in geopolymers to improve their
physical and thermal properties. This study not only contributes to achieving resource
sustainability and cleaner production in the construction industry by reducing the use of
natural river sand and cement, but it also presents a promising pathway for the develop-
ment of eco-friendly construction materials based on industrial by-products and naturally
occurring minerals that exhibit similar or better performance compared with conventional
cement mortar.

2. Experimental Program
2.1. Materials

FA was obtained from Catalagzi Thermic santral in Zonguldak, Turkey and used as
the binder. This FA had a specific surface area of 3450 cm?/g and a specific gravity of
2.2. Figure 1 shows the X-ray powder diffraction (XRD) analysis and scanning electron
microscope (SEM) image of the FA. XRD was performed using monochromatic Cu-K«
radiation at a scanning speed of 1.5° (20) min~! in a conventional diffractometer (Rigaku
SmartLab XRD) for mineralogical analysis. SEM was performed by a Tescan MAIA3 XMU
to assess the morphology.
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Figure 1. (a) X-ray powder diffraction (XRD) analysis and (b) scanning electron microscope (SEM) image of the fly ash (FA).

Natural sand as a fine aggregate material containing 97.8% silica was obtained from
the Yazlar construction materials company in Bartin, Turkey. It had generally isometric
and round particle shapes. The specific gravity and water absorption of the sand were
2.62% and 2.54%, respectively. Expanded vermiculite as the sand replacement material was
obtained from the territory of Sivas, Turkey, and it had maximum particle size of 4 mm.
Figure 2a illustrates the XRD analysis of the expanded vermiculite. The XRD analysis of
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the expanded vermiculite indicates that it mainly consisted of vermiculite, phlogopite and
hydrobiotite. Figure 2b represents the SEM image of the expanded vermiculite, showing
its elongated accordion shape with an open, flaked texture.
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Figure 2. (a) XRD analysis and (b) SEM image of the expanded vermiculite.

Table 1 presents the chemical composition of FA and expanded vermiculite, and
Table 2 shows the properties of the expanded vermiculite used in this study. The chem-
ical compositions of the materials presented in the table were determined using X-ray
fluorescence (XRF) (Spectro IQ II XRF spectrometer).

A combination of sodium hydroxide (NaOH) and sodium silicate (NaySiO3) solutions
with an NaSiO3/NaOH ratio of 2 was used as the alkaline activator in the geopolymer
mixes. These solutions were supplied by Dost Kimya in Istanbul, Turkey. Two NaOH
concentrations of 10 and 15 molar were utilized in this study. NaySiO3 utilized in this study
had the properties shown in Table 3.

Table 1. Chemical compositions of FA and expanded vermiculite.

Compounds FA (%) Expanded Vermiculite (%)
SiO, 50.97 36.2
Al,Os 27.2 18.2
Fe,0; 411 12.1
CaO 10.56 3.7
MgO 1.82 17.1
Na,O 0.30 0.2
K,O 0.99 2.3
TiO, 1.54 1.9
MnO 0.02 -
CuO 0.41 -
P,05 0.86 -
S0, 0.22 -

LOI 0.51 8.1
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Table 2. Properties of the expanded vermiculite obtained from the supplier.

Color Gold
Shape Accordion-shaped granule
Water capacity held iig/jo(égyvvgﬂi:))
Cation exchange capacity 50-150 meg /100 g
Thermal conductivity 0.065-0.062 W/mK
Permeability 95%
pH 8.1
Sintering temperature 650-1000 °C
Combustibility Non-combustible
Specific heat 0.20-0.26 Kcal/kg°C
Specific gravity 0.22
Bulk density 140 kg/m3

Table 3. Properties of Na;SiO3 obtained from the supplier.

Parameter Minimum Maximum
Si0; (%) 26.5 31.5
NaO (%) 8.2 9.5
Module (SiO, /Na,O) 3.1 3.6
Density (20 °C, g/cm?) 1.38 1.42
Viscosity (20 °C, C poise) 300 1200

2.2. Mix Proportion, Production and Testing

Twelve geopolymer mixtures were prepared, consisting of six mixtures with a 10 molar
NaOH solution (group A) and six mixtures with a 15 molar NaOH solution (group B). In
each group, sand was replaced with expanded vermiculite at two volume replacement
ratios: 15% and 30%. FA was used at volume ratios of 50% and 70% of the total mixture.
The mix proportions were obtained based on the trial mixes. After preparing the trial
mixes, it was observed that a content of expanded vermiculite in the mixture higher than
30% presented workability problems and a very low compressive strength. Therefore, the
ratio of expanded vermiculite was limited to maximum of 30% in this study. Table 4 shows
the mix proportions of different geopolymer mixes.

Table 4. Mix proportions of geopolymer mortar.

Mix Water Na,SiO3 NaOH NaOH Sand Fly Ash Vermiculite Sand Fly Ash  Vermiculite

(kg/m?3) (kg/m?) (kg/m?) (Molar) (kg/m®) (kg/m?) (kg/m?3) (%) (%) (%)
S50F50V0A 180 180 90 10 525 722 0 50 50 0
S35F50V15A 180 180 90 10 367 722 10.2 35 50 15
S20F50V30A 180 180 90 10 210 722 20.4 20 50 30
S30F70VOA 220 180 90 10 295 946 0 30 70 0
S15F70V15A 220 180 90 10 147 946 9.5 15 70 15
SOF70V30A 220 180 90 10 0 946 19.1 0 70 30
S50F50V0B 130 180 90 15 572 787 0 50 50 0
S35F50V15B 110 180 90 15 412 811 11.4 35 50 15
S20F50V30B 110 180 90 15 236 811 229 20 50 30
S30F70V0B 210 180 90 15 302 971 0 30 70 0
S15F70V15B 210 180 90 15 151 971 9.8 15 70 15
SOF70V30B 185 180 90 15 0 1012 20.4 0 70 30

For producing the geopolymer mixes, sand, FA and vermiculite were first mixed
for 3 min. Then, the pre-mixed alkaline activator and water were mixed with the dry
components for 2 min. Finally, the fresh mixture was poured into prism-shaped molds
to produce 40 x 40 x 160 mm specimens. Different tests were conducted on each unique
mix to assess the fresh and hardened properties of the geopolymer mixes, including the
flowability, apparent porosity, dry unit weight, water absorption, compressive strength,
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(a)

Figure 3. (a) Compression, (b) ultrasound and (c) thermal conductivity tests on geopolymer mortar.

ultrasound pulse velocity and thermal conductivity. The flowability test was performed
according to EN 1015-3 [32]. The apparent porosity, unit weight and water absorption of
the geopolymers were obtained from the prisms according to ASTM C20 [33]. The uniaxial
compressive strength test was performed on half of the prisms based on TS EN 12390-3 [34],
and the ultrasound test was performed on the prisms according to TS EN 12504-4 [35]. For
measurement of the thermal conductivities of the prism specimens, a C-Therm Analyzer
with a modified transient plane source was applied. Figure 3a—c shows the performed
tests for the compressive strength, ultrasound velocity and thermal conductivity of the
geopolymers, respectively. Three nominally identical samples were used for each unique
configuration. For evaluating the geopolymer microstructure, SEM analysis was performed
on the specimen with 50% FA and 30% expanded vermiculite and prepared with a 10 molar
NaOH solution.

(b) (c)

The specimen labeling in Table 4 is as follows:

Letters S, F and V stand for sand, FA and vermiculite, respectively;
Letters A and B stand for geopolymer mixes with a 10 and 15 molar NaOH solution,
respectively;

e  The numbers after S, F and V indicate the volume percentage of each material in the
mixture.

For example, S35F50V15B is a geopolymer mix containing 35% sand, 50% FA and 15%
expanded vermiculite and prepared with a 15 molar NaOH solution.

3. Results and Discussion
3.1. Flowability

Figure 4 shows the flowability of different geopolymer mortar. As shown in the figure,
the mixes with a 10 molar NaOH solution developed a larger flowability compared with
those with a 15 molar NaOH solution. This observation agrees with previous studies on
bottom ash-based geopolymer mortar [36] and FA-based geopolymer concrete [37-39],
and this is due to the increase in the viscosity and leaching of the alumina and silica
components of FA with increasing NaOH concentration, resulting in decreased flowability
of the mixes [39]. The 10 molar NaOH mixes with 50% and 70% FA experienced 7-14%
and 6-12% higher flowability than those companion mixes with a 15 molar NaOH solution,
respectively. It can also be seen that, for a given vermiculite content and NaOH concen-
tration, increasing the FA content caused increased flowability of the geopolymers. The
higher flowabilities of the mixes with a higher FA content agree with previous studies on
mortar [40—44] and concrete [45-47] and could be due to the morphology of FA, having
a spherical particle shape and a smooth surface [48,49]. For the 10 molar NaOH solution,
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70% FA mixes containing 0%, 10% and 30% vermiculite had 3%, 3% and 6% higher flowa-
bility, respectively, and for the 15 molar NaOH solution, they experienced 10%, 5% and 3%
higher flowability than the companion 50% FA mixes, respectively.

S50F50V0

S35F50V15

S20F50Vv30

S30F70VO0

S15F70V15

173
IS0 0000500075155

SOF70V/30 165 = 10 M
150 |m15M

0 50 100 150 200 250
Flow diameter (mm)

Figure 4. Flowability of geopolymer mortar.

As shown in Figure 4, incorporating expanded vermiculite led to decreased flowability
of the mixes for a given FA content and NaOH concentration. It is also shown that
an increase in the vermiculite content led to decreased flowability of the mixes. These
behaviors agree with those reported in previous studies on conventional mortar [12]
and could be due to the porous structure of expanded vermiculite, which absorbed the
water of the fresh mixture. At 50% FA, the mixes containing 15% and 30% vermiculite
had approximately 5% and 9% lower flowability, respectively, and at 70% FA, they had
approximately 7% and 10% lower flowability compared with the companion mixes without
vermiculite, respectively.

3.2. Apparent Porosity

The apparent porosities of the geopolymer mortar are shown in Figure 5. It is shown in
the figure that, for a given FA and vermiculite content, the 10 molar NaOH mixes developed
a higher apparent porosity in comparison with the 15 molar NaOH mixes. This agrees with
previous studies on FA-based geopolymer mortar [50], FA-based geopolymer concrete [37]
and geopolymers containing zeolitic tuff and marble waste [51]. This behavior was because
of the higher microstructure compactness of the mixes having a higher activator concentra-
tion in comparison with those having a lower activator concentration [51]. The 10 molar
NaOH mixes with 50% and 70% FA exhibited 2-7% and 4-10% higher apparent porosities
in comparison with the 15 molar NaOH mixes, respectively. As is also shown in the figure,
for a given vermiculite content and NaOH concentration, increasing the FA content re-
sulted in the increased apparent porosity of the geopolymer mixes. This behavior matches
with previous studies on concrete with recycled concrete fine aggregate [52] and gypsum
composite [53,54], and it is due to the hollow structure of FA because of the cenosphere in
its microstructure, causing increased porosity of the mix [55,56]. For the 10 molar NaOH
solution, 70% FA mixes containing 0%, 10% and 30% vermiculite exhibited 13%, 12% and
17% higher porosities, respectively, and for the 15 molar NaOH solution, they exhibited 6%,
10% and 14% higher porosities compared with the companion 50% FA mixes, respectively.
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Figure 5. Apparent porosities of the geopolymer mortar.

It is shown in Figure 5 that, for a given FA content and NaOH concentration, re-
placing natural sand with expanded vermiculite caused increased apparent porosities
in the mixes. It is also shown that increasing the vermiculite content caused increased
porosities in the mixes. These behaviors are consistent with those reported in previous
studies on conventional mortar [25,26], metakaolin-based geopolymer concrete [57] and
clay-based bricks [58,59]. At 50% FA, the mixes containing 15% and 30% vermiculite had
approximately 5% and 9% higher porosities, respectively, and at 70% FA, they exhibited
approximately 6% and 16% higher porosities in comparison with the companion mixes
without vermiculite, respectively.

Figure 6 illustrates SEM images of fresh-cut surfaces of the S20F50V30A specimen. The
lamellar-structured expanded vermiculite, which contained air between the vermiculite
flakes, is visible in Figure 6a,b, and the FA particles are visible in Figure 6c. As can
be seen in the figures, the mix with expanded vermiculite contained a large amount of
porosities in its microstructure. In addition, the interfacial transition zone (ITZ) between
the expanded vermiculite and the mortar mixture was porous, resulting in the weak
bonding between the expanded vermiculite and the mortar mixture. These are the reason
why geopolymer mixes containing larger expanded vermiculite contents exhibit higher
porosities, leading to a lower dry unit weight, compressive strength, ultrasound pulse
velocity and thermal conductivity, as well as more water absorption, as will be discussed
in the following sections.

ST
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SEM MAG: 150 x Det: SE 100 pm
View fleld: 1.84 mm Date(m/d/y): 08/17/19 BARTIN UNIVERSITY
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View fleld: 276 ym  Date(m/dly): 06/17/19 BARTIN UNIVERSITY

BARTIN UNIVERSITY

(b) (c)

Figure 6. (a—c) SEM images of fresh-cut surfaces of the S20F50V30A specimen with different magnifications.



Appl. Sci. 2021,11, 1917

90f18

3.3. Dry Unit Weight

The test results of the dry unit weights of the geopolymer mixes are shown in Figure 7.
As can be observed from the figure, the mixes with a 10 molar NaOH solution developed
lower unit weights in comparison with those prepared with a 15 molar NaOH solution. The
lower unit weight of the mixes having lower activator concentrations agrees with previous
research on FA-based geopolymer mortar [50], FA-based geopolymer concrete [60] and
geopolymers having zeolitic tuff and marble waste [51,61], and this was because the
densification between the particles of the mixes increased with the increasing activator
concentration [50]. The 10 molar NaOH mixes with 50% and 70% FA had 4-11% and 8-14%
lower unit weights compared with the companion mixes with 15 molar NaOH solution,
respectively. For a given vermiculite content and NaOH concentration, increasing the FA
content resulted in a decreased unit weight of the geopolymers. The lower unit weight
of the mixes with a higher content of FA agrees with previous research on concrete with
recycled concrete fine aggregate [52] and gypsum composite [53,54], and this was due
to the less specific gravity of FA in comparison with that of sand, which was replaced
with FA. For the 10 molar NaOH solution, the 70% FA mixes containing 0%, 10% and 30%
vermiculite had 13%, 7% and 10% lower unit weights, respectively, and for the 15 molar
NaOH solution, they had 3%, 4% and 9% lower unit weights compared with the companion
50% FA mixes, respectively.

149 |®=10M
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S20F50V30 A 42

S30F70V0
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.24
72 4
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1
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0 0.5 1 15 2 2.5
Dry unit weight (g/cm?3)

Figure 7. Dry unit weights of the geopolymer mortar.

As shown in Figure 7, the incorporation of expanded vermiculite led to a decrease in
the unit weights of the mixes for a given FA content and NaOH concentration. It can also be
seen that increasing the content of vermiculite caused a decrease in the unit weights of the
mixes. These results agree with previous research on conventional mortar [12,25,26,28,62],
conventional concretes [63,64], metakaolin-based geopolymer concrete [57], slag-based
geopolymer mortar [65] and fibrous gypsum plasters [66], and they happened because of
the lower specific gravity of expanded vermiculite in comparison with the sand [26]. This
could also be due to the existence of voids in the structure of the expanded vermiculite,
as was reported by Schachow et al. [12]. At 50% FA, the mixes containing 15% and 30%
vermiculite exhibited approximately 7% and 10% lower unit weights, respectively, and
at 70% FA, they experienced approximately 5% and 12% lower unit weights than the
companion mixes with 0% vermiculite, respectively. It was reported by Hossain et al. [19]
that mortar mixes containing 100% expanded clay and pumice as the other types of
lightweight materials exhibited dry unit weights of higher than 1800 kg/m>. As was
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reported by Mo et al. [28], the dry unit weight of cement-based mortar containing 30%
expanded vermiculite was 1774 kg/m>. However, the dry unit weights of the mortar of
this study were less than 1500 kg/m? with up to 30% of expanded vermiculite, which is
lower than the existing studies with clay, pumice and expanded vermiculite.

3.4. Water Absorption

The water absorption test results of the different mixes are presented in Figure 8. It is
shown that, for a given FA and vermiculite content, the mixes prepared with a 10 molar
NaOH solution developed higher water absorption compared with those prepared with
a 15 molar NaOH solution. This observation matches with those of previous research
on FA-based geopolymer concrete [37,67], FA and ground granulated blast furnace slag-
based geopolymer mortar [68] and geopolymers containing marble waste and zeolitic
tuff [51]. This behavior was due to the lower porosities of the mixes having larger activator
concentrations in comparison with those having lower activator concentrations [51]. The
10 molar NaOH mixes with 50% and 70% FA exhibited 4-14% and 10-25% higher water
absorptions than the 15 molar NaOH mixes, respectively. It is also shown that, for a given
vermiculite content and NaOH concentration, the mixes with larger FA contents had higher
water absorption than those with smaller FA contents. This agrees with previous studies on
concrete with recycled concrete fine aggregate [52] and gypsum composite [53,54], and this
is due to the increase in the microstructure porosity of mixes with increasing FA contents,
leading to increased water absorption of the mixes [69]. At a 10 molar NaOH solution, 70%
FA mixes containing 0%, 10% and 30% vermiculite exhibited 31%, 23% and 42% higher
water absorption, respectively, and at a 15 molar NaOH solution, they exhibited 9%, 20%
and 35% larger absorption in comparison with the companion 50% FA mixes, respectively.

SORSOVO 277777227518 € i?ﬂ
S35F50V/15

S20F50V/30

S30F70V0

SI5F70V15 26.99
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T T
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Water absorption (%)

Figure 8. Water absorption of the geopolymer mortar at 28 days.

According to Figure 8, adding expanded vermiculite resulted in an increase in the
water absorption of the mixes for a given FA content and NaOH concentration. As is
also shown, the increased content of vermiculite caused an increase in the water absorp-
tion of the mixes. These findings are consistent with previous studies on conventional
mortar [12,25,26,62] and gypsum composites [58], and this happens because of the porous
structure of the expanded vermiculite, as discussed in Section 3.2. At 50% FA, the mixes con-
taining 15% and 30% vermiculite exhibited approximately 8% and 16% higher water absorp-
tion, respectively, and at 70% FA, they exhibited approximately 10% and 35% higher water
absorption in comparison with the companion mixes without vermiculite, respectively.
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3.5. Compressive Strength

Figure 9 illustrates the 28-day compressive strength of the geopolymer mixes. Ac-
cording to the figure, the mixes with a 10 molar NaOH solution developed lower com-
pressive strengths compared with those having a 15 molar NaOH solution. The higher
compressive strength of geopolymers having a higher activator concentration agrees with
previous research on bottom ash-based geopolymer mortar [36], FA-based geopolymer
concrete [37,38,60], geopolymer mortar containing rice husk ash [70] and geopolymers
containing zeolitic tuff and marble waste [51], and this is because of the larger porosity of
the mixes having lower activator concentrations [51]. The 10 molar NaOH mixes with 50%
and 70% FA exhibited 13-19% and 18-22% lower compressive strengths in comparison with
the 15 molar NaOH mixes, respectively. As can be observed from Figure 9, for a given ver-
miculite content and NaOH concentration, an increase in the FA content caused a decrease
in strength in the geopolymer mixes. The lower compressive strengths of the mixes with
higher FA contents agree with previous studies on mortar [40—44] and concrete [45-47,52],
and this is due to the non-hydraulic behavior of FA at ambient temperature. Therefore,
the formation of geopolymer gel takes longer for a mix with a higher FA content [47,71].
For the 10 molar NaOH solution, 70% FA mixes containing 0%, 10% and 30% vermiculite
experienced 10%, 13% and 20% lower compressive strengths, respectively, and for the
15 molar NaOH solution, they showed 4%, 9% and 19% lower compressive strengths
compared with the 50% FA mixes, respectively.
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S30F70V0

S15F70V15

28 m10M
SORIOV30 7835 | mi1sM

T
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Figure 9. Compressive strengths of the geopolymer mortar at 28 days.

Based on Figure 9, incorporating expanded vermiculite led to a decrease in the com-
pressive strengths of the mixes for a given FA content and NaOH concentration. As is also
shown, an increase in the vermiculite content led to decreased strengths of the mixes. These
behaviors agree with those reported in previous research on conventional mortar [12,25,26],
conventional concrete [63,64], metakaolin-based geopolymer concrete [57] and clay-based
bricks [58,59] and they happened because a higher vermiculate content in the mix required
a larger water content for completing the hydration process, which in turn resulted in
the strength of the mix [63]. At 50% FA, the mixes containing 15% and 30% vermiculite
had approximately 5% and 9% lower strengths, respectively, and at 70% FA, they had
approximately 9% and 21% lower strengths compared with the companion mixes without
vermiculite, respectively. As can be observed in Figure 9, the compressive strengths of
all the mixes met the minimum compressive strength of building panels by the EN 13279
standard (i.e., 2 MPa) [72].
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3.6. Ultrasound Pulse Velocity

Figure 10 represents the ultrasound pulse velocities of different geopolymer mortar. It
is illustrated in the figure that, for a given FA and vermiculite content, the mixes having
a 10 molar NaOH solution exhibited lower ultrasound pulse velocities in comparison
with those having a 15 molar NaOH solution. The obtained trend is consistent with that
reported in previous studies on FA-based geopolymer mortar [70] and geopolymer mortar
containing rice husk ash [70], and this is attributed to decreased porosities in the mixes with
increasing activator concentrations, causing an increased ultrasound pulse velocity [51].
The 10 molar NaOH mixes with 50% and 70% FA experienced 3-7% and 3-11% lower
ultrasound velocities compared with companion mixes having a 15 molar NaOH solution,
respectively. As was also observed, for a given content of vermiculite and concentration of
NaOH, increasing the FA content caused decreased ultrasound velocities in the mixes. This
behavior agrees with that found in previous studies on concrete [73,74], and it happens
because of the increase in the porosities of the mixes with increasing contents of FA [73].
For the 10 molar NaOH solution, 70% FA mixes containing 0%, 10% and 30% vermiculite
had 5%, 11% and 31% lower ultrasound velocities, respectively, and for the 15 molar NaOH
solution, they had 8%, 15% and 24% lower ultrasound velocities than the companion 50%
FA mixes, respectively.
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Figure 10. Ultrasound pulse velocities of the geopolymer mortar.

As can be observed from Figure 10, for a given FA content and NaOH concentration,
the replacement of natural sand with expanded vermiculite caused a decrease in the
ultrasound pulse velocities of the mixes. It is also observed that increased vermiculite
contents resulted in decreased ultrasound velocities in the mixes. These findings are
consistent with previous studies on conventional mortar [9,26] and polyurethane foam
composite [20], and they are attributed to the porous structure of expanded vermiculite,
resulting in decreased propagation velocities of the ultrasonic pulses in mixtures containing
expanded vermiculite [26]. At 50% FA, the mixes containing 15% and 30% vermiculite
had approximately 2% and 7% lower ultrasound velocities, respectively, and at 70% FA,
they had approximately 9% and 28% lower ultrasound velocities in comparison with
the companion mixes without vermiculite, respectively. As was reported previously, the
ultrasound pulse velocity has a direct relationship with the compressive strength of concrete
and mortar [26]; a decreased compressive strength leads to a decrease in the ultrasound
pulse velocity. This trend is obvious in this study, showing that increasing the vermiculite
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content caused a decrease in strength, which consequently caused a decreased ultrasound
pulse velocity in the geopolymer mortar.

3.7. Thermal Conductivity

The thermal conductivities of the different mixes are shown in Figure 11. It is shown in
the figure that, for a given FA and vermiculite content, the mixes with the 10 molar NaOH
solution developed lower thermal conductivities compared with those with the 15 molar
NaOH solution. The lower thermal conductivities of the mixes having lower concentrations
of the activator agree with previous research on metakaolin-based geopolymer paste [75]
and geopolymer with marble waste and zeolitic tuff [51], and this is because the mixes
with lower activator concentrations have higher porosities, which consequently results in
increased thermal insulations in comparison with those having higher concentrations of
the activator [51]. The 10 molar NaOH mixes with 50% and 70% FA exhibited 1-4% and
4-8% lower thermal conductivities compared with the 15 molar NaOH mixes, respectively.
As is also observed in the figure, for a given vermiculite content and NaOH concentration,
the mixes containing larger amounts of FA had lower thermal conductivities in comparison
with those containing smaller amounts of FA. This agrees with previous studies on cement
mortar [76], cement concrete [77], gypsum composite [78] and lightweight concrete [79],
and this is due to the increase in the porosities of the mixes with increasing contents of FA,
causing increased thermal insulations in the mixes [79]. For the 10 molar NaOH solution,
the 70% FA mixes containing 0%, 10% and 30% vermiculite exhibited 27%, 36% and 36%
less thermal conductivity, respectively, and for the 15 molar NaOH solution, they exhibited
23%, 34% and 34% less thermal conductivity in comparison with the companion 50% FA
mixes, respectively.
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Figure 11. Thermal conductivities of the geopolymer mortar.

As can be seen in Figure 11, replacing the sand with expanded vermiculite led to a
decrease in thermal conductivity in the mixes for a given FA content and NaOH concentra-
tion. It can also be seen from the figure that an increased amount of expanded vermiculite
resulted in decreased thermal conductivities in the mixes. This behavior is similar with that
found in previous research on conventional mortar [25,26], metakaolin-based geopolymer
concrete [57], slag-based geopolymer mortar [65], gypsum composites [58] and clay-based
bricks [59]. As was reported previously [80-82], the thermal conductivity has a direct
relationship with the dry unit weight; a decreased dry unit weight leads to a decreased
thermal conductivity. The same trend was observed in this study, showing that an increased
vermiculite content caused a decreased unit weight, which consequently led to a decreased
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thermal conductivity of the geopolymer mortar. This is due to the lamellar structure of
the expanded vermiculite, which contains large amount of air between the vermiculite
flakes, helping to decrease the thermal insulation of the mixes [83]. At 50% FA, the mixes
containing 15% and 30% vermiculite exhibited approximately 12% and 24% lower thermal
conductivities, and at 70% FA, they exhibited approximately 24% and 34% lower thermal
conductivity than the companion mixes without vermiculite, respectively. As was reported
by Demirboga and Kan [84], concrete mixes containing 100% expanded polystyrene de-
veloped a thermal conductivity of 0.60 W/mK. However, the mortar mixes of the present
study containing only 30% expanded vermiculite developed a similar or lower conductivity
in comparison with the 100% expanded polystyrene mix of that study. It was also reported
by Sengul et al. [21] that the thermal conductivity of the mortar mixes containing 40%
expanded perlite was 0.53 W/mK, which was higher than the thermal conductivity of the
70% FA mixes in the present study containing 15% expanded vermiculite. As was reported
by Lach et al. [85], FA-based foamed geopolymer pastes containing 30% microsphere, 70%
FA and 7% hydrogen peroxide as a foaming agent had a thermal conductivity of 0.095
W/mK and a 28 day compressive strength of 1.9 MPa, which are lower than those found in
the present study.

4. Conclusions

This paper has presented the first study on the properties of geopolymers containing
expanded vermiculite as a sand material. The following conclusions can be made from
presented results:

e Atagiven FA and expanded vermiculite content, geopolymers prepared with a 10 mo-
lar NaOH solution developed a higher flowability (6-14%), apparent porosity (2-10%)
and water absorption (4-25%), as well as a lower dry unit weight (4-14%), compressive
strength (13-22%), ultrasound pulse velocity (3-11%) and thermal conductivity (1-8%)
in comparison with those having a 15 molar NaOH solution. This observation was
due to the more compact microstructures of the geopolymers with the 15 molar NaOH
solution than those with the 10 molar NaOH solution;

e  Geopolymers with a higher FA content exhibit a higher flowability, water absorption
and apparent porosity, but a lower dry unit weight, compressive strength, ultrasound
pulse velocity and thermal conductivity in comparison with those having a lower FA
content for the same content of expanded vermiculite and NaOH concentration;

e  For the same FA content and NaOH concentration, incorporating expanded vermi-
culite (15%) resulted in a decrease in the flowability (~6%), dry unit weight (~6%),
compressive strength (~7%), ultrasound pulse velocity (~6%) and thermal conductiv-
ity (~18%), as well as increased water absorption (~9%) and apparent porosity (~6%)
in the geopolymer. This is due to the porous structure of the expanded vermiculite;

e An increase in the content of expanded vermiculite (from 15% to 30%) resulted in
a decrease in the flowability (~4%), dry unit weight (~5%), compressive strength
(~9%), ultrasound pulse velocity (~13%) and thermal conductivity (~14%), as well as
increased water absorption (~15%) and apparent porosity (~7%) in the geopolymer
for a given FA content and NaOH concentration;

e  The geopolymers prepared in this study containing 30% expanded vermiculite exhib-
ited a lower dry unit weight compared with those prepared in previous studies [15,24]
containing 30% clay, pumice and expanded vermiculite. In addition, the geopolymer
prepared with 30% expanded vermiculite developed a lower thermal conductivity
than the concrete with 100% expanded polystyrene [80] and cement mortar with 40%
expanded perlite [14] prepared in previous studies. These results indicate great poten-
tial for producing an eco-friendly and lightweight building material with excellent
sound and thermal characteristics.
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