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Abstract

Most geopolymer binder is produced using raw materials comprising powder with high silica and alumina content.
Additionally, fine aggregate is prepared with river sand for high bulk density. This research proposes using palm oil ash
(POA) for the main binder and palm oil clinker (POC) for the fine aggregate. The chemical composition of POA has high
levels of silica but low alumina, so it must undergo partial replacement with alumina powder (AP). POA and POC are
waste by-products of electrical power plants. The properties to be investigated include compressive strength, bulk density,
water absorption, and microstructure. The effect of mixture composition, i.e., POA and field Para rubber latex (FPRL), on
those properties is of particular interest. POA was substituted by AP and FPRL at 2.5%, 5%, 7.5%, and 10%, and at 1%,
3%, 5%, and 10%, respectively. Geopolymer mortars were cured at ambient temperature for 24 hours and kept at ambient
temperature until testing. The compressive strengths of the geopolymer mortars were tested at 1, 7, and 28 days. The results
showed that the optimal mixture consisted of 5% AP in the case of AP only and 1% FPRL in the case of FPRL only, while
the ternary optimal mixture of 1% FPRL and 7.5% AP achieved higher compressive strengths than the control (CT) sample
at 28.16, 19.98, and 25.30 MPa, respectively, after 28 days of curing. Bulk density increased with the addition of AP and
FPRL. The microstructures of the geopolymer samples investigated using SEM-EDX showed the presence of different
elements with different mixtures and displayed a dense, compact geopolymer matrix with high compressive strength. Using
large amounts of POA in combination with AP and FPRL improved the environmental aspects of landfill disposal.
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1. Introduction

The construction industry is the largest user of natural resources for concrete materials, comprising 70% coarse and
fine aggregates. Continuously increasing infrastructural construction requires large amounts of river sand to make fine
aggregate. Considerable attempts have been made to find new materials and recycle waste materials to use instead of
natural sand aggregates, thereby protecting the environment.

Using Ordinary Portland Cement (OPC) as a binder generates large amounts of carbon dioxide (CO2) [1]. One
potential replacement for OPC is using a geopolymer binder with similar mechanical properties. Many new geopolymer
binder materials are still in the development stage to produce the reaction of an aluminosilicate with powder from
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industrial waste. To date, geopolymers have been prepared using fly ash (FA) [2-4] and ground granulated blast furnace
slag (GGBS) [5, 6]. Natural raw materials can be used to produce geopolymers such as metakaolin (MK) [7-9], pumice
powder [10, 11] and red mud [12, 13]. These materials have major chemical compositions of SiO, and Al,Os that greatly
impact the geopolymerization process. Some agro-industry by-products include palm oil ash, rice husk ash, bagasse ash,
wood ash, and Para wood ash with low Al,O3 content. These raw materials can be used as partial replacements for FA
[14-16], GGBS [17] and MK [18-20] to make high strength geopolymer binders.

Palm oil ash (POA) and palm oil clinker (POC) are agro-waste produced and accumulated as biomass at power plants
in southern Thailand. Normally, POA and POC waste is sent to landfills, resulting in an environmental problem with
more than 280,000 tons of waste produced since 2011 [18]. POA can be classified as a pozzolanic material and can be
used as a partial cement replacement [21] and a partial replacement of fly ash geopolymer [14, 22]. Nowadays, increased
interest has been focused on POA, especially among researchers from countries with a large palm oil industry. Research
into the utilization of POA as a geopolymer binder has been carried out [23]. It can be generally concluded that POA
geopolymers have relatively low strength compared to fly ash geopolymers. This is a restriction resulting from the raw
materials used for the geopolymer binder. The improvement of the geopolymer binder from POA should be the main
focus of attention. Amri et al. [24] reported that graphene oxide could be used as an additive to improve the compressive
strength of POA-based geopolymers. The increase in compressive strength was nearly double compared to geopolymers
without graphene oxide. Meanwhile, Rattanasak et al. [25] found that the inclusion of aluminum hydroxide (AI(OH)3)
enhanced the geopolymerization process. Mijrash et al. [26] used POA to activate and produce geopolymer binders,
while mixtures of alumina hydroxide, calcium hydroxide, and silica fume, in addition to the alkaline activator, have also
been used to increase the efficiency of POA-based geopolymers. Geopolymer mortars can use POC for the replacement
of normal sand for lower bulk density. Darvish et al. [27] showed that geopolymer mortars were prepared by POC
aggregate. Results showed bulk densities ranging from 1,710-1,754 kg/m?®.

In its fresh or field state, FPRL also includes non-rubber content such as sludge, proteins, and some inorganic
materials with about 30—40% rubber particles [28]. Generally, FPRL in Thailand has 20-45% rubber particles and 50—
75% water and other materials [29]. In 2020, Thailand produced approximately 4,859,000 tons of Para rubber [30].
Therefore, the amount of FPRL produced annually in Thailand is of the order of 10.8-24.3 million tons. Normally,
FPRL is mixed into normal concrete, but it has reduced strength. Research by Yaowarat et al. [31] involved the
preparation of concrete with natural rubber latex. The results indicated that an increase in rubber reduced the
compressive strength but could improve the flexural strength of some mixtures. In the case of geopolymers, Hawa and
Prachasaree [2] reported that fly ash based geopolymers containing 1%, 2.5%, and 5% FPRL were heat cured at 80 °C
for 0.5, 1, 2, and 4 h. The results showed that heat curing for 4 hours determined high early strength, especially for
geopolymer mortar with 1% FPRL.

In South East Asia, palm oil production by-products are alternative materials for aggregate concrete. The palm oil
industry generates large amounts of dregs such as palm kernel shell, palm oil ash, and palm oil clinker (POC). POC has
been studied for potential application as a sand replacement material. Kabir et al. [32] reported that POC could be used
as aggregate to make geopolymer concrete with improved compressive strength because the porous POC aggregate
increased the stiffness and improved the bond with mortar in the concrete.

2. Materials and Methods
2.1. Research Methodology

The methodology used in this research is summarized in the flowchart shown in Figure 1.

2.2. Materials
2.2.1. Palm oil ash

Palm oil ash (POA) obtained from burning palm kernel shells, empty fruit bunches, and mesocarp fiber was collected
from an electrical power plant in Narathiwat Province in the south of Thailand. The raw palm oil ash (palm oil ash and
palm oil clinker) was sieved through a 600 um sieve to separate large pieces of palm oil clinker and incompletely
combusted materials before grinding by a modified Los Angeles machine for 5 hours. The particle size distribution of
the POA is shown in Figure 2, with the chemical composition of the POA by XRF test shown in Table 1. Major
components of the POA were SiO», K0, and CaO at 56.84%, 8.60%, and 7.74%, respectively, which had a low amount
of A|203.

Table 1. Chemical composition of POA and AP

Materials MgO A|203 SIOZ Fe,Os P,Os SO, K,0O CaO MnO TIOZ

POA 6.54 106 5684 246 696 192 860 774 021 -

AP - 99.66 0.11 - - - - - - 0.10
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Figure 1. Flowchart of the research methodology
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Figure 2. Particle size distribution of POA and AP
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The POA was ground into powder using a Los Angeles grinding machine and the particle morphology was
investigated by scanning electron microscope (SEM). The crushed particles were mainly round with rough surfaces and
some had angular shapes, as shown in Figure 3, with the XRD pattern shown in Figure 4. Major phases of quartz (SiO5),
cristobalite (SiO2) and silicon (SiO;) were detected. Substantial movement was also detected in the XRD profile from
17° to 35° (20) representing an amorphous phase [33].
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Figure 3. Particle morphologies of the ground POA and AP
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Figure 4. XRD patterns of POA
2.2.2. Alumina Powder

The alumina powder (AP) particle size distribution is shown in Figure 2. AP had a smaller size of 45 um. Table 1
shows the chemical composition of AP with major Al,O3 content. Figure 5 shows the X-ray diffraction (XRD) pattern
of AP with major phases of oxonium (Al,O3) and corundum ((HzO)2Al22034) detected.
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Figure 5. XRD pattern of AP

1274



Civil Engineering Journal Vol. 9, No. 05, May, 2023

2.2.3. Field Para Rubber Latex

FPRL from the rubber tree clonal variety RRIM 600 was collected from Narathiwat Province, Southern Thailand.
The particle size of FPRL solid content was in the range of 0.04-4.0 um. FPRL is a suspension with 25-45% total solid
content [29].

2.2.4. Alkaline Activator

Sodium silicate and sodium hydroxide at industrial grade with 99% purity were prepared as alkali activators. Sodium
silicate solution was chosen with a chemical composition of 14.85 wt% Na,O, 29.45 wt% SiO, and 55.70 wt% HO.

The alkali activation solution was prepared by mixing sodium silicate (Na»SiOs) with sodium hydroxide (NaOH) within
ratio at 2.5:1.

2.2.5. Palm Qil Clinker

Palm oil clinker (POC) is a by-product of electrical power plants resulting from the ignition of palm kernel shells,
empty fruit bunches, and mesocarp fibers (Figure 6-a). The POC was crushed and sieved in the laboratory to obtain a
particle size below 4.75 mm for use as fine aggregate. POC has a porous nature (Figure 6-b) and is lightweight with
high water absorption. The strength and density of POC fulfill the structural lightweight concrete block and pavement
requirements. The physical properties of POC are presented in Table 2. Sieve analysis was conducted in accordance
with ASTM C136/C136M-19 [34]. Figure 7 shows the particle size distribution of POC based on ASTM C33/C33M-
18 [35], falling in the well-graded fine aggregate category.
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Figure 7. Particle size distribution of POC
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Table 2. Properties of palm oil clinker

Property Unit  Value
Loose bulk density kg/m® 673
Compacted bulk density kg/m® 724
Bulk specific gravity )oven-dry( - 1.83
Bulk specific gravity) SSD( - 191
Apparent specific gravity - 1.98
Absorption % 4.09

Fineness modulus 2.6-3.0

2.3. Preparation and Mixture Proportions

A total of 25 mixture ingredients were prepared, as shown in Table 3, with binder materials (POA, AP and FPRL),
sodium silicate, sodium hydroxide, water, and POC aggregate. Geopolymer samples were designed and investigated for
partial POA replacement by AP and FPRL. The factors in the experimental design led to 25 different formulations. This
is full factorial for AP (2.5, 5, 7.5, and 10% by wt.) and FPRL (1, 3, 5, and 10% by wt.). The mass ratio of binder:
activator: POC: water was 1:0.6:2.75:0.5. Sodium hydroxide flakes were mixed with sodium silicate liquid by weight
proportion of 1:2.5 for an alkali solution. The geopolymer mortar was mixed in four steps. Step 1, binder (POA+AP)
and POC were mixed by hand for about 3 minutes. Step 2, NaOH and Na2SiO3 were mixed into a homogeneous alkaline
solution and water was added. Step 3, binder materials and POC aggregate were mixed with the alkaline solution. Step
4, geopolymer slurries were added with FPRL and mixed for about 5 minutes. The alkaline activator in step 2 had an
exothermic reaction conducive to fast setting [18, 36]. After mixing, the geopolymer slurries were poured into acrylic
50 mm cube molds to set and form samples for compressive strength testing and were compacted in accordance with
ASTM C109/C109M-16 [37]. The geopolymer mortars in the acrylic molds were cured at ambient temperature for 24
h. The samples were then demolded and stored at an ambient temperature of 302 °C until testing. Compressive strength
testing of the geopolymer mortars was conducted at 1, 7, and 28 days.

Table 3. Mixture proportions of geopolymer mortar (by weight)

Symbol POA(g) AP(g FPRL(g) Sodiumsilicate(g) Sodium hydroxide(g) POC(g) Water (g)

CT 100 - - 42.85 17.15 275 50
2.5A 97.5 25 - 42.85 17.15 275 50
5A 95 5 - 42.85 17.15 275 50
7.5A 92.5 7.5 - 42.85 17.15 275 50
10A 90 10 - 42.85 17.15 275 50
1L 99 - 1 42.85 17.15 275 50
1L2.5A 96.5 2.5 1 42.85 17.15 275 50
1L5A 94 5 1 42.85 17.15 275 50
1L7.5A 91.5 7.5 1 42.85 17.15 275 50
1L10A 89 10 1 42.85 17.15 275 50
3L 97 - 3 42.85 17.15 275 50
3L2.5A 945 25 3 42.85 17.15 275 50
3L5A 92 5 3 42.85 17.15 275 50
3L7.5A 89.5 75 3 42.85 17.15 275 50
3L10A 87 10 3 42.85 17.15 275 50
5L 95 - 5 42.85 17.15 275 50
5L2.5A 92.5 2.5 5 42.85 17.15 275 50
5L5A 90 5 5 42.85 17.15 275 50
5L7.5A 875 75 5 42.85 17.15 275 50
5L10A 85 10 5 42.85 17.15 275 50
10L 90 - 10 42.85 17.15 275 50
10L2.5A 87.5 25 10 42.85 17.15 275 50
10L5A 85 5 10 42.85 17.15 275 50
10L7.5A 82.5 75 10 42.85 17.15 275 50
10L10A 80 10 10 42.85 17.15 275 50
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2.4. Experimental Program
2.4.1. Testing Specimens

In this study, cubic samples with 50x50x50 mm dimensions were prepared for each of the geopolymer mortars to
determine the compressive strength at the ages of 1, 7, and 28 days. After casting, the specimens were kept in their
molds for 24 h at an average ambient temperature of 30+2 °C, and were demolded and stored at ambient temperature
until testing. The compressive strength of the samples was tested using a Universal Testing Machine (UTM) with a
maximum capacity of 600 kN in accordance with the ASTM C109/C109M-16 [37].

The bulk density of the test samples of size 50x50x50 mm was measured after curing for 28 days. The mass of three
samples was recorded and then divided by the volume of each sample to determine the average bulk density for three
specimens. The bulk density was calculated using formula shown below (Equation 1):

M
p= ()

v
where p is the bulk density, M is the mass of the sample (kg)and V is its volume m?3).

The water absorption test measures the change in the mass of the saturated sample when allowing it to absorb water.
In this study, after the geopolymer mortars were stored at ambient temperature (3012 °C) for 28 days, the geopolymer
mortars were submerged in water. The samples were removed from water after 24 h and weight recordings were taken
after drying the surfaces. The water absorption was calculated using the formula shown below (Equation 2):

Wss—Wag
Wasg

W, (%) = x 100 (2
where Wy, is the water absorption, Wi is the weight of the saturated surface of the sample (@) and Wag is the weight of
the sample at 28 days (g).

2.4.2. SEM-EDX Analysis

Energy-dispersive X-ray (EDX) spectroscopy is an analytical technique that allows the chemical characterization/
elemental analysis of materials. SEM-EDX tests were performed to analyze the matrices and elemental composition of
geopolymer mortars using electron micrographs with small scraps of the samples after testing compressive strength. The
samples were prepared by sputter coating with gold. Fracture surfaces of the matrices of geopolymer samples after the
geopolymerization process were characterized by SEM-EDX. The specification of EDX was a QUANTA 400 model.

3. Results and Discussion
3.1. Compressive Strength
3.1.1. Effect of Alumina Powder

The source material (POA) had significantly high SiO; (56.84%), low Al,O3 (1.06%), and low CaO (7.74%).
Consequently, the addition of alumina powder (AP) contributed Al203 content, leading to an increase in total Al,O3 in
each mixture.

The increase in compressive strength of all geopolymer mortar mixtures with curing time with partial replacement
of AP is shown in Figure 8. The compressive strength of the samples was dependent on the added AP amount and the
curing time. In the control (CT) sample with only POA, compressive strength increased from 3.62 MPa at 1 day of
curing to 18.86 MPa at 28 days. A similar phenomenon was presented by Ranjbar et al. [38] who found that geopolymer
mortar from POA powder only (ET8 sample) had similar compressive strength for 28 days. It showed the lowest
compressive strength in comparison with geopolymer containing fly ash. In the present research, the compressive
strength of 18.86 MPa was obtained at 28 days, which may serve to testify that POA can be explained as a reactive
material contributing effectively to reaction development. The activity of the alkali activator solution mixing with POA
may correspond to the ability of the ash to transition from a slurry to a hard sample. However, the compressive strength
values are under POC aggregate conditions. Previously, in a study by Islam et al. [39], geopolymer was prepared from
100% POA, and the maximum strength of 18 MPa achieved at 28 days occurred with 65 °C for 24 h oven curing and a
sodium silicate to sodium hydroxide ratio of 2.49. The compressive strengths of all mixtures were similar on day 1.
However, at 28 days, the mixtures had different compressive strengths as a result of different geopolymer process
reactions. In the 5A sample with POA substituted at 5% AP, compressive strength was 5.19 MPa on day 1, and increased
to 28.16 MPa after 28 days with only a small increase after 7 days. The POA substituted with AP showed higher strength
compared to the sample without AP at 28 days because the Al,O3 from AP increased the ratio of SiO2/Al,03. The Al
component tends to dissolve more easily than the Si components, and this enables a higher rate of condensation between
silicate and aluminate species than the condensation between just silicate species [40]. Mijarsh et al. [26] reported that
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palm oil fuel ash-based geopolymer containing AI(OH); played an important role in the gel structure development of
the geopolymer reaction and matrix strengthening. However, substitution of POA with AP up to 7.5% reduced the
compressive strength of the geopolymer samples.
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Figure 8. Compressive strength of geopolymer mortars containing AP

3.1.2. Effect of Field Para Rubber Latex

The compressive strengths of geopolymer samples after curing at ambient temperature for 24 h are shown in
Figure 9. Development of the compressive strength of the CT, 1L, 3L, 5L, and 10L samples was compared at various
FPRL values. The compressive strength after 1 day of curing was low but increased after 7 days. Samples cured at
ambient temperature did not show accelerated geopolymerization compared with heat curing.
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Figure 9. The compressive strength of geopolymer mortars

The compressive strength of POA geopolymers containing PFRL (Figure 9) decreased with increasing FPRL content
due to dilution by water in the FPRL; more FPRL gave higher water content in geopolymer matrix. Kwek et al. [41]
reported that POA geopolymer with increased liquid-to-solid ratio gave reduced compressive strength, while Salih et al.
[42] used two values to investigate the effect of liquid-to-solid ratio on POA geopolymers. Results showed that high
liquid content was attributed to low compressive strength due to voids in the matrix. Moreover, the investigation of
geopolymers with FPRL by SEM showed that the matrix surface had large pores when increasing FPRL content [2, 43].
However, the 1L gave the highest compressive strength. This increased compressive strength was attributable to the
structure of the geopolymer, which had a dense, compact matrix and contained fewer unreacted raw materials. In similar
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research, Hawa et al. [2] investigated geopolymers prepared from fly ash containing FPRL of 1%, 2.5%, and 5% and
various heat curing periods at 80 °C for 0.5, 1, 2, and 4 h. The results showed that geopolymer mortars with 1% FPRL
had the highest compressive strength at 28 days. Meanwhile, Rath et al. [44] found that geopolymer concrete containing
natural rubber latex exhibited increased compressive strength with 2% natural rubber latex. The 2% addition of latex in
geopolymer concrete partially filled up voids and formed a porous coating on the surface of oxides of cementitious
particles as well as aggregate particles.

3.1.3. Effect of Ternary Mortar Mixtures

Figure 10a-d show the values of compressive strength of geopolymer at 1, 7 and 28 days of ambient curing and the
effect of the incorporation of the POA, FPRL and AP as the binder of geopolymer matrix. Compressive strengths on
day 1 were similar. The samples were replaced with high volume binder (AP and FPRL) up to 5% and 10% FPRL.
Compressive strength of 1% FPRL content decreased when mixing AP in the matrix (Figure 10a). The 1L7.5A sample
gave higher compressive strength at 28 days than the other ternary mixture samples as the optimal content for POA
geopolymer with FPRL and AP, while the sample with 1% FPRL had the highest compressive strength with FPRL only.
The addition of 7.5% and 10% AP increased the compressive strength compared with the CT sample, showing that fresh
geopolymer mortar had a good consistency. Samples with 1% FPRL mixed with 7.5% and 10% AP had a good effect
on compressive strength when compared with geopolymer from POA only (CT sample). The addition of 7.5% and 10%
AP reduced the consistency of fresh geopolymer mortars, while the addition of FPRL gave higher consistency than POA
because of the water content in FPRL.

30 - 30 -
= a _ o—CT o—3L b
$ 25 - g
S S 25 1 0—3L2.5A o0—3L5A
= = —e—3L75A o— 3L10A
s 20 A % 20 - o]
S c
L o /g
w —
£ 101 g 101
g o—CT o—1L s
& sl 0 1L25A o0 1L5A § 5 |
—e—1L7.5A —o—1L10A
0 . . . . . 0 . . . . .
0 7 14 21 28 35 0 7 14 21 28 35
Days Days
30 30 -
o—CT o— 5L C o—CT o—10L d
= 25 | 0—5L25A —o0—5L5A ~ 2 | 0—10L25A —0— 10L5A
g —@—5L75A —o—5L10A g —e—10L75A —o—10L10A
< 20 | = 20 4
5% /6 g 2 o
S c
@ ' o
2 15 5151
2 L o
7] ‘D
§ 10 § 10 A °
£ s o )
S S 5 4 O
© 31§ o @
0 1@ . . . . , 0 : : . . .
0 7 14 21 28 35 0 7 14 21 28 35
Days Days

Figure 10. Compressive strength of geopolymer mortars containing FPRL and AP (a) 1% FPRL (b) 3% FPRL (c) 5%
FPRL and (d) 10% FPRL

3.2. Bulk Density

Bulk densities of POA geopolymer mortars after curing at ambient temperature for 28 days with different AP ratios
are illustrated in Figure 11-a. The results showed a significant effect of AP addition on the bulk density of POA
geopolymer mortars, with bulk density increasing with higher AP content, ranging from 1,636 to 1,923 kg/m® when
adding AP or FPRL to POC. The geopolymer matrix bulk density of the samples increased by 17.5% with the addition
of 2.5% AP, while adding 5% and 7.5% AP increased bulk density by 14.1% and 13.8%, respectively. High differences
in bulk density were mainly derived from the homogenous matrix and compact density compared to the pure POA
geopolymer as the effect of a good geopolymerization process. The 10A sample showed small differences in bulk density
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compared with the CT sample. Results of higher bulk density matched the high compressive strength of geopolymers
with 2.5%, 5%, and 7.5% AP.
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Figure 11. Effect of AP on bulk density of geopolymer mortars at 28 days, (a) AP and (b) FPRL

Results in Figure 11-b show that the bulk density of geopolymer mortars increased when samples were mixed with
FPRL because the geopolymer using POC was extremely porous. FPRL is a liquid and entered the pores of POC. Hawa
et al. [43] reported that an increase in FPRL reduced the bulk density as FPRL had lower specific gravity than fly ash.
For research, the geopolymers were made from river sand with fine aggregate and a high volume of FPRL. Darvish et
al. [27] reported that geopolymers made using POC aggregate showed bulk density at 28 days comparable with the
respective NaOH molarity of the mixes. Bulk density values ranged from 1,710 to 1,754 kg/m®, while geopolymers
made with river sand gave bulk density at 28 days of 2,077 kg/m?®.

3.3. Water Absorption

Water absorption percentages of POA geopolymer mortars containing AP are presented in Figure 12-a. The results
showed that the 24 h water absorption values varied between 0.67 and 2.13%. Water absorption of the geopolymer
samples decreased with an increase in AP because the small AP particles were inserted in the POC pores. The 2.5A and
5A samples had significantly higher water absorption than the CT sample. The binder containing AP had lower volume,
as AP had higher specific gravity than POA. Thus, free water in the geopolymer matrix was higher compared with the
geopolymer without AP. In the geopolymerization process using liquids (sodium silicate, sodium hydroxide, and water),
water was used more than the other liquids. Water absorption was tested at 28 days which had not been heated or oven-
dried at 105 + 5 °C. This may explain the reason for the higher water absorption in 2.5A and 5A compared with the other
samples. All the mixes had low absorption characteristics due to using powder and the results were influenced by binder
type. Kabir et al. [32] used palm oil clinker for aggregate in geopolymer concrete. Results showed that water absorption
values varied between 7.10 and 10.84% at 72 h after oven drying at 105 + 5 °C. Water absorption of POC aggregate was
6.08% for 5 to 9 mm and 5.56% for 9 to 14 mm.
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Figure 12. Percentage of water absorption in geopolymer mortars, (a) containing AP and (b) containing FPRL

Water absorption was measured to investigate the effect of FPRL content on geopolymer mortars cured at ambient
temperature (Figure 12-b). Water absorption decreased with an increase in FPRL contents due to water in FPRL
contributing free water in the geopolymer matrix. This trend was similar to the findings of Rath et al. [45], where
geopolymer concrete mixed with rubber latex exhibited decreased water absorption. It can be concluded that rubber
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latex at a higher percentage seals the pores on the surface of the samples to prevent water from entering inside. However,
when geopolymer samples were replaced with 10% FPRL (10L sample), higher water absorption was recorded than for
the 1L, 3L and 5L samples because of the addition of high FPRL with flakes and large pores. Investigation of the
microstructure using SEM showed that geopolymers containing high volumes of FPRL had large pores [27]. Thus, water
absorption of the mixture increased.

3.4. Microstructural Analysis
3.4.1. SEM-EDX Surface Characteristics of Geopolymer with AP

The surface and elemental distributions of POA geopolymer mortars containing AP at 5% and 10% are shown in
Figures 13 and 14, respectively, and without AP are shown in Figure 15. Products from geopolymerization showed
high values of oxygen, carbon, silica, sodium, potassium, calcium, aluminum, and magnesium. The chemical
composition of POA is presented in Table 1. SEM images in Figure 15 showed that a few unreacted raw materials
were covered with flakes on the nonhomogeneous CT sample surfaces, with POA having a round shape. For
geopolymerization, the alkali solution reacted at the surface and leached the POA, with some unreacted POA from
the geopolymerization also visible.
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Figure 13. Texture and elemental distribution at the geopolymer 5A sample surface
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Figure 15. Texture and elemental distribution at the geopolymer CT sample surface

Figure 13 shows the typical microstructures of geopolymerization products obtained from this investigation. When
comparing microstructures, the CT, 5A, and 10A samples revealed unreacted POA with flakes formed on the crust of
the CT sample. The geopolymer products in the 10A sample were not linked on the matrices (Figure 15), while in the
5A samples, a lower proportion of unreacted POA was detected. The 5A samples had high homogeneity compared with
the CT and 10A samples, while the compressive strength of the 5A specimens was higher than the CT and 10A samples,
as presented in Figure 8.

3.4.2. SEM-EDX Surface Characteristics of Geopolymer with FPRL

Figures 16 and 17 show the microstructure of POA geopolymers containing FPRL that reacted with the alkaline
activator after curing for 28 days at ambient temperature. Figurel6 shows the rigorous formation of the geopolymer
matrix with 1% FPRL that filled the voids among the geopolymer products, explaining why the compressive strength
results displayed that the POA geopolymer containing 1% FPRL achieved higher strength at 28 days after curing
compared with the 10L sample. The 1L sample, as the geopolymer matrix with aluminosilicate gel (geopolymer
products), was densely compacted with a highly interconnected microstructure framework. However, for the 10L
sample, Figure 17 shows microcracks on the surface matrix, thereby explaining the reduced compressive strength.
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Figure 16. Texture and elemental distribution at the surface of geopolymer 1L sample
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Figure 17. Texture and elemental distribution at the surface of geopolymer 10L sample

1284



Civil Engineering Journal Vol. 9, No. 05, May, 2023

The EDX results displayed different components in the final products of POA geopolymer containing FPRL, while
the POA geopolymer sample contained Si at 14.1%, and higher than the 1L and 10L samples because an increase in
FPRL caused reduced POA and reduced Si elements, as POA had a high silica content. The Si/Ca ratios obtained from
the EDX results for the CT sample were 6.41 and 1.67 for 1L and 8.82 for 10L, with the ratio of these elements closely
related to the composition of C-S-H gel [39].

The sample mixtures showed the existence of sodium, attributed to the alkali activator solution, where it is the main
element [46]. Si was also detected in all mixtures as present in the main binder (POA). Increased AP or FPRL reduced
the Si content of the geopolymer matrix (Table 4). Based on the concentrations of the elements, the Si/Al ratios were
9.4,5.7,4.9,and 16.2 for CT, 5A, 10A, and 10L, respectively. He et al. [47] suggested that an increase in the Si/Al ratio
improved product strength since more Si-O-Si bonds occurred, while Mijarsh et al. [26] and Arifin et al. [48] reported
that high calcium and silicate with low aluminum encouraged the formation of calcium silicate hydrate (C-S-H) with
higher amounts of aluminum, creating calcium alumina silicate hydrate (C-A-S-H) products that have excellent
mechanical properties [49]. Salih et al. [50] reported that POA geopolymers produced C-S-H gel instead of aluminum
silicate hydrate (A-S-H) gel due to the low alumina (Al) content. Geopolymer matrices with increased Ca content
encouraged the formation of C-(N)-(A)-S-H gel, while decreased Ca content and increased Al and Si content encouraged
the formation of N-A-S-H gel in the reaction products [51]. Highly interlinked Si-O-Si and Si-O-Al bonds constituted
the network of N-A-S-H, with sodium and water molecules located in the skeleton. In the alumino silicate skeleton, the
nature of the high geopolymerization process and extreme stability underlie the stability of N-A-S-H [52]. Thus, the
enhanced strength of 5A was attributed to N-A-S-H gel. For 1% FPRL samples, the nonreacted FPRL acted as a filler
in the geopolymer matrix and enhanced the mechanical properties.

Table 4. Elemental composition of geopolymer mortars (wt%b)

Mix O C Si Na K Ca Al Mg P Fe Mn Si/Al Si/Ca Ca/Al

CT 412 279 141 67 32 22 15 14 11 038 - 9.4 6.41 15
5A 489 196 85 131 20 55 15 09 06 04 - 5.7 1.54 3.7
10A 480 163 59 160 14 97 12 07 04 03 - 4.9 0.61 8.1
1L 502 37 125 85 42 75 - 73 48 03 09 - 1.67 -

0L 520 167 97 158 21 11 06 10 05 04 162 882 18

4. Conclusions

This investigation evaluated the effect of alumina powder and field Para rubber latex incorporation on the
compressive strength, bulk density, water absorption, and microstructural analysis of POA-based geopolymer binders.
From the experimental results, the main conclusions are presented below:

e Alumina powder can improve the compressive strength of geopolymer from POA. The highest compressive
strengths were developed by geopolymer mortars containing 5% AP for curing at ambient temperature, as well as
with bulk density and water absorption of 1,867 kg/m® and 2.05%, respectively, after 28 days of curing.

e The compressive strength was highly developed with partial replacement at 5% AP content in comparison with
the CT sample at 1 day and 28 days. The compressive strengths of 5% AP specimens were 5.19 MPa and 28.16
MPa, against 3.62 MPa and 18.86 MPa for the CT sample.

e Geopolymer from POA can use 1% FPRL to improve the compressive strength under curing at ambient
temperature conditions.

¢ Using the AP combination of geopolymer matrix had a slight effect on the compressive strength when using FPRL
at 1-5%.
e Using AP and FPRL in POA geopolymer increased the bulk density under POC aggregate.

e Microstructure images demonstrate the good reaction extent in the 5A sample with the density and compactness
of the gel.

e Energy-dispersive X-ray spectroscopy showed enhanced formation of N-A-S-H in AP incorporated mixes. The
increased compressive strength was attributable to the structure of the geopolymer matrix, which had a dense-
compact structure and contained fewer unreacted raw materials. The increase in AP or FPRL reduced the Si content
of the geopolymer binder system.
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