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Abstract. Generation of industrial waste materials such as fly ash and slag in bulk provides an opportunity to convert these
wastes into eco-friendly, value-added products. A geopolymer, a strong, porous and environmentally friendly material, was
synthesized by mixing fly-ash with an alkaline activator, followed by addition of a pore forming agent (PFA) which created
voids of varied pore sizes within the mixture. This polymer has potential applications as an adsorbent or membrane material;
however, there is no established technology to regulate the pore size. Corn oil, waste palm oil and starch were investigated
as potential organic additives to produce geopolymer materials with pore sizes suitable for water treatment membranes.
Geopolymer without additives had a compressive strength of 30.93 MPa. Corn oil induced the highest porosity of up to
26.6 % with a compressive strength of 9.9 MPa, waste palm oil at 21.3 % and 9.0 MPa and starch at 17.9 % and 20.41
MPa. SEM analysis revealed that the voids and tunnels formation increased with increased PFA dosage.

I. INTRODUCTION

A few years ago, the World Board of Commerce for Sustainable Development's (WBCSD), in its initiative into
greening the concrete industry, introduced the use of geopolymer adsorbents for reducing volatile gas emissions
associated with cement production [1]. Geopolymer adsorbents can also be used for membranes in water filtration to
remove impurities, but the porosity of the material must be reproducibly tailored to enable removing contaminants of
various sizes and physical states [2]. One potential approach is to introduce organic additives as pore forming agents
(PFA) during geo-polymerization to induce pore formation. The objective of this study was to synthesize and
characterize geopolymer composites using PFAs.

I1. LITERATURE REVIEW

A. Geo-polymerization

Inorganic polymer concrete or geopolymer is a material that is eco-friendly and is formed by alkali activated geo-
polymerization of industrial waste material such as fly ash or slag with the aid of an alkali activator such as sodium
hydroxide. During geo-polymerization, the Si and Al species of the aluminosilicate materials go through condensation,
nucleation, oligomerization and polymerization giving an amorphous three-dimensional network. The Si/Al ratio
alters the three-dimensional network changing the mechanical strength and porosity of the geopolymer [3].

Proceedings of the 3rd International Conference on Applied Science and Technology (ICAST’18)
AIP Conf. Proc. 2016, 020066-1-020066-6; https://doi.org/10.1063/1.5055468
Published by AIP Publishing. 978-0-7354-1734-2/$30.00

020066-1



B. Pore Forming Method Using Foaming Agents

To produce geopolymer materials for adsorption or membranes application, pore forming agents (PFA) are popular
as they induce gas formation which generates pores. Pore forming agents such as aluminium, graphite and silica fume
have been widely used over the past years [4]. Suitable additives could also enhance the compatibility of the
geopolymer material potential end applications. For example, organo-bentonite, produced from absorbing protein on
to bentonite clay from meat rendering plant stickwater, was successfully used as a filler material in bioplastics [5],
eliminating the need to regenerate the adsorbent.

I11. METHODOLOGY
For this project, fly ash was obtained from a coal power plant in Manjung region, Perak. Starch powder, corn oil
and palm oil based waste cooking oil were used as pore forming agents. 8M sodium hydroxide solution was used as
the alkaline activator for geo-polymerization.
A. Preparation of Pore Forming Agents
The corn oil and waste cooking oil were used as supplied while a 1M starch solution was prepared by mixing

starch with water. NaOH solution, fly ash, and PFA were added to water to make a ratio of 30 parts fly ash, 12.5 parts
NaOH and 1 part PFA by weight at the concentrations of PFA listed in Table 1

TABLE 1. PFA dosages in geopolymer samples (wt.%)

PFA Corn Oil Waste Cooking Oil (Palm Oil) Starch Solution
Dosage 1 4 4 4
Dosage 2 8 8 8
Dosage 3 12 12 12

B. Synthesis of Fly Ash Based-Geopolymer

The prepared fly ash was mixed with alkaline activator in the ratio of 3:1 respectively. The mixture was stirred
until visibly homogeneous. Then, PFA was added into the respective mixture and stirred for about 2 minutes to form
a paste. The geopolymer paste was then poured into an iron cast and placed in an oven for 24 hours at 60°C.

C. Characterization of Fly Ash Based Geopolymer

The resulting geopolymer composites were characterised for porosity, mechanical properties, morphology, surface
area and pore size.

i) Porosity Test

Bulk density of the geopolymer was measured by immersing a pre-weighed sample into a known volume of water.
The change in the volume of water was recorded and divided from the mass of the sample to obtain the bulk density
in kg/m>. Powder density was measured using Powder Density Tester AU-300P. Equation 1 was used to calculate the
percentage of porosity in the sample [6].

Bulk density—Powder density
Bulk density

Porosity % = x 100 (1
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ii) Compressive Strength Test

The samples were cut into blocks of 5 cm x 5 cm x 5 cm and compression tested using an ADR-Auto compression
machine at 3000 kN and compression rate 0.9 s/m. [7].

iii) Scanning Electron Microscopy (SEM) Analysis

The morphology of the crushed specimens after the compression test were examined using SEM following the
standard SEM procedure for composite materials [8].

iv) Brunauer—Emmett—Teller (BET) Surface Area Analysis

The surface areas of dry geopolymer samples were determined by nitrogen adsorption using an ASAP Plus 2020
BET analyzer. Powder samples were degassed under vacuum at 80°C for 2 hours and nitrogen adsorption was
measured across 35 points of relative pressure (P/P,) for 6 hours. The mean surface area was determined using the
Multi-Point BET method.

IV.  RESULTS AND DISCUSSION

Results for bulk and powder density and porosity are summarized in Table 2 below. Using corn oil for the PFA at
12 wt.% loading resulted in the highest porosity at 26.6 % with the lowest bulk and powder density. Waste cooking
oil, showed high porosity percentage of about 21.3 % followed by starch at 17.9 %, compared to 4.49 % porosity of
the control sample (geopolymer without PFA). SEM showed the control sample contained a high amount of
incomplete reaction (during polymerization) of the raw materials compared to samples with PFAs.

A. Density and Porosity

TABLE 2. PFA dosages in geopolymer samples (wt.%)

Sample ]illilgk/lfsgsét)y Po(vlzgjzélgl;rés)lty Porosity (%)
Control 1292 1350 4.49
12 Wt. % Corn Oil 1139 1442 26.6
12 Wt. % Waste Cooking Oil 2304 2795 21.3
2.5 Wt. % Starch 1450 1710 17.9

B. Compressive Strength

The average compressive strength for the control sample was 30.93 MPa. Geopolymers with lower PFA dosages
gave the highest compressive strengths for all PFAs (Fig. 1). The highest compressive strength values were recorded
for corn oil and waste cooking oil (from palm oil) at 20.71 MPa and 16.98 MPa respectively. SEM analysis showed
these samples had lower dispersion and void formation, hence, the mechanical strength of the sample was not
compromised as much as the other samples at higher dosages.

Using starch solution at dosages of more than 4 wt.% could not form geopolymers because the resulting slurry
become very viscous and dried off during mixing. The condition might be a result of starch hydrolysis in
geopolymerization that consumed more water from the starch slurry than normally. In the presence of alkaline
activator, further stirring caused the equilibrium to be reached faster and the mixture was gelled into a network of
starch and fly ash. This trend was absent in the other two PFAs as they are oil-based and hydrophobic.
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FIGURE 1. Compressive strength comparison of control and PFA-added geopolymers.

C. Scanning Electron Microscopy Analysis (SEM)

From Fig. 2, the presence of irregular pores can easily be seen in both samples resulting from gases released during
the geopolymerization reaction. Clumps of fly ash on the surface (Fig. 2a) signify incomplete reaction between the
raw materials and the alkaline activator either due to incomplete mixing or excess of fly ash for the amount of NaOH
used. From Fig. 2b, the surface of geopolymer with 12 wt.% corn oil seems to be loosely packed with oil residue
visible compared to the control sample. This is attributed to the corn oil being immiscible with the mixture. Pore
formation and excess of oil weakened the samples explaining the sizeable difference in the compressive strength
between the geopolymer and the control. SEM analysis for the rest of samples showed similar trends of highly porous
geopolymers with higher dosages of PFAs.

irregularpore

o

incompléte reaetion
O

Wie ¥ \
Sl g
e
&

5 AW

unreacted fly ash

"

FIGURE 2. SEM images of geopolymer samples at 300X for a) control and b) with 12 wt.% corn oil PFA.
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D. BET Surface Area Analysis
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FIGURE 3. BET isotherm plot for geopolymer sample with 12 wt.% corn oil.

The surface area of the control geopolymer was between 50 to 60 m?/g. BET analysis on geopolymer with 12 wt.%
corn oil yielded an unusual isotherm with negative adsorption up to relative pressures of 0.8 (Fig. 3), and an
unexpectedly low surface area of 0.0307 m?/g. This was despite a high volume of pores recorded from the density
test and SEM. It is possible the oil was volatilising during the BET test resulting in the poor result. An accurate
isotherm plot of a surface area analysis is expected to follow the typical trend as published by [9]. The oil probably
contained a large number of fatty acids and odour compounds that would volatilise while under vacuum. Therefore,
BET would need to be repeated with the samples degassing for longer and at higher temperatures for example at
smoke point of corn oil at 270°C and above.

V. CONCLUSION

This work has revealed the inverse relationship for geopolymers between porosity and compressive strength. The
highest porosity at 26.6% was achieved with the highest PFA addition at 12 wt.% of corn oil, which corresponds to
the lowest compression strength of 9.9 MPa. This strength value is considered high for a material with such high
percentage of porosity. This finding is consistent with other PFAs used at different dosages. SEM analysis confirmed
the initial hypothesis of void and tunnel formation behind the composites porosity. However, the sizes of the pores
were not consistent for all PFA loadings. From BET analysis, nitrogen gas was prohibited access to the binding sites
on geopolymer surface due to the presence of residual oil, therefore degassing the samples at higher temperature for
longer should be investigated.
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