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Abstract

Geopolymers are formed from alumina and silica rich materials by alkali dissolution and subsequent
polycondensation into a polymeric network. Geopolymerization technology presents a great potential
for positive environmental impact since many alumina- and silica- rich industrial waste materials,
such as coal ashes, blast furnace slags, mine tailings, etc., can be used as its precursor materials in a
process that requires less energy and gives up less emissions vis-a-vis the current conventional OPC
(ordinary Portland cement) technology. In this study, geopolymer samples were prepared using an
85% coal fly ash (CFA) - 10% coal bottom ash (CBA) - 5% rice hull ash (RHA) wt/wt mix proportion
and activated using an alkali solution of NaOH-NazSiO3 at an 80%-20% wt/wt solid-to-liquid ratio.
With this mix proportion, two types of specimens were used, a slab type with 50 mm thickness, and
a cube type, 50 mm x 50 mm x 50 mm. The slab type specimens were used for evaluating fire
resistance using ASTM E119, Standard Test Methods for Fire Tests of Building Construction and
Materials, and the cube type specimens were used to study the effect of foaming agents on the
strength and thermal conductivity of the geopolymers formed. Two types of foaming agents,
hydrogen peroxide and sodium perborate, at an amount of 0.1% to 0.4% of dry mass mixture, were
used. Results from the foamed geopolymers gave compressive strength values ranging from 0.37 to
0.71 MPa and densities of 1430-1560 kg/m?® at 0.3% to 0.4% peroxide added. Values of thermal
conductivity of the foamed geopolymers were within 0.033-0.037 W/m-K for all foamed geopolymer
samples tested which is a significant reduction compared to the thermal conductivity of the unfoamed
geopolymer sample at 0.48 W/m-K. The fire resistance tests show that the unfoamed geopolymer
samples perform better than OPC concrete. However, the foamed geopolymers have very low
strength compared to the unfoamed sample compressive strength of 18.1 MPa and, thus, are suitable
for non-load bearing, insulation applications.

Keywords: Fire resistance, Foaming agents, Geopolymers, Sustainability, Waste utilization

Introduction

In this study, three sustainability issues are relevant: (i) the reduction in the use of natural
resources via industrial waste utilization in the production of geopolymers; (ii) the reduction
in greenhouse gas (GHG) emissions via geopolymer production vis-a-vis OPC production;
and (iii) the reduction of energy consumption in space cooling with the use of low heat
transmission geopolymer-based building materials.

Considering the first and second issues, it is known that the building sector has
been dominated by ordinary Portland cement (OPC) for more than a century that OPC has
become the second most consumed commaodity in the world — second only to water [3]. But

ASEAN Engineering Journal, Vol 11 No 3 (2021), e-ISSN 2586-9159 p. 45



OPC production has high GHG emissions and energy consumption and causes the depletion of
natural resources, such as limestone, sand, and clay, among others. Thus, it is the OPC-based
building sector that is presented with the environmental issues, while geopolymers have been
shown to be comparable if not better than OPC in terms of technical properties and having as
much as 80% less CO, emissions in its production [4]. Moreover, sustainability is accessible
since geopolymers can be formed from alumina- and silica- rich industrial wastes such as coal
ash, mine tailings, furnace slag, etc. [5].

On the benefit of waste utilization, the major impact in the Philippines is conceivably
in coal ash management. As of 2018, the Philippine Department of Energy (DOE) reported a
total coal consumption of 30.8 MMT of which 84.6% was utilized by coal-fired power plants
and from which 3.1 MMT of coal ashes were generated [6]. This is expected to rise as more
coal-fired power plants are being built in the country [7].

On the third issue, the United Nations Environment Programme - Sustainable
Buildings and Climate Initiative (UNEP-SBCI) recognizes that the building sector utilizes
“about 40% of global energy, 25% of global water, 40% of global resources, and emit
approximately 1/3 of GHG emissions” and “yet, buildings also offer the greatest potential for
achieving significant GHG emission reductions, at least cost, in developed and developing
countries” and that “energy consumption in buildings can be reduced by 30 to 80% using proven
and commercially available technologies” [8].

The Philippines is in the Tropics with hot and humid climates. As such the use of space
cooling has become a necessity for the thermal comfort and productivity of occupants. As space
cooling requirements increase with heat transmission across the building envelope, a better if not
comparable alternative low heat transmission material should provide a positive impact towards
decreasing the energy consumption associated with the space cooling in buildings [9].

Thus, the emergence of geopolymer technology advances a way to address these three
sustainability issues at the same time. Geopolymers are now considered as the next-generation
cement but with lower energy requirements and lower GHG emission while using alumina-
silica- rich industrial wastes as raw materials [10-12].

In this study, geopolymers were formed using coal ashes and rice hulls waste
materials, two dominant local waste materials in terms of volume generated in the Philippines.
In a local study [1], different mix proportions of coal ashes and rice hull ash, as the alumino-
silicate materials, were activated using NaOH-NaxSiOs solutions. The study obtained an
optimum ternary mix proportion of 85% coal fly ash (CFA) - 10% coal bottom ash (CBA) - 5%
rice hull ash (RHA), wt/wt, using a multiple response — RSM (response surface methodology)
subject to the desirability conditions of minimum thermal conductivity, minimum density and
compressive strength > 11.7 MPa targeting lightweight, low heat transmission, moderately load
bearing building materials following ASTM C90-14 and ASTM C0109/C0109M. This ternary
mix proportion is notable as it encompasses the 80-90% fly ash to 10-20% bottom ash generation
ratio during coal combustion for potential full coal ash utilization in geopolymer production.
Typically, geopolymers are mostly fly ash-based with the bottom ash relegated to landfills. Rice
hull ash was used as an additive since it contains a high percentage of silica [13] and its reaction
with sodium hydroxide may increase the amount of sodium silicate which acts as the alkaline
activator of the mixture [13, 14, 15].

In this study, the characterization of the 85% CFA - 10% CBA - 5% RHA, wt/wt,
mix proportion was extended to include measurements of fire resistance using ASTM E119
[2] and the further reduction of thermal conductivity by the use of foaming agents and their
impact on strength and density.
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Materials and Methods

The average composition of the individual raw materials, CFA, CBA and RHA, obtained via
x-ray fluorescence (XRF) spectroscopy, in percentage by mass, is listed in Table 1. It is seen
that the CFA and CBA are predominantly composed of alumina and silica with CFA having
66.5% silica and 21.75% alumina and the CBA having 57% silica and 18.40% alumina. As
obtained from source, the RHA gave 70.1% silica content but with a loss on ignition of
28.64% which means that there is a significant amount of unburned carbon in it.

The dry mix of precursor materials is prepared using the 85% CFA - 10% CBA -
5% RHA, wt/wt, mix proportion. For the alkali activator solution, 12M NaOH solution is
mixed with waterglass (Na2SiO3z) solution (55% water, modulus = 3) at an 80% to 20% mass
ratio. The liquid alkali activator solution is then poured onto the dry mixture at 80 to 20
(wt/wt) solid-to-liquid ratio, stirred via electric mixers and poured onto molds.

Table 1. Composition of Raw Materials Using XRF

CFA CBA RHA
Al;O3 21.75 18.40
SiO; 66.5 57.0 70.1
K20 1.49 1.10
Ca0 5.30 11.05 0.19
TiO, 0.40 1.14
Cr203 0.08
Feo03 2.52 10.50
LOI 2.18 1.07 28.64

For the fire resistance tests, 200 mm x 200 mm x 50 mm molds were used to form
50 mm thick slab type specimens. For the thermal conductivity and compressive strength tests,
50 mm x 50 mm x 50 mm cube molds were used.

For the specimens to be evaluated for the effect of foaming agents, two types of
foaming agents, hydrogen peroxide, H20O>, and sodium perborate, Na2B20O4(OH)s, was added to
the geopolymer slurry at 0.1% to 0.4% by mass of dry mix and then placed in the cubical molds.

All the geopolymer specimens were pre-cured for 24 hours at a slightly elevated
temperature of 80°C in a convection oven and then cured at ambient temperature for 28 days.
Upon curing, some samples were placed in a muffle furnace for 2 hours at 1000°C.

The as-cured specimens and specimens exposed to 1000°C for 2-hrs in a muffle
furnace were analyzed using thermogravimetric analysis (TGA) to determine the range of
thermal stability. Fourier transform infra-red spectroscopy (FTIR) was used on the geopolymer
samples to determine the extent of geopolymerization. X-ray diffraction (XRD) and scanning
electron microscopy (SEM) were used to evaluate the composition and micro-structure of the
raw materials and geopolymer samples. Compressive strength was tested using an automatic
uniframe compression tester and the thermal conductivity was measured using a thermal
conductivity meter.

The tests for fire resistance were done based on the ASTM E119, Standard Test
Methods for Fire Tests of Building Construction and Materials [2]. In the fire resistance test,
one side of the slab samples was exposed to a fire inside an oven. The temperature inside the
oven simulates the temperature vs. time profile as shown in Figure 1. This temperature profile
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is prescribed by ASTM E119 as a simulation of the temperature profile that occurs in an actual
fire. According to this temperature vs. time profile, as the fire in a building progresses, after 5
minutes the temperature inside the building is 538°C, after 10 minutes the temperature inside
the building is 704°C, and so on. The details of the temperature profile at selected points in
exposure time are given in Table 2.

Table 2. Details of ASTM E119 Temperature Profile

Time Temperature
5 minutes 538°C
10 minutes 704°C
30 minutes 843°C
60 minutes 927°C
120 minutes 1010°C

ASTM E119 Time-Temperature Curve
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Figure 1. ASTM E119 fire resistance test temperature profile

Based on this standard, specimen failure is considered if the temperature of the
unexposed surface of the sample rises an average of 140°C above its initial temperature.
Visual cracking is also considered an indication of material failure due to fire exposure.

Results and Discussion

Figure 2 shows the TGA thermograph of the ternary mixture of the 85% CFA - 10% CBA -
5% RHA. From the thermograph, there is a significant reduction in mass up until 110°C as
seen from the green curve and associated with an endothermic process as seen from the blue
curve. This is indicative of the loss of water and other volatiles via evaporation. This means
that prior to heating, the geopolymer has a high water-retention which may be attributed to the
high porosity and high unburned carbon content of the RHA as evidenced by its loss on ignition
(LOI) of 28.64%. From 350°C - 435°C, the peak in the heat flow curve (blue line) in the
thermograph indicates an exothermic reaction which can be attributed to the combustion of the
unburned carbon in the RHA. Davidovits [16] pointed out that this may result to the inhibition
of the geopolymerization process due to unburned carbon content. It is noted that geopolymers
with only small amounts of RHA will not demonstrate these events and will be thermally stable
within the temperature range used for the test (ambient up to 800°C). Thermographs of
geopolymer samples exposed to 1000°C for two hours show both chemical and thermal
stability for the given temperature range as shown in Figure 3.
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In the XRD analyses, Figure 4 shows the diffractograms of the individual raw
materials. The peaks in the diffractograms between 20 to 30 (theta degree) indicates
crystalline silica in the form of quartz however the spectrum of the RHA with one broad
hump peak between 15 to 25 (theta degree) indicates amorphous silica which is the more
reactive form of silica in the geopolymerization process [16, 17]. Figure 5 shows the
diffractogram of the 85% CFA - 10% CBA - 5% RHA, which clearly shows the presence of

the same quartz structure of silica indicative of unreactive silica.
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Figure 2. Sample TGA thermograph of an unfoamed geopolymer containing RHA
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Figure 3. Sample thermograph of geopolymer after exposure to 1000°C for 2 hours
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Figure 4. XRD diffractogram of the local raw materials, CFA, CBA and RHA.Legend:
C,cristobalite-SiOz; Q, quartz-SiO2; H, hematite; M, magnetite. Reprinted from
“Optimizing and characterizing geopolymers from ternary blend of Philippine coal fly
ash, coal bottom ash and rice hull ash,” by M. E. Kalaw, M.A. Promentilla et al, 2016,
Materials, Vol. 9, Issue 7
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Figure 5. XRD diffractogram of the 85% CFA - 10% CBA - 5% RHA geopolymer

In the FTIR spectra of the individual raw materials, as shown in Figure 6, all raw
materials show H-O-H bond stretching and bending at around 3440 cm™ indicative of the
presence of water. The Si-O-Si, Si-O- bondings were observed at 1080 cm™. Si-O, Si-O-Al
bondings were seen at 794 cm™. Si-O-Fe were seen at 467 cm™. These supports the
components of the raw materials identified in the XFR composition.

The FTIR spectrum of the 85% CFA - 10% CBA - 5% RHA geopolymer sample
is shown in Figure 7. The H-O-H bond stretching and bending were still observed at
wavenumber of 3450 cm™. However, the Si-O-Si, Si-O- bondings at 1080 cm™ in the raw
materials have now disappeared as the Si-O bonds are broken during the dissolution process
and re-formed into Si-O-Al bondings at 794 cm™ and Si-O-Fe at 467 cm indicating their
presence in the geopolymer formed. The unreacted Si-O have shifted into lower energy
bonds at 1018 cm™. The presence of Si-O-Al is an indication that the geopolymerization
process has taken place [18].
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Figure 6. FTIR spectra of the individual raw materials
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Figure 7. FTIR spectrum of 85% CFA - 10% CBA - 5% RHA geopolymer sample

Figure 8 (a), (b) and (c) show the SEM micrographs of the individual raw materials.
In Figure 8 (a), the micrograph is typical of CFA with spherical particles or globules which
are known to be alumino-silicate spheres and iron rich spheres. As seen from the XRD and
XRF analyses, these materials are present in the CFA. Figure 8 (b) show the structure of the
CBA as irregular shaped particles. As CBA initially consists of bigger and coarser granular
particles, the CBA has to undergo grinding to smaller particles. In this study, upon grinding,
the CBA particles are within <250 um in size. The bigger particles and void spaces, as seen
in Figure 8 (c) of the SEM micrograph of the RHA sample, suggests the high porosity of
RHA raw material.

Figure 8. SEM micrographs of the individual raw materials (a) CFA, (b) CBA and (c) RHA
at 1000x magnification

The SEM micrograph of the geopolymer formed from the 85% CFA - 10% CBA -
5% RHA mix proportion is shown in Figure 9. In comparison with the SEM micrographs of
the raw materials in Figure 8, the decreased sizes of particles indicate the extent of
dissolution and subsequent polycondensation into geopolymers. However, the unchanged
appearance of globules was indicative of poor geopolymerization reaction. As observed in
the actual geopolymer preparation, more water is needed during mixing. This may be
attributed to the silica and unburned carbon content, which are water adsorbent. XRF results
show that the RHA is mostly amorphous silica and also has a 28.64% LOI.
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Figure 9. SEM micrograph of the 85% CFA - 10% CBA - 5% RHA geopolymer sample
(unfoamed).

The addition of foaming agents was done to induce pore formation in the
geopolymer. This is expected to result in lower thermal conductivity and lower density but
at decreased strength. The SEM micrograph in Figure 10 shows the microstructure of the
85% CFA - 10% CBA - 5% RHA geopolymer with 0.3% wt/wt of sodium perborate foaming
agent added. The bigger pores of the foamed geopolymer are evident from the micrograph
in Figure 10 but the abundant globules with undiminished size show minimal
geopolymerization process resulting in unreacted precursor materials.
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Figure 10. SEM micrograph of the 85% CFA -10% CBA — 5% RHA geopolymer sample
(foamed with 0.3% wt/wt sodium perborate)

Table 3 gives a summary of the density, thermal conductivity and compressive
strength of the geopolymer samples. ASTM C90-14, Standard Specification for Loadbearing
Concrete Masonry Units [19] specifies a compressive strength greater than 11.7 MPa and a
volumetric weight less than 1680 kg/m? for lightweight, moderate load bearing concrete. The
American Concrete Institute [20] estimates the thermal conductivity of concrete to be around
0.54 W/m-K at a volumetric weight of 1620 kg/m?® and 0.67 W/m-K at a volumetric weight
of 1792 kg/mq. Thus, for this range of applications, only the unfoamed 85% CFA - 0% CBA
- 5% RHA geopolymer has the strength and thermal conductivity that meet these
requirements.
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With foaming agents, strength values are very low but the geopolymer samples are
more lightweight and with very low thermal conductivity. Results gave compressive strength
values ranging from 0.37 to 0.71 MPa and densities of 1430-1560 kg/m? at 0.3% to 0.4%
foaming agent (wt/wt) added. Values of thermal conductivity are within 0.033-0.037 W/m-
K for all samples tested.

The fire resistance tests were conducted on 50 mm thick unfoamed geopolymer
specimens including pure CFA geopolymers. The reference values are the tests done on pure
OPC mortar and 1:2:3 ratio of OPC concrete. The results of these tests are tabulated in Table
4 and Table 5. The reduction in strength of the geopolymers is caused by the development of
microcracks due to the dryness and shrinkage of the geopolymer as it is exposed to fire but the
geopolymer network is still intact to retain a significant residual strength [21]. From these
results, the geopolymer samples obtained higher fire resistance ratings (FRR) than similar OPC
samples and with significantly higher residual strength. Figure 11 also shows that the
unfoamed geopolymer samples are essentially intact after exposure to fire.

Table 3. Thermal Conductivity, Density and Compressive Strength of 85% CFA -
10% - 5% RHA Unfoamed and Foamed Geopolymers

Foaming | Therm_al_ Compressive Density
Agent Yo by dry mass Conductivity Strength (kg/m?)
(W/m-K) (MPa)
Unfoamed 0.480 18.1 1850
Peroxide 0.1 0.037 0.49 1810
0.2 0.033 0.43 1860
0.3 0.034 0.71 1440
0.4 0.037 0.45 1540
Perborate 0.1 0.033 0.50 1820
0.2 0.034 0.37 1850
0.3 0.033 0.42 1430
0.4 0.037 0.40 1560
Table 4. Fire Resistance Rating (FRR) of Unfoamed Samples.
Sample (S0mm) Mixture FRR Minutes
Geopolymer 85% CFA -10% CBA -5% RHA 65
Cement mortar (pure) 35
Concrete 1:2:3 31

Table 5. Compressive Strength Before and After Fire Exposure.

Compressive Compressive

% Residual

Specimen Strength, MPa Strength, MPa St th
(Unfired) (Fired) reng
Pure Cement 12.49 3.27 26.2%
100% CFA geopolymer 19.09 18.3 95.9%
85% CFA -10% CBA - 5% RHA 16.25 11.70 72.0%
geopolymer
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Figure 11. Geopolymer samples after fire resistance test

Conclusions
Based on the results of this study, the following conclusions are made:

1. Lightweight, low thermal conductivity, with moderate strength and having good
fire resistance geopolymers can be developed from the 85% CFA - 10% CBA -
5% RHA wt/wt mix proportion and with sodium hydroxide-sodium silicate
(NaOH- Na2SiOz) solution as alkali activator.

2. Using foaming agents significantly reduces the thermal conductivity and volumetric
weight of the geopolymers formed, however, the strength is markedly reduced.

3. However, based on the comparisons of the XRD, FTIR and SEM analyses of the
individual raw materials and the foamed and unfoamed geopolymers, the level
of geopolymerization achieved is very low.

4. For the unfoamed samples, the geopolymer properties obtained are comparable
to OPC concrete for lightweight, moderate load bearing structural applications
with similar or better heat transmission characteristics. The foamed geopolymers
formed, being very lightweight and having very low thermal conductivity may
find applications as non-load bearing, insulation materials.

5. The unfoamed geopolymers formed performed better in terms of fire resistance
compared to similar samples of cement mortar and concrete.

Thus, the coal fly ash-based geopolymers, with raw material proportions and
characteristics used in this study, show that their properties are comparable to conventional
materials such as concrete. As such, they can be practical and sustainable building
materials. Further research to improve properties and to mass commercialization may lead
to large-scale utilization in the future and may ultimately result in helping to alleviate the
environmental impact of coal ash generation in the Philippines.
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