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Geopolymers Derived from Philippine Coal Ash as Sustainable Alternative

Low Heat Transmission and Fire Resistant Material for Buildings
Martin Ernesto L. Kalaw!”, Joshua Martin L. Kalaw?,
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ABSTRACT — Geopolymers are formed from alumina
and silica rich materials by alkali dissolution and
subsequent polycondensation into a polymeric network.
As part of this study reported in Kalaw et al, 2016 [1],
different mix proportions of coal ash and rice hull ash,
as the alumino-silicate materials, were synthesized
using NaOH-Na,SiO; solutions, as the alkaline
activator. The specimens formed were evaluated for heat
transmission, heat and fire resistance, and strength. In
the results obtained, the compressive strength ranged
from 17 to 20 MPa, density of 1620 to 1800 kg/m?, and
thermal conductivity of 0.45 to 0.55 W/m-K. In the
extension of this study, geopolymer samples were
evaluated for fire resistance using ASTM EI119 [2].
Also, using the optimum mix proportion obtained (85-
10-5 fly ash-bottom ash- rice hull ash wt/wt ratio), two
types of foaming agents, hydrogen peroxide and sodium
perborate were used to determine their effects on
strength, density, and 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%
peroxide (wt/wt) added. Values of thermal conductivity
are within 0.033-0.037 W/m-K for all samples tested.
Without foaming agents, the geopolymer properties
were comparable to OPC-concrete for lightweight,
moderate load-bearing structural applications with
similar or better heat transmission characteristics. The
fire resistance tests show that the geopolymer samples
perform better than OPC concrete. However, the foamed
geopolymers with their low strength are suitable for
non-load bearing, insulation applications.

Keywords: geopolymers, waste utilization, foaming
agents, fire resistance, sustainability.

1. 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
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 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
commodity in the world — second only to water [3]. But

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, while it is the OPC-based building sector
that is presented with the environmental issues,
geopolymers have been shown to be comparable if not
better than OPC in terms of technical properties and its
production has 80% less CO, emissions [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 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
[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].

The overall study aims to assess the characteristics
of geopolymers formed using local waste materials
particularly coal ash with the addition of rice hull ash
and utilizing not just the fly ash but also significant
amounts of bottom ash.

In the initial investigation [1], the optimum
combination of coal fly ash (CFA), coal bottom ash
(CBA), and rice hull ash (RHA) vis-a-vis strength and
thermal properties were evaluated. Rice hull ash was
considered as an additive since it contains a high
percentage of silica [10] and its reaction with sodium
hydroxide may increase the amount of sodium silicate
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which acts as the alkaline activator of the mixture [10,
11, 12].

In the extension of this study, geopolymer samples
were evaluated for fire resistance using ASTM E119 [2].
Also, using the optimum mix proportion obtained in the
initial study, two types of foaming agents, hydrogen
peroxide and sodium perborate were used to determine
their effects on strength, density, and thermal
conductivity.

2. METHODOLOGY

In the initial study [1], different mix ratios of coal
fly ash (CFA) with coal bottom ash (CBA) and rice hull
ash (RHA) were used as dry raw materials. A mixture of
80-20 by mass ratio of 12M NaOH and Na,SiO3 (w/w:
2.5:1) solution is used as the activator. The composition
of the raw materials, in percentage by mass, is listed in
Table 1.

Table 1. Composition of raw materials using XRF

CFA CBA RHA
A0z 21.75 18.40
SiO, 66.5 57.0 70.1
Cl 0.76
K20 1.49 1.10
Cao 5.30 11.05 0.19
TiO2,  0.40 1.14
CI’203 0.08
Fe203 2.52 10.50
LOI 2.18 1.07 28.64

In the extension study, the foamed geopolymers
followed the same steps but small amounts (0.1 to 0.4 %
by mass of the total mixture) of foaming agents
hydrogen peroxide (H»O,) or sodium perborate,
NaB204(OH)4, were added.

The geopolymer samples were then cured for 28
days at a slightly elevated temperature of 80°C in a
convection oven.

The raw materials and as-cured samples 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 with energy
dispersive x-ray analysis (SEM-EDX) 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 fire resistance tests were conducted following
ASTM EI119, Standard Test Methods for Fire Tests of
Building Construction and Materials [2]. 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.

3. RESULTS AND DISCUSSION

In the initial characterization of the ternary mixture
of CFA, CBA and RHA, the TGA analyses of samples,
Figure 1, showed that more water is retained as more
RHA is added. The high mass reduction up until about
110°C represents moisture loss due to evaporation. This
high-water retention may be attributed to the high
porosity and high unburned carbon content of the RHA
as evidenced by its loss of ignition (LOI) of 28.64%.
There is also an exothermic process from 350°C - 450°C
which can be attributed to the combustion of the
unburned carbon in the RHA. It is also noted that the
compressive strength greatly decreases as RHA content
is increased [1]. According to Davidovits [13], this
effect is a result of the inhibition of the
geopolymerization process due to unburned carbon
content. For samples with very small amount of RHA,
these events are very minor and the geopolymer samples
can be considered 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. A
sample of these thermographs is shown in Figure 2.

1.t L L 1 e s

Figure 1. Sample TGA thermograph of an unfoamed
geopolymer containing RHA
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Figure 2. Sample thermograph of geopolymer after
exposure to 1000°C for 2 hours

XRD diffractograms with varying amounts of RHA
is shown in Figure 3. Increasing the RHA content results
in higher amount of unreacted silica in the geopolymer
as seen from the peaks in the diffractograms.
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Figure 3. XRD diffractograms of geopolymer samples
with varying amounts of RHA

In the FTIR spectrographs of unfoamed
geopolymers, a sample of which is shown inFigure 4,
the H-O-H bond stretching and bending were observed
at wavenumber of 3450 cm!. 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’'. The presence of Si-O-Al is an indication of
geopolymer formation [14]. For samples containing
high amount of RHA, very little shifting of the peaks
towards Si-O-Al wavenumbers indicates that the
geopolymerization process can still be improved
because high amounts of silica remain unreacted.
However, for samples that contain less RHA and those
without RHA, the geopolymers have shown a higher
shifting of peaks in the spectrographs indicating better
geopolymerization.  This  correlates to  higher
compressive strengths as tested.
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Figure 3. Sample FTIR spectrograph of geopolymer
samples

Figure 4 shows SEM micrographs of the mixtures
that gave the best strength and thermal conductivity
combination. The SEM micrographs gave visual
representations of the microstructure of the geopolymer
samples and comparison with the micrographs of the
materials prior to geopolymerization gave a qualitative
indication of the degree of geopolymerizarion. In
comparison with the base (raw) materials, the decreased
sizes of particles indicate the extent of dissolution and
subsequent polycondensation. However, the unchanged
appearance of globules, particularly in Fig.4 (b), was
indicative of poor reaction in comparison to Fig. 4 (a)
and Fig. 4 (b). Fig. 4 (c) and Fig. 4 (d) compares the
micro-structures of the unfoamed and foamed
geopolymers using the 85-10-5 CFA-CBA-RHA mix. It
is seen from the micrograph in Fig. 4 (c) that the
structure is more compact compared to the micrograph
in Fig. 4 (d) where the structure is have bigger pores.

®i,888 |\ 1pm BBBB21

(@ 85-15 CFA-CBA

Bo2akU KL - B00

(b) 95-5 CFA-RHA

(c) 85-10-5 mix (unfoamed)

15k Hl.548

Cf]

" (d) 85-10-5 mix (foamed, 0.3% perborate)

1iarum BEEES 1

Figure 4. Sample SEM micrographs unfoamed
geopolymers (a) 85-15 CFA-CBA, (b) 95-5 CFA-RHA,
(c) 85-10-5 CFA-CBA-RHA; and foamed geopolymer
(d) 85-10-5 mix (foamed, 0.3% perborate)
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The properties of the mixtures that gave the best
strength and thermal conductivity combination are
summarized in Table 2.

Table 2. Properties of unfoamed geopolymers mixtures
with best combination of properties

Mix | CFA | CBA | RHA | density Ther comp
% % % kg/m?3 cond str
W/m-K MPa

0.95 | 0.00 | 0.05 1617 0.452 16.6

0.85 | 0.15 | 0.00 1792 0.553 19.3

0.85 | 0.10 | 0.05 1743 0.480 18.1

ASTM (C90-14, Standard Specification for
Loadbearing Concrete Masonry Units [15] 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 [16] estimates the thermal conductivity of
concrete to be around 0.54 W/mK at a volumetric
weight of 1620 kg/m? and 0.67 W/mK at a volumetric
weight of 1792 kg/m®. Thus, for this range of
applications, the strength matches that of concrete and
the geopolymers have better thermal conductivity than
concrete of similar volumetric weight.

With foaming agents, strength values are very low
but the geopolymer samples are more lightweight and
with have very low thermal conductivity. Results, as
summarized in Table 3, 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.

Table 3. Summary of results for foamed geopolymers

Foaming ‘:j/o by | Therm | Comp Densit3y
Agent ry Cond strength (kg/m?)
mass | (W/m-K) | (MPa)

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

Fire resistance tests were conducted on 50 mm
thickness of different CFA-CBA-CFA mixtures of
unfoamed geopolymer specimens including pure CFA
and pure CBA 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. From these results, the geopolymer samples
obtained higher fire resistance ratings (FRR) than
similar OPC samples. Figure 5 also shows that the
geopolymer samples are essentially intact after exposure
to fire.

Table 4. Fire resistance rating (FRR) of unfoamed
samples.

Sample Mixture FRR
(50mm) (CFA-CBA-RHA | minutes
geopolymer 95-0-5 64
geopolymer 50-50-0 67
geopolymer 100-0-0 77
geopolymer 0-100-0 58
geopolymer 85-15-0 71
geopolymer 85-10-5 65
cement mortar (pure) 35
concrete 1:2:3 31

Figure 5. Geopolymer samples after fire resistance test.

4.  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 coal fly ash with
coal bottom ash and rice hull ash as additives and with
sodium hydroxide-sodium silicate (NaOH- Na,SiO3)
solution as alkali activator.

2. However, based on the raw materials
composition and loss on ignition values, increasing the
RHA content does not improve the strength
characteristics of geopolymers due to low reactivity.

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

4. For the samples without foaming agents, 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 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
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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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ABSTRACT - The design study concerns the creation of
a waste-to-energy conversion plant in the City of
Muntinlupa to lessen the amount of non-recyclable
municipal solid wastes that ends up in the landfill. Using
the developed criteria, the cluster that can be used are the
biodegradable and residual waste portions of the
municipal solid wastes. From the amount of waste
generated, the amount of energy that can be extracted is
324 to 380 TJ. In consideration of the processes for power
generation, Rankine cycle was seen as the best alternative
powerplant type to use the biogas and synthetic gas
produced from the biodigester and pyrolyzer,
respectively. It is estimated that 5.5 to 6.5 MW of
electricity may be produced, translating to a 500 million
pesos of savings to the government of Muntinlupa. The
electricity generation project has a return of investment
of 15% and a payback period of 4.5 years.

Keywords: Waste to Energy, Residential Residual Waste,
Pyrolyzer, Waste Disposal

1. INTRODUCTION

The continuous growth and development in
urbanization and industrialization, together with
increasing population growth, results to an exponential
increment in the quantity of municipal solid waste
(MSW) in the territory concerned. The MSW includes
metal, paper, organic waste, cardboard, leather, wood,
rubber, plastics, and the like. In the southern part of Asia,
about 70 million tons of wastes is generated per year. The
value is expected to triple by the year 2025 [1]. Hence,
there is a need to mitigate and control municipal solid
wastes through proper management systems. However,
countries having relatively lower Gross Domestic
Product (GDP), such as Sri Lanka, Malaysia, Thailand,
and the Philippines, are having trouble in coping up with
this problem due to lack of resources and facilities in
taking care of the solid wastes [2].

The Philippines’ waste generation rate (WGR) for
rural and urban sectors are 0.3 kg/capita/day and 0.5
kg/capita/day, respectively. This translates to 35,580,000
kg of wastes generated every day. Of this value, 74% is
attributed to residential areas. In addition, Metro Manila
has a waste generation rate of 0.7 kg/capita/day or a
generation of about 8,636,000 kg of wastes per day [3].

Estimations show that a government unit spends at
most $100/capita/year in a state wherein insufficient

action is taken on proper municipal solid waste
management. This is observably higher than the
estimated $7/capita/year that a government spends when
proper waste management mechanisms are applied [4].

The objective of the study is to (a) determine an
appropriate Local Government Unit (LGU) in the
Philippines for sampling, (b) identify the waste cluster
for fuel source, (c) evaluate the suitable energy
conversion technology in utilizing the waste, (d)
determine the appropriate powerplant to be used for
electricity generation, and (e) calculate the financial
feasibility of the waste-to-energy study.

2. METHODOLOGY

2.1 Sampling Design

Stratified random sampling was applied on the
process of selection of location, fuel type, energy
conversion technologies, and powerplant type. For
simplicity, Simple Multi-Attribute Rating Technique
(SMART) was used in all of the sampling and selection
processes. A screening criteria was applied as well to
narrow the alternatives as data sensitivity treatment.

In the selection of location to be used among the 17
cities and municipality in Metro Manila for the study