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« Thermal conductivity of neat geopolymer was affected greatly by MK/AA ratio.

« Combined foam and surfactant generated smaller and narrower pore size distribution.
« Effect of surfactant as pore stabilizer was prominent at low foaming agent content.

« Pore volume and connectivity govern the thermal conductivity of porous geopolymer.
« Geopolymer foam could be applied as Class II - structural and insulating materials.
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This paper investigates the effect of mixing parameters (that are, alkali concentration, AA ratio, and MK/
AA ratio) on the thermal conductivity of metakaolin geopolymers. The combination effect of foaming
agent (H,0,) and surfactant (Tween 80) on the physical properties, compressive strength, and pore char-
acteristic was also elucidated. Results showed that metakaolin geopolymer with maximum compressive
strength of 33 MPa, bulk density of 1680 kg/m?>, porosity of 18% and thermal conductivity of 0.40 W/mK
were achieved with alkali concentration of 10 M, AA ratio of 1.0 and MK/AA ratio of 0.8. Gradation anal-

2‘2; V;glrﬁ;er ysis demonstrated that AA ratio was the strength determining factor. Whilst, thermal conductivity was
Metakaolin dependent on the MK/AA ratio. Adding H,0, and surfactant produced geopolymer foam with acceptable
Porous compressive strength (0.4-6 MPa). The geopolymer foam had bulk density of 471-1212 kg/m?, porosity
Pore of 36-86% and thermal conductivity of 0.11-0.30 W/mK. Pore structure, size, and distribution were gov-
Foam erned by H,0, and surfactant dosages that have a great impact on the compressive strength. Narrower
Surfactant pore distribution and smaller pore diameter were achieved when both foaming agent and surfactant

were used instead of foaming agent alone. The pore size and distribution varied to a greater extent with
varying H,0, contents. Surfactant illustrated distinct pore stabilizing effect at low H,0, (<0.75 wt%)
which diminished at high H,0, content. In terms of thermal conductivity, even with increasing porosity
at high H,0, and surfactant content, the thermal conductivity did not show substantial reduction due to
the interconnected pores as a result of pore coalescence.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction instance, kaolin, metakaolin, and Class F fly ash) and alkali activa-
tor (usually a mixture of alkali hydroxide and alkali silicate).
Geopolymerisation involves the dissolution and polycondensation

process that occurs at room temperature or slightly higher temper-

Geopolymer has received significant attention in recent years.
The important contribution of geopolymer is in the construction

industry wherein geopolymer serves as an alternative binder for
mortars and concretes [1]. Geopolymer is produced through
geopolymerisation reaction of aluminosilicate materials (for
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ature producing Si-O-Al polymeric framework with SiO4 and AlO4
linked tetrahedrally by sharing oxygen atom. Metakaolin has been
extensively used in geopolymer formation due to its high reactivity
[2]. Geopolymer properties are strongly dependent on the synthe-
sis parameters such as aluminosilicates’ proportion; alkali activa-
tor’s types, concentration and proportion; and curing condition


http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2020.118641&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2020.118641
mailto:ymliew@unimap.edu.my
https://doi.org/10.1016/j.conbuildmat.2020.118641
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat

2 N.A. Jaya et al./ Construction and Building Materials 247 (2020) 118641

[3]. These factors determine the dissolution ability, kinetics of
geopolymerisation [1], viscosity of geopolymer paste [4], compact-
ness of final product [5] and subsequently the mechanical perfor-
mance of geopolymer. The variation in the reaction and final
products led to the difference in the thermal conductivity of
geopolymers.

The development and application of geopolymers in thermal
insulation of buildings are also one of the research interest. Ther-
mal conductivity (1) is an important measurement when consider-
ing the thermal insulating properties. Thermal conductivity
measures the heat transfer in a material whereby a lower A value
indicates better insulation [6]. In general, geopolymer has low &
(<0.70 W/mK) [7] which is approximately 50% lower than Portland
cement (PC) materials [8,9]. The thermal insulating properties
could be further improved by introducing pores or voids in
geopolymer matrix. Pores are usually generated by chemical (e.g.
foaming agents such as Al powder [10], silica fume [11], hydrogen
peroxide [12], sodium hypochlorite [13] and sodium perborate
[14]) or mechanical foaming (e.g. preformed foam [15]). In this
study, metakaolin geopolymer foam was prepared by introducing
hydrogen peroxide (H,0;) as the foaming agent. H,O, reacts in
basic media generating water and oxygen gas as shown in Eq. (1)
[16]. Pores are introduced by the gas formed in the geopolymer
matrix.

H,0, — H,0 + 1/20, (1)

Geopolymer foam is usually termed as foam concrete which
defined as cellular concrete having high-voids space, with or with-
out aggregates [17]. Based on the functional classification of Inter-
national Union of Laboratories and Experts in Construction
Materials, Systems and Structures (RILEM) [18], lightweight con-
cretes could be classified into Class I, Il and III based on their com-
pressive strength, density and thermal conductivity values. Class |
is structural lightweight concrete with density of 1440-1840 kg/
m>, compressive strength >17 MPa and A of 0.4-0.7 W/mK. On
the other hand, Class Il is structural and insulating lightweight con-
crete with density of 800-1400 kg/m>, compressive strength of
3.4-17 MPa, and A of 0.22-0.43 W/mK. Class III is defined as insu-
lating lightweight concrete with low density (240-800 kg/m?),
compressive strength (0.7-3.4 MPa and A (0.065-0.22 W/mK).

Porous geopolymer can have density lower than 600 kg/m> with
alow A of 0.1 W/mK [19]. According to Samson et al. [20], the por-
ous structure was governed by the foaming agent and surfactant
contents which consequently affecting the density and mechanical
strength. The degree of porosity controls the mechanical strength
and thermal conductivity of the geopolymer foam. The amount of
porosity in the range of 50-95% was required in order to achieve
lightweight and thermal insulating properties [21]. Based on Zhang
et al. [22], geopolymer foam usually possesses compressive
strength <10 MPa with density range of 360-1400 kg/m>. Ducman
& Korat [23] reported compressive strength of 3.3 MPa and
3.7 MPa, density of 640-740 kg/m> and 610-1000 kg/m> and
porosity of 59% and 48% for fly ash geopolymers foamed with Al
powder and H,0,, respectively. Based on them, geopolymer
foamed with H,0, has finer pore distribution than that using Al
powder.

The pore dispersion and morphology of the final foam product
have strong impact on the mechanical strength and the effective
thermal insulation [11]. Masi et al. [16] obtained compressive
strength of 1.7-4.6 MPa for fly ash geopolymer foamed with
H,0, and with the addition of surfactant (Sika Lightcrete). The
macropores were reported in the range of 50-1000 um. According
to Kamseu et al. [24], metakaolin geopolymer foam was reported
having 2 of 0.15-0.40 W/mK with porosity of 30-70%.

In this work, metakaolin geopolymer and geopolymer foam
were prepared. The optimization of mixing parameters (NaOH con-

centration, MK/AA ratio, and AA ratios) of metakaolin geopolymer
was investigated as mixing formulation was known crucially
affecting the physical and mechanical properties of geopolymer.
Their effect on thermal conductivity was also studied. In addition,
the joint effect of foaming agent and surfactant on geopolymer
foam in terms of physical properties, mechanical strength, pore
size, pore distribution, and thermal conductivity was analysed. In
previous literature [9,23,25,26], studies mostly focused on the pore
morphology of geopolymer foam with very little emphasis on the
effect of pore size and distribution on the mechanical strength
and thermal conductivity. Despite there was an investigation on
pore size distribution, solely foaming agent was used in the forma-
tion of geopolymer. For instance, Hajimohammadi et al. [27] and
Cui et al. [28] investigated the pore size distribution of one-part
geopolymer foamed with preformed foam and fly ash geopolymer
foamed with H,0,, respectively. Beghoura et al. [29] performed the
pore size distribution by image analysis on geopolymer based on
waste mud, waste glass and metakaolin foamed with Al powder.
The combination effect of foaming agent and surfactant on pore
properties was scarce. Therefore, this paper provides a comprehen-
sive study of mixing parameter optimization and its effect on ther-
mal conductivity. The joint effect and correlation of foaming agent
and surfactant on geopolymer foam in terms of physical properties,
mechanical strength, pore characteristic, and thermal conductivity
was elucidated.

2. Experimental work
2.1. Materials

Metakaolin, a highly reactive mineral clay, was used as the pre-
cursor material in this work. The metakaolin was obtained by cal-
cining kaolin at 850 °C for 6 h in the laboratory furnace which
selected based on the optimum calcination profile obtained by
Wan et al. [30]. The chemical composition of metakaolin deter-
mined by X-ray fluorescence (XRF) spectrometer is shown in
Table 1. The metakaolin comprised of total SiO, and Al,05 contents
of 94.3%. Fig. 1 reveals the microstructure of metakaolin. The meta-
kaolin presented a flake-like structure.

The alkaline activator solution was a mixture of sodium hydrox-
ide (NaOH) and liquid sodium silicate (Na,SiO3). The ratio of Na,-
SiO3/NaOH was termed activator (AA) ratio. The NaOH powder
has 99% purity with a density of 2.13 g/cm?, while the liquid Na,-
SiO3 contains 30.1% SiO,, 9.4% Na,0 and 60.5% H,0 with a density
of 2.4 g/cm>. The NaOH solution of the desired molar concentration
was prepared and allowed to cool down at room temperature.

A 3 wt% hydrogen peroxide solution (diluted from 30 wt% H,0,,
Sigma-Aldrich) was selected as the foaming agent. Tween 80 (poly-
ethylene glycolsorbitan monooleate, VWR BDH Prolabo, Briare,
France) was added as surfactant.

Table 1
Chemical composition of metakaolin as determined by
XRF analysis.

Chemical compound Weight Percent (wt.%)

Sio, 55.7
Al,03 38.6
Fe,03 2.03
TiO, 0.78
Cuo 0.03
Zr0, 0.04
K,0 243
MnO, 0.04
Others 0.38
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Fig. 1. SEM micrograph of metakaolin.

2.2. Preparation and optimization of metakaolin geopolymer

In the preparation of metakaolin geopolymer, metakaolin was
mixed with alkali activator for 5 min by using a mechanical mixer
to form a homogenous slurry. The fresh geopolymer paste was
poured into high-density polyethylene (HDPE) mould with dimen-
sion of 50 mm x 50 mm x 50 mm. The moulded samples were
vibrated for 2 min on the vibration table to remove entrained air
and sealed with a thin film to prevent moisture loss. The geopoly-
mer paste was left to cure at room temperature (29 °C) for 24 h and
subsequently placed in an oven at 60 °C for another 24 h. Pre-
curing at room temperature before curing in the oven was per-
formed as it was beneficial for strength development [31,32]. After
curing, the samples were demoulded and kept under room temper-
ature until the day of testing. The NaOH concentration, metakaolin/
activator (MK/AA) ratio, and AA ratio were varied as displayed in
Table 2. The optimum mixing parameter was selected based on
the highest compressive strength.

2.3. Preparation of metakaolin geopolymer foam

The metakaolin geopolymer paste was prepared as the steps
aforementioned with NaOH concentration of 10 M, MK/AA ratio
of 0.80 and AA ratio of 1 (based on optimum compressive strength
in Section 2.2). Then, the surfactant was added into the paste at
500 rpm for 3 min followed by H,0, at 500 rpm for 1 min. The
dosage of surfactant was varied from 1, 3 and 5 wt% while H,0,
dosage was varied from 0.25, 0.50, 0.75, 1.00 and 1.25 wt%. The
metakaolin geopolymer foams were moulded and cured at room
temperature for 24 h, followed by 60 °C for another 24 h. After

Table 2
Mixing parameters of metakaolin geopolymers in order to investigate the optimum
formulation.

Investigated NaOH AA Ratio MK/AA
Parameter concentration Ratio
NaOH Concentration 6M,8M,
10M, 12 M
and 14 M
0.24 0.80
AA Ratio 10M 0.20, 0.24, 0.28, 0.30,0.32, 0.80
0.40, 0.60, 0.80, 1.00 and
1.20
MK/AA Ratio 10 M 1.00 0.60, 0.70,
0.80, 0.90
and 1.00

the curing process, the samples were kept under room temperature
until the day of testing. Fig. 2 presents the schematic experimental
procedure to produce an optimized geopolymer and geopolymer
foam.

2.4. Testing and analysis method

The true density of the metakaolin geopolymers and geopoly-
mer foams was determined by the pycnometer (AccuPyc I 1340
Helium pycnometer, Micromeritics). The bulk density was mea-
sured by the geometric method. The total porosity of the geopoly-
mers and geopolymer foams was obtained from the bulk density to
the true density ratio with Eq. (2).

bulk density

Total Porosity(%) = (1 ~ true density

) x 100% (2)

Compressive strength after 28 days was tested based on the
ASTM C109 using Instron machines series 5569 Mechanical Tester.
The sample’s surfaces were polished flat and parallel before test-
ing. Three samples were tested for each parameter to obtain the
average compressive strength value.

Room-temperature thermal conductivity (A) was measured
using a KD2 Pro Thermal Properties Analyzer (Decagon Devices
Inc) which utilized the transient line heat source method according
to IEEE 442-1981 and ASTM D5334. The pre-calibration of sensor
was done based on DB1175 before each measurement. At least 3
measurements were performed to ensure accuracy.

The morphology of metakaolin geopolymer and geopolymer
foam was observed using the JEOL JSM-6460 LA model Scanning
Electron Microscopy (SEM). The specimen was cut into small
pieces and coated with platinum by using Auto Fine Coater (JEOL
JFC 1600) before the examination. In order to obtain the average
pore diameter and distribution, the SEM micrographs were anal-
ysed using Image ] image analysis software. The values obtained
from the image analysis were converted to three-dimensional val-
ues using the stereological equation in Eq. (3).

D..
Dsphere = 0.67";65 (3)

where D is the diameter of pore.

The crystalline phases of the geopolymer were identified using
powder X-ray Diffraction (XRD) collected on XRD-600 Shimadzu
X-ray diffractometer using CuKo radiation scanning from 20 values

Metakaolin
NaOH
Na,SiO;

I

X
Mixing
¢ NaOH concentration (6M, 8M, 10M, 12M and 14M
AA ratio (0.24, 0.28, 0.30, 0.32, 0.4, 0.6, 0.8, 1.0 and 1.2)
MKJ/AA ratio (0.6, 0.7, 0.8, 0.9 and 1.0)

Optimized Geopolymer
*  NaOI concentration: 10M
*  Adratio: 1.0

*  MK/AA ratio: 0.8

H,0, (0.25, 0.5, 0.75, 1.0 and 1.25 wt.%)
Tween 80 (1, 3 and 5 wt.%)
Geopolymer foam

Fig. 2. Schematic experimental design to produce optimized geopolymer and
geopolymer foam.




4 N.A. Jaya et al./Construction and Building Materials 247 (2020) 118641

in the range of 10° to 80° generated at 30 mA and 40 kV with 0.02°
20 steps. The specimen for analysis was prepared in powder form.

3. Results and discussion
3.1. Metakaolin geopolymer

3.1.1. Bulk density and porosity

The bulk densities and porosities of metakaolin geopolymers
are displayed in Fig. 3. In overall, the bulk density increased with
increasing mixing parameters up to an optimal and then
decreased. Yet, the variation of bulk density was marginal. The
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Fig. 3. Bulk densities and porosities of metakaolin geopolymers.

bulk density and porosity values complied with each other
wherein metakaolin geopolymers with higher bulk density pos-
sessed lower porosity and vice versa. The metakaolin geopolymers
exhibited bulk density between 1490 and 1680 kg/m>. The bulk
density values were comparable with those obtained by Rozek
et al. [33] for fly ash geopolymer (1300-1600 kg/m?) and Tip-
payasam et al. [34] for metakaolin geopolymer using potassium
hydroxide (1720 kg/m?).

Based on Fig. 3, the porosity value fell in the range of 18-30%
which was lower than those recorded by Papa et al. [35] for
metakaolin-zeolite geopolymers (34-49%). This might be attribu-
ted to the highly porous characteristic of zeolite [36]. On the other
hand, Gorhan & Kurklu [37] obtained comparable porosity of 25—
30% for fly ash geopolymers.

The changes of bulk density and porosity were comparatively
more significant especially with varying MK/AA and AA ratios. Both
ratios affected the fluidity of geopolymer mixture especially the
MK/AA ratio. Lowering the MK/AA and AA ratios led to a highly
workable mixture. A watery geopolymer mixture limited the con-
tact between activator solution and aluminosilicate materials [38].
On due course, the dissolution ability was lower in order to opti-
mize the polycondensation reaction. High liquid content in the
geopolymer mixture in conjunction with less efficient dissolution
and polycondensation created pores in the geopolymer matrix
and thus high porosity [39]. This was due to moisture loss by evap-
oration and less formation of geopolymer products, respectively.
On the other hand, increasing the MK/AA and AA ratios beyond
optimum caused higher porosity as a result of the highly stiff mix-
ture which restricted the proper consolidation of paste.

3.1.2. Compressive strength
Mixing parameters are influential to the mechanical strength
of metakaolin geopolymers. Referring to Fig. 4, the optimum
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Fig. 4. Compressive strength of metakaolin geopolymers.
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compressive strength of 33 MPa after 28 days was achieved with
NaOH 10 M solution, AA ratio of 1.0, and MK/AA ratio of 0.8.
Increasing each mixing parameter led to an increase of compres-
sive strength up to an optimal and reduced beyond the optimal
ratio. The compressive strength complied with the bulk density
and porosity values recorded in Fig. 3.

During geopolymerization reaction, the alkali activator solution
ensures optimum alkalinity for the dissolution of Si** and AI** to
form nM,0-Al,03-xSi0,-yH,0 matrix which then reorganizes and
hardens to form dense rigid solid [40]. Gradation analysis (Table 3)
showed that AA ratio was the key parameter affecting the mechan-
ical properties of metakaolin geopolymers. The proportion of
Na,SiO; and NaOH in the activator solution was crucial as high
AA ratio contributed more soluble Si, while low AA ratio
contributed more OH™ for dissolution purposes. The presence of
soluble Si by Na,SiOs; could modify the reaction kinetics by
enhancing the condensation process and thus improving the
compressive strength [41].

Based on the previous studies [40,42,43], lower AA ratios in the
range of 0.24-0.36 were mostly used. The optimum AA ratio was
concluded at 0.24 by Wang et al. [42]. It had been proven in
Fig. 4 that the metakaolin geopolymers produced in this range
did not exhibit good compressive strength. Besides, it is worth-
while to highlight that in this study, a high AA ratio of 1.0 caused
significant improvement of compressive strength which was
approximately 200% increment with respect to strength with AA
ratio in the range of 0.20-0.32. The result contradicted with Pelis-
ser et al. [44] and Poowancum & Horpibulsuk [45] who reported
that AA ratio of 1.0 produced porous and low strength geopolymer.
In this study, further increase in the ratio led to 50% reduction of
strength with respect to AA ratio of 1.0 as the mixture became vis-
cous and difficult to consolidate which produced higher porosity
(Fig. 3b) and consequently lower compressive strength (Fig. 4)
[38,46]. The observation confirmed the conclusion made by Leong
et al. [38].

On the other hand, increasing NaOH concentration facilitated
the dissolution process of aluminosilicate and progress of geopoly-
merization. However, it did not further increase the compressive
strength notwithstanding the higher NaOH concentration above
10 M. Excess Na* ions at high NaOH concentration may weaken
the structure of geopolymer [47]. Moreover, as mentioned earlier,
the MK/AA ratio mainly affected the workability of geopolymer
mixture and thus the contact between the reacting materials
[38]. This ratio also ensured that there was sufficient activator
solution to dissolve the aluminosilicates. Thus, an extremely low
or high MK/AA ratio was unlikely to improve the geopolymer
formation.

Table 3
Gradation analysis based on compressive strength.
Parameters Value Compressive strength (MPa) Range”
NaOH concentration 6 M 1.29 13.31
8 M 9.00
10M 14.6
12 M 8.74
14 M 6.87
AA ratio 0.4 11.29 20.70
0.6 20.33
0.8 22.69
1.0 31.99
1.2 16.79
MK/AA ratio 0.6 17.31 14.68
0.7 25.60
0.8 31.99
0.9 26.37
1.0 23.73

" Range = highest strength — lowest strength.

3.1.3. Thermal conductivity (1)

The metakaolin geopolymer exhibited A value in the range of
0.33-0.41 W/mK (Fig. 5). The A value of metakaolin geopolymers
followed the trend of bulk density (Fig. 3) and compressive
strength (Fig. 4). The denser the geopolymer, the higher the com-
pressive strength and thus higher the 2 value [25]. Geopolymer
can have a lower A value by 50% compared to conventional PC
material which has a A value of 1.5 W/mK [8,9,48]. Geopolymerisa-
tion reaction produced amorphous and porous interconnected
polysialates that provided the tortuous route for thermal gradient
flow [49,50]. The amorphous structure of geopolymer restricted
heat transfer. This was well-supported by Fongang et al. [8]. The
poorer insulating properties (higher A) of PC materials than
geopolymer [15] were supposed due to the high content of
chemically-bounded water [51] and lower porosity [52].
Chemically-bounded water provided a continuous gel structure
for the transfer of heat, thus increased the A value.

In addition, the X value recorded in this study was lower by 54%
than those recorded by Duxson et al. [53] for metakaolin geopoly-
mer (0.78-0.82 W/mK). The higher A value recorded by Duxson
et al. [53] was most probably due to the presence of quartz (resid-
ual after calcination of kaolin) in the metakaolin geopolymers.
Quartz had a high A value of 6-11 W/mK [24] which thus tended
to increase the overall A value of the metakaolin geopolymers.
Besides, the results obtained in this study showed that the A value
was comparable to metakaolin geopolymers developed by Kamseu
et al. [54] (0.30-0.59 W/mK). However, Villaquiran-Caicedo et al.
[55] obtained a lower A value of 0.17-0.35 W/mK for metakaolin
geopolymers using Si source from rice husk ash. This was due to
the high open porosity which was related to the higher amount
of hydration water and lower bulk density.

Pearson correlation coefficient study (Table 4) was performed to
determine the correlation between %, porosity, bulk density and
compressive strength with varying mixing parameters. It is widely

0.8
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Fig. 5. Thermal conductivity values of metakaolin geopolymer.
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Table 4
Correlation coefficient (R?) of TC versus compressive strength, bulk density, and
porosity.

Parameters ) versus Compressive A versus Bulk A versus
Strength Density Porosity
NaOH concentration 0.7244 0.861 0.8453
AA ratio 0.7445 -0.124 0.4600
MK/AA ratio 0.7900 0.894 0.9834

used as a measure of the strength dependency between two vari-
ables. The nearer the correlation coefficient to value of 1.0 indi-
cates a strong functional relationship. The A had a strong
relationship with porosity and bulk density which varied most
substantially with the MK/AA ratio. The solid and liquid contents
in geopolymer mixture determined the efficiency of dissolution
and formation of dense matrix. This statement was supported by
Rickard [56] and Duxson et al. [53] who stated that liquid content
was a substantial part of the mixture and will definitely influence
properties such as porosity and density. Pore formation reduced
the A due to extremely low X of air in the enclosed pores which
contributed to an overall lower A value [57]. It was observed that,
regardless of the mixing parameter, the A value would not differ
much if the porosity was similar.

3.2. Metakaolin geopolymer foam

3.2.1. Bulk density and porosity

Fig. 6 shows the bulk density and porosity of metakaolin
geopolymer foam. At fixed H,0, content, increasing surfactant con-
tent decreased the bulk density and increased porosity. Besides as
pore stabilizer, surfactant also acted as air-entraining admixture
[16] creating pores in the matrix and reducing the bulk density.
At the same time, at fixed surfactant content, bulk density reduced,
while porosity increased with increasing foaming agent content.
This was expected and well-agreed by several researchers
[15,58]. The bulk density and porosity were in the range of 471-
1212 kg/m> and 36-86%, respectively. The oxygen gas released as
aresult of H0, decomposition trapped within paste and expanded
to generate more voids and subsequently reduced bulk density.

The decrement of bulk density was more obvious at low H,0,
content (<0.75 wt%) and slowed down at higher H,O, content
(>0.75 wt%), regardless of the surfactant content. A similar obser-

vation was noticed for porosity whereby porosity increased to a
greater extent at low H,0, content and a slower extent at higher
H,0, content. Nevertheless, it was more prominent at lower sur-
factant content (<2 wt%). This implied that the extent of pore for-
mation decreased at higher H,O, content. A high amount of
foaming agent would have generated high amount of pores in
geopolymer matrix which finally merged and collapsed. On due
course, the bulk density and porosity did not change significantly
at high H,0, content. Besides, the variation in the bulk density
and porosity was governed mainly by the H,0, content rather than
surfactant content. This was because H,0, had more tendency to
collapse than surfactant. Based on Ashby et al. [59], surfactant
entrained air (mainly N,) which was less permeable than O, pro-
duced by H,0,.

3.2.2. Compressive strength

The metakaolin geopolymer foam demonstrated a downward
compressive strength trend with increasing foaming agent and
surfactant contents (Fig. 7a). The compressive strength was in
the range of 0.4-6.0 MPa after 28 days with a density range of
471-1212 kg/m?>. The reduction of compressive strength was due
to the increased pores generated by the decomposition of Hy0,.
The pores acted as the stress concentration point and prone to fail-
ure when load is applied. Thus, the geopolymer foam tended to
deteriorate easily with increasing porosity. Besides, the compres-
sive strength was also influenced by the pore size which will be
discussed in Section 3.2.4. Complied with the bulk density and
porosity results (Fig. 6), the compressive strength decreased at a
faster rate at lower H,0, (<0.75 wt%) and surfactant content
(<2 wt%) due to greater rate of pore formation. The compressive
strength development was influenced more significantly by H,0,
content compared to surfactant content, as mentioned earlier,
due to the greater variation in porosity and density with changing
H,0, content. The observation was contrary to that reported by
Samson et al. [20] who stated that compressive strength was sen-
sitive to the surfactant content.

Geopolymer foam usually possessed extremely low compres-
sive strength. The addition of surfactant enhanced the compressive
strength of geopolymer foam. Higher compressive strength was
obtained in this study compared to those geopolymer foams with-
out surfactant. For instance, Novais et al. [6] reported compressive
strength of 0.05-0.38 MPa for H,0,-foamed fly ash geopolymer
with a similar density range (500-1300 kg/m?). Compressive
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Fig. 6. (a) Bulk density and (b) porosity of metakaolin geopolymer foam.
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strength of 0.26-10 MPa at density 440-1100 kg/m> was also
reported for metakaolin-fly ash geopolymer foam. Even with a sim-
ilar density range, the compressive strength reported was higher
than that obtained in this study as the porosity was lower (52.3-
80.9%) [60]. Feng et al. [9] reported compressive strength of
0.38-0.60 MPa for fly ash geopolymer foam. On the other hand, a
low compressive strength of 0.42-1.59 MPa has been concluded
by Hajimohammadi et al. [61] for fly ash geopolymer foamed with
aluminium powder. As compared to PC foam [62], similar com-
pressive strength (2.5-6.5 MPa) and density (860-1245 kg/m3)
were obtained.

In addition, the compressive strength of geopolymer foam in
this study was higher than those reported by Bai & Colombo [63]
(0.3-4.4 MPa) who also produced metakaolin geopolymer foam
with H,0, and surfactant (Tween 80). The higher compressive
strength recorded in this study was most probably due to the
higher bulk density. According to Samson et al. [20], the highest
achievable compressive strength of metakaolin geopolymer
foamed with H,0, and surfactant was 3.34 MPa. With a similar
density range, Petlitckaia & Poulesquen [64] obtained similar com-
pressive strength for metakaolin geopolymer foamed with H,0,
and cetyltrimethyl ammonium bromide (CTAB) as surfactant.
Based on their study, geopolymers foam added with CTAB as cath-
ionic surfactant had better mechanical performance and pore
stabilising ability than non-ionic surfactant (e.g. Tween 80).
However, a contrary conclusion was observed in this study. More-
over, Korat & Ducman [58] reported higher compressive strength
of 2.6-12.2 MPa for fly ash geopolymer foamed using H,O, and
SDS surfactant which was most probably owing to high density
(580-1340 kg/m>).

Based on Fig. 7b, compressive strength had a strong relationship
with bulk density and porosity with R?> = 0.9583 and R? = 0.8188,
respectively. The higher bulk density and lower porosity con-
tributed to higher compressive strength and vice versa. The density
and formation of pores or voids determined the final strength of
compressive strength [65].

3.2.3. Thermal conductivity (1)

The incorporation of foaming agent further reduced the % of the
non-foamed geopolymer. The geopolymer foams showed obvious
decrease in the X value (0.11-0.30 W/mK) (Fig. 8) compared to
non-foamed geopolymer (0.40 W/mK). This was due to the pres-
ence of air voids in the geopolymer matrix generated by the foam-
ing agent in the mixture. The greater the porosity (Fig. 6b), the

lower the A value. Based on correlation curve in Fig. 9, thermal con-
ductivity of geopolymer foam had stronger relationship with bulk
density (R? = 0.9606) and porosity (R? = 0.9583) compared to com-
pressive strength (R? = 0.8060). The highly porous structure acted
as an effective barrier against the heat flow within the geopolymer
network and hence leading to lower A [27]. The effect of H,0, con-
tent was more prominent in reducing the A value compared to sur-
factant content as higher H,O, content was associated with
increased foam-ability and greater pore formation.

The X values were comparable with those obtained by Kamseu
et al. [24] and Novais et al. [6] for foamed metakaolin geopolymer
(0.15-0.40 W/mK) and foamed biomass fly ash geopolymer
(0.005-0.39 W/mK), respectively. With similar density range
(600-1200 kg/m?3), Aguilar et al. [66] reported higher A values
(0.49-1.22 W/mK) for metakaolin geopolymer foam. Table 5 sum-
marises the bulk density, porosity, compressive strength and ther-
mal conductivity of various types of geopolymer foams and
lightweight insulated materials. As compared to other commer-
cially available thermal-insulated materials such as wool and
expanded polystyrene (EPS), the thermal conductivity reported in
this study was slightly higher. However, considering the properties
of geopolymers, insulating material based on geopolymer is a
potential candidate. With the bulk density, compressive strength
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Fig. 8. Thermal conductivity of metakaolin geopolymer foam.
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and thermal conductivity obtained, the metakaolin geopolymer
foam could be regarded as Class II lightweight concrete for struc-
tural and insulating purposes according to the RILEM [18].

3.2.4. Microstructural analysis

Fig. 10 reveals the microstructures of metakaolin geopolymer
foam with varying amounts of hydrogen peroxide and surfactant.
The average pore diameter was also labelled in the SEM micro-
graphs. Fig. 11 presents the pore size distribution of geopolymer
foam and the relationship between pore diameter and compressive
strength. The pore size of geopolymer foam with H,0, content of
1.25 wt% could not be measured due to connected pores.

In overall, geopolymer foam presented loose and porous struc-
ture distributed homogeneously throughout the matrix. The aver-
age pore diameter increased with H,O, and surfactant contents
(Fig. 10). At low H,0, (0.25 wt%), all pores were spherical and
smaller than 300 pm (Fig. 11). The narrow range of pore size helped
in achieving greater compressive strength (Fig. 7). A gradual
increase in the coarser pores was observed with increasing H,0,
content. The decrease in the smaller pores and the increase in large
pores were also observed with increasing surfactant content. The
pores became slightly oval in shape. The probability of forming lar-
ger pores was facilitated with high H,0, and surfactant contents.
On due course, the mechanical strength decreased (Fig. 7a). The
change of the geometric shape of pores with increasing H,0, con-
tent was supported by Lynch et al. [71] and Vaou & Panias [70]. In

Table 5

addition, referring to Fig. 10, the extent of pore size enlargement
was more obvious with increasing H,O, content compared to
increasing surfactant content. This verified the observation above
that H,O, was more prominent in affecting the physical and
mechanical properties. A large amount of pore formed in the
geopolymer sample also indicated low binding materials to con-
tribute to strength development [72].

According to Nguyen et al. [17], a porous structure comprised of
3 types of pores, namely the gel pores (<10 nm), capillary pores
(10 nm-10 pm) and air voids (>10 um). In this study, the pores
with size ranged up to 500 um (Fig. 11) were categorised as the
air voids. On the other hand, pores with a radius greater than
50 um were referred to as macro-pores [73]. Both air voids and
macro-pores were influential on the mechanical strength of
geopolymer. Based on Fig. 11d, increasing average pore diameter
significantly reduced the compressive strength of geopolymer
foam with R? = 0.8077.

High H,0; (>1.0 wt%) caused some pores to collapse and/or coa-
lesce forming large and connected pores. This phenomenon wors-
ened with increasing surfactant content. As discussed earlier, the
decomposition of H,0, under alkali media released O, gas in the
geopolymer matrix. When the O, gas formed exceeding threshold,
the pores expanded and increased in size. The pore wall of some
pores might get thinner and tend to burst and merge. Pore coales-
cence occurred when the pores become overly large, collapse and
connected [16]. Some pores may move upward to the surface

Summary of physical and mechanical properties and thermal conductivity of thermal-insulated materials.

Category Aluminosilicate Foam types/Filler ~Bulk density Total porosity = Compressive strength Thermal conductivity Reference
kg/m? % MPa W/mK

Geopolymer Metakaolin H,0,' 470-1210 36-86 0.37-6.00 0.11-0.30 This work
Geopolymer Biomass fly ash H,0, 560-1200 NA 0.12-0.42 0.005-0.39 [6]
Geopolymer Metakaolin H,0, 300-580 74-87 0.30-4.40 0.09 -0.16 [63]
Geopolymer Metakaolin H,0, 400-510 62-81 2.19-3.11 NA [67]
Geopolymer Fly ash H,0, 240-340 79-81 0.60-0.38 0.09-0.07 [9]
Geopolymer Metakaolin Polystyrene 100-400 NA 3.20-4.20 0.04-0.08 [68]
Geopolymer Metakaolin + Slag H,0,' 264-480 NA 0.53-3.34 0.084-0.139 [20]
Geopolymer Metakaolin + Fly ash  H;0, 440-1100 52-81 0.26-10.00 0.08-0.22 [60]
Geopolymer Fly Ash H,0,' 580-1340 NA 2.60-12.20 NA [58]

PC foam NA Preformed Foam  360-1400 NA 1.00-10.00 0.15-0.60 [69]
Extruded polystyrene (EPS) NA NA 20-80 NA 0.10-0.70 0.03-0.04 [70]
Expanded clay NA NA 260-500 NA NA 0.09-0.16 [70]

Glass wool NA NA 100-130 NA 0.03-0.05 0.16 [70]

*NA - not available.
! With surfactant.
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Fig. 10. SEM micrographs of metakaolin geopolymer foam with varying surfactant (S) and H,O, (H) contents. D represents the average pore diameter.

and escape. This was believed leading to the slow-down growth of
bulk density and porosity (Fig. 6).

Referring to Fig. 10, the surfactant improved the stability of
pores at low H,0, content (<0.75 wt%). The surfactant avoided
excess coalescence of pores [20]. This was evidenced by the small
changes in the average pore diameter (Fig. 10). The use of surfac-
tant in conjunction with low H,0, content produced a more homo-
geneous pore structure. Nevertheless, the pore stabilizing ability
abated with increasing H,0, content (>0.75 wt%). As refer to Eq.
(1), water was released during the decomposition of H,0, in alkali
media. This reduced the viscosity of geopolymer mixture which
subsequently affecting the stability of pores. Wet mixes restricted
the pore stabilizing and/or air entrainment in proper size and
distribution.

The pore connectivity had a significant impact on heat transfer
[8]. As mentioned above, heat transfer was controlled by the

tortuosity of the matrix. Highly porous structure reduced the &
value. At low H,0, content, despite having closed and fine pores,
the porosity was lesser. Thus, the A value was higher [22]. It was
supposed that the 2 value decreased linearly with increasing
H,0, content. However, the pores became interconnected at high
H,0, content and did not cause an extensive reduction in the A
value as shown in Fig. 8.

3.2.5. XRD analysis

Fig. 12 illustrates the XRD diffractogram of metakaolin and
metakaolin geopolymer. Metakaolin showed a wide diffraction
hump between 18° and 25° 26 attributed to the amorphous struc-
ture of metakaolin [2]. Kaolinite (K) and quartz (Q) peaks were
detected in the metakaolin. The presence of kaolinite in metakaolin
indicated incomplete calcination of kaolin.
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Alkali activation of metakaolin shifted the diffuse hump to a
higher angle (20°-35° 20) which represented the primary binder
phase of geopolymer [74]. The dominant amorphous gel phase rep-
resented the sodium aluminosilicate gel (N-A-S-H) which was the
main factor contributing to the mechanical properties of metakao-
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Fig. 12. XRD diffractogram of metakaolin and metakaolin geopolymer.

lin geopolymer. Most of the kaolinite peaks disappeared due to the
dissolution in alkali solution. Kaolinite peak at 19.8° was still pre-
sent in the metakaolin geopolymer due to the presence of unre-
acted metakaolin particles in the geopolymer matrix. In addition,
quartz peak can still be found in the metakaolin geopolymer after
the geopolymerisation reaction confirmed its insolubility in the
reaction [75]. The phase analysis of geopolymer foam was not per-
formed as the hydrogen peroxide and surfactant did not cause any
changes to the XRD pattern of geopolymer.

4. Conclusions

This paper investigates mainly the effect of mixing parameters,
foaming agent and surfactant on the physical and mechanical
properties as well as the thermal conductivity of metakaolin
geopolymer. The pore characteristic of the foamed geopolymer
was also studied. Optimized metakaolin geopolymers had a com-
pressive strength of 33 MPa after 28 days prepared using NaOH
concentration of 10 M, AA ratio of 1.0 and MK/AA ratio of 0.80.
The strength determining factor was: AA ratio > MK/AA
ratio > NaOH concentration. MK/AA ratio had the most significant
effect on the thermal conductivity due to its greater effect on the
porosity level of geopolymer.

Incorporation of H,0, and surfactant reduced the compressive
strength (0.4-6.0 MPa), bulk density (471-1212 kg/m?) and ther-
mal conductivity (0.11-0.30 W/mK), while increased the porosity
(36-86%). Both H,0, and surfactant contributed to pore formation.
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Apart from being a pore stabilizer, the surfactant acted as an air-
entraining admixture. The combination of H,0, and surfactant pro-
duced narrower pore size and distribution compared to using the
foaming agent alone. The increasing H,0, dosage led to greater
change in the pore diameter and distribution compared to increas-
ing surfactant. The effect of surfactant was more obvious at low
H,0, content and the pore stabilizing effect lessened at high
H,0, content. This happened due to the reduced viscosity at high
H,0, content as a result of H,O, decomposition. Hence, the viscos-
ity of geopolymer paste might affect the effectiveness of surfactant
in maintaining the pores. The characteristic of pore in the matrix
either closed-pore or open pores affected the effective thermal
transfer and thus the thermal conductivity.
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