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ABSTRACT: Porous alumino-siliceous (PAS) materials are attractive for use in a wide variety of construction and adsorp-
tion materials. In the present study, the porous alumino-siliceous materials were synthesized by a geopolymerization
method in a reaction from ceramic waste, metakaolin, and an alkaline solution, H2O2 (as a foaming agent) and either
pork lard or butter (surfactants). Different amounts of the surfactants (2.5–15 wt%) were added to the samples. The
pore shape in the PAS materials was affected by the type of surfactant used. PAS materials with small open pores and
high porosity were successfully fabricated with butter as a surfactant. The compressive strength value trend was related
to total porosity. The relationship between compressive strength and porosity was found to be consistent with a model
proposed by Ryshkewitch. The results suggest that this material can be used as a foam material.

KEYWORDS: porous alumino-siliceous materials, animal oil, butter, hydrogen peroxide

INTRODUCTION

Alumino-siliceous materials are pozzolanic materi-
als containing reactive silica and alumina [1]. Poz-
zolanic materials are well known as construction
materials, wastes, and ashes produced from some
agricultural materials, e.g., metakaolin, calcined
clays, fly ash, slag, rice husk, sawdust, palm kernel
shells, and sugarcane bagasse [1–3]. Pozzolanic ma-
terials have been used as precursors for geopolymer
materials, which are obtained by the reaction of
aluminosilicates with a highly alkaline environment,
leading to the formation of a continuous three-
dimensional network of inorganic molecules linked
by covalent bonds [4]. These structures are com-
posed of one tetrahedral silicate and aluminate units
that are connected to each other by sharing one
common oxygen atom [4–6]. Geopolymer materials
is one of the most promising alternative materi-

als, which was first discovered by Davidovits [7].
Geopolymer materials are attractive because of their
good chemical resistance, high-temperature resis-
tance, high early strength, high durability, ther-
mal stability, low shrinkage, lightweight, low cost,
and environmental friendliness [8–13]. All of the
advantageous properties of geopolymer materials
make them very interesting materials for forming
geopolymer foams.

Geopolymer foams (porous alumino-siliceous
materials, PAS) are lightweight materials consisting
of geopolymer paste with a high degree of a homo-
geneous void, or pore structure, inside the materials
due to small air bubbles having been introduced
to the geopolymer matrix. Controlling the pore
structure (i.e., shape, morphology, and size), total
porosity, and pore size distribution are important
parameters for generating geopolymer foams, for
which the voids and pores determine the density
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and strength [14–16]. PAS materials have been
applied in many applications such as for photocat-
alytic degradation, membranes, high-efficiency ad-
sorption materials, and building materials [16, 17].

To fabricate the foam, pore foaming agents such
as silicon [18]metallic aluminum powder [19], and
H2O2 [16–19] are used to produce the air bubbles
in geopolymer foams. However, these pore foaming
agents often create closed pores which reduce the
total surface area of the sample. This can make
them unsuitable for some applications. To solve
this problem, stabilizing agents such as surfactants,
fibers, and particles can be used for addition into the
geopolymer slurry to decrease the surface tension
of the gas/slurry system [20, 21]. Surfactants such
as Triton X 100 [22], Tween 80 [21], protein [23],
and vegetable oil [16, 24] are classified in the hy-
drophilic group and are used for this purpose. One
of the interesting surfactants is oil due to its lower
cost than the pure chemical of surfactants, and the
result from previous researches [16, 24] reported
that the reaction between high alkaline geopolymer
and fatty acid in oils via a saponification reaction
can create the interconnect porous [25]. Typical
properties of the fatty acid collected from the litera-
ture are given in Table 1. A typical representation
of fatty acid compositions is Cx:y in which x is
the number of carbons, y is the number of double
bonds. Generally, C16:0 (Palmitic acid) is the most
common saturated fatty acid in animals, plants,
and microorganisms, and C18:1 (Oleic acid) is the
most common monounsaturated fatty acid in plants,
animals and microorganisms [26].

Recently, the properties of geopolymer foams
that contain vegetable oil as a surfactant and H2O2
as a foaming agent have been reported [16, 24]. It
has been proposed that the type of vegetable oil
slightly affected the total porosity, average pore size,
and pore size distribution, but significantly affected
the compressive strength of the samples. In the
present work, we demonstrate that animal oil or
products from animals can be used as alternative
surfactants. Furthermore, data for products from
animals as geopolymer surfactants is lacking. There-
fore in the present work, geopolymer foam was
fabricated. The synergistic effects of animal oil or
butter as a surfactant and hydrogen peroxide as a
foaming agent were investigated. To reduce indus-
trial waste, ceramic waste from a ceramic factory
was used as a raw material in this work.

MATERIALS AND METHODS

Ceramic waste (CW, or calcined clays) from A.P.K
Dewkoo (from Ang Thong province, Thailand) and
kaolinite (from Ranong province, Thailand) were
used as raw materials to fabricate porous alumino-
siliceous materials. The ceramic waste was crushed
into a fine powder by grinding, using mortar and
ball milling technique. Kaolinite was calcined at
750 °C for 3 h to obtain metakaolin (MK) and then
crush into a fine powder using a ball milling tech-
nique. Chemical analysis was performed with an
X-ray Fluorescence (XRF) technique. To form the
porous alumino-siliceous materials, a 15 M NaOH
solution was prepared by dissolving sodium hydrox-
ide (98% purity sodium hydroxide, the brand name
of Praatit) with deionized water for at least 24 h
at room temperature to complete the exothermic
reaction. Sodium silicate (Na2SiO3) was purchased
from World Chemical Industrial (Thailand) with
the chemical composition of 16.32% Na2O, 34.60%
SiO2 and 49.08% H2O (mole ratio SiO2/Na2O
= 2.19) and with a specific gravity at 20 °C of
1.54 g/cm3. The Na2SiO3 solution was diluted with
water (61% Na2SiO+3 49% H2O) and mixed by stir-
ring for 24 h. The NaOH and Na2SiO3 solution were
mixed to prepare the alkaline activator solution and
left to cool down to room temperature. Hydrogen
peroxide (H2O2) was used as the foaming agent.
H2O2 with a concentration of 30 wt% was diluted
with water to 3 wt%. A 0.24 wt% solution of
diluted H2O2 (3 wt%) was used to substitute some
of Na2SiO3. Butter and pork lard (Unsalted butter,
Orchid) was used as a surfactant, ranging from
being 2.5–15 wt% of the sample. To prepare the
pork lard, pork fat was heated on a cast-iron skillet,
keeping the heat below the fat’s smoke point until
pork lard was obtained. To form the PAS samples,
the ratios of the mixtures of ceramic waste/MK
and Na2SiO3/NaOH were 1.4 and 1.14, respectively.
The PAS materials were prepared in the following
manner. First, ceramic waste and metakaolin were
mixed together. The obtained powder was then
mixed together with the alkaline solution. Butter
and pork lard were heated up to 35 °C to get a
liquid, and then 3 wt% of H2O2 with either pork lard
or butter were added into the slurry. The mixture
contents were mixed together until a homogeneous
slurry was obtained. The slurry was then poured
into a cube-shaped plastic mold (1.5×1.5×1.5 cm)
which was vibrated for 5 min and cured at room
temperature. Finally, the residual pork lard and
butter was removed by soaking the PAS material in
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Table 1 Fatty acid compositions of vegetable oil, pork lard, other animal fats, and products from live animals [26–34].

Source
Fatty acid (% w/w)

C12:0 C14:0 C16:0 C16:1 C17:0 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1

Olive oil – 0.7 11.5 – – 2.0 78.6 7.0 – 0.2 –
Sunflower oil – – 3.7 – – 2.0 31.5 60.5 – 2.3 –
Pork larda – 1.5 25.4 2.4 – 13.3 41.4 13.4 – – –
Pork lardb – 1.3 20.6 1.9 0.5 10.9 39.1 19.6 1.2 0.9 0.9
Beef tallow 2.0 6.0 28.0 – – 22.0 38.0 3.0 1.0 – –
Beef fat – 2.9 24.5 2.8 1.3 17.8 28.6 1.8 0.8 0.1 0.2
Chicken fat – 0.9 28.3 5.8 0.2 6.7 41.1 14.3 0.6 0.1
Mutton fat – 6.7 20.7 0.9 2.0 28.0 33.9 1.3 0.8 0.6 0.1
Cod liver oil – 4.2 11.9 6.9 0.2 2.3 21.1 0.4 1.9 0.1 11.4
Butter 3.9 12.9 31.4 2.0 – 12.1 30.2 2.1 – 0.8 1.6
Margarine 0.2 1.1 48.7 0.2 – 5.0 33.9 9.8 0.4 – –

a Pork lard from local commerce (São Paulo, Brazil).
b Pork lard from slaughtered houses in Yogyakarta (Indonesia).

hot water (80 °C), which was replaced every 20–40
min, until it cleared up.

The phase formation of the PAS samples was
carried out using an X-ray diffraction technique
(XRD). The XRD patterns (2θ) were measured in
a range from 10–60°. The bulk density, porosity,
and water absorption of each PAS sample were
determined using Archimedes’ method. The data
presented are the averages of three replicates. The
bulk density, porosity, and water absorption were
calculated using the following equations:

Bulk density=
Wd

Wssd−Ww
×ρwater (1)

Porosity=
Wssd−Wd

Wssd−Ww
×100 (2)

Water absorption=
Wssd−Wd

Ww
×100 (3)

where Wssd is the specimen weight in the saturated
surface dry condition (g), Wd is the specimen dry
weight after 24 h in an oven (g), Ww is the weight of
saturated specimen (g), ρwater is the density of water
(g/cm3). The total porosity (p) was calculated
according to the equation:

p =
�

1−
ρb

ρt

�

×100 (4)

where ρb is bulk density and ρt is true density.
The microstructure of the samples was investigated
with a scanning electron microscope (SEM, JEOL
JSM-5910 LV). A mechanical property, i.e., the
compressive strength, was tested using compression
machines on at least six specimens after curing for
3 days.

Table 2 The major chemical compositions (%) of ceramic
waste, kaolinite, and metakaolin.

Oxide Ceramic waste Kaolinite Metakaolin
SiO2 57.30 47.87 55.64
Al2O3 12.80 36.66 38.60
Fe2O3 17.94 0.05 0.70

RESULTS AND DISCUSSION

The chemical compositions of ceramic waste, kaoli-
nite, and metakaolin were analyzed with an X-
ray Fluorescence (XRF) technique. The chemical
compositions of the ceramic waste, kaolinite, and
metakaolin consisted of many components, e.g.,
Al2O3, SiO2, Fe2O3, K2O, MgO, Na2O, and TiO2.
However, the major components of these materials
were Al2O3, SiO2, Fe2O3, as shown in Table 2. The
XRD patterns of PAS materials are shown in Fig. 1.
The XRD result revealed that the samples contained
a multiphase, including a major phase of quartz and
minor phases of rutile (TiO2) and hematite (Fe2O3).
This result corresponded with the XRF result.

Fig. 2(a–d) and Fig. 3(a–d) show the prototype
precasts of PAS samples produced using H2O2 as a
foaming agent, and respectively containing butter
or pork lard as different surfactants used in varying
amounts. Orange-brown color of the samples was
caused by the ceramic waste powders (raw mate-
rial) containing Fe2O3. The PAS samples containing
butter had higher porosity at the surface, than that
of the PAS samples with pork lard. However, the sur-
face porosity was found to increase as the amount
of the surfactants increased for both butter and pork
lard samples, as shown in Fig. 2(e–h) and Fig. 3(e–
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Fig. 1 X-ray diffraction patterns of PAS samples: (a) cow butter as a surfactant and (b) pork lard as a surfactant.

Fig. 2 (a–d) The prototype precasts of PAS samples, (e–h) optical images, (i–l) SEM micrographs, and (m–p) closer
examination of the SEM micrographs at selected areas for PAS samples with cow butter as a surfactant.

h), respectively.
The SEM images of PAS samples containing

butter and pork lard are shown in Fig. 2(i–p) and
Fig. 3(i–p), respectively. The type of surfactant
used, with respect to butter and pork lard, was
found to have an effect on the morphology of PAS
samples which produced well interconnected pores

(open pores). Furthermore, the amount of open
pores increased as amounts of surfactant increased.
As shown in previous works, the morphology of
geopolymer foam formed when H2O2 was used as
a foaming agent normally gave large sphere-shaped
pores [35]. That is due to H2O2 reacting with
alkaline solutions to generate gas, which causes
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Fig. 3 (a–d) The prototype precasts of PAS samples, (e–h) optical images, (i–l) SEM micrographs, and (m–p) closer
examination of SEM micrographs at selected areas for PAS samples with pork lard as a surfactant.

a porous microstructure in the samples [36, 37]
because H2O2 decomposes to H2O and O2 according
to the following equations [36]:

H2O2+OH−−→HO−2 +H2O (5)

HO2+H2O2
−→H2O+O2+OH− (6)

In the present work, the PAS samples that com-
bined H2O2 as a foaming agent and butter as a
surfactant exhibited morphology having a shape
similar to what was found in a previous work [24],
in agreement with published literature [16, 24].
On the other hand, the morphology of pork lard
PAS samples exhibited distorted spherical or oblong
shapes.

The values of bulk density and total porosity (p)
of PAS samples are shown in Table 3. It was found
that the pork lard PAS samples exhibited higher
values of density than the butter PAS samples. When
the amount of surfactant increased, the density
value decreased from 0.85–0.71 g/cm3 and from
0.87–0.75 g/cm3 for butter and pork lard (2.5–15

Table 3 Bulk density and total porosity of PAS samples as
a function of the amount of surfactant.

Sample H2O2 Surfactant (wt%) Bulk density Total porosity

(wt%) Butter Pork lard (g/cm3) (%)

GCB1 2.4 2.5 – 0.85±0.02 62.5±0.3
GCB2 2.4 5 – 0.80±0.03 64.5±0.5
GCB3 2.4 10 – 0.72±0.01 67.4±0.2
GCB4 2.4 15 – 0.71±0.01 67.8±0.1
GPL1 2.4 – 2 0.87±0.02 59.3±0.4
GPL2 2.4 – 5 0.86±0.01 61.2±0.1
GPL3 2.4 – 10 0.79±0.03 65.4±0.3
GPL4 2.4 – 15 0.75±0.02 66.9±0.3

wt% samples), respectively. This may be due to
the morphology of the pores having agglomerated
together to become larger pores at a high amount
of surfactant (Fig. 2 and Fig. 3). Fig. 4 shows the
values of porosity and water absorption for PAS
samples having different amounts of butter and
pork lard. Both porosity and water absorption
increased as the amount of surfactant increased,
which corresponded to the decreases of density
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Fig. 4 (a) Porosity and (b) water absorption of PAS samples with varying amounts of surfactant.

Fig. 5 Compressive strength of PAS samples with varying
amounts of surfactant.

value (Table 3). The porosity value increased from
45.16–49.36% and from 43.14–57.12% for butter
and pork lard, respectively. In the same direction,
the water absorption value increased from 50.51–
80.26% and 51.88–65.66% (2.5–15 wt% samples),
for butter and pork lard, respectively. The butter
PAS samples may have had higher porosity and
water absorption values at the same amount of
surfactant as the pork lard PAS samples because of
the different lather properties of the surfactants due
to the composition of aliphatic chains producing dif-
ferent types of soap molecules [24, 26]. Normally,
the reaction between oil and a strong alkaline solu-
tion produces in situ carboxylate surfactants (soap
molecules) via the saponification reaction, which
consists of the hydrolysis of the triglycerides (found
in oil or fats), plus glyceride, and glycerol (a water-
soluble molecule) [25].

Fig. 6 The plot of compressive strength versus volume
fraction of pores for PAS samples.

The compressive strengths of PAS samples are
shown in Fig. 5. The compressive strength value
decreased when the surfactant content increased.
However, the pork lard PAS samples exhibited
higher compressive strength than the butter PAS
samples, agreeing with the porosity results in
which high amounts of porosity decreased compres-
sive strength. Normally, the relationship between
strength and total porosity (Table 3) can be ex-
plained by several models. However, a simple equa-
tion (7) proposed by Ryshkewitch [38] describes the
strength (σ) of a porous material related to total
porosity (p) [21]:

σ = σ0 ebp (7)

whereσ is the strength of a material at relative total
porosity p, σ0 is a constant, and b is a parameter
determined by pore characteristics. The strength
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and total porosity values data (Fig. 5 and Table 3)
were well fitted by the equation (7) as shown in
Fig. 6. The b values for butter and pork lard samples
were 25.97 (with a correlation factor R2 = 0.95)
and 15.18 (R2 = 0.96), respectively. This result is
consistent with previous works on porous ceram-
ics [16, 24, 39, 40].

CONCLUSION

In this work, the porous alumino-siliceous materials
were successfully synthesized by geopolymerization
using H2O2 as a foaming agent with different sur-
factants (butter or pork lard). The type of surfactant
used, with respect to butter or pork lard, was found
to have an effect on the morphology of the PAS
samples, and they produced the open pores. The
PAS samples were characterized by large sphere-
shaped pores when butter was used, and distorted
spherical or oblong shaped pores when pork lard
was used. This result is due to the lather properties
of the different surfactants, and therefore producing
different types of soap molecules. The butter pro-
vided the best combination, in terms of porosity and
water absorption values. The trend of compressive
strength was related to porosity, a high amount of
pork lard decreased the compressive strength. The
relationship between the porosity and strength can
be described by the Ryshkewitch model. The PAS
materials with animal oil and animal products have
a potential for using as highly porous material with
wide applications.
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