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Porous ceramics were generated by direct foaming the alkali-activated unprocessed kaolin (impure kaolin, iK)
with the addition of hydrogen peroxide (H2O2) and calcining at a low temperature of 400  C. Hydrogen peroxide,
a blowing agent, decomposes producing oxygen gas bubbles forming the porous structure in the fresh alkaliactivated iK paste. In the present study, three different molarity of alkali activator (5, 10, or 15 M NaOH)
were employed. The dosage of blowing agent (H2O2) was varied between 0 and 2% with a constant dosage of
0.5% (wt. of binder) of surfactant. The gas bubbles in fresh-state geopolymer slurry are unstable with a tendency
to coalesce. In such cases, surfactants are introduced to improve the stability of the gas-liquid interface. Two
different surfactants: non-ionic and cationic ones were used to study the properties of alkali-activated porous
material. Fresh properties such as viscosity, yield stress, foaming rate, and fresh density were compared between
reference iK samples without surfactants and those with surfactants. The mechanical and microstructural properties of alkali-activated (AA) low-temperature porous iK ceramics were determined after calcination. Pore
structures were characterized with electron microscope to understand the interaction of different parameters
during fresh/hardened state and their relevance with the changes in the mechanical properties. Surfactants,
irrespective of the type, highly inﬂuenced the fresh properties of the AA-iK samples, which in turn reﬂected on the
compressive strength of the porous ceramics.

1. Introduction
Alkali activation is a processing route for converting alumino-silicate
precursors of natural or industrial side-stream origin into new mineral
phases such as N-A-S-H or C-A-S-H gels [1,2]. The largest application area
for these materials is in construction as alkali-activated binders can have
signiﬁcantly smaller carbon footprint than Portland cement: in one case,
96% lower global warming potential was achieved [3]. However, it is
also possible to use alkali-activated materials in high-added-value applications such as adsorbents in water treatment [4], catalyst supports
[5], pH adjustment agents [6], supports for chromatographic separation
[7,8], acoustic panels [9], and gas or water ﬁlters and membranes [10,
11] to name just a few examples.
Many of the aforementioned applications require highly porous
structure. There are several possibilities to increase the porosity of alkaliactivated materials by using for example direct foaming, replica method,
sacriﬁcial ﬁller method, or additive manufacturing [12]. Direct foaming,
which was used in the present study, utilizes chemically or mechanically
generated gas bubbles [13]. The chemical generation of gas bubbles

involves the use of blowing agents such as hydrogen peroxide, metallic
aluminum, or elemental silicon, which react at high pH of
alkali-activation to form oxygen or hydrogen gas [13]. Furthermore, the
use of surfactants as stabilizers for the gas-liquid interface in the
fresh-state alkali-activated slurry enhances the formation of interconnected porosity [14]. The pore structure obtained by direct foaming
can have a wide size distribution, depending on the paste properties,
surfactant type, and content [11]. In general, a less homogeneous pore
structure results lower strength [12,15].
Metakaolin is one of the most commonly used precursors for lowcalcium alkali-activated materials. Metakaolin is obtained from
kaolinite clay via calcination at approximately 750  C. During calcination, structural water is gradually lost, aluminum coordination changes
from six-to four-fold, and the structure becomes amorphous [16]. However, also non-calcined kaolinite clay can be used as a precursor for alkali
activation if it contains amorphous phases [17,18]. Other clay minerals
(such as montmorillonite or illite) that are present affect the formation of
new phases (i.e., N-A-S-H gel or zeolites) in alkali activation [19]. It has
been shown that if sodium hydroxide is used as the sole activator,
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increasing its concentration improves the conversion of kaolinite [20].
However, the amount of NaOH should be matched to the amount of
reactive alumina so that the molar Al/Na  1 in the resulting N-A-S-H gel
to avoid efﬂorescence formation. Non-calcined kaolinite has not been
studied as a precursor for alkali-activated foams. From studies with other
precursors, it is known that increasing the blowing agent (such as H2O2)
dose results increased porosity and pore sizes [21,22]. The selection of
surfactant type and its dose affect the morphology and topology of the
pore network via changes in the fresh-state paste viscosity due to interactions of surfactants with soluble compounds [11,22]. Longer hydrophobic chain length of surfactant, on the other hand, improves the
stability of the air-water ﬁlm due to higher surface elasticity of the
interface [23].
The present paper deals with the utilization of impure kaolin clay
(from Pihlajavaara, Finland) in the preparation of alkali-activated foam.
The aim was to develop an environmentally beneﬁcial processing route
that involves ﬁrst alkali-activation by NaOH and direct-foaming steps
followed by low-temperature ﬁring at 400  C. That is clearly lower than
the temperature required for the dehydroxylation of kaolinite into metakaolin (approximately 750  C) or the temperatures used for the
manufacturing of conventional ceramics (frequently > 1000  C). The
process was optimized in terms of alkali activator (NaOH solution)
concentration, amount of blowing agent (H2O2), and type of surfactant.
The optimized structure possessed good mechanical strength and
porosity enabling the use in many potential high-value applications.
Furthermore, the present paper provides one utilization prospect for lowgrade kaolin, which is widely available worldwide.

Table 1
Particle size distribution for impure kaolin.
Particle size (μm)

2.7

7.8

21.9

102.8

130.9

213.1

% passing

<10%

<25%

<50%

<75%

<80%

<90%

hydroxide (99% NaOH) supplied by VMR chemicals. A 5 wt% hydrogen
peroxide solution was diluted from 30 wt% solution (Honeywell) and
was used as the blowing agent with cetyltrimethylammonium bromide
(CTAB; AMRESCO; 99% solid) or Triton X-100 (Sigma-Aldrich; 100%
solution) as surfactants. The blowing agent was diluted expecting to
achieve pore uniformity [26].
2.2. Synthesis of alkali-activated low temperature ceramics
Direct-foaming method was adopted in this study. The fresh alkaliactivated foam was prepared by mixing iK with sodium hydroxide solution of different molarity (5, 10 or 15 M) in a high-shear mixer (speed
3000 rpm) for 2 min. Alkaline liquid to iK ratio was kept constant at 0.55.
The surfactants in the dosage of 0.5% weight of binder, were introduced
in the fresh iK paste. CTAB powder was mixed with alkali solution while
the Triton X-100 solution was combined with the H2O2. After the addition of H2O2 and surfactants, mixing was continued for another 2 min at
3000 rpm. The fresh paste was then ﬁlled in cube moulds (5  5  5 cm)
and kept at room temperature for 2 h for the foaming to continue at room
condition (20  2  C). Then the cube moulds were sealed in plastic bags
and transferred to 60  C oven for 22 h curing. Later, the specimens were
demoulded and extra foam developed at the top (Fig. 2) were scrapped
off. To produce the low temperature porous ceramics, cubic alkaliactivated iK specimens were ﬁred in the mufﬂe furnace at 400  C with
a dwelling time of 1 h. A low heating rate of 2  C/min was adopted to
avoid thermal shock or rapid solid state reactions which can cause crack
in the foam [27].

2. Materials and methods
2.1. Materials
Impure raw kaolin was obtained from Pihlajavaara (Puolanka,
Finland) before any processing. It was received with high moisture
content and became hard-solid material when dried at 100  C for 24 h
(Fig. 1 (a)). The solid impure kaolin clay was ball milled for 10 min to
obtain a ﬁne powder (named as, iK) as shown in Fig. 1b. The particle size
distribution of iK as identiﬁed from Beckman Coulter laser diffractometer
(LS 13 320) is shown in Table 1. Most of the material (90%) is less than
213 μm in size.
The chemical composition of the material was analyzed with X-ray
ﬂuorescence (XRF) spectroscopy and given in Table 2. The iK has high
silica content in comparison to pure metakaolin whereas the alumina
content is clearly lower [24]. There are also signiﬁcant amounts of impurities as indicated by the iron oxide and potassium oxide content. X-ray
diffraction data of iK revealed muscovite (42%), quartz (27%) and
kaolinite (20.7%) as the major mineralogical composition [25]. Alkali
activator solution was prepared with pellets of laboratory grade sodium

2.3. Characterization methods
2.3.1. Fresh properties
Fresh alkali-activated kaolin foam were studied for its rheological
properties such as yield stress and viscosity using Discovery HR-1
rheometer (TA instruments). Four bladed (blade of 42 mm height)
vane concentric cylindrical geometry (inner diameter of 30.35 mm) was
chosen. A 50 g of the iK sample was used to synthesis the fresh alkaliactivated foam as mentioned in earlier section. Two different waterbinder ratios (0.55 w/b and 0.65 w/b) were adopted in this study to
understand the effect of water content in rheological behavior of the
developed foam. Measurements were carried out at a constant temperature of 20  C with a pre-shearing period at 100 1/s (30 s), equilibrium
period (30 s) and shear rate ramp cycle from 0.01 to 200 1/s (6 min).

Fig. 1. Impure kaolin (iK) after, (a) drying and, (b) milling.
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Table 2
Oxide composition of impure kaolin.
Oxides (%)

SiO2

Al2O3

MgO

CaO

Fe2O3

K2O

Na2O

Other minor oxides

LOI

Impure Kaolin

72.52

16.43

0.824

0.047

1.896

3.053

0.078

0.742

4.417

Fig. 2. Alkali-activated iK foam (before ﬁring) with, (a) no surfactant, (b) CTAB and (c) Triton X-100.

the breaking point was used to calculate the compressive strength. Water
absorption was determined following method described in Ref. [28], by
weighing the specimens after water immersion for 24 h. Bulk density was
measured by the Archimedes method. An average of three specimens
were used to calculate the mean value.
Small pieces of the samples after strength testing were preserved in
acetone for further characterization using X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM). AA-LTPC reference samples without surfactants,
activated at different alkalinity (5, 10 and 15 M NaOH) were also
analyzed to understand the reactivity of iK. XRD was performed with
Rigaku SmartLab (9 kW) with 40 kV and 135 mA radiations to observe
the mineralogical changes. The crystalline peaks were identiﬁed using
diffraction patterns on the ICDD database (the International Center for
Diffraction Data). Cu-Kβ radiation was used with step interval of 0.02
per step and scan rate of 4 /min for a scan range of 5–75 (2θ). FTIR
(Bruker VERTEX 80v) was used to understand the structural change by
collecting IR spectra in the wavelength range of 400 to 4000 cm1 with a
resolution of 2 cm1. The spectra were normalized, and baseline
correction was performed, so to compare different samples.
Pieces of the ceramic samples (with and without surfactants) were
polished, and carbon coated to study the microstructural changes and
pore structure using ﬁeld emission scanning electron microscopy (FESEM, Zeiss Ultra Plus) with electron dispersive X-ray spectroscope (EDS)
attachment. Back-scattered electron images were captured with an
accelerating voltage of 15 kV and working distance of about 8.5 mm.

Hershel-Buckley model was applied to analyze the data. Rheological
parameters such as apparent viscosity (ratio of shear stress to shear rate
at the 25 1/s) and yield stress (at the point of maximum viscosity value)
were noted. All the mixes were analyzed immediately after mixing and
made sure to complete the test within 30 min of sample preparation.
Other fresh properties such as fresh density and foaming rate (increase in volume with time) were measured with a simple laboratory set
up as shown in Fig. 3. A glass beaker was marked with graduation scale in
mm. Mass of the sample (M) was measured at regular intervals until 20
min and volume (V) was noted down from the marker in the beaker.
From the measured values, fresh density (M/V) at any speciﬁc time (20
min in this study) can be calculated. Foaming rate is given by equation
(1).
Foaming rate ð%Þ ¼

Change in volume ðVt20  V0 Þ
 100
Initial volume ðV0 Þ

(1)

Where, Vt20 is the volume of the alkali-activated foam at a time of 20
min. In the present study, 20 min is chosen as foaming reaction was
completed by this time.
2.3.2. Hardened properties
The 5 cm cubic specimens of alkali-activated low temperature porous
ceramics (AA-LTPC) were used to study the compressive strength and
water absorption properties. Three specimens were tested in Zwick 100
testing machine (Zwick Roell Group) with a maximum load capacity of
100 kN. The loading rate of 2.4 kN/s was used and the maximum force at

3. Results and discussion
3.1. Fresh properties
3.1.1. Rheological parameters
The fresh properties of alkali-activated iK pastes are presented in
Figs. 4 and 5. The potential factors that affects the rheological parameters
such as viscosity and yield stress are dosage of H2O2, presence of surfactants, type of surfactant and water-binder ratio. This also applies to
other fresh properties such as fresh density and volume increase rate as
given in Fig. 5. To compare the fresh properties, mixes without surfactants are considered as reference, irrespective of the presence of blowing
agent (H2O2).
In the reference mixes, the viscosity increased by 20% with 1% increase in H2O2 dosage when using 5 M NaOH (Fig. 4a). However, when
the 15 M NaOH was used as the activator solution, the viscosity reduced
substantially with the increase in H2O2 dosage. Polymerization of

Fig. 3. Set-up for fresh density and foaming rate.
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Fig. 4. Rheological parameters of fresh alkali-activated iK foam generated with water-binder ratio, a) 0.55 and b) 0.65.

Fig. 5. Fresh density and foaming rate of alkali-activated iK foam generated with water-binder ratio, a) 0.55 and b) 0.65 at room temperature.

particles present in the liquid ﬁlm around the air bubble results in
hardening of the matrix skeleton [29]. The stability of foam was
compromised at lower molarity with smaller bubbles that tend to
break/coalesce. Thus, increasing the viscosity with the increasing H2O2
dosage. Presence of surfactants together with H2O2 played important role
in bringing down the viscosity values by 20–60% and the effect is higher
at higher H2O2 dosage (Fig. 4a). Different functional groups of surfactants modiﬁed the surface charge and interfacial properties of the fresh
foam, bubble stability and hence, the corresponding effect on viscosity
and other fresh properties [30]. The dynamics of bubbles,
physico-chemistry of the interfaces, slipping of foams are interconnected
to deﬁne the rheological parameters and the macro-level details affects
the hardened properties as well [31].
At the water-binder ratio of 0.55, mixes with Triton X-100 shows an
average of 20% lower viscosity values compared to that of mixes with
CTAB. This behavior is observed in earlier studies where the cationic
surfactant CTAB is found to have a strong interactions with precursors
(metakaolin) and increasing the viscosity of the alkali-activated paste
[30]. However, mixes with Triton X-100 show only marginal changes
(10–20%) in yield stress with factors such as molarity of NaOH and H2O2
dosage. (Fig. 4a). This is also the case with the reference mixes with
negligible changes in yield stress. Nevertheless, there is prominent

45–75% increase in yield stress in the CTAB compositions when there is
increase in molarity of NaOH from 5 to 15 (Fig. 4a). As mentioned earlier,
chemical nature of surfactants governs the particle interactions, surface
tension, zeta potential, and coalescence in the paste affecting the
rheology in different extent [30]. It is also evident from the earlier
research that kaolin clay obeys the relation between yield stress and zeta
potential, as the potential reduces the yield stress increases [32].
As the water binder ratio increases from 0.55 to 0.65, all the above
said observations changes drastically (Fig. 4b). Water-binder ratio is the
main factor that describes the inﬂuential and interaction effects of other
factors such as dosage of H2O2 and, presence of surfactants. Reference
mix (without surfactant) shows a viscosity comparable to the mixes with
surfactants. However, 1% increase in H2O2 dosage in mixes with Triton
X-100 and CTAB resulted in almost 40% and 20% drop in viscosity,
respectively. Effect of molarity of NaOH and H2O2 dosage on yield stress
is highly reﬂected in mixes with Triton X-100 (Fig. 4b) unlike in lower
water binder ratio (Fig. 4a). The yield stress of Triton X-100 mixes increases 34% with 1% increase in H2O2 dosage and 50% with increase of
molarity of NaOH from 5 to 10 (Fig. 4b).
There is a common trend of increase in yield stress with the increasing
H2O2 dosage, irrespective of the type of surfactant and water-binder ratio
adopted (Fig. 4a and b). This is contradicting to the observations made in
4
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The effect of surfactants on fresh properties of the AA-iK are signiﬁcant at lower water-binder ratio (0.55). At higher dosages of H2O2,
foaming rate increased in the mixes with CTAB and Triton X-100 by 10%
and 20%, respectively (Fig. 5a). Though there are some ﬂuctuations in
fresh density of the mixes with surfactants, they are not considerable. At a
H2O2 dosage of 0.5%, fresh density reduced by 6–10% with the addition
of surfactants compared to the reference mix, irrespective of the type
surfactant and other factors (Fig. 5a). When the water-binder ratio is
increased to 0.65, addition of surfactants does not show any changes in
fresh density and foaming rate, though there is marginal effect at higher
H2O2 dosages (1–2%) and higher molarity (15 M) of NaOH (Fig. 5b). In a
study with TTAB (tetradecyltrimethylammoniumbromide) as surfactant
in aerated cement paste, lower dosages does not inﬂuence the yield
stress, and speciﬁcally, water content was the sole inﬂuencing factor in
those mixes [37]. This explains the scenario in the present study as only
0.5% (wt. of binder) was used as surfactant dosage.
It is noted that with increase in blowing agent, there is a substantial
change in the fresh density and foaming rate at a lower water binder ratio
(w/b ¼ 0.55). Furthermore, the effect of surfactants is comparatively
negligible at higher water-binder ratio (w/b ¼ 0.65). Henceforth, lower
water-binder ratio of 0.55 is adopted for further studies on the hardened
properties of AA-LTPC with iK to understand the inﬂuence of surfactants.

other applications of H2O2 in a cross polymer (Ultrez-21) as a disinfectant, producing oxygen bubbles, facilitating the ﬂow by lowering the
shear resistance between the polymer chains [33]. In the present study,
similar observation of drop in yield stress with H2O2 dosage is noted only
in the reference mix without surfactants (Fig. 4a). Hence, the difference
in behavior can be attributed to the interaction effect of the highly
viscous activator solution or the effect of surfactants together in the
presence of blowing agent like H2O2.
3.1.2. Fresh density and foaming rate
Fresh density and corresponding foaming rate of NaOH (5 and 15 M)
activated iK foam with different H2O2 dosages are presented in Fig. 5. As
expected, increase in the dosage of H2O2 caused increase in foaming rate
and corresponding reduction in fresh density, irrespective of the waterbinder ratio or the presence of surfactants. Molarity of NaOH plays an
important role in affecting the magnitude of this effect. For example,
considering the reference mix, when H2O2 dosage varied from 0.5 to 2%,
the reduction in fresh density is observed as 77% and 150% in 5 and 15 M
NaOH activated iK pastes, respectively (Fig. 5a). This behavior can be
attributed to the accelerating effect of the NaOH in foaming reaction
contributed by the pH increase that helps in the decomposition of H2O2
[34–36].
Increase in water-binder ratio from 0.55 to 0.65 resulted in overall
reduction in density and foaming rate. In general, higher molarity (15 M)
of NaOH increased the foaming rate of the alkali-activated iK pastes
(Fig. 5). However, this is not the case in all the mixes, importantly at
higher water-binder ratio (Fig. 5b). At a water-binder ratio of 0.55 and a
constant H2O2 dosage, there is a signiﬁcant increment of foaming rate of
almost 65% (across mixes with (or) without surfactant) with increasing
NaOH molarity from 5 to 10 M (Fig. 5a). Whereas there is only maximum
of 5–20% difference in foaming rate by varying the NaOH molarity when
the water-binder ratio is 0.65 (Fig. 5b). A dilution effect due to the high
water content in the mix could reduce the pH and temperature affecting
the foaming rate (expansion %) which was observed in studies on porousAAM with blast furnace slag [21,36]. This may also the case with kaolin
mixes in the present study.

3.2. Hardened properties
3.2.1. Mechanical characterization
Fig. 6(a–c) represents the compressive strength and bulk density
properties of alkali-activated low temperature porous ceramics (AALTPC) made of iK with/without surfactants. The foams before ﬁring at
400  C exhibited very low mechanical strength (not shown in Fig. 6). It is
likely that the presence of NaOH in the foam and the 400  C temperature
facilitate the alkali-activation in a synergistic way: it is clear that no
separate dehydroxlyation treatment at ~750  C for precursor (kaolin) is
required as is conventionally done. Compressive strength is known to be
inﬂuenced by the H2O2 dosage, owing to the formation of porous structure and density reduction, which is eventually observed in the

Fig. 6. Compressive strength and bulk density of alkali-activated iK porous ceramic a) without surfactant (reference) b) Triton X-100 and c) CTAB.
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behavioral trend of the mixes in the present study (Fig. 6). Noteworthy
part is the inﬂuence of molarity of NaOH and the presence of surfactants
at different H2O2 dosages. Precisely, irrespective of the presence of surfactants, there is an average of 20–40% increase (varies based on the
H2O2 dosage) in compressive strength by increasing the molarity of the
activating solution (NaOH) from 5 to 10 M. At lower molarity, the low
viscosity of the fresh iK paste could have caused the collapse or coalescence of the rising pores before initial setting as happened in the case of
aerated ﬂy ash geopolymers with H2O2 as blowing agent [34].
The percentage increase in compressive strength with increase in
molarity of NaOH (5–10 M) is higher at lower H2O2 dosage (0.5%) in the
reference mix (Fig. 6a). This is also the case when Triton X-100 was used
as a surfactant (Fig. 6b). With CTAB, this increment is found substantial
even at 1% dosage of H2O2 (Fig. 6c). Generally, the cationic CTAB is
known for maintaining the viscosity of the paste making the pore interface rigid and thicker, preventing the bubble collapse and coalescing
[30], eventually helping in the strength gain. However, CTAB resulted in
viscosity drop of the AA-iK paste in the present study. Still, it contributed
to the strength increase possibly by bubble stabilization. Further increase
in molarity beyond 10 M caused 10–20% strength reduction due to the
high pH causing acceleration of foaming resulting in breaking of bubbles
and wider pores. With the addition of surfactant (irrespective of the
type), though there were no remarkable changes in the mixes with 0%
H2O2, it helped in strength improvement in the direct-foamed mixes. This
explains that surfactant helps only in the size, homogeneity and stability
of the bubbles produced by the direct-foaming process.
Bulk density of the AA-LTPC ranges between 800 and 1900 kg/m3 and
is well connected to the trend of compressive strength (Fig. 6). As expected, density reduced with increasing H2O2 dosage which also depicted
in the increase of water absorption values, irrespective of the presence of
surfactants (Supplementary Table S1). Studies shows that H2O2 as blowing
agent produces larger pores and thus affecting the density and water absorption values [34] which is also the case here with 30–38% absorption
value. This is well corroborating with the earlier studies showing substantial increase in open porosity of the aerated alkali-activated material,
irrespective of the presence of surfactants [34]. Effect of surfactants on
density and water absorption were observed with the varying molarity of
activator solution (NaOH). Without surfactants, density increased with
increasing molarity of NaOH (Fig. 6a). However, the variation in density
between 10 and 15 M activated LTPC is not remarkable in the presence of
surfactants (Fig. 6b and c). In fact, 10 M activated LTPC specimens are
slightly denser than the 15 M activated LTPC, irrespective of the type of
surfactants. Water absorption follows similar trend with the increase in
molarity of NaOH (Table S1). Change in molarity from 5 to 10 M, helped in
reducing the water absorption to as low as 28% in most of the mixes. As
discussed earlier, the bubble stability improved when 10 M NaOH was
used as activating liquid. This increased the chances of closed porosity and
hence, reduced absorption values. Additionally, surfactants helped in
avoiding the coalescence increasing the strength and density values.
XRD graph in Fig. 7a shows that kaolinite present in the iK disappears
in the AA-LTPC samples indicating the participation of the clay mineral
in alkali activation. Though the iK was not calcined, it is apparently
active in alkali environment as reported in a study on kaolinite based soil
[38] and heat treatment of alkali-activated kaolin at 400  C seem to
improve the reactivity further [39]. This is also veriﬁed from the FTIR
spectra of the raw iK sample and AA-LTPC (Fig. 7b), showing the
disappearance of the band in the region between 3000 and 4000 cm1
(characteristic of kaolinite clay [40]) and formation of broader band due
to the structural lattice disorder [41]. Alkali activation reaction resulted
in the peak shift at bands 1022 cm1 (Si–O) and 778 cm1 (Si–O–Al)
stretching vibrations (Fig. 7b). This is related to the restructuring of Sispecies in the alkali environment and formation of sodium silicate
aluminate hydrate (NASH) [42,43]. New band formation at 1645 and
3315 cm1 relates to the adsorption of atmospheric moisture and at
1460 cm1 shows the presence of carbonates due to excess NaOH in the
system, especially at higher molarities [44].

Fig. 7. Spectral patterns of alkali-activated iK ceramic (reference mix without
H2O2 and surfactant) through (a) XRD and (b) FTIR.

3.2.2. Microstructural characterization
Representative microstructures of iK LTPC activated with 10 M NaOH
containing different dosages of H2O2 are shown in Fig. 8. As explained in
the fresh and hardened properties, dosage of blowing agent and presence
of different type of surfactant affected the stability of gas bubbles, which
is reﬂected on the pore morphology such as size and shape. Regardless of
the type of surfactants, the pore size reduced with the addition of surfactant compared to the reference sample without any surfactants
(Fig. 8a, d and g). With increasing dosage of H2O2, reference sample
shows bubble coalescence causing destruction of pore structure (Fig. 8b,
e and h). This effect is also observed in samples with surfactants, however, bubble stabilization and thickening of the pore interface prevents
bubbles break out in the fresh pastes with surfactants [30]. This explains
the slightly higher strengths of the mixes with surfactants, especially with
CTAB (Fig. 6). However, at higher dosage of H2O2 (2%), decomposition
of H2O2 becomes unrestrained reaction in the alkaline environment, the
stabilizing effect of surfactants failed and resulted in rough voids (Fig. 8c,
f and i). With increasing molarity of NaOH from 10 to 15 M, alkalinity
increases and accelerates the unrestrained decomposition and hence the
strength reduction (Fig. 6). The addition of sodium silicate in combination as a alkaline activator could help in stabilizing the catalytic effect of
sodium hydroxide in accelerating decomposition of H2O2 to some extent
[45]. However, this again depends on the reaction kinetics and dissolution rate of the silicate activator that helps in faster gel formation.
Fig. 9 shows Na–Si–Al elemental mapping of the alkali-activated
matrix revealing the good distribution of these elements with some
unreacted silica particles embedded in between. This justiﬁes that the
provided alkali activator helped in the activation of the silica and
alumina from iK. It also veriﬁes the observation from FTIR for the formation of Si–O–Al products, probably, sodium silicate aluminate hydrate
(NASH) (Fig. 7b). Similar observation of NASH in a sol-gel synthesis was
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Fig. 8. Representative microstructure of porous iK ceramic with different H2O2 dosages, a-c) reference-without surfactant, d-f) with Triton X-100 and g-i) with CTAB.

Fig. 9. Representative elemental map from EDX of porous iK ceramic activated with 10 M NaOH.

However, the results were dependent on the complex effect of the H2O2
dosage and molarity of the activator (NaOH) used. The viscosity of the
fresh aerated paste reduced in the presence of surfactant and further,
decreased with the increase in the dosage of H2O2. Triton X-100 was
more efﬁcient than CTAB in bringing down the viscosity, revealing their
difference in interaction with the fresh iK paste, affecting the rheological
parameters.
With increase in molarity of NaOH, pH in the system increased and in
turn, increased the foaming rate. Nevertheless, the water-binder ratio
played an even more important role to affect this behavior in foaming as
higher water content caused dilution effect. There were slight ﬂuctuations in the fresh density and foaming rate of the mixes with surfactants
at lower water-binder ratio, though not considerable.

observed through FTIR and conﬁrmed by the presence of aluminum (Si/
Al ~ 1.1  0.1) in the gel phase using EDX analysis [43]. However,
presence of NASH is not identiﬁed in the XRD, though disappearance of
kaolin is clearly seen (Fig. 7a). The unreacted silica particles could be the
quartz mineral present in the iK that does not participate in the alkali
activation reaction.
4. Conclusions
Alkali-activated porous ceramics were fabricated at low temperature
using H2O2 as the blowing agent with two different surfactants non-ionic
Triton X-100 and cationic CTAB. Presence of surfactants affected both the
fresh and hardened properties of alkali-activated porous ceramics.
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Porosity and mechanical strength of the AA-LTPC was affected by
H2O2 dosage. Increase in foaming with H2O2 dosage resulted in increased
porosity and subsequent reduction in compressive strength. This effect
was accelerated at higher molarity of NaOH. Addition of surfactants
resulted in strength improvement mainly by bubble stabilization avoiding the bubble coalescence and, by reducing the pore size. However, open
porosity of the AA-LTPC iK was not altered by the stabilizing effect of the
surfactants and hence the water absorption values observed to be similar
to that of reference material without surfactants.
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