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Geopolymer porous ceramics with high porosity were prepared using casting process with metakaolin as the main raw
material and coconut diethanolamide as the blowing agent. The effects of sintering temperature and calcium oxide content
on the phase composition, microstructure and physical properties of geopolymer porous ceramics were investigated through
X-ray diffraction, scanning electron microscopy, etc. The results show that for the samples without calcium oxide, the
compressive strength and volume shrinkage gradually increase, while the open porosity gradually decreases with the sintering
temperature increases. After the green body was sintered at 1200 °C for 2 hours, porous ceramic product with compressive
strength of 22.9 MPa, open porosity of 41.8%, and leucite as the main phase was obtained. The addition of calcium oxide in the
preparation process not only accelerate the solidification of geopolymer gel slurries and make the pores distribute in the height
direction more evenly, but also acts as a modifier to lower the crystallization temperature of leucite in the sintering process.
When the relative mass of calcium oxide to metakaolin is 6%, after sintering at 1000 °C for 2 hours, porous ceramic products
with uniform pore size distribution containing leucite phase can be obtained. In addition, the potential of geopolymer porous
ceramics as adsorbing material was validated by adsorption experiment of Ph(II) solution.
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Introduction geopolymer green bodies containing foam, and then the
amorphous foamed geopolymer can be transformed into
Porous ceramics not only have good chemical stability, the crystalline geopolymer porous ceramics with higher
high stiffness, and other excellent characteristics over mechanical strength through heat treatment [14, 15]. In
ordinary ceramics, but also have unique properties the process of geopolymerization, the formation of sol
due to their pore structure, such as low density, large and dehydration reaction can be fast by some means to
specific surface area, small thermal conductivity, etc [1, stabilize the foam. Therefore, the introduction of foam
2]. These properties make porous ceramics widely used into the geopolymer slurry is expected to prepare porous
in adsorbing material [3], filtration materials [4], catalyst ceramics with high strength and high porosity.
carriers [5], and thermal insulators [6]. He et al. [16] obtained a ceramic product with the
Porous ceramics are prepared in a variety of ways, relative density of 93% and the flexural strength of 70
of which the physical foaming method is widely used MPa by sintering the geopolymer green bodies at 1000
due to its simple process and low cost. The physical °C for 2 hours. Xie et al. [17] crushed and ground the
foaming method refers to mechanical stirring by adding geopolymer into powder, and formed the geopolymer
foaming agent or directly adding foam to make the slurry ceramic green bodies through cold isostatic pressing.
solidified to form green bodies, and then sintered to After the green bodies were sintered at 1200 °C for 3
produce porous ceramic products [7, 8]. However, this hours, ceramic products with the relative density of 96%

method has the problem of poor stability of foam in and the bending strength of 140 MPa were obtained.
slurry [9, 10]. Rapid solidification of slurry can reduce Kovarik et al. [18] sintered polyurethane foam with

the aggregation of foam in slurry. Geopolymers are high- adhesive geopolymer slurry at 1300 °C for 4 hours, they
strength inorganic materials formed by aluminosilicates obtained porous ceramic with open porosity of 78.8%
under alkaline excitation conditions, with covalent and and compressive strength of 0.85 MPa. In previous
ionic bonds as the main bonds [11-13], can be used as studies, there have been more studies on the preparation
a gel system combined with foaming method to prepare of dense ceramics using geopolymer, while there have
been less studies on the preparation of porous ceramics
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excitation, which was poured into shape after adding
Coconut diethanolamide as foaming agent and calcium
oxide as modifier, and porous ceramics samples were
obtained after being sintered. Coconut diethanolamide, as
a non-ionic surfactant possess hydrophilic groups without
electric charges, the electrostatic repulsion between this
non-charged hydrophilic group and the ions (K', AI*",
SiO,”) in the geopolymer slurry is weak, so coconut
diethanolamine has better foaming performance and
better foam stability in the geopolymer [19]. Meanwhile,
Coconut diethanolamide has lower toxicity, it is a kind of
environmentally friendly foaming agent [20]. Therefore,
in this paper, coconut diethanolamide was selected as
the foaming agent. The added amount of calcium oxide
selected in this paper is 0-6% of the relative mass
of metakaolin, and higher amounts of calcium oxide
added may lead to an increase in the temperature of
the geopolymer slurry, resulting in uneven expansion
of the green bodies and causing cracking of the sample
after molding; Moreover, the higher the mass fraction of
Ca’" in the system, the higher the coordination number
of calcium oxygen coordination polyhedra, resulting in
an increase in the distance between [SiO4] tetrahedral
monomers and [AlO4] tetrahedral monomers, so the
degree of polymerization decreases, and the stability of
the geopolymer obtained deteriorates [21, 22], resulting
in a low strength of the obtained green body, which
may lead to sample collapse during sintering.

The effects of sintering temperature and the calcium
oxide content on the phase composition, microstructure,
and physical properties of geopolymer porous ceramics
prepared by the above method were studied. Furthermore,
the potential of the prepared geopolymer porous
ceramics as high-performance adsorbing material was
demonstrated by adsorption experiment of Pb(II).

Experimental Program

Raw materials

The solid raw material used in the experiment is
metakaolin, which is made by calcining kaolin (Industrial
pure, Tianjin Zhiyuan Chemical Reagent Co., Ltd.) at
800 °C.

The average particle size and specific surface area
of metakaolin are 8.5 um and 0.429 m’/g respectively.
The molar ratio of SiO; to K,O in the potassium silicate
solution (Chemically pure, Zhengzhou Borun Chemical
Reagent Co., Ltd, China) used in the experiment is 3.3.

Preparation for geopolymer ceramics

The steps to prepare porous geopolymer ceramics as
follow: The potassium hydroxide solution of 12 mol/L
was added into potassium silicate solution to adjust the
molar ratio of SiO, and K,O to 1.2, and alkali activator
solution was obtained.

1.91 g of polyacrylic acid (Analytical reagent, Shanghai
Aladdin Biochemical Technology Co., Ltd, China) and

32 g of metakaolin were added to 22.4 g of alkaline
excitation solution and stirred for 30 minutes at 500
rpm to obtain geopolymer slurry. 2.6 g of coconut
diethanolamide (Technical grade, Zhengzhou Kaiyuan
Chemical Co., Ltd, China) were added to the geopolymer
slurry, stirred at 800 rpm for 7 minutes, then calcium
oxide was added to the geopolymer slurry, and stirred
for 3 minutes.

The geopolymer slurry was injected into a mold with a
size of ®20 mmx*20 mm and cured at 70 °C for 24 hours.
After demolding and then drying, the porous polymer
ceramic bodies was obtained. The green bodies were
denoted as CO, C2, C4, and C6 based on the relative
mass fractions of calcium oxide in metakaolin at 0%,
2%, 4%, and 6%, respectively. The green bodies were
placed into a high-temperature furnace (KSL-1700X,
Hefei Kejing Material Technology Co., Ltd, China), and
heated at heating rate of 2 °C/min to the predetermined
temperature, and then kept for 2 hours.

Static adsorption of Pb(II)

Simulate wastewater containing Pb(Il) using lead
nitrate aqueous solution, add Fe,O; loaded geopolymer
porous ceramics to the waste liquid with an initial Pb(II)
concentration of 60 mg/L at a dose of 1 g/50 mL, and
stir at a speed of 120 r/min on a constant temperature
magnetic stirrer for adsorption experiments. Measure the
residual concentration of Pb(Il) in the solution using
an atomic absorption spectrophotometer, and calculate
the adsorption capacity of geopolymer porous ceramics
| and the removal rate of Pb(Il), as shown in Eq. (1)
[23] and (2) [3]:

_G-C

0

s x 100% (1)

qg=—70 v 2)

Where ¢ represents removal rate (%), Co and C
represent the initial and final ions concentrations of the
solution, respectively. And q represents the adsorption
capacity (mg/g), m represents the mass (g) of adsorbent
and V represents the volume (L) of the solution.

Characterization

The volume shrinkage of the samples was calculated
by measuring the diameters and the heights of samples
before and after being sintered. The porosity of the
sintered samples was measured by the Archimedes
drainage method. The cross-section from the middle
of the sample was cut, ground and polished, and then
observed under a stereomicroscope. The images were
analyzed by Image-pro plus software to calculate the
average pore size and evaluate the distribution of pores
in the samples. The compressive strength of the samples
was tested by compression testing device (JBC-LY,
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Shenyang Hexing Testing Equipment Co., Ltd, China).
The microstructures of the sample were characterized
by scanning electron microscope (SU8020, Hitachi Co.,
Ltd, Japan). The phases of samples were determined
by X-ray diffractometer (D8-Advance, Bruker Co., Ltd,
Germany) using Cu K, radiation at tube voltage 40 kV,
tube current 30 mA and a scanning speed 2 °C/min with
scanning range from 10° to 80°.

The concentration of Pb(II) before and after adsorption
were analyzed by an atomic adsorption spectrometer
(A3, Puxi Scientific Instrument Co., Ltd, China).

Results and Discussion

Phase composition

Effect of sintering temperature on phase composition
of geopolymer porous ceramics

The XRD patterns of the CO samples after being
sintered are shown in Fig. 1. It can be observed that
after being sintered at 800 °C, the samples are composed
of amorphous phase and quartz (SiO,) phase. After
being sintered at 1150 °C and 1200 °C, quartz phase
disappears and leucite (K,O-ALO;-4Si0,) phase appears
in the XRD patterns.

During the heating process at lower temperatures, the
geopolymer gradually removes free water, the T-OH
(T=Si, Al) is condensed and polymerize to water which
is also evaporated subsequently. The atoms inside the
geopolymer tend to arrange more regularly [24]. After
being sintered at 1150 °C, a large amount of leucite
phases (K,O-Al,O5-4Si0,) begins to appear. The reaction
formula for the reaction is shown in Eq. (3) [25, 26]:

K20+A1203 2SIOQ+ZSIOQ—>K20 A1203 48102 (3)
Effect of calcium oxide content on phase composition

of geopolymer porous ceramics
Fig. 2 shows the XRD patterns of the C6 samples
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Fig. 1. XRD patterns of sintered CO samples at different sintering
temperatures.
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Fig. 2. XRD patterns of sintered C6 samples at different sintering
temperatures.

after being sintered. The samples are composed of the
amorphous phase and quartz phase when they were
sintered at 900 °C. After being sintered at 950 °C,
kaliophilite (K,O-Al,O5-2Si0,) phase begins to appear.
After being sintered at 1000 °C, in addition to the
kaliophilite phase, there is also leucite phase appears in
XRD patterns. After being sintered at 1100 °C, anorthite
(Ca0-Al,05-25i0,) phase begins to appear. The reaction
formula for generating anorthite is shown in Eq. (4) [27]:

AlLO;-2510,+Ca0—Ca0-ALLO5-2Si0, @)

The kaliophilite phase disappears and the intensity of
the diffraction peaks of leucite is enhanced.

The XRD patterns of ceramics obtained from C0~C6
samples sintered at different temperatures are shown in
Fig. 3. It can be seen that, after being sintered at 800 °C
(Fig. 3a), the addition of calcium oxide does not affect
the phase composition. When the samples are sintered at
1000 °C (Fig. 3b), the intensity of the diffraction peaks
of kaliophilite phase increases first and then decreases,
the intensity of the diffraction peaks of leucite phase
increases with the content of calcium oxide increases.
When the samples are sintered at 1200 °C (Fig. 3c),
only leucite phase and anorthite phase appear in XRD
patterns. This is because during the high-temperature
sintering process, the kaliophilite phase reacts with SiO,
to form a stable leucite phase [28, 29], and the reaction
equation is shown in Eq. (5) [29]:

KZO 'A1203 2SlOz+2$]Oz—>Kzo 'A1203 48102 (5)

The above phenomena indicate that the addition of
calcium oxide significantly reduces the precipitation
temperature of the leucite phase. The charge of Ca’'in
calcium oxide is less than that of Si*" and AI’". And
the ion radius of Ca’ is larger than that of Si*" and
AT* [30]. This leads to a weak binding force between
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Fig. 3. XRD patterns of sintered CO~C6 samples (a)sintered at 800 °C; (b) sintered at 1000 °C; (c) sintered at 1200 °C.

Ca* and O, so the addition of calcium oxide can
provide “free oxygen”, increase the ratio of O/Si, The
irregular network structure inside the geopolymer is
destroyed [31]. The viscosity of liquid phase which
come from K,O-ALO;-SiO, [21, 26] system during
sintering process decrease. Ca*'can also play the role of
reverse polarization to the Si-O-Si bonds in the network,
and weaken the bonding force between the silicon and
oxygen tetrahedra in the internal irregular network. It can
also reduce the viscosity of liquid phase and increases
the mobility of atom, the precipitation of leucite phase

is promoted [32].

Microstructure Analysis

Fig. 4 shows the macroscopic images of the CO
samples. In Fig. 4(a), it can be observed that, after
being sintered at 800 °C, there are small pores with
pore size less than 100 um and large pores with pore
size 500 um and more than 500 um. These small pores
are created by mechanical foamin g., while the large
pores are created by the merging of small bubbles during
the foaming process. After being sintered at 1200 °C,

Fig. 4. The macroscope images of sintered CO samples (a)sintered at 800 °C (b)sintered at 1200 °C.
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Fig. 6. SEM images of C0O samples sintered at 1000 °C.

as shown in Fig. 4(b), the pore size decreases and the
proportion of small pores increases, which are caused
by the shrinkage of the matrix due to sintering [33].
After being sintered at 800 °C, as shown in Fig.
5(a), fracture surfaces of the CO samples is rough, with
numerous small pores. It can be seen from Fig. 5(b)
that, the unreacted metakaolin and small precipitates are
distributed on the fracture surface. After being sintered
at 1,000 °C, as shown in Fig. 6(a), fracture surfaces of

Zhenfan Chen, Shaofeng Zhu, Qingqing Wang and Xianbiao Wang

the CO samples is still rough, it can be seen from Fig.
6(b) that, the fine precipitates on the fracture surfaces
of the CO sample begin to coarsen and bind with each
other. After being sintered at 1200 °C, as shown in Fig.
7(a), there are no precipitates on the fracture surfaces of
CO sample, and the fracture surfaces become smooth,
it can be seen from Fig. 7(b) that, there are fine grains
surrounded on the fracture surface of the CO sample.
Similarly, after being sintered at 1200 °C, as shown

Fig. 7. SEM images of C0O samples sintered at 1200 °C.
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Fig. 8. SEM images of C6 samples sintered at 1200 °C.
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Fig. 9. Volume shrinkage and compressive strength of CO
samples.

in Fig. 8(a), the fracture surfaces of the C6 sample also
became dense, but the degree of densification is lower
than that of the CO sample, leucite grains and needle
like anorthite grains [28] were observed in Fig. 8(b).

Volume shrinkage and compressive strength

Fig. 9 shows the variation curves of the volume
shrinkage and compressive strength of the sintered CO
samples. It can be observed that the volume shrinkage
and compressive strength of the samples increase
with the increase of sintered temperature. The volume
shrinkage and compressive strength of CO samples
quickly increase at sintering temperatures ranging from
1000 °C to 1100 °C.

When the sintering temperature was below 1000 °C,
only dehydration and dehydroxylation occurred inside
the geopolymer, so the changes in matrix shrinkage and
compressive strength were relatively small. When the
sintering temperature reached 1000 °C, the geopolymer
began to undergo sintering with structure densification,
causing significant shrinkage of the matrix and an
increase in compressive strength. Continuing to heat
up, a large amount of leucite phases appeared in the
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Fig. 10. Volume shrinkage and compressive strength of CO~C6
samples.

sample, and the shrinkage of the matrix and compressive
strength continued to increase [35].

Fig. 10 shows the variation curves of volume shrinkage
and compressive strength of CO~C6 samples after
being sintered at the temperatures range from 800 °C
to 1200 °C. When the sintering temperature is 800 °C,
the volume shrinkage of the sample decreases while
the compressive strength increases with the increase of
calcium oxide content. After being sintered at 1000 °C,
the volume shrinkage and compressive strength of the
samples increase with the increase of calcium oxide
content.

When the sintering temperature is 1200 °C, the volume
shrinkage and compressive strength of the samples
decreases with the increase of calcium oxide content.
The samples containing calcium oxide precipitated needle-
like anorthite crystals during the sintering process.
Needle-like anorthite crystals could be inserted and filled
between the leucite grains, resulting in the "insertion
effect” [36].

Porosity and pore size distribution
The variation curves of the open porosity of the CO



62

=
oh
T

|

ty (%)
2
r/

ty (%)

1
&

th
¥
T

Open poros
=

s
h
T

--.______--'.

40 1 L L 1 L
800 900 1000 1100 1200

Temperature (°C)
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Fig. 12. Pore proportion and average pore size of CO samples
sintered at different sintering temperatures.

samples sintered at different temperatures are shown
in Fig. 11. It can be observed that, the open porosity
of samples decreases gradually with the increase of
sintering temperature.

From Fig. 12, it can be observed that as the sintering
temperature increases, the proportion of pores with pore
sizes less than 100 um in the sample increases. The
proportion of pores with pore sizes ranging from 100 pm
to 200 um remains unchanged nearly. The proportion
of pores with other pore sizes in the sample increases.
The average pore size of the samples decreases with
the increase of sintering temperature.

Fig. 13 shows the change curves of open porosity of
samples containing calcium oxide after being sintered for
2 hours. When the samples were sintered at 800 °C and
1000 °C, the open porosity of the sample decreases with
the increase of calcium oxide content. After sintering
at 1200 °C, the open porosity of the samples increases
with the increase of calcium oxide content.

The addition of calcium oxide reduces the connected
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Fig. 13. Porosity of samples sintered with different calcium
oxide content.

pores of the green bodies, resulting in a decrease in the
open porosity of the green bodies [19]. After sintering
at 800 °C, only small shrinkage of the sample was
observed, so the addition of calcium oxide caused a
small decrease in the open porosity. When the sintering
temperature is 1000 °C, the addition of calcium oxide
promotes the sintering process [32], the shrinkage and
density of the matrix increases, and the open porosity
decreases. When the sintering temperature is 1200 °C,
the open porosity of the sample increases with the
increase of calcium oxide content, as the volume
shrinkage decreases with the increase of the calcium
oxide content.

After being sintered at 800 °C for 2 hours, the average
pore sizes on the cross-section of the CO~C6 samples at
both ends and in the middle are calculated and denoted
as Dr, Dy, and Dg, respectively. The mean squared error
(MSE) [37] was calculated for the frequency of the
distribution of the pore sizes at both ends of the sample.
The results are shown in Table 1, it can be observed that
as the calcium oxide content increases, the difference
in average pore size between the three cross-sections
gradually decreases. Samples with lower calcium oxide
content have higher MSE values, while samples with
higher calcium oxide content have lower MSE values.
These indicate that, adding calcium oxide can accelerate
the solidification and molding of the slurry [38], to

Table 1. The average pores size of cross-sections of the sintered
samples with different calcium oxide content.

Comen o D um) Dy (um) Dy (um)  MSE
0% 206.23 184.03 142.84 10.27
2% 191.34 161.08 128.57 8.622
4% 161.46 141.73 124.71 3.29
6% 150.93 135.02 125.07 2.59
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improve the uniformity of pore size distribution in the
height direction of the samples.

Due to the high bond energies of Si-O bond and
Al-O bond, they are 444 kJ mol' and 221~280
kJ mol™, respectively [39]. So AI'"and Si*" are released
after chemical bond fracture in alkaline environment,
and the reaction rate of polycondensation to three-
dimensional gel structure through geopolymerization
is slow, this creates a merger between bubbles, with
smaller bubbles merging into larger bubbles. The larger
bubbles in the slurry will withstand greater buoyancy,
large bubbles tend to rise to top while small bubbles
are at the bottom, resulting in uneven distribution of
bubbles in the height direction. The bond energy of the
Ca-O bond is 134 kJ mol” [39], which is lower than
that of Si-O bond and Al-O bond. Ca’* can be released
relatively quickly, then form insoluble C-S-H gel with
Si*" in solution, which can accelerate the curing process
of geopolymer [21, 40]. So the solidification time of
slurries is greatly shortened. The rigid skeleton in the
geopolymer is rapidly formed, and the combination
between foam is limited, the stratification of bubbles
is effectively avoided, and the pore size distribution is
more uniform in the height direction. Meanwhile, the
proportion of smaller pores in the sample gradually
increases. As shown in Fig. 14, with the increase of
calcium oxide content, the proportion of pore sized less
than 100 um increases, while the proportion of pore size
in the rest as well as the average pore size are decreased.

Adsorption performance of geopolymer porous ceramics

The effect of different time on the adsorption
performance of Pb (II) is shown in Fig. 15. As the
adsorption time prolongs, the adsorption capacity of
geopolymer porous ceramics for Pb (II) continues to
increase. During the adsorption time of 0-120 minutes,
there is a huge Pb (II) concentration difference between
the geopolymer porous ceramics surface and the
solution. Under this greater concentration difference, the
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Fig. 15. Effect of adsorption time on adsorption performance
of geopolymer porous ceramics.

active sites exposed by geopolymer porous ceramics will
quickly be occupied by Pb (II) in the solution, and the
adsorption capacity will rapidly increase. As adsorption
continues, during the adsorption time of 120~600
minutes, the number of adsorption sites relative to Pb
(I) gradually decreases, and the mass transfer motion
between the solution and the adsorbent surface begins
to weaken [41, 42]. The increase in adsorption capacity
begins to slow down. After the adsorption time reaches
600 minutes, the active sites on the adsorbent surface
have become saturated [43]. With the extension of
adsorption time, the adsorption capacity of geopolymer
porous ceramics for Pb (II) remains almost unchanged
or only slightly increases.

After 24 hours of adsorption, the removal rate of
Pb () in the waste liquid reached 89.67%, and the
adsorption capacity of porous geopolymer ceramics
for Pb (II) reached 2.69 mg/g, confirming the potential
application of the geopolymer porous ceramic prepared
in this paper in the field of adsorption materials.

Conclusion

In this paper, geopolymer porous ceramics with high
porosity were prepared by casting process.

(1) For samples without calcium oxide, sintering
occurs at high temperatures. After sintering at 1150
°C, leucite is precipitated. As the sintering temperature
increases, the shrinkage rate gradually increases, the
porosity gradually decreases, the compressive strength
continuously increases, and the proportion of micropores
and small pores continuously increases.

(2) Calcium oxide can promote the curing reaction
of geopolymer gel slhurry, hinder the clustering and
merging of bubbles, make the pore size of the sample
evenly distributed in the height direction and further
refine the pore size. During the sintering process,
calcium oxide can reduce the viscosity of the liquid
phase which is produced at high temperatures, and
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promote the precipitation of leucite phase. Leucite
phase is precipitated when the sample is sintered at
1000 °C. When the sintering temperature is 1000 °C, the
shrinkage rate and compressive strength of the sample
increase with the increase of calcium oxide addition,
while the open porosity decreases accordingly. When
the sintering temperature is 1200 °C, with the increase
of the calcium oxide addition, the volume shrinkage and
compressive strength of the sample decrease, while the
open porosity increases.

(3) The porous ceramics after catalyst loading
successfully adsorbed Pb(Il) in waste liquid, indicating
that the porous ceramics prepared in this paper have
certain potential in the field of adsorption materials.
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