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Abstract: Porous geopolymer precursors were firstly prepared by the direct foaming method using
bauxite, fly ash (FA), and metakaolin (MK) as raw materials, and porous mullite ceramics were
prepared after ammonium ion exchange and then high-temperature sintering. The effects of chemical
foaming agent concentration, ion-exchange time, and sintering temperature on porous geopolymer-
derived mullite ceramics were studied, and the optimal preparation parameters were found. Studies
have shown that the concentration of blowing agent had great influence on open porosity (¢) and
porosity and cell size distributions of geopolymer samples, which in turn affected their compressive
strength (o). Duration of the ion exchange had no obvious effect on the sintered samples, and the
amount of mullite phase increased with the increase in the sintering temperature. Mullite foams,
possessing an open-celled porous structure, closely resembling that of the starting porous
geopolymers produced by directly foaming, were obtained by firing at high temperatures. Stable
mullite (3A1,03-2510,) ceramic foams with total porosity (¢) of 83.52 vol%, high open porosity of
83.23 vol%, and compressive strength of 1.72 MPa were produced after sintering at 1400 C for 2 h in
air without adding any sintering additives using commercial MK, bauxite, and FA as raw materials.

Keywords: porous mullite ceramic; porosity; porous geopolymer precursor; direct foaming; nanophase
strengthening

1 Introduction normal pressure, and it rarely exists in nature [1-4].

Since mullite has excellent creep resistance [3,5],
Mullite phase (3A1,0;-2Si0;) is the only stable high-temperature stability [2,6], and other excellent
intermediate phase in a Al,03;—SiO; system under properties, it has been used to fabricate advanced
structural and functional ceramics, and porous ceramics

* Corresponding authors. have also received extensive attention due to the
E-mail: C. Bai, chengyingbai@hrbeu.edu.cn; unique properties provided by the presence of porosity
X. Li, xinyuli@hrbeu.edu.cn [7]. Porous mullite has been used in catalyst carriers [§],
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filters [9], refractory materials [10], and other fields.
After a long period of research,
preparation methods for the porous ceramics have been
established, such as the sacrificial template method
[11], pore former method [12,13], foam-gelcasting
method [14,15], freeze casting method [16], as well as
approaches combining multiple methods [17]; but in
terms of its complexity and cost, simple preparation
methods and low-cost raw materials are more attractive
and promising [18].

Due to their high strength, low thermal conductivity,
and low shrinkage after molding [19], geopolymers
have received more and more attention in many
industrial fields [20], especially in replacing traditional
cementitious materials and traditional or advanced
ceramics [21]. Porous geopolymers possess the excellent
properties of the geopolymers and porous materials,
and have become a research hotspot in the field of
porous inorganic materials. The main methods for
preparing the porous geopolymers are the direct
foaming method [22,23], replica method [24], sacrificial
template method [25], and additive manufacturing [26],
among which the direct foaming method is the most
widely used.

On the one hand, the geopolymers, comprising several
molecular units, are considered as ceramic-like inorganic
polymers [27]. On the other hand, nepheline [28-30],
leucite [31-33], and pollucite [34,35] ceramics can be
easily obtained from them after high-temperature sintering
above 800 °C. Furthermore, alkaline metal ions can be
replaced by other cations (e.g., strontium [36], ammonium
[37], and copper [38]). Due to low cost and broad
availability of the raw materials including solid waste,
easy pore formation, high yield, and low shrinkage of
the resulting materials [39,40], the method of converting
geopolymers to ceramics has attracted increasing
attention, especially for the porous ceramics, such as
glass ceramic foams [41], porous SrAl,Si,Og ceramics
[36], open-cell leucite ceramics [24], porous h-AIN/SiC-
based ceramics [42], porous mullite [21], porous cordierite
[43], and monoclinic-celsian ceramics [44].

For the mullite ceramics derived from geopolymer
precursors, the low aluminum-to-silicon ratio in the
geopolymer cannot enable the formation of the
aluminum-rich phase of the mullite, but this can be
solved by adding additional aluminum-containing raw
materials. Furthermore, an ion-exchange process using
a NH4CI1 solution can be carried out to eliminate the
alkaline ions from the structure and obtain alkali-free
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mullite ceramics [21,45]. In our work, porous
geopolymer precursors were firstly obtained by the
direct foaming method using bauxite, fly ash (FA), and
metakaolin (MK) as raw mineral materials (sodium
lauroyl sarcosinate (LS-30) as the surfactant and
hydrogen peroxide (H,O;) as the chemical blowing
agent). Here, the FA and MK were used as the main
sources of silicon, and the high reactivity of the MK
toward geopolymerization provided high green strength
before the ion-exchange process. The FA possesses
some pozzolanic activity, which can modify the
compositions and rheological properties of geopolymer
slurries [23] and decrease the cost and earn carbon
credits as solid waste [46,47]. Moreover, low-cost
bauxite was used to provide an additional source of
aluminum. Compared with other aluminum sources
(Al,O3, AI(OH)3, etc.), the presence of impurities (e.g.,
MoO; and TiO,) and transition metal ions are
beneficial for reducing the sintering temperature of the
mullite by forming a solid solution. At the same time,
the solid solution would improve some physical
properties, including thermal expansion behavior and
electrical properties [48].

Using the geopolymers as ceramic precursors is an
environmentally-friendly and low-cost new route,
especially when solid waste materials are applicated as
raw materials. Also, impurity oxides including TiO,,
Fe,0;, Ca0, and MgO are beneficial for the mullite
phase formation at relatively low temperatures. In
comparison to the previously published literature, this
work enables achieving high volume of interconnected
porosity, suitable strength, and better-controlled pore
morphology using an environmentally friendly, simple
processing method.

2 Experimental procedure

2.1 Raw materials and sample preparation

Bauxite (Hengyuan, China), MK (Chenyi, China), and
FA (Jianghan Technology Company, China) were used
as the raw materials to prepare the mullite. To introduce
the porosity, the H,O, solution with various
concentrations (3—-9 wt%) (diluted from 30 wt% H,O,
solution) and LS-30 (Yousuo, China) was employed as
the foaming agent and surfactant, respectively.
According to the chemical formula of the mullite
(3A1,05-2S10;) and the chemical compositions of the
raw materials, the required amount of the raw materials
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was computed to achieve a theoretical oxide molar
ratio of Al,O3 : Si0, = 3 : 2. The mixture formulations
and chemical compositions of the main raw materials
are provided in Table 1. The alkali activator solution
was prepared from 7.78 M (16 g) sodium hydroxide
(NaOH) solution by dissolving NaOH powders (Dalu,
China) and sodium silicate (water glass) solution of 22 g
(Litian, China) with a modulus (M) of 3.28. The solid-
to-liquid mass ratio in the geopolymer slurry was 5.33.

According to the amount of the raw materials, the
mass fractions of the low-content oxides in the
geopolymer slurry were 7.33 wt% TiO,, 4.02 wt%
Fe0s5, 1.86 wt% CaO, and 0.10 wt% MgO. Besides,
the as-received raw materials also contain trace
amounts of K,O, Na,0, P,0s, SO, etc. The process for
preparing the mullite consisted of the preparation of a
porous geopolymer green body by directly foaming,
followed by ion exchange and sintering. The procedure
for obtaining the porous geopolymer is illustrated in
Fig. 1; the geopolymer slurry was prepared by
successively adding the bauxite, FA, and MK into the
activation solution under mechanical stirring at
500 r/min. The slurry was stirred for 20 min after each
mineral was added. After that, LS-30 (2 g) and H,0,

(7 g) were added successively, stirring at 1000 r/min
for 5 min to obtain the foamed slurry. The above
experimental processes were all carried out at room
temperature. The foamed slurry was then poured into a
plastic mold sealed with a sample bag and cured at
35 °C for 24 h (to control the decomposition rate of
H,0, to obtain a homogeneous porous microstructure)
and at 75 “C for the next 24 h in an oven (to increase
the strength and complete the geopolymerization
reaction).

The samples extracted from a mold were cut into
cubes (~25 mm X% 25 mm x 25 mm) and washed and
dried for the next procedure. The samples were ion
exchanged using 0.1 mol/L NH4CI solution obtained
by dissolving solid NH4Cl (Guangfu, China) for time
ranging from 1 to 4 d. The ion-exchanged step was
simply achieved by placing the porous samples in
beakers of 500 mL filled with the pre-made NH4ClI
solution at room temperature. Finally, the porous samples
with and without (control group) the ion-exchanged
step were dried and then subjected to thermal treatment
in a resistance furnace (GWL-1700, Juxing Kiln, China).
The porous samples were heated at 1 “C/min to 200 ‘C
for 1 h, and then heated up to desired temperatures

Table 1 Mixture formulations and chemical compositions of bauxite, MK, and FA

Component  ALO; Si0s (Wi%) Fe,04 CaO TiO, MgO K,O Na,O P,0s SO, Others
(2) (Wt%) 2 o (wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
Bauxite 49.85 57.36 10.62 7.13 1.33 15.97 0.00 2.54 0.01 1.68 0.06 3.30
MK 17.92 45.57 48.85 2.32 0.80 1.45 0.22 0.19 0.22 0.07 0.08 0.23
FA 7.68 15.16 48.61 14.18 16.95 1.30 0.95 1.30 0.51 0.04 0.31 0.69
* ‘ . * L] ; * J T * )
; Alkali : _
activator ' ' '
solution =) - =p
i _— Bauxite ,— Fly ash — Metakaolin
J__ —— J__ — I . - s -
500 r/min 500 r/min st 500 r/min
20 min 20 min 20 min
H,0, LS-30
= &= ¥ ’
Plastic mold — J —
1000 r/min ~ 1000 r/min
5 min 5 min

Fig. 1 Schematic illustration of the preparation procedure for porous geopolymer samples.
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(1100-1500 C) at 5 C/min for 2 h, and naturally
cooled to room temperature in the furnace.

2.2 Characterization

Compressive strength (o) was measured using an
electronic universal testing machine (WDW-100,
Changchun Kexin Test Instrument Co., China) at a rate
of 1 mm/min, taking the average value from the testing
of four samples.

Surface structures were observed using an optical
stereoscopic microscope (BD-61T, Boshida Optical
Co., Ltd., China) and a desktop scanning electron
microscope (SEM; Phenom pure+, the Netherlands).

X-ray diffraction (XRD) analysis was carried out on
powder samples using an X-ray diffractometer (D/MAX-
TTRIII, Rigaku Corporation, Japan) with Cu Ka
radiation (1.54 A) at 40 kV and 150 mA, operated with
steps of 260 = 0.02° and a scan rate of 5 s/step.

Open porosity (g, vol%) data were collected using
Eq. (1) based on GB/T 25995-2010 [49,50]:

100(m, —m,)
g 1000m; —m,

my —ms

(M

where m; is the dry mass of the sample, m, is the mass
of the saturated sample in air, and m; is the mass of the
saturated sample in water.

Also, values of relative density ( p, ) are analytically
calculated based on GB/T 25995-2010 [25,51]:

M (2)

pr:M3—M2

where p, is the density of the used liquid under the
controlled bath constant temperature (water was used
in this test, and the density value of water was taken at
25°C); M, is the amount of the powders in the
pycnometer; M, is the mass of the sample introduced
in the pycnometer filled with water, and Mj; is the mass
of only water in the pycnometer.

Values of true density (p, g/cm’) were determined by
GB/T 5071-2013 and calculated by Eq. (3):

M
p=— P 3)
The mean values of p of the samples were the
average of three measurements. The total porosity

(&, vol%) was calculated by Eq. (4) [51]:
e=100(1-p, / p) C))

The cell sizes and size distributions were assessed
from the SEM images and optical microscope photos
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using analysis software (Nano Measurer 1.2, Fudan
University, China) [52], measuring at least 100
pores/cells per sample. The analysis results were
converted to three-dimensional values by Eq. (5) [53]:

D /0.785 (5)

sphere — “circle

where Dgyhere 15 the 3D cell size and Dl 1s the cell size
from the software. Thermal gravimetric analysis (TGA)
and differential scanning calorimetry (DSC) analysis
were analyzed using a TG analyzer (TGA/DSC3+,
METTLER TOLEDO, Switzerland) to evaluate thermal
decomposition behaviors and phase transformation
characteristics of the materials before and after the ion
exchange, heating at 10 “C/min up to 1550 °C in air.

Scanning transmission electron microscopy (STEM)
images and energy dispersive spectroscopy (EDS)
mappings of powder-type specimen (S4) were collected
on a transmission electron microscope (Talos F200X,
FEI, USA) associated with a dispersive spectrometer
(Super-X EDS) with an acceleration voltage of 200 k'V.
Also, carbon grids of 300 um were used during the
TEM-EDS analyses.

Fourier transform infrared (FTIR) data were collected
from the samples mixed with KBr particles using an
infrared spectrometer (Nicolet 6700, Thermo Scientific,
USA) at wavenumbers of 500-4000 cm .

The pH value of the sample was measured using an
ion meter (PXSJ-216F, Leici, China) and a pH composite
electrode.

Mass change and volume shrinkage of the sample
before and after sintering were determined by a precision
balance (BSISL, China) and a digital vernier caliper
(DEGUQMNI, Germany), respectively.

3 Results and discussion

3.1 Characterization of raw materials

Figures 2(a)-2(c) show the SEM images of the bauxite,
FA, and MK. The particle size of the bauxite is
between 7 and 40 pum, and that of the FA-contained
microsphere is consistent with Ref. [54]. The MK is
lamellar, but there are partial agglomerations. Figure 2(d)
reports the XRD data for the raw materials. The
bauxite contains a large amount of corundum (Al,Os3;
PDF Card No. 00-005-0712), the FA contains silicon
oxide (SiO,; PDF Card Nos. 00-033-1161 and 00-011-
0695), and the MK contains quartz (SiO,; PDF Card
No. 97-002-7832) and anatase (TiO,; PDF Card No.



J Adv Ceram 2023, 12(2): 279-295

283

g (d) & Silicon oxide #Anatase ¥Corundum
- v
=‘ ot v
L L4
= 3 .
| & 1] |,
wy | Bauvi
Al 5 * A
¥ E FA A |
= Imx ‘I‘
10 20 30 40 50 60
20 (°)

Fig. 2 (a—) SEM images and (d) XRD patterns of
individual raw materials.

97-015-4609) as impurities with a broad amorphous
band at 26 = 15°-35°. The XRD test results of the FA
and MK show that both of them contain a (reactive)
amorphous phase, and the results correspond to the
chemical compositions, as shown in Table 1.

3.2 Effect of different concentrations of H,0,

Gases are generated when the blowing agent is mixed
into the geopolymer, creating a network of macropores
in the hardened material. Commonly used blowing
agents are metal aluminum powders, metal silicon, and
H,0,; however, metal powders usually produce foams

with closed porosity and an inhomogeneous microstructure.

H,0, generates gas at the molecular level, and the
resulting foam has a more uniform morphology with
respect to that obtained by frothing. H,O, is
thermodynamically unstable in an alkaline medium
and easily decomposes into water and oxygen, and
then the bubbles trapped in the paste expand to larger
voids [55]. H,O, as a foaming agent for preparing
geopolymer foams has the advantage of providing
increased strength and a large number of interconnected
pores, when a surfactant or stabilizing agent is present
[56]. The surfactant was added to achieve foam
stabilization by reducing the surface tension of the
air—slurry system, Ostwald ripening (bubble coalescence),
liquid film rupture, and drainage [57,58]. Taking into
account the balance among (total and open) porosity,
average cell size, as well as compressive strength,

LS-30 was selected among sodium dodecyl sulfate
(K12), dodecyl trimethylammonium chloride (liquid
1231), protein sodium cocoyl glycine (AK-301), and
lauryl amphoteric diacetate disodium (LAD-40) in this
study (Fig. S1 in the Electronic Supplementary
Material (ESM)).

The first tests were conducted to explore the effect
of different concentrations of H,O, on the geopolymer
precursor slurry. The amount of O, decomposed from
H,0, of different concentrations is also different. In
this experiment, 3, 5, 7, and 9 wt% H,0, were added to
the slurry, and the addition of the LS-30 surfactant
helped retain O, in the slurry and stabilize the
water—gas interface in the liquid foam. Figure 3 shows
the optical and SEM images of the samples with
different concentrations of H,O,. It can be seen that
there are many open cells in the samples, and that the
pore distribution was homogeneous in all samples. The
number of pores was reduced, but their size increased
with the increase in the H,O, concentration, and the
cell size could even reach a value of ~3500 um. This
trend is consistent with Refs. [59-62] with different
H,0; contents. The average cell diameters were 770.42+
185.23 pum (3 wt% H,0,, Fig. 3(a)), 1027.94+280.90 pm
(5 wt% H,0,, Fig. 3(b)), 1326.01£423.03 um (7 wt%
H,0,, Fig. 3(c)), and 1518.09+£577.25 pum (9 wt%

Figure 4(a) shows the relationship between the open
porosity, the total porosity, and the compression
strength of the samples with different concentrations
of H,O,. As the concentration of H,O, increased from
3% to 9%, the open porosity increased from 77.19 to
86.02 vol%, and the total porosity increased from
79.94 to 88.13 vol%, while the compressive strength
decreased from 0.80 to 0.11 MPa. These trends are
similar to the findings reported by Refs. [59-62] using
the FA and MK as the main raw mineral materials and
H,O, as a blowing agent. The higher strength is
associated with thicker strut dimensions, as shown in
Fig. 3.

The relationship between the compressive strength
(o) and total porosity (¢) of the samples can be fitted
using the MSA model. Combined with Refs. [25,58]
and the pore morphology (Fig. 3), we can assume that
the pore shape and average cell size are not the key
factors affecting the MSA model. The model can be
simplified to o = gpexp(—be), where oy is the theoretical
strength when the porosity is 0, and b is the
characteristic constant [49,63]. The R* (the correlation
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Fig. 3 Optical and SEM images and average cell size distributions of samples with H,O, concentrations of (a, ¢) 3%, (b, f) 5%,

(c, g) 7%, and (d, h) 9%.
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Fig. 4 (a) Compressive strength and porosity vs. concentration of H,O, and (b) porosity and strength of the samples fitted

according to the minimum solid area (MSA) model.

factor) obtained after fitting was about 0.95, as shown
in Fig. 4(b), indicating that the compressive strength
has a high correlation with the porosity as expected.
Figure 5 shows the compressive strength and
porosity of the geopolymer samples produced in this
work, compared with the previous research data for
porous geopolymers obtained using the FA and MK as
the raw materials. It can be seen that the porosity of the
samples prepared in this study is higher than those of
the previous works by directly foaming with various
alkaline activators and foaming agents (15M K-based+
Tween80/TritonX-100 [64], 10M Na-based+H,0, [60],
8M Na-based+H,0, [61], 12M Na-based+H,0, [62],
and Na-based+FA+MK+calcium stearate (CaSt)+Na,O,
[23]). The results indicate that the high strength and
high porosity can be achieved even after modifying the
chemical compositions of the geopolymers obtained by
directly foaming, and the produced materials are stable
porous precursors for the subsequent ion-exchange and
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ceramization steps. According to the collected data for
the compressive strength and total porosity, the porous
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Fig. 5 Comparison of porosity and compressive strength
for the samples produced in this work with those for
porous geopolymers manufactured using FA and MK as
the main raw materials, reported in Refs. [23,60-62,64].
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geopolymer precursors with high porosity and
competitive strength were obtained by the synergistic
action of the foaming agent and surfactant. Also, the
samples manufactured using 7% H,O, were selected to
investigate the effect of ion-exchange time and the
sintering temperature.

3.3 Effect of ion-exchange time

The alumino-silicate network contains the mobile
alkali ions bonded to charge balance sites, which can
be replaced by other cations, endowing the material
with new functionalities or/and improved properties
[21,40]. References [65,66] show that the geopolymer
has high affinity for NHj, and the charge balancing
Na' cations in the geopolymer aluminosilicate network
can be exchanged by NHj with an efficiency close to
100%. After the foam samples with the selected
geopolymer formulation were produced, the ion
exchange was carried out to obtain alkali-free ceramics
by exchanging the alkali ions with ammonium ions.
Ion-exchange time of 1, 2, 3, and 4 d was tested.
Figure 6(a) shows the FTIR data of the sample
before and after the ion exchange. The sample before
and after the ion exchange shows similar wavebands at
wavenumbers of 3434-3451 and 1643-1656 cmfl,
respectively, which are due to stretching and bending
vibrations of water molecules, respectively [67,68].
Energy bands with wavenumbers of 1019-1031 and
599-638 cm " are attributable to the stretching vibrations
of Si—-O-Si and Si—-O-Al of the geopolymer network,
respectively [69]. The bands located at 3232 and
1403 cm' can be assigned to the vibration of the
NH; group in the sample [70] generated by the ion
exchange of NHj with Na® [71]. Meanwhile, the

00
(a) —— Before —— After (bj |E=3 Open porosity [III Total porosity
i 804 B9
g L1464 ’ B
< 1656 ~ =
o i 638_! S =
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XRD pattern for the geopolymer sample was also
collected. While the characteristic “hump” for the
geopolymer gel from the XRD data cannot observed
(Figs. S2(a) and S2(b) in the ESM) due to the strong
peak for Al,Os, the typical broad characteristic hump
for the MK located in the 26 range of 20 = 15°-35°
disappeared, providing further evidence for the formation
of the geopolymer gel as well [58,65,69]. Figure 6(b)
shows the open porosity and total porosity of the
samples after sintering for different ion-exchange days.
As the number of ion-exchange days increased, the
open porosity first increased moderately and then
decreased, while the amount of the total porosity
remained relatively stable.

The samples after different ion-exchange time were
sintered at 1400 °C for 2 h, and their properties were
tested to determine the optimal number of the
ion-exchange days. Surface morphologies of the
samples were analyzed using the optical microscope
and SEM, and the relationship between force and
displacement was assessed, while the cell size
distribution analysis was carried out using optical
photographs. Since the collected data did not show
much difference among the various samples, they were
placed in Fig. S3 in the ESM. The reason for this may
be linked to the high porosity of the samples, which
overrides other contributions, or the fact that the alkali
ions could have been completely replaced already
within 1-2 d of the ion-exchange treatment.

Since the total porosity and strength values of the
samples obtained after 2 d of the ion exchange and
sintering were relatively high, the next experiments of
investigating the optimal sintering temperature were
carried out on this material.

Ton exchange time (d)

Fig. 6 (a) FTIR spectra of porous geopolymer sample before and after ion exchange and (b) open porosity and total porosity vs.

ion-exchange time.
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3.4 Effect of sintering temperature

After investigating the concentration of the added
H,0, and the number of the ion-exchange days, the
optimal sintering temperature was studied as well. The
samples after 2 d of the ion exchange were sintered to
1100, 1200, 1300, 1400, and 1500 C, labeled as SI,
S2, S3, S4, and S5, respectively. For comparison, the
samples without the ion exchange were sintered to
1100 and 1200 C, denoted as S6 and S7, respectively
(Table 2); it should be noted that, it was not possible to
use higher sintering temperatures due to the formation
of a Na-containing, viscous glass phase, which led to
the collapse of the samples during heating (see the
second paragraph from bottom).

Figure S4 in the ESM shows the optical images and
cell size distributions of the ion-exchanged and
non-ion-exchanged samples at different sintering
temperatures. The data indicate that the cell size
distributions of the ion-exchanged sample did not
change much with the sintering temperature, but that of
the non-ion-exchanged sample had a more inhomogeneous
pore structure; more significantly, it also exhibited the
presence of a glassy phase, suggesting that some
viscous deformation occurred during sintering.

Figure 7 shows the change in the microstructure
with the sintering temperature ranging from 1100 to
1500 °C. It can be observed that with the increase in
the sintering temperature, the microstructure of the
sample also changed significantly. A needle-like crystal
structure appeared (the inset of Fig. 7(c)) when the
sintering temperature reached 1300 C, and the
elongated needle-like crystals were inferred as a mullite
phase considering that a needle-like shape is the
representative crystal structure of the mullite [72-74],
which was further confirmed by the subsequent XRD

data (Fig. 9). When the sintering temperature was
1400 °C, the bauxite reacted with the silicon-containing
phases, and the rectangular secondary mullite formed
from a transient liquid phase through dissolution—
precipitation mechanism (compared later in Fig. 9).
The thicker and longer mullite crystals were interlocked
with each other [9,75,76]. Due to sintering densification,
the enlarged mullite crystals sintered together, and the
total porosity slightly dropped for the porous ceramics
after higher sintering temperature (1500 ‘C) (Table 2).
The results for the optical (Fig. S4 in the ESM) and
SEM images (Fig. 7) of the obtained porous ceramics
together with those of the porous geopolymer
precursors (Fig. 3) showed that the morphology of the
porous geopolymer precursors was well retained by the
mullite foams after sintering, even with a large volume
shrinkage (18.11%—-27.46%). A small amount of the
glassy phase was observed up to the sintering
temperature of 1500 “C (S5), and the total porosity and
open porosity were still quite high (81.43 and 80.93
vol%, respectively).

Figure 8 shows the TGA-DSC curves of the
geopolymer precursor samples with and without the
ion exchange. The thermal decomposition and phase
change processes of the samples during combustion in
air were studied. For both samples, two exothermic
peaks were present at approximately 258 “C. The first
mass loss in 25-200 ‘C corresponds to the first obvious
exothermic peak, which is due to the decomposition of
organic matter in the raw materials [10,56,77], and the
second mass loss is due to the decomposition and
combustion of the surfactant [41,78], which corresponds
to the second exothermic peak with a peak value
around 325 ‘C [79]. A peak corresponding to the NHj
decomposition was not found in the DSC pattern,

Table 2 p., open porosity, total porosity, compression strength, volume shrinkage, and weigh loss data of different

samples after sintering

Sample temSéI;;c:lrlirt;g( o P, (g/em’) Ope(l;xl gloo/ruc))sity Tota(liglc‘))z)(;sity Sggrrlrg:}rle(s;i[gz) Volume( 0itl)rinkage Wei(g;)t)loss
S1 1100 0.50+0.01 83.62+0.30 84.20+0.26 0.58+0.20 18.11£0.76 7.68+0.12
S2 1200 0.52+0.01 83.04+0.36 83.29+0.30 1.34+0.49 22.12+0.13 7.73£0.13
S3 1300 0.52+0.01 83.00+0.46 83.48+0.28 1.68+0.60 22.25+0.19 7.56+0.17
S4 1400 0.51£0.02 83.23+£0.94 83.52+0.78 1.72+0.79 19.51£1.02 7.56+0.15
S5 1500 0.59+0.03 80.93+0.71 81.43+0.80 2.31+0.23 27.46+1.24 7.80+0.09
S6 1100 0.58+0.03 80.46+1.02 81.37+1.03 1.41+0.67 23.26+0.74 8.28+0.63
S7 1200 0.93+0.05 68.19+2.20 n.d. n.d. ~55.01£3.13 8.12+0.25

Note: n.d. represents “not determined due to melting”.
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Fig. 7 SEM images for porous samples at various sintering temperatures: (a) S1 (1100 C), (b) S2 (1200 C), (c) S3 (1300 C),
(d—f) S4 (1400 °C), (g) S5 (1500 ‘C), (h) S6 (1100 ‘C), and (i) S7 (1200 C).
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Fig. 8 (a) DSC and (b) TGA curves of the samples with and without ion exchange, analyzed at a heating rate of 10 ‘C/min in
air.

possibly due to the fact that the exothermic peak observe [80]. It is interesting to observe two sharp
produced by the NH; decomposition and the exothermic peaks at about 995 °C. The exothermic
endothermic peak of dehydration occur simultaneously peak for the sample without the ion exchange at
at about 100 °C, overlapping and making it hard to ~996 °‘C was probably associated with the crystallization

(B 4 fus | Sci@pen

Tsinghua University Press



288

J Adv Ceram 2023, 12(2): 279-295

of the sodium alumino-silicate phase (nepheline) or to
the Al-Si spinel and amorphous silica [81-83], and the
exothermic peak for the sample with the ion exchange
at ~995 C could be ascribed to the formation of the
mullite [84,85] or to the Al-Si spinel [82,83,86]. It
should be noted that the peaks in the DSC curve were
affected by the composition [87] and heating rate
[83,88]. More accurate investigations on the phase
evolution occurring within this temperature range will
have to be carried out by carefully heat-treating the
samples at smaller temperature intervals. The sample
after the ion exchange had two obvious exothermic
peaks between 1300 and 1500 °C, but there was no
significant weight loss. It can be inferred that the
corundum and the cristobalite reacted to form the
mullite [89].

According to the TGA curve, the weight loss of the
sample after the ion exchange was 6.85% after
sintering, while that of the control sample without the
ion exchange was 10.50%. The higher weight loss
trend at temperatures less than 600 ‘C can be explained
considering the content of the surfactant, as the water-
soluble impurities and surfactant were also removed
after the ion-exchange treatment, which can be confirmed
by the vanishing exothermic peak (325 “C) in the DSC
data. A continuous weight loss trend was observed for
the control sample without the ion-exchange treatment
above 600 ‘C. The weight loss phenomenon could be
explained by the volatilization of low-melting-point
metal oxides [90-93] and their compounds [93-95] at
high temperatures. This loss was also detected for the
starting materials (bauxite [96] and FA [13]), and the
porous structure for the samples without the ion
exchange sintered at 1300 ‘C could not be maintained
due to the formation of a glass phase (vitrification).
Moreover, two endothermic peaks at 1126.33 and
1344.57 °C were detected, which could be attributed to
glass melting. To verify the consistency of the TGA
data, the actual weight loss of the samples after
sintering was also accorded (Table 2).

As shown in Fig. 9, the ion exchange had a great
influence on the phase assemblage development. The
samples without the ion exchange formed a glass-based
composite material after sintering, with the main
crystalline phase of Al,O; (S6: PDF Card No. 97-007-
3724 and S7: PDF Card No. 97-007-7810). Also, small
amounts of nepheline phase (S6: PDF Card No.
00-035-0424) and albite phase (S7: PDF Card No.

(8) 4% % wse | Sci@pen

00-010-0393) were also detected [97]. After the ion
exchange, a reaction occurred, and the mullite (S2—S5:
PDF Card No. 00-015-0776) appeared. Starting from
the sintering temperature of 1200 °C, the amount of the
mullite phase gradually increased from 29.9 to 99.1
wt% according to Rietveld peak refinement (Fig. S5 in
the ESM), while the peak intensities of the corundum
(S1 and S3: PDF Card No. 97-007-3724, S2: PDF Card
No. 97-003-1545, S4: PDF Card No. 97-007-3076, and
S5: PDF Card No. 97-016-5594) and cristobalite
phases (S1 and S2: PDF Card No. 97-007-4530)
gradually decreased, with the cristobalite disappearing
in the end when heating above 1300 ‘C, especially at
1500 'C due to the thermal-induced crystallization.
Therefore, we can infer that the mullite formed because
of the solid-state reaction among the corundum,
cristobalite, and geopolymer phases, which is also
confirmed by the endothermic peaks at 1327.72 and
1448.36 C in the DSC curve (Fig. 8(a)). After 1400 C,
the amount of the mullite crystals hardly changed with
the sintering temperature, mullitization being almost
complete before 1500 C. Reference [98] shows that
the raw materials have a great influence on the reaction
in the AlLL,Os-SiO, system, with SiO, and Al,O;
producing the mullite at around 1400 ‘C through the
solution precipitation mechanism, with the formation
of the mullite being controlled by diffusion, consistent
with the present study. Furthermore, the raw materials
in the bauxite, MK, and FA contain a small amount of
impurities (TiO,, Fe,O;, CaO, and MgO), which can
react with SiO, and Al,O; before reaching the melting
temperature, forming a liquid at high sintering
temperatures and promoting the growth of mullite
crystals. Reference [99] shows that TiO, and Fe,O;
react with Al,O; and Si0O, to form low-melting silicate
minerals, and a large amount of the liquid phase is
formed during sintering. This liquid phase is conducive
to the formation of secondary mullite and also has a
positive effect on the sintering of the mullite. Moreover,
the presence of Fe,O;, MgO, and CaO promotes the
growth of the mullite crystals by reducing the liquid
viscosity [100]. It should be noted that Ca** and Mg*"
ions can be replaced by the NHj ions in the process
of the ion exchange as well [45,101]. In any case, the
content of CaO and MgO is low, and therefore the
lower sintering temperature for the mullite phase can
be mainly attributed to the TiO, and Fe,O3 impurities
in this study.
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Fig. 9 XRD patterns of ion-exchanged (S1-S5) and
non-ion-exchanged (S6 and S7) samples at different
sintering temperatures.

Figures 10(a)-10(d) report bright-field TEM images
and the corresponding selected area electron diffraction
(SAED) patterns of the circled area for the sample S4
(sintered at 1400°C). Rod-shaped crystals with a length
of around 700 nm coexisted with numerous
nanocrystals with grain sizes of around 30 nm, as
shown in the bright-field TEM image and further
evidenced by the poly-crystalline rings in the SAED
patterns. The nanoclusters coexisting with the mullite
poly-crystalline phases can strengthen the material by
hindering the cracking propagation by enhancing the
grain boundary density, as shown in Fig. 10. Similar

(@) (b)

phenomena have widely been reported for various
ceramic systems including pyrochlore and fluorite
[102]. The bright spots can be further indexed as the
mullite (PDF Card No. 00-015-0776) on the zone axis
[001]. Figures 10(c) and 10(d) show another mullite
crystal without a rod shape that grew in the [214]
direction. Figures 10(e)-10(g) report the high-resolution
STEM image of the as-sintered mullite nanocrystals
and the corresponding fast Fourier transform (FFT)
images. The high-resolution TEM images were further
validated by the XRD detection results [103,104]. The
clear lattice fringes confirmed good crystallinity. The
high-resolution STEM images of different regions
show that the sample contained little amount of
nano-crystalline mullite with a d spacing of 0.4 nm and
sillimanite (Al;0;'Si0;) with a d spacing of 0.37 nm.
The presence of the sillimanite with a crystal size of
around 10 nm can be attributed to the non-chemical
stoichiometric sample preparation or intermediate state
of sintering [105-107], which further indicates the
complexity of the mullitization behavior. However, the
amount of the sillimanite phase is too small to be
detected by the XRD. Figure 10(j) reports the
measured EDS profile of the mullite; it shows the
presence and contents of Si, O, Al, Fe, and Ti elements
[108,109], which is consistent with the chemical
composition of the raw materials. It should be noted
that no Na was found in the sample, indicating that the

3 4 s
Energy (keV)

Fig. 10 TEM analyses of the sample S4 sintered at 1400 C: (a—d) TEM images and SAED patterns of circled area, (¢) high-
resolution TEM image, (f, g) FFT analyses of areas (I) and (II) in (e), respectively, (h, i) enlarged images of areas (I) and (II) in

(e), respectively, and (j) EDS spectra for individual elements.
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ion-exchange process was successful. The Ca and Mg
elements were not detected in the EDS data as well,
which can be explained by their low contents in the
samples; additionally, Ca® and Mg®" can also be
replaced by the NHj in the process of the ion
exchange [45,101].

Table 2 reports the porosity (total porosity and open
porosity), p,, compression strength, volume shrinkage,
and weight loss data of different samples. As can be
seen, the sintering temperature had some influence on
the porosity, compressive strength, volume shrinkage,
as well as weight loss. As the sintering temperature for
the ion-exchanged samples increased, the total porosity
decreased from 84.2 to 81.4 vol%, and the compressive
strength increased sharply from 0.58 to 2.31 MPa. The
weight loss trend of the sample data after sintering is
consistent with the TGA curve, and a higher mass loss
was observed due to the long dwelling stage (2 h).

There was no obvious variation (~20 vol%) for the
volume shrinkage when the sintering temperature was
lower than 1500 °C. While the volume shrinkage of the
sample sintered at 1500 C reached 27.46% due to the
liquid phase densification of the secondary mullite
[110], compared with other samples sintered after the
ion exchange, the sample sintered at 1400 ‘C had the
best compromise among porosity, compressive strength,
and volume shrinkage values. The samples without the
ion exchange have lower porosity and larger volume
shrinkages, certainly due to the formation of a viscous,
Na-containing glass phase during sintering, which led to
the partial collapse of the structure after firing at 1200 C.
The porosity and mechanical characteristics of the
mullite prepared using various pore-forming methods
and sintered at about 1400 “C are compared in Table 3.
We can observe that within the sintering temperature
range of 1350-1450 °C, the compressive strength for

Table 3 Raw materials, fabrication methods and processing conditions, total porosity, open porosity, compressive strength,
and mean cell diameters of porous mullite ceramics produced using different raw materials and processing approaches

Processin Total Open Compressive  Mean cell
Main raw materials Fabrication method condi tiong porosity porosity strength diameter Ref.
(%) (%) (MPa) (1m)
. . Seed-assisted in situ synthesis
Mullite whiskers, CaCOs, and foam-freeze casting 1350 C, 5 h - 87.7-90.2  0.65-3.31 — [104]
0-Al,Os, and SiO, .
techniques
Mullite fibers, polyethyleneimine, . .
SiC, starch, and B,C Vacuum squeeze molding 1400 'C,1h 79.4-87.3 — 0.81-2.46 — [111]
Polycrystalline mullite fibers, silica Pore former method 1400 °C,1h  — 76.4 1.86 — [112]
sol, and starch
Calcined clay, kaolin clay, kyanite, =g 001 dtine method 1350 °C, 3 h — 77.9 2.49 100-500  [113]
and precipitated calcium carbonate
Mullite and ZrSiO4 Foam-gelcasting method 1400 ‘C,2h 7778 — 3.93-9.54 141.9-171  [114]
Polycrystalline rr_lulhte fibers, alumina, Gel-casting 1400 °C. 4 h o 71.7 44 -5 [115]
and SiC powders
FA and calcined bauxite Particle stabilization method 1400 ‘C,2 h 72.3 — 31 — [116]
Mullite powders Foam-gelcasting method 1350 'C — 81.6 3 — [117]
Fused mullite powders Foam-gelcasting method 1400 'C,5h — 81.2 4 — [118]
Kyanite powders and Al,O3 Foaming method 1450 'C,3 h 77.3 — 5.5 2.5-9.1 [119]
. Foaming and starch .
Fused mullite powders consolidation method 1400 'C,2 h 85 — 2.4 — [120]
Polycrystalline mullite fiber, zirconia Vacuum squeeze molding and
fiber, SiC, starch, B4C, and ol gl impre natio§ 1400 'C, 1 h — 87.4-89.8 0.91-1.36 — [121]
ALO:-SiO, sols gelimpreg
Mullite, kaolin, and aluminum Polymeric sponge . - -
dihydrogen phosphate replication method 1400 C, 4 h 86.8 1.32 [122]
Alumina and silicon dioxide Organic foam impregnation 456 -0 5 — 87.8 3.1 — [123]
method
Fused mullite powders Foaming and starch 1400 °C 84.8 - 1.52 — [124]
p consolidation method ’ '
Bauxite, MK, and FA Direct foaming method + 5 ¢ 53, g352 8323 1.72 1320.04 This work

geopolymer precursor
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the mullite ceramics (S4) obtained in this work was
similar or even higher than those of other mullite
foams at similar porosity levels [111-119], although
higher strength than the one for the sample S4, even
associated with higher porosity, can be also achieved
[104,120—-124]. However, we can state that these mullite
foams obtained from the porous geopolymers possessing
high mechanical strength, high open porosity, and
homogeneous microstructures
similar porosity levels and sintering temperatures
because of using lower-cost raw materials [112,121],
being manufactured using easier foaming steps [104,
111,121] and not requiring additional sintering aids
(SiC and B4C) [111,115,121] nor various types of
mullite seeds (fiber [111,112,115,121], whisker [104],
and powders [114,117,118,120,122,124]).

are competitive at

4 Conclusions

An effective method for the preparation of low-cost,
high-porosity, large-cell-size, and high-connectivity
porous mullite ceramics using porous geopolymer
precursors at low temperatures without adding sintering
additives was proposed. The effect of the chemical
foaming agent concentration and ion-exchange time on
the porosity, cellular morphology, and mechanical
properties of the porous geopolymer precursors was
investigated. Also, the influence of the sintering
temperature on the final mullite ceramics was studied.

The main points can be described as follows:

(1) Open-cell geopolymer foam precursors with
designed 3Al,05/25i10, compositions and acceptable
compressive strength were fabricated by directly
foaming using LS-30 as the stabilizing agent, and the
porosity can be easily tailored by the content of the
chemical pore-forming agent (H,O,). The relation
between the total porosity and the compressive
strength can be well explained by the MSA model.

(2) The Na" ions can be replaced by the NHj ions
via a simple ion-exchange route, while the ion-
exchange time (1-4d) had a weak effect on the
porosity and mechanical performance. After the ion
exchange and sintering (1100-1500 °C), the porous
mullite ceramics were obtained using the porous
geopolymers as precursors. Commercial raw materials
(MK, bauxite, and FA) contain a small amount of
oxide impurities including TiO, and Fe,O3, which can
generate a liquid phase, promoting the growth of the

mullite and reducing the sintering temperature of the
mullite.

(3) The prepared open-cell mullite foams, with
tailored porosity as well as the advantage of using a
sustainable and low-cost manufacturing process, can
be used as high-temperature filters, refractory materials,
membrane supports, and porous scaffolds.
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