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Tailoring pore structure and properties of waste-
derived ceramic foams for lightweight construction

Ceramic foams (CFs) are manufactured by recycling granite waste, coal gangue, and cullet. Additionally, SiC
powder is used as the foaming agent. The effect of the sintering temperature, the SiC content, and the
presence of additives on the pore structure as well as on the physical and mechanical properties of the
CFs has been investigated. A close correlation between the sintering temperature and the pore structure
of the CFs is observed. The addition of SiC at 0.5 wt% results in a substantial volume expansion of the

sample and in the formation of an internal structure with uniform pores and thin pore-walls. CaO and

Received 26th September 2019
Accepted 21st October 2019

Na,HPO, additives allow the pores to grow and shrink and increase the uniformity, which then meets

different application requirements for insulation, gardening, and in lightweight construction. We believe

DOI: 10.1039/c9ra07818e

rsc.li/rsc-advances a lower cost.

1. Introduction

Ceramic foams (CFs) are interesting for their unique combi-
nation of excellent mechanical strength, incombustibility, high
thermal and acoustic insulation, and good chemical resis-
tance.' This makes them suitable for a wide array of applica-
tions as insulation and fireproof materials in construction. CF
processing has been known since the 1930s,> but the number of
related studies only started to increase in the past 20 years
because of the growing concerns around environmental pollu-
tion.>* Waste-derived glass CFs have the potential to compete
with products made from natural sources and represent an
effective option to safely recycle discarded materials. Accord-
ingly, significant work has been done on the production of
diverse glass CFs from various industrial and mineral wastes.
The waste used in the manufacturing of glass CFs has multiple
sources, such as discarded glass cullet,” waste cathode ray tube,®
fly ash,” red mud,® polishing porcelain waste,” blast furnace
slag,'® lead-zinc mine tailings," sand sludge,” iron tailing,"
and germanium tailing.** The typical composition of these
discarded residues is rich in one or more of SiO,, Al,O;, CaO,
Fe,03, Na,O0, or K,0, which makes them suitable to be recycled
as raw material for the production of glasses and ceramics.
Large quantities of polishing residues and offcuts are
generated during the processing of granites into building
decoration, ground stones, and engraving products. This
occupies vast quantities of farmlands and significantly pollutes
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that the results will generalize the use of mineral waste to manufacture better ceramic products at

the environment.” Some studies on the recycling of granite
sludge waste for partial cement replacement in concrete and
colored cement-based mortars'” have been published. Granite
waste can also be used in the ceramic industry. Torres et al.,'®*
Menezes et al.,”* and Hojamberdiev et al.>* have managed to
recycle granite waste for the manufacturing of roof and porce-
lain tiles as well as ceramic bricks. In our previous work,
a closed-pore foam ceramic was prepared by using granite
scraps and minor clay tailings,* which further corroborated the
value of granite waste in the manufacturing of ceramic
products.

Coal gangue has become a very significant source of solid
waste from coal mining and has caused an increasingly
worrying pollution in mines and agriculture. Therefore, the
disposal of coal gangue is an urgent issue that needs to be
quickly solved. Currently, most of the coal gangue is used after
processing in construction field in the form of cement and
bricks.**** In general, the major mineral components of coal
gangue are quartz and feldspar and the main chemicals in the
composition are SiO,, Al,O3, Fe,03, and K,O. Manufacturing
glasses and/or ceramics by reusing coal gangue has been
proposed previously. For instance, Yang et al.*® prepared a CaO-
Al,0;-Si0O, glass ceramic using coal gangue at up to 70 wt% as
the main starting material. In addition, coal gangue was recy-
cled to fabricate low-cost porous mullite membrane supports by
Lu et al.>® Meanwhile, Li et al.* fabricated glass CFs by incor-
porating coal gangue, waste quartz sand, and sintering addi-
tives indifferent proportions. Additionally, the waste glass
generated annually from the manufacturing of glass and
municipal solid waste represents nearly one million ton in
China.”*® The major use for waste glass is in the production of
original glassware, which is limited because of the

This journal is © The Royal Society of Chemistry 2019
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contamination risks and the loss of quality.* The comprehen-
sive use of waste glass is extremely urgent and, consequently,
the fabrication of glass CFs from waste glass has generated
much interest and has opened a new avenue for the recycling of
waste glass.>**”

Since granite waste, coal gangue, and waste glass contain
large amounts of SiO,, Al,O3, alkaline oxide, and alkaline Earth
oxide that are similar to the ceramic components, we used three
waste sources as raw materials to fabricate CFs using SiC as the
foaming agent. The pore structure, the physical and mechanical
properties of CFs subjected to different sintering temperatures,
and the influence of the SiC content and additives were
investigated.

2. Experimental sections
2.1 Raw materials

The starting materials consisted of granite waste, coal gangue,
and waste plate cullet. The granite waste was generated from
stone cutting by a stone processing company in the Shandong
province. The coal gangue was produced by coalmines in the
Shanxi province. The plate cullet was recycled glass waste from
Jinan. The chemical compositions of these three raw materials
were analyzed by X-ray fluorescence (XRF). Their crystalline
phases were identified using X-ray diffraction (XRD). The silicon
carbide powders used as the foaming agent (-SiC) have an
average particle size of 15 pm and a purity of 99.5%. CaO, MgO,
Na,HPO, and NazPO, (99.5% purity) were used as additives to
optimize the pore structure and the resulting properties of the
samples.

2.2 Samples manufacturing

The experimental protocol carried out to manufacture the CFs
has several steps. A mixture of 70 wt% granite waste, 20 wt%
coal gangue, and 10 wt% waste cullet with different SiC powder
contents of 0, 0.3, 0.5, 1.0, and 2.0 wt% as well as 3.0 wt% of
various additives (CaO, MgO, Na,HPO,, and Naz;PO,) was ball-
milled with ethyl alcohol as milling media for 5 h. Subse-
quently, the green bodies with a dimensions of 30 x 30 mm®
and a thickness of 10 mm were obtained by uniaxial pressing at
15 MPa and then fired at temperatures between 1110 °C and
1170 °C for 30 min at a heating rate of 5 °C min~ " in a muffle
furnace, finally cooled to room temperature in the furnace at
a natural cooling rate.

Table 1 Chemical compositions of the raw materials (wt%)¢
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2.3 Characterization and measurements

The macrostructure of the CFs was observed with a digital
camera. The XRD patterns of the samples were recorded on an
X-ray diffractometer (Bruker D8 Advance) calibrated with a Cu-
Ka source. The bulk density of the CFs was calculated as the
ratio of the mass and the volume using the Archimedes method.
The total porosity (P,) was obtained from eqn (1):

P(%) = (1 — dp/d,) x 100% (1)
where dj, represents the bulk density and dj, is the true density.
The water absorption was evaluated by the waterlogged
method using deionized water as the liquid medium. Samples
with a size of 10 x 10 x 10 mm? were immersed in boiling water
for 5 h, and then naturally cooled to room temperature. The
water absorption (W) was calculated from the dry mass (m4) and
the wet mass (m;) using eqn (2):
W(%) = (mgmgq — 1) x 100% (2)
The compressive strength of samples with dimensions of 10
x 10 x 10 mm® was tested on a universal electronic machine
(CMT5504) at a crosshead speed of 1 mm min~". In accordance
with the Chinese standard GB/T 1970-1996 (test method for
acid and alkaline-resistance of porous ceramic), the acid and
base stability of the CFs were measured. Each measurement is
the average value from five repeated experiments to minimize
the experimental error.

3. Results and discussion
3.1 Characterization of the raw materials

The chemical composition of the raw materials is given in Table
1. Both granite waste and coal gangue had high contents of SiO,
and Al,O;. They form the framework of the resulting ceramic
and provide the mechanical strength.?® Meanwhile, there was
a high content of SiO, and Na,O in the waste glass, which
provides enough amorphous phases for the sintered ceramic
bodies. Besides, there was a small amount of alkaline oxide
(K,O and Na,O0) and alkaline earth oxide (CaO and MgO) in the
granite waste and the coal gangue, which can reduce the
melting temperature and the liquid-phase viscosity at elevated
temperatures® and thereby improve the sintering of the
samples. The formation of a viscous matrix in a green body to
retain the gas released from the foaming agent during sintering
is necessary to obtain expanded bodies.** In Table 1, the

Constituents SiO, AlL,O5 Na,O K,O CaO MgO Fe,O5 TiO, LOI
Granite waste 67.12 17.36 5.48 4.16 1.86 1.69 1.67 0.26 0.40
Coal gangue 41.86 21.38 0.48 2.15 3.19 0.81 7.03 0.92 22.18
Plate cullet 68.14 0.81 18.94 0.26 6.92 4.35 0.23 — 0.35
Mixture 62.17 16.51 16.52 0.37 —

“ LOI (loss of ignition).

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Representation of the samples in the Riley diagram.

percentage of SiO,, Al,03, and other fluxing components (CaO +
MgO +Na,O + K,O + Fe,0;) in the mixture was recalculated. The
ratio between SiO, and all fluxing components is higher than 2,
which is favorable to the inflation of green bodies,* as marked
in the expanding area of the Riley diagram (Fig. 1).
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Fig.2 XRD patterns of (a) granite waste, (b) coal gangue, and (c) plate
cullet.
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According to the XRD patterns from Fig. 2, the main mineral
phases of the granite waste were quartz (SiO,, PDF no. 46-1045),
albite (Na(SizAl)Og, PDF no. 72-1246), and anorthite (CaAl,Si,-
Og, PDF no. 12-0301). The crystalline phases of coal gangue were
quartz (SiO,, PDF no. 46-1045) and kaolinite (Al,Si,Os(OH)4,
PDF no. 29-1488). An amorphous glassy phase was detected in
the waste plate glass, which serves as the necessary sintering
flux.

3.2 Effect of the sintering temperature on the CFs

Fig. 3 presents the internal pore structure of the CFs formed at
sintering temperatures between 1110 °C and 1170 °C. The
samples show a different volume expansion and different pore
diameters when the sintering temperature varies. The volume
expansion of the samples first increases, then decreases with
the increasing temperature, whereas the pore diameter
increases gradually with the temperature. From 1110 °C to
1130 °C, a dramatic change in the volume expansion occurs for
samples with relatively small pores (0.5-2 mm), as seen in
Fig. 3a and b. When the temperature increases, the volume
expansion decreases and large pores (3-8 mm) appear (Fig. 3c
and d). According to the liquid sintering theory, the green body
softens above the softening point and a certain amount of
liquid phase appears under the action of the alkali/alkaline
earth metal oxides.’** At lower temperatures, only a small
amount of liquid phase with a high viscosity is available and
a small volume of gas is released, which can lead to a volume
expansion and small pores in the body. When the temperature
increases, a larger amount of liquid phase with a low viscosity is
generated and the gas produced makes the volume increase
under the action of the surface tension, leading to the forma-
tion of large pores in the body. However, when the surface
tension between the gas and the liquid phase reaches a certain
level at the temperature of 1170 °C, the gas escapes and con-
nected pores will from in the body. The expansion behavior of
the samples is illustrated in Fig. 4. During the process, the most
critical parameter is the matching degree between the liquid
phase and the gas emission. Indeed, there is a variant balance

Fig. 3 Morphology of the CFs sintered at (a) 1110 °C, (b) 1130 °C, (c)
1150 °C, and (d) 1170 °C.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 lllustration of the expansion process in the CFs. Py: gas pres-
sure. vy surface tension.

between the gas pressure (P,) and the surface tension of the
liquid phase (y)). In fact, v; is just larger than P, at the appro-
priate temperature that yields the ideal pore structure. There-
fore, the evolution of the pore morphology indicates that there
is a close correlation between the sintering temperature and the
pore structure in the CFs based on the matching degree
between the liquid phase and the gas emission.

3.3 Effect of the foaming agent content on the CFs

A sintering temperature of 1150 °C was chosen to analyze the
impact of the foaming agent content on the CFs. Fig. 5 shows
the morphology of the samples sintered at 1150 °C for
a different foaming agent content. Their corresponding pore
size distribution are shown in Fig. 6. The blank sample without
any foaming agent is a rather dense ceramic body (Fig. 5a)
whereas the samples added with SiC present different volume
expansions and different pore diameters. SiC is a typical
foaming agent.'***** The CO, and CO emissions from SiC are
associated with the oxidation reactions of eqn (3) and (4):
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RSC Advances

~
o

—0—a

[o2]
o
1

o
o
1

B
o
1

304

204

Pore volume fraction (%)

0 T T T T T T T T T T T T T T T T T
Pore size distribution (mm)

Fig. 6 The pore size distribution of the CFs obtained with (a) 0, (b)
0.3 wt%, (c) 0.5 wt%, (d) 1.0 wt%, and (e) 2.0 wt% foaming agent.

SiC (s) + 20, (g) — Si0; (s) + COz (g) (3)

2SiC (s) + 30, (g) — 2SiO; (s) + 2CO (g) (4)

Hasheminia et al.,* Yin et al.," Jiang et al.,” Wang et al.,** Xi
et al.,*® Méar et al.,*” and Ji et al.** produced different foamed
glasses, ceramics and building insulation materials using SiC as
a foaming agent. Besides, Bernardo et al.*® reported using glass
foams from recycled soda-lime glass and SiC-based waste as the
foaming agent. SiC is an excellent foaming agent introducing
a high flexibility in various waste mixtures. In this study, the
addition of SiC results in the swelling and the formation of an
internal structure where both pores and pore walls are present.
Increasing the content in foaming agent within a certain range
contributes to improving the porosity and the volume expan-
sion. When the foaming agent content varies from 0.3 wt% to
0.5 wt%, both the volume expansion and the pore size of the
samples increase (Fig. 5b and c¢). The narrow curves of pore size
distribution shift to the large pores, the average pore size (Ds,)
rising from 2.53 to 3.42 mm. The sample with 0.5 wt% SiC

Fig. 5 Morphology of the CFs obtained with (a) 0, (b) 0.3 wt%, (c) 0.5 wt%, (d) 1.0 wt%, and (e) 2.0 wt% foaming agent.

This journal is © The Royal Society of Chemistry 2019
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presents a relatively plump and uniform pore structure. At this
stage, the viscosity and the surface tension of the liquid phase
can match up with the gas pressure and a satisfactory pore
structure is obtained. Such a pore structure is very useful to
improve the mechanical properties of the samples.**** When
the foaming agent content keeps increasing, the diameter of the
pores increases drastically and pores are connecting (Fig. 5d
and e), thus the pore size distribution widens, shown in Fig. 6d
and e. This is because an excess of foaming agent leads to
excessive gas release and the gas breaks out of the surrounding
liquid phase from the surface tension, which results in the
formation of connected pores.

The porous structure strongly determines the resulting
physical and mechanical strength of the CFs. Therefore, the
effect of the foaming agent content on the bulk density, the
porosity, the water absorption, and the compressive strength of
the samples was determined (Fig. 7). Both the bulk density and
the compressive strength first increase then decrease, whereas
the porosity and the water absorption have an opposite evolu-
tion with the increasing content of foaming agent. The variation
observed agrees with the morphology of the CFs. The blank
sample without any foaming agent has the highest density
(1219 kg m?) and the highest compressive strength (12.58
MPa), which is equivalent to the values for typical compact
ceramic products. Adding the foaming agent results in the
emission of gas during the sintering process. The density and
the compressive strength decrease dramatically even when only
0.3 wt% of SiC is added. The porosity and the water absorption
increase sharply compared to blank sample. When the foaming
agent content increases, more gas is released, which contrib-
utes to a higher porosity and higher water absorption as well as
a lower density and a lower strength. However, when the
foaming agent content reaches 1.0-2.0 wt%, the liquid phase is

36312 | RSC Adv., 2019, 9, 36308-36315

Content of foaming agent (wt%)

(a) Bulk density, (b) porosity, (c) water absorption, and (d) compressive strength of the CFs obtained with different foaming agent content.

unable to sustain the high pressure generated. Therefore, the
gas escapes from the liquid matrix and the pores coalesce.
Consequently, an ideal structure with uniform pore diameters
can only be realized through the addition of SiC at 0.5 wt%.

3.4 Effect of additives on the CFs

The morphology of the CFs containing 0.5 wt% foaming agent
sintered at 1150 °C in the presence of CaO, MgO, Na,HPO,, and
Na;PO, is shown in Fig. 8. The CFs with different additives have
different degrees of volume expansion as well as different pore
sizes and porosity. This implies that the additives have
a notable influence on the pore structure of the samples.
Compared to the blank sample without any additive (Fig. 5c),
the volume expansion of the samples with CaO and Na,HPO,
does not change significantly. However, the addition of CaO
increases the pore size to 2-4 um with a porosity of 91.9%

T

CEERRRARRR RN
=

Fig. 8 Morphology of the CFs added with (a) CaO, (b) MgO, (c)
NayHPO,, and (d) NazPO4.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 XRD patterns of the CFs (a) without and with the addition of (b)
Ca0 and (c) Na,HPO,.

whereas Na,HPO, reduces the pore size to 1-2 pum and
a porosity of 88.5% while keeping high pore uniformity. In
contrast, MgO and Na;PO, deteriorate the pore structure by
significantly changing the pore size and reducing the unifor-
mity. CaO and MgO are alkaline earth metallic oxides that can
reduce the polymerization degree of the silicate networks by
breaking Si-O bonds, resulting in lower softening tempera-
tures, a lower liquid phase viscosity, and a lower pore expansion
resistance.*** Later on, it also accelerates oxygen migration in
liquid silicate and facilitates SiC oxidation to generate more
CO, and CO gases.*>*"** We confirmed the role of CaO, but the
addition of MgO led to an unexpected irregular coalesced pores.
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In previous studies, Na,HPO, (ref. 44) and NazPO, (ref. 10 and
45) were used as foaming stabilizer. Ideally, they benefit the
formation of a melting liquid and a glass phase. In this study,
the addition of Na,HPO, improved the distribution of the pores
and reduced their pore size, whereas NazPO, inhibited pore
formation, resulting in a less favorable pore structure. From the
XRD patterns in Fig. 9, the samples without and with CaO and
Na,HPO, additives consisted of quartz and anorthite phases.
They changed the intensity of the diffraction peaks but did not
cause any new crystalline phases in the sintered bodies.

The variations in the pore structure directly affect the phys-
ical and mechanical performance of the glass CFs. As shown in
Fig. 10, the samples added with CaO had the lowest bulk density
(279 + 25 kg cm™?). The bulk density sequentially increases in
the samples added with Na,HPO,, MgO, and Naz;PO,, due to the
continuously decreasing porosity. Correspondingly, the
compressive strength increase in sequence for the samples with
MgO, CaO, Na,HPO,, and Na;PO,. Consequently, the samples
with CaO and Na,HPO, have a relatively high strength of
4.81 MPa and 5.76 MPa, respectively, as well as a uniform pore
structure with different scales, which meets the various prac-
tical requirements. Xi et al.*® revealed that the glass-ceramic
foams with a density of 0.30 ¢ cm >, a compressive strength
of 1.0 MPa and a thermal conductivity of 0.060 W (m~" K™)
using extracted titanium tailing and glass waste (2 : 8) with the
addition of 2 wt% NaCO; and 2 wt% B,O3, could be widely used
in construction and building industry. In this study, the
prepared CFs have desirable density and compressive strength,
whereas the thermal properties of foams remains to be studied.
Even so, the addition of the proper additive provides means to
adjust the pore structure according to the actual application
requirements in different areas, such as for insulation,
gardening, and in lightweight construction.
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(a) Bulk density, (b) porosity, (c) water absorption, and (d) compressive strength of CFs prepared with different additives.
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3.5 Corrosion resistance

In practice, the sintered foams obtained are usually exposed to
different external environments, including acidic and base
conditions as well as other harsh surroundings. Therefore, the
corrosion resistance of CFs is a crucial factor in an actual
application. From the acid resistance tests, the mass loss in CFs
without and with added CaO and Na,HPO, are 1.98 + 0.13%,
2.84 £ 0.15% and 0.97 %+ 0.10%, respectively. The correspond-
ing base resistance results are 2.43 + 0.12%, 2.85 £ 0.15% and
2.28 £ 0.12%, respectively. The variation in the mass loss is
mainly determined by the difference in the pore size and their
uniformity. Increasing the pore size increases the contact area
between the solid phase and the acid solution, which decreases
the acid resistance correspondingly. Moreover, the addition of
CaO and Na,HPO, increases the glass phase and wraps the
crystalline grains in the solid matrix, thereby preventing the
reaction between the matrix and the acid solution. While the
samples present much poor base resistance compared to acid
resistance, which is due to the dissolution of silicon oxides of
glass phase in alkali solution. Liu et al.”® revealed that the acid
and alkali corrosion resistance up to 97% of glass ceramic foam
materials by utilizing 20 wt% lead-zinc tailings, 48 wt% fly ash
and 12 wt% red mud as well as 20 wt% sodium borate as sin-
tering aids can meet the requirement for the industrial appli-
cation. Therefore, the waste-derived foams prepared with a high
acid and base stability (>97%), will give them a good prospect
for many applications.

4. Conclusion

Ceramic foams (CFs) were manufactured by reusing granite
waste, coal gangue, and cullet while adding SiC as the foaming
agent. The experimental results indicate a close correlation
between the sintering temperature and the pore structure of the
CFs based on the matching degree between the liquid phase
and the gas emission. The addition of SiC at 0.5 wt% results in
a substantial volume expansion of the green body and in the
formation of an internal structure with uniform pores and thin
pore-walls at a given sintering temperature. The addition of CaO
and Na,HPO, respectively enables the pores to grow and shrink
along with a high pore uniformity, which meets different
application requirements for insulation, gardening, and in
lightweight construction. Conversely, adding MgO and NazPO,
deteriorates the pore structure by respectively reducing the pore
uniformity and inhibiting pore formation. Our results provide
a good alternative to recycle mineral waste and fabricate valu-
able porous ceramic products at a low cost.
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