Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 31(2021) 27972811

Transactions of
Nonferrous Metals
Society of China

& slles Science
ELSEVIER Press

www.tnmsc.cn

Preparation and properties of porous ceramics from
spodumene flotation tailings by low-temperature sintering

Jie YANG', Long-hua XU'?, Hou-qin WU'?, Jiao JIN*

1. Key Laboratory of Solid Waste Treatment and Resource Recycle (Ministry of Education),
Southwest University of Science and Technology, Mianyang 621010, China;
2. State Key Laboratory for Environment-friendly Energy Materials,
Southwest University of Science and Technology, Mianyang 621010, China;
3. School of Civil Engineering and Architecture,
Southwest University of Science and Technology, Mianyang 621010, China;
4. School of Traffic and Transportation Engineering, Changsha University of Science and Technology,
Changsha 410114, China

Received 9 September 2020; accepted 8 April 2021

Abstract: Porous ceramics were prepared with spodumene flotation talings (SFT), kaolin and low-melting point glass
(LPG) powder, whose pores were formed by the chemical reaction of hydrogen peroxide (H,O,). LPG was used to
reduce the sintering temperature of porous ceramics and kaolin was used to realize the adsorption to methylene blue
(MB) of porous ceramics. The average flexural strength, compressive strength, apparent porosity, water absorption and
maximum MB adsorption capacity were 5.60 MPa, 4.66 MPa, 52.27%, 44.32% and 0.7 mg/g, respectively. Moreover,
the results of orthogonal experiments present that the sintering temperature and the dosage of H,O, had great influence
on the mechanical properties and apparent porosity of porous ceramics, respectively. The main reason for the
improvement of mechanical properties of porous ceramics was that LPG gradually became soft with increasing the
sintering temperature, which made the mineral particles adhere to each other closely. Kaolinite was not completely
converted into metakaolin at 550 °C, which might be the main reason why porous ceramics had adsorption properties.
Key words: spodumene flotation tailings; porous ceramics; low-temperature sintering; absorption

dramatically. Flotation tailings are common causes
of environmental pollution. The risk of the
accumulation of tailings is increasing due to the

1 Introduction

In view of the outstanding physical and
chemical properties, lithium with the least density is
widely used in aeronautics, optical fields and
energy storage especially in the lithium battery
field [1-3]. Spodumene is one of the main sources
of lithium and flotation is a dominant method to
efficiently separate spodumene from gangue
minerals [4—7]. Over the past few decades, as
demands for mineral metals have increased, the
volume of flotation tailings has increased

increasing amount of low grade ore and the effects
of extreme weather [8,9]. Therefore, the great
management and high reuse of flotation tailings
contribute not only to the protection of the
environment but also to the development of the
world’s economies. Therefore, proper storage and
comprehensive utilization of flotation tailings have
become focusing issues globally [10]. To date,
solidification filling is still the main method to
deal with the tremendous scale of tailings. In recent
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years, plenty of research efforts have been put on
the utilization of aluminosilicate containing waste
in the manufacturing of porous ceramics [11,12].
Albite, quartz and microcline are main
compositions of spodumene floatation tailings
(SFT), which are consistent with the green materials
of ceramic materials [13]. In the development
process of comprehensive utilization of tailings,
LEMOUGNA et al [14-16] have done a lot of
useful studies including the preparation of building
materials and ceramic materials, etc. However,
There is still a long way to go in the development of
novel, efficient and green utilization pathways [17].

On the other hand, with acute water scarcity
and pollution, there is a crucial need to achieve a
more sustainable management of the world’s water
resources. Efficient, convenient, energy-saving and
sustainable water treatment methods face immense
environmental and engineering challenges. Organic
dyes are widely used in the industry fields of
pharmaceuticals, food, paper, pulp manufacturing,
plastic, cloth and printing. During dying process, a
large amount of dyes have been mixed with effluent
in inland water bodies [18,19]. Therefore, the
removal of these pollutions from wastewater has
become a critical issue around the world [20]. Some
of these organics, which can inhibit the penetration
of sunlight and oxygen are highly toxic to the
environment, thus in-turn influencing the content of
oxygen in the water which is essential for aquatic
life [21]. Wastewater containing a high level of
artificially synthesized organic pollutants poses a
serious threat to water environment and human
health [22]. Without a doubt, there is a crucial need
to achieve a more sustainable management of the
world’s water resources with acute water scarcity
and water pollution. Therefore, the development of
efficient management and treatment
technologies is able to offer more feasible options
to enhance the efficiency and quality of water
treatment [23,24]. However, some organics cannot
be completely removed by means of conventional
biological treatment processes, such as an activated
sludge and an anaerobic digestion: due to their low

water

Table 1 Chemical compositions of main raw materials (wt.%)
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biodegradability, nearly 90% of reactive dyes
remain unchanged after undergoing an activated
sludge process [25]. Therefore, adsorption materials
have been widely investigated to treat organic
wastewater [26].

Types and properties of adsorption materials
are parts of the key factors affecting the adsorption
effect. Commonly used adsorbents include activated
carbon [27,28], chitosan [29,30] and kaolin [31,32].
Organic materials like activated carbon and
chitosan can be decomposed through combustion at
a high temperature. So, kaolin was selected as the
adsorbent in this work. In order to reduce the
sintering temperature of ceramic materials, low-
melting point glass (LPG) was used as the binding
material in this paper. Kaolin was employed as the
loading adsorption material to generate adsorption
properties of porous The sintering
mechanism was explored through the test of XRD,
FT-IR, SEM—EDS and TGA—-DSC.

ceramics.

2 Experimental

2.1 Raw materials

SFT used in this study was obtained from a
concentrator in Ganzi Prefecture, Sichuan Province,
China. Commercial kaolin and LPG powders were
purchased for the study. The chemical composition
of raw materials is given in Table 1. Sodium
cardiomyopathy cellulose (CMC-Na) was chosen
as a toughening agent for green bodies, with
formula of [C¢H;O,(OH),OCH,COONa],. The
concentration of H,O, solution was 30%. The
median particle sizes (dsp) of SFT, kaolin, LPG
were 61.62, 16.47 and 14.23 um, respectively.

2.2 Experimental procedure

The manufacturing processes of porous
ceramics are presented in Fig. 1. The raw materials
were put into an NJ-160 cement paste mixer with
(Wuxi Construction Engineering Test
Equipment Co., Ltd.) and mixed for 4 min. Then,
H,0, was added and stirring was continued for
1 min. Ceramics were shaped in rectangular prism

water

Raw material SiO, Al,O5 K,0O Na,O CaO Fe, O3 P,05 Others
SFT 79.75 12.04 5.39 0.96 0.25 0.81 0.23 0.57
Kaolin 54.30 42.43 0.13 0.00 0.42 0.67 0.30 1.75
LPG 2.79 24.77 14.86 17.81 0.05 0 355 422
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Fig. 1 Manufacturing process of porous ceramics

alloy moulds (120 mm % 20 mm % 20 mm) and
cylindrical moulds (420 mm x 20 mm). After
demoulding, they were dried at 120 °C for 24 h and
a saw was used to cut off the surplus parts that
overflew the mould in the foaming process. The
samples were sintered in a medium-temperature
XZWL—-14-12Y test furnace (Sinosteel Luoyang
Institute of Refractories Research Co., Ltd.). The
heating rate was 8 °C/min and the holding time was
2 h at the maximum temperature. After the sintering
process, samples were cooled down at 8 °C/min to
50 °C.

2.3 Physical properties
2.3.1 Flexural strength and compressive strength
The flexural strength was performed using a
mechanical testing machine (Shenzhen Wance
Experimental Equipment Co., Ltd) and compressive
strength was performed by a YAWO06 micro-
computer-controlled pressure testing machine (Mets
Industrial System Co., Ltd.). For each composition,
at least five specimens were tested, whose average
was regarded as the representative value of strength.
The flexural strength was determined using the
equation below:

8¢ =3FL/(2bd") (D

where J¢ is flexural strength in MPa; F' is maximum
load in N; L is support distance in mm; b is width of
the tested beam in mm and d is height of the tested
beam in mm.

The compressive strength was determined
using the equation below:

5.=4P/(nD?) (2)

T
06 ?

Drylng Sintering after demoulding

00

000

Porous ceramics

where J. is compressive strength in MPa; P is
maximum load in N and D is diameter of the tested
beam in mm.
2.3.2 Apparent porosity, bulk density and water
absorption

The apparent porosity g (%) was calculated as

follows:
m,—

g="2""000% 3)

m, —ms

where m; is the mass of samples after drying in g;
m, is the mass of samples immersed in boiling
water for 12 h in g and m; is the mass of sample in
water in g.

The bulk density (p) was calculated as follows:

= 4
P=7 “)
where m is the mass of samples in g and V is
volume of the samples in cm”.

The water absorption W, (%) was calculated as
follows:

w, =24 100% (5)
m

where my4 is the mass of samples after water
absorption in g.

2.4 Adsorption studies
2.4.1 Adsorption rate and adsorption capacity

The calculation formula of adsorption rate and
adsorption capacity were determined using

c,—C
R="2""2%100% (6)
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g =2 ()

m

where R is adsorption rate; C, is initial
concentration of MB in solution in mg/L; C. is
equilibrium concentration of MB in solution in
mg/L; g. is adsorption capacity of adsorbent in
mg/g; V' is volume of MB solution in L; m' is mass
of adsorbent in g.
2.4.2 Pseudo-first-order and pseudo-second-order
kinetic model
Pseudo-first-order equation [33] was described
as follows:

In(Qe—0)=In Q.—kit (3)
where O, (mg/g) and Q. (mg/g) are the adsorption
capacities of adsorbent towards dye solution at
different contact time (f) and equilibrium,
respectively, and k; (min™') is the constant of
pseudo-first-order rate.

Pseudo-second-order equation was described
as follows:

t t t

PR +_
Qt szez Qe
where k, (g/(mg-min)) is the constant of pseudo-
second-order rate.
2.4.3 Freundlich and Langmuir isotherm

The well-known expression of Freundlich
isotherm model was presented as

0.=K.C" (10)

)

where Kp [(mg/g)-(L/mg)""] is the adsorption
equilibrium constant of Freundlich isotherm model
and » is the Freundlich constant giving an
indication of how favourable the adsorption process
is.

The equation of Langmuir isotherm was
represented as

_ QmKLCe

0= 1+K, C,

(11)

where O, (mg/g) is the maximum theoretical
adsorption capacity of adsorbent and K; (L/mg) is
the constant of Langmuir isotherm.

2.5 Phase composition and chemical composition

The chemical composition was examined
through an Axios X-ray fluorescence (XRF)
spectrometer (PANalytical B.V). The phase
composition of powdered material was examined
through a D/max IIIA X-ray diffractometer (XRD).

2.6 Scanning electron microscopy (SEM)

The samples were coated with carbon and
examined through a scanning electron microscopy
(SEM; LEO440, Leica Cambridge Ltd.).

2.7 Thermal analysis

Thermogravimetric  analysis (TGA) and
differential scanning calorimetry (DSC) were
simultaneously performed in air through a
comprehensive thermal analyser (Jupiter STA449C,
Netzsch) at a constant heating rate of 20 °C/min.
The samples were heated from room temperature to
800 °C.

2.8 FTIR analysis

Fourier transform infrared spectrometer (FTIR)
produced by Perkin Elmer Instruments Co., Ltd.
(USA) was used to test the samples. The medium
was potassium bromide (KBr).

3 Design of orthogonal experiment

3.1 Test indicators
The flexural strength, compressive strength,

apparent porosity, bulk density and water
absorption were considered as optimization
parameters.
3.2 Optimal levels of parameters

The orthogonal experimental scheme is

presented in Table 2, where W-LPG, M-HP and ST
respectively represent the mass ratio of LPG,
hydrogen  peroxide dosage and sintering
temperature.

Table 2 Factors and levels of orthogonal experiment

Level
Factor
1 2 3
W-LPG/wt.% 20 25 30
M-HP/(mL-kg ") 5 10 15
ST/°C 550 600 650

3.3 Orthogonal experiment table

Lo(3*) was employed in the study regardless of
the interactions. The actual test scheme in this work
is presented in Table 3. The mass fractions of kaolin
and CMC-Na were 9.5% and 0.5%. The amount of
distilled water was 2.4-2.9 mL/kg.
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Table 3 Lo(3%) orthogonal experimental scheme

Sample W-LPG/wt.%  M-HP/(mL'kg') ST/°C
S, 15 5 550
S, 15 10 600
S 15 15 650
S, 20 5 600
Ss 20 10 650
S 20 15 550
S, 25 5 650
Ss 25 10 550
S, 25 15 600

4 Results and discussion

4.1 Macroscopic appearances of porous ceramic
materials and LPG

The appearances of porous ceramics are
presented in Fig. 2(a) and the section morphologies
of porous ceramics after adsorption of MB are
presented in Fig. 2(b). However, it is more difficult
to cut and quantify the bulk sample than the
powder, so the samples were ground to powder to
compare their adsorption performance more
conveniently and accurately.

Figure 2(c) represents that kaolin had the
best adsorption performance compared with SFT
and LPG The dosage of powder, stirring time,
concentration of MB and volume of solution were
10 g, 2 h, 25 mg/L and 200 mL, respectively. The
appearance morphologies of LPG at different
sintering temperatures are presented in Fig. 2(d).
LPG softened obviously at the sintering
temperature of 550°C and the softening
phenomenon was intensified with the rise of
sintering temperature, which could be the main
reason for the tight bonding among ceramic
particles.

4.2 Orthogonal analysis of various influencing
factors on physical properties
4.2.1 Results of physical properties
Physical properties of porous ceramics are
presented in Table 4. The average values of flexural
strength, compressive strength, apparent porosity,
water absorption and bulk density were 5.60 MPa,
4.66 MPa, 52.27%, 44.32% and 1.20 g/cm’,
respectively.

(b) 550°C 600 °C 650 °C
| | |

500 °C 550 °C 650 °C
[ I ! |

Fig. 2 Appearances of porous ceramics (a), section
morphologies of porous ceramics with adsorption of
MB (b), appearances of MB solution after adsorption of
raw materials (c) and morphologies of LPG at different
sintering temperatures (d)

4.2.2 Range analysis of various factors

K; (i=1, 2, 3) is defined as the average value of
the evaluation indexes at three levels in each factor.
R; (j represents different result parameters)
defined as the range between the maximum and
minimum K value in the column of the
corresponding factor. Range R; reflects the influence
degree of each factor on the physical properties of
porous ceramics and the larger range indicates that
the impact of indicators is greater [34]. Rr and Rc in
Table 5 were the highest values in the position of
ST (2.71 and 1.73, respectively), which means that
the flexural strength and the compressive strength
of porous ceramics were more affected by sintering
temperature. A higher sintering temperature would
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Table 4 Physical properties of porous ceramics
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Sample Flexural Compressive AppaTrent Wat.er Bulk delfity/
strength/MPa strength/MPa porosity/% absorption/% (grem ™)

S 3.89 4.02 51.42 41.09 1.25
S, 5.19 4.25 53.71 45.27 1.19
S3 5.29 4.22 56.79 51.36 1.11
Sy 6.09 4.47 50.65 40.35 1.26
Ss 6.23 5.04 54.49 47.37 1.15
Se 4.67 3.44 56.71 52.68 1.08
S; 9.32 7.20 38.27 26.05 1.47
Sg 4.16 3.83 56.05 50.59 1.11
Se 5.53 5.46 52.33 44.12 1.19

Mean 5.60 4.66 52.27 44.32 1.20

Table 5 Range analysis of orthogonal experiment results

parameter K. g, VPG M-HP/ ST/
"V wt%  (mLkg')  °C
K, 479 6.43 424
Flexural K, 5.66 5.19 5.60
strength K; 6.34 5.16 6.95
Ry 1.55 1.27 271
K, 4.17 5.23 3.76
Compressive K> 432 438 4.73
strength K; 5.50 437 5.49
Rc 1.33 0.86 1.73
K, 5397 46.78  54.73
Apparent K, 5395 5475 5223
porosity Ky 4888 5527  49.85
Ra 5.09 8.50 4.87
K, 4591 3583 48.12
Water K,  46.80 4774 4325
adsorption Ky 4025 4938  41.59
Ry 6.55 13.55 6.53
K, 1.18 1.33 1.15
Bulk K, 1.16 1.15 121
density K; 1.25 1.12 1.24
Rg 0.09 0.20 0.10

ultimately enhance the mass transfer among
particles, which might develop the flexural
strength and compressive strength of ceramics
eventually. On the other hand, the apparent porosity,
water absorption and bulk density of porous

ceramics were more affected by the dosage of
HzOz.
4.2.3 Trend analysis of various influencing factors
The influential trends of various factors on
the properties of porous ceramic materials are
presented in Fig. 3 and Fig. 4. With the rise of
sintering temperature, the flexural strength and
compressive strength of porous ceramics were
gradually increased. The enhancement of mass
transfer among particles and the intensification
of the softening of LPG might be the main reasons.

10
mm Flexural strength 6.95
8 Compressive strength
5.49

- 6l 5.60
S 4.73
= 4.24 m
en
§ al 3.76 I
= I
wn

2 -

0

550 600 650
Sintering temperature/°C

Fig. 3 Effect of sintering temperature on flexural strength
and compressive strength of porous ceramics

Figure 4 presents that apparent porosity and
water absorption of porous ceramics increased with
the increase of H,O, dosage. This was because
more H,O, participated in the chemical reaction and
more gas was produced, which increased the
porosity of porous ceramics.
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70 Hm Apparent porosity
A Water absorption
O 4678 5475 >2 0 58
I 74

35.83

Apparent porosity/%, Water absorption/%
(V%)
(e

5 10 15
H,0, dosage/(mL-kg™")

Fig. 4 Effect of H,O, dosage on apparent porosity and
water absorption of porous ceramics

4.3 Analysis on adsorption properties of porous
ceramic powder
4.3.1 Effect of adsorption time on properties of
porous ceramics
Figures 5(a,b) represent the effect of
adsorption time on the adsorption capacity of porous

0.7 (@) s,
S()
0.6 r S
0.5 r
Te.m 0.4 | Concentration of MB solution: 5 mg/L
%0 ' Volume of solution: 200 mL
< 03¢t
S
S
0.2 r 3 3 3 ) 4 &5
S
0.1 s
0 05 10 15 20 25 30 35
Time/h
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ceramics and the removal rate of MB. The
adsorption properties decreased significantly with
the increase of The
adsorption capacity and adsorption rate of porous
ceramics did not change significantly after 2 h,
which indicates that the adsorption equilibrium was
basically reached after 2 h. Therefore, Samples S,
S, and S; with the highest adsorption capacity at the

sintering  temperature.

same sintering temperature were selected to further
test their adsorption performance, whose adsorption
time was 2 h.
4.3.2 Effect of porous ceramic powder dosage on

MB adsorption

The results of adsorption isotherm of three
samples at the sintering temperature of 550 °C
(Sample S;), 600°C (Sample S,;) and 650 °C
(Sample S;) are presented in Fig. 6. Q. decreased
and the removal rate increased gradually with an
increased dosage of samples. Sample S; was
selected for the test on adsorption kinetics because
of its best adsorption performance.

100
(b)
S
80 5,
SX
60
= . ,
& Concentration of MB solution: 5 mg/L
40 Volume of solution: 200 mL
S,
33
20 Q
S5
$7

2.0
Time/h

0 05 10 15 25 3.0

Fig. 5 Effect of adsorption time on adsorption capacity of porous ceramics (a) and removal rate of MB (b)

0.9
—a— Sample S,
0.8 (@) —e— Sample S,
07t —a— Sample S;
o 067
20
o 0.5+ . .
g Concentration of MB solution: 5 mg/L
NS L Volume of solution: 200 mL
= 0.4
03r
0.2 —‘\\‘\‘N‘
0.1 1 L L A
0.3 0.6 0. 1.2 1.5 1.8
Dosage/g

100
(b)
80 - —&— Sample S,
—e— Sample S,
—a— Sample S;
60
§
2
40| Concentration of MB solution: 5 mg/L
Volume of solution: 200 mL
01 ///_'—M
0 1 1 1 1 I 1
0.3 0.6 0.9 1.2 1.5 1.8

Dosage/g

Fig. 6 Effect of porous ceramics dosage on adsorption capacity (a) and removal rate (b) of MB



2804 Jie YANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2797-2811

4.3.3 Adsorption kinetics analysis

Commonly, pseudo-first-order and pseudo-
second-order kinetic models [35] are used to
analyze the adsorption process, as shown in
Fig. 7. Kinetic parameters including correlation
coefficients (R%), ki, k, and the calculated O, are
displayed in Table 6. Obviously, the pseudo-
second-order kinetic model for the adsorption of
Sample S; represented a better regression
coefficient of the kinetic data (R*=0.985) compared
to pseudo-first-order kinetic model (R*=0.961).
Based on the assumption of pseudo-second-order
kinetic model [36], it was inferred that the
adsorption mechanism of MB from porous ceramics
might be a chemical reaction [33,37].
4.3.4 Adsorption isotherms

Adsorption isotherms, especially the two
common isotherm models, namely Freundlich and
Langmuir isotherm, play important roles in
depicting the interaction pathways to solid-solution
adsorption system [33,35]. The fitted curves of
Langmuir and Freundlich isotherm are presented in

0.72
0.70 1

0.60 | * Sample S,
- - - Pseudo-first-order
0.58 —— Pseudo-second-order

0 05 10 15 20 25 3.0 35
Time/h
Fig. 7 Fitted kinetic models based on experimental data

Table 6 Kinetic parameters for adsorption of MB onto
porous ceramic powder (Sample S;)

Pseudo-first-order Pseudo-second-order

Qe(cal)/ kl/ R2 Qe(cal)/ kZ/ 2
(mgg) h' (mg-g ) (grmg “h)
0.685 -3.25 0961 0.727 9.17 0.985

Fig. 8. Table 7 represents the correlation coefficient
of these two fitted models. It can be seen that the
experimental data were better fitted by the
Langmuir isotherm model (R*=0.968). On the other
hand, calculated O, value of Langmuir isotherm
model for Sample S; (0.823 mg/g) was closer to the
corresponding experimental data (0.822 mg/g) and
1/n was between 1 and 2, which means that the
adsorption was favourable [38,39].

0.85
0.80
0.75r
w070
50
£ 0.65
Si f = Sample S,
0.60 - Langmuir model
- - - Freundlich model
0.55ra
0.50 s s . ! : . .
0 05 10 15 20 25 30 35 40
Co/(mg-L™)

Fig. 8 Fitted models from experimental data

4.4 Phase composition

Figure 9 presents the phase composition of the
green materials and samples. Quartz (SiO,, PDF #
46-1045), muscovite (KAI(AlSi3;019)(OH),, PDF #
07-0042), albite (Na,O-AlLOs5-6Si0,, PDF #09-
0466) and microcline (KAISi;Og, PDF #19-0932)
were main phase compositions of SFT. The
diffraction peak of LPG powder was diffused,
which was a typical feature of glass diffraction and
there was no obvious crystallization peak in the
sample [12,40,41]. Quartz, albite, muscovite and
microcline were the main components of the
sintered samples (S;, S,, S;) with similar XRD

patterns.
Figure 9(b) presents that the kaolinite
(ALLSi,05(OH)s, PDF #14-0164) was the main

phase composition of kaolin. The peak of kaolinite
gradually disappeared with the rise of sintering
temperature, which was due to the dehydration
and decomposition of kaolinite at 600 °C when

Table 7 Parameters of adsorption isotherm of MB onto porous ceramic powder (Sample S;)

Freundlich model Langmuir model
Ke/[(mg-g )-(L-mg )] Un R On/(mg-g ™) Ki/(L'mg™) R
0.734 0.11 0.920 0.823 16.17 0.968
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amorphous metakaolin was formed. It might be the
main reason for the decrease of adsorption
properties of porous ceramics with increasing the
sintering temperature.

4.5 SEM analysis results

The SEM images of the samples are presented
in Fig. 10. Figures 10(a, d, g) represent that the
sample was fused into a unified whole and it was
proven that the particles were closely bonded,
which might be attributed to the softening of LPG
powder that filled the gap among particles and
made them adhere to each other closely. Mass

2805

transfer among particles was enhanced with the rise
of sintering temperature and the pores among them
gradually decreased and shrank. The layered
material in Figs. 10(b, ¢, e, h) was speculated to
muscovite, which might influence the mechanical
property of porous ceramics.

Figures 11(a—i) present the results of EDS
mappings of porous ceramics (Sample S;) before
adsorption of MB and Figs. 11(j—r) represent the
results of porous ceramics after adsorption of MB.
Figs. 11(a—c, j—1) present that P and Na elements
were mainly distributed around the large particles in
the white oval box, which were the main elements

(a) = — Microcline (b) e — Kaolinite
+ — Muscovite —
e H Sample S; | Pt T QU o
*« — Albite (T W 550°C
. .l Il = — Quartz Sample S,
Y ~, SampleS, 500 °C
AT SET
| T h -
A LPG
10 20 30 40 50 60 10 20 30 40 50 60
20/(°) 20/(°)

Fig. 9 XRD patterns of samples at different sintering temperatures: (a) SFT and porous ceramics; (b) Kaolin

7k
Muscovité

< Inter-particle\yoids

Lk

Imm

500

rz
Inter-particlesvoids
&> .Musi‘ovitc

S00Hm

Fig. 10 SEM images of samples at different sintering temperatures: (a—c) 550 °C; (b—f) 600 °C; (g—i) 650 °C
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Fig. 11 EDS mapping results of Sample S;: (a—i) Before adsorption of MB; (j—r) After adsorption of MB
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of LPG. Si and Al were concentrated on large
particles, which were the main components of SFT
(Figs. 11(d, e, m, n)). Figures 11(p—r) present that
there were more Cl, S and N elements on the
surface of the sample after adsorption of MB, which
indicated that MB was successfully adsorbed on
porous ceramics. Figure 11(r) represents that N was
mainly concentrated around mineral particles,
which indicated that the adsorption property of
mineral particles might be poor.

4.6 TGA—-DSC test results

TGA-DSC results of SFT and kaolin are
presented in Fig. 12, which presents that the total
mass loss of SFT was low until 800°C. An
exothermic peak appeared at 350°C and
accompanied by the decrease of mass fraction,
which was likely due to the dehydration of
intergranular water. A sharp exothermic peak
appeared at 572 °C, which was due to the rapid
transformation of f-quartz and a-quartz [16]. There
was a huge exothermic peak at 525 °C, where the
mass fraction of kaolin decreases significantly
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Fig. 12 TGA—DSC curves of SFT (a) and Kaolin (b)
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(10.5%), which was due to the kaolin converting to
metakaolin (450—600 °C) [42—44]. This might be
the main reason for the decrease of adsorption
properties of porous ceramics with the increase of
sintering temperature.

4.7 FT-IR analysis results

FT-IR spectroscopy of SFT, kaolin and
Samples S;, S, and S; are presented in Fig. 13.
Bands of kaolin at 3691 and 3619 cm ' were
assigned to the stretch vibration of Si—OH or
Al— OH hydroxyl group, which were typical
peaks of inner and outer hydroxyl groups of
kaolin [45—47]. The absorption peak at 3438 cm'
was attributed to O—H stretching vibration of
water [48,49]. The peak at 1140 cm ™' was attributed
to the stretch of Si—O, which was weakened with
the rise of sintering temperature. This might be due
to the destruction of the crystal structure of kaolin
and the formation of metakaolin through
dehydration reaction [50]. The spectrum presented a
stronger absorption band at 2971 and 2920 cm ™',
which were assigned to the C—H stretching band
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Fig. 13 FT-IR spectra of samples: (a) Kaolin and SFT; (b) Samples S;, S, and S;
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of the —CH; and — CH, groups [51]. The
presence of the band at 1631 cm™' was for the
stretching of —OH [52]. The absorption band at
1381 cm™' was attributed to the deformation
vibration of water molecules [46]. Peaks of
1000—-1100 (Si— O stretch) and 900—950 cm ™'
(Al—OH vibration) were typical features of kaolin
clay [32,53].

4.8 Mechanism

The mechanism could be divided into three
processes: foaming process, sintering process and
adsorption process. In the foaming process, the
addition of H,O, produced a large amount of pores
and the accumulation of mineral particles also
created some pores. The porous structure increased
the contact area of the ceramics with contaminants
in the water. The main sintering mechanism at a
lower temperature was a result of the softening of
LPG, which made particles bonded as a whole and
the sintering temperature was reduced to a range

where kaolinite still had a good adsorption
performance, as shown in Fig. 14.
5 Conclusions

(1) Porous ceramics were successfully

prepared through H,O, foaming method and the
sintering temperature was reduced with the addition
of LPG. The tailings had a high utilization rate
(up to 80%), a high apparent porosity and water
absorption (52.27% and 44.32% on average) as well
as good mechanical properties (average flexural
strength and compressive strength of 5.60 MPa and
4.66 MPa, respectively). The maximum adsorption

NI

S33F
NS ® Methylene blue »od &
-«&BQ - —d'd‘@@
Fb b

@ Kaolinate

Adsorption

capacity of porous ceramics to MB was about
0.7 mg/g.

(2) The flexural strength and compressive
strength of porous ceramic materials were greatly
influenced by the sintering temperature, which had
a positive correlation between them. The apparent
porosity and water absorption of porous ceramics
were greatly determined by the dosage of H,0,,
which had a positive correlation, too.

(3) The flowing liquid phase of LPG filled the
gaps among the particles, and made them adhere to
each other, which was the main reason for the
improvement of mechanical properties of porous
ceramics. The reason why the adsorption
performance declined with the rise of sintering
temperature was that kaolinite was gradually
changed into metakaolin.
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