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Abstract

In this study, iron tailings were used as raw materials mixing with Al,O;, SiO,, and/or CaO sintered at 950-1400 °C to pro-
duce glass ceramics. In Al,O5/tailing and Al,05/Si0O,/tailing systems, the newly formed crystalline mullite (3A1,05-2510,)
reached its maximum content of 83.7 wt% for sample with Al,O5/SiO,/tailing mass ratio of 6/2/2. In Al,05/Si0,/CaO/tailing
system, the content of newly formed anorthite (CaAl,Si,0;) increased to the maximum of 72.9 wt% for sample with Al,O,/
Si0,/CaO/tailing mass ratio of 7/8/4/6 sintered at 1450 °C. The properties of glass ceramic products were significantly
improved in samples with high content of crystalline mullite or anorthite and low surface porosity. Obtained glass ceramic
in Al,0,/SiO,/tailing system with mass ratio of 6/2/6 showed excellent properties of chemical resistance (99.99%), compres-
sive strength (1061.6 MPa), and low water absorption (0.2%). The high performance of glass ceramics and low leachability
of hazardous metals shed light on the potential application of iron tailings in building and decorative materials.
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Introduction
The contributing editor for this article was Jodo Ant6nio With the rising development of steel industry, large
Labrincha Batista. amount of iron tailings is generated in recent decades. In
54 Fei Wang 2013, the total amount of iron tailings was reported to be

feiwang1984@gmail.com over 5 billion tons in China [1], and the amount is keep-
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tailings were usually disposed in tailings dams, which not
only occupies large area of landfill sites [3] but also causes
serious pollution to around environment, due to the easily
release of hazardous metals in iron tailings into soil, river,
and underground water [4]. However, iron tailings consist
of useful elements, such as, silica, alumina, and iron oxide
(Weishi et al. 2018), which make iron tailings to generate
construction materials to meet the increasing demand for
building industry.

Previous studies have showed that iron tailings can be
effectively utilized as raw materials to produce construc-
tion materials, such as, cement [5], refractory [6], concrete
aggregate [1, 7, 8], bricks [9], ceramsite [10-12], and glass
ceramics [13]. Among these materials, tailings-based glass
ceramics were considered with excellent mechanical and
chemical properties for building and engineering applica-
tions [9, 14, 15]. Furthermore, the transformation of iron
tailings into glass ceramics can insert hazardous metals
into a multi crystalline matrix to reduce their leachabil-
ity. Thus, converting iron tailings into glass ceramics will
provide an avenue for converting iron tailing into glass
ceramic products to reduce its environmental hazard.
Many studies had reported the effects of initial composi-
tion [16-18], nucleating agents [14, 19, 20], and heat treat-
ment conditions [21, 22] on the mechanical and chemical
properties of the obtained glass ceramic products.

However, crystallization behavior of desirable phases
should be reasonably controlled to obtain glass ceramic
products with specific microstructure and properties.
Effect of sintering on the properties of the iron tailing-
based glass ceramics along with crystallization has not
been studied thoroughly in the literature. As glass ceram-
ics are polycrystalline materials prepared by crystalliza-
tion processes [23], the quantitative understanding of crys-
talline transformation under thermal conditions is essential
for determining the properties of glass ceramic products.
In addition, the influence of phase transformation on prop-
erties of ceramic membrane needs to be distinguished to
find out iron tailing-based glass ceramics with desirable
properties.

In this study, a series of glass ceramic products were
prepared by sintering iron tailings with the addition of
Al,03, SiO,, and CaO. Microstructure, phase composi-
tion, mechanical, and chemical properties of the prod-
ucts were systematically investigated in terms of initial
material composition and heat treatment condition. Phase
transformation and crystallization in sintering process
were detailed and examined to clarify its effect on the
microstructure and properties of glass ceramic products.
Finally, prolonged toxicity leaching test was examined to
determine the leachability of Pb, Zn, Cu, Cr, and Ni in the
sintered products for the safe usage of the products.
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Experimental Procedures
Raw Materials

Iron tailings used in this work were collected from Daba-
oshan Mining Co., Ltd (Shaoguan, Guangdong, China). The
chemicals of alumina (A1,05, 99.99%), silicon dioxide (SiO,,
99.9%), and calcium oxide (CaO, 98%) were purchased from
Aladdin Co., Ltd. In addition, the particle sizes of alumina,
silicon dioxide, and calcium oxide were measured by a Mal-
vern Mastersizer fitted with a Hydro 2000MU dispersion unit
(Worcestershire, UK). The obtained medium sizes of alumina,
silicon dioxide, and calcium oxide were 20.23 um, 4.446 pm,
and 10.27 pm, respectively. Calcium fluoride (CaF,, 99.99%)
was purchased from Sigma-Aldrich (St. Louis, MO). Iron tail-
ings, alumina, silicon dioxide, and calcium oxide were dried at
105 °C for 48 h to remove the moisture. The dried iron tailings
were then grounded into powder with particle size less than
75 pm by ball milling.

The main chemical composition of iron tailings was exam-
ined by energy-dispersive X-ray fluorescence spectroscopy
(XRF, EDX-7000P, Shimadzu, China) to be Fe,0; (45.25%),
Si0, (27.1%), AL O5 (14.27%), CaO (1.18%), MgO (0.69%),
K,0 (1.56%), CuO (0.75%), ZnO (0.67%), PbO (0.42%), MnO
(0.30%), and others (7.81%). The main minerals in iron tail-
ings were identified by X-ray diffraction (XRD, Empyrean,
panalytical, The Netherlands), with reference to the Powder
Diffraction File (PDF) database published by the International
Centre for Diffraction Data (ICDD), as a mixture of the quartz
(SiO,, PDF #85-0797), hematite (Fe,0;, PDF #89-0597),
mayenite ((Ca0),,(Al,05);, PDF #70-2144), and braunite
((Mn,05);MnSiO;, PDF #74-1206) [Supplementary Informa-
tion (SI) of Figure S1]. Alumina, silicon dioxide, and calcium
oxide powder were identified by XRD as a single-phase sample,
which matched the standard peaks of aluminum oxide (PDF #50-
0741), cristobalite (PDF #77-1316), and lime (PDF #99-0070).

Sample Preparation

Al,O3, Si0,, and CaO were mixed with iron tailings at
different mass ratios (Table 1), and the corresponding

Table 1 Mass ratios of Al,Os/tailing, Al,05/SiO,/tailing and Al,O,/
Si0,/CaOftailing used for the sintered samples

Sample no. Mass ratios of Mass ratios of Mass ratios of
Al,Os/tailing  Al,05/SiO,/ Al,0,4/Si0,/Ca0/

tailing tailing

1 22 6/2/1 7/8/4/2

2 2/3 6/2/2 7/8/4/6

3 2/4 6/2/3 7/8/4/8

4 2/7 6/2/4 7/8/4/10

5 2/14 6/2/6 7/8/4/12
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stoichiometric ratio of Al/Si/Ca is provided in SI Tables S1.
A planetary ball-mill apparatus (QM-3SP2, Nanjing Nanda,
China) was used for the homogeneous mixing of samples.
Total 20 g of the weighted sample was put into a agate pot
of 100 mL inner volume with 15 agate balls of 30 mm in
diameter, and the mill was run for 240 min (20 min grind-
ing and 10 min pause in turn) under ambient atmosphere at
rotational speeds of 300 rpm. 5 g of derived mixture was
then pressed into one pellet with a diameter of 30 mm and
a thickness of ~5 mm. To ensure consistent compaction of
the powder sample, the pressure was all held at 20 MPa for
1 min by Electric tablet press (YLJ-30TA, Shenyang Kejing,
China). The pellets were then transferred into a high tem-
perature muffle furnace (SX-G13163, Tianjin Zhonghuan,
China) and sintered at targeted temperatures with increasing
rates of 5 °C/min for 2 h, and then quenched in air to room
temperature. Mullite was reported as the only stable binary
crystalline phase in the SiO,—Al,O; system, and the effect
of temperature on crystal growth of mullite was exhaustively
studied [19, 21, 24-26]. Thus, samples in Al,O5/tailing and
Al,04/Si0,/tailing systems were studied as a function of
mass ratio of Al,O5/tailing and Al,05/Si0O,/tailing, and sin-
tered at 1450 °C for 2 h. Samples in Al,0,/Si0,/CaO/tailing
system were examined as functions of mass ratios of Al,O5/
Si0,/CaOltailing and temperature, and were sintered at tem-
peratures of 950 °C to 1450 °C for 2 h. Triplicate samples
were set for each group, and the results were averaged.

X-ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM) Analysis

The sintered samples were ground into powder with a par-
ticle size of less than 200 um for XRD analysis. The pow-
der XRD patterns were recorded on a Bruker D8 Advance
X-ray powder diffractometer. The crystalline phases of the
obtained XRD patterns were analyzed by matching with
standard database through Eva XRD Pattern Processing
software (Bruker Co. Ltd.). The crystalline phases found
in the products included mullite (3A1,05-2510,, PDF #79-
1276), anorthite (CaAl,Si,0g4, PDF #89-1471), gehlen-
ite (Ca,Al,Si0,, PDF #77-1146), cristobalite (SiO,, PDF
#77-1316), quartz (SiO,, PDF #85-0335), lime (CaO, PDF
#99-0070), corundum (a-Al,O;, PDF#74-1081), hema-
tite (Fe,O3, PDF #99-0060), and magnetite (Fe;O,, PDF
#87-2334).

With the addition of 15 wt% CaF, (0.15 g CaF, mixed
with 0.85 g sample) as the internal standard [27-29], quan-
titative refinement method was used to quantify the content
of both amorphous and crystalline phases in the samples.
XRD scans were conducted from 26=10° to 110°, with a
step width of 20=0.02° and a sampling time of 0.5 s per
step. The Rietveld refinements for phase quantification were
processed by the TOPAS (version 4.0) program. Structure

models of the crystalline phases were obtained from the
ICDD database. Figures S2—-S6 present the Rietveld refine-
ment plots of the glass ceramics sintered from the systems
of tailing, Al,Os/tailing, Al,0,/SiO,/tailing, and Al,O5/
Si0,/CaOftailing, and the corresponding reliability values,
indicating the good refinement quality achieved using this
analytical scheme, are provided in SI Tables S2-S6.

The microstructure of produced samples was observed
by a field emission scanning electron microscope (FESEM,
SU8220, Hitachi, Japan). The surfaces of the obtained glass
ceramics were polished by the metallographic grinding and
polishing machine (Metaserv250, Buehler), and the polished
samples were coated with gold for SEM analysis.

Measurements of Mechanical Properties, Chemical
Resistance, and Water Adsorption

The compressive strength of products was investigated by
using a universal material testing machine (INSTRON 5967,
USA) at a cross-head speed of 1 mm/min [15]. The chemical
resistances evaluation was estimated according to the JC/T
872-2000 building material industry standard. The products
were immersed in 1% H,SO, and 1% NaOH solutions for
650 h, the liquid level was 30 mm higher than the samples.
For each test, at least five samples were tested and the results
were averaged. The acid/alkali resistance (K) of the glass
ceramic was calculated by Eq. (1):

K= (m; —my,)/m; x100%, (1

where m, is the mass of samples before corrosion and m, is
the mass of samples after corrosion. The water adsorption
(%) of samples was determined according to Chinese Stand-
ard (GB/T 9966.3-2001). The samples were dried at 105 °C
to a constant weight, then the dried samples were soaked in
distilled water at 20 °C for 48 h. The moisture on the surface
was wiped off with a wrung towel after taking out them.

Toxicity Characteristic Leaching

To assess the stabilization of glass ceramic materials, sam-
ples were subjected to toxicity characteristic leaching pro-
cedure modified from the U.S. EPA SW-846 Method 1311
TCLP with a pH 4.9 acetic acid solution (extraction fluid #
1) as the leaching fluid [30, 31]. The leaching solution used
in the experiment consists of 5.7 mL of acetic acid diluted in
500 mL of deionized water, in which 64.3 mL of 1 M NaOH
was added and the resulting solution was diluted with deion-
ized water to the volume of 1 L. The pH of the solution was
finally maintained at 4.93 +0.05. Each leaching vial solution
contained 10 mL of extraction fluid and 0.5 g of powder
(L/S =20). The leaching vial was rotated end-over-end at
100 rpm for 120 days. At the end of each agitation period,
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the leachates were filtered using 0.45 pm filters and heavy
metals were determined by inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES) using a Perkin-Elmer
Optima DV2100 instrument.

Results and Discussion

Effect of Temperature Effect on Tailing-Based Glass
Ceramics

As sintering temperature plays an important role for glass
ceramic production [19, 21, 22, 25], the samples of iron
tailing and Al,05/Si0,/CaO/tailing were sintered at a wide
temperature range of 950-1450 °C (Fig. 1), for observing
the crystal transformation. XRD patterns for sintering iron
tailing at temperatures of 9501450 °C are demonstrated in
Fig. 1a. It can be found that the main crystalline phases in
raw tailing are goethite (FeOOH) and quartz (Si0,). With
the increase of temperatures from 950 to 1350 °C, the disap-
pearance of goethite and significant formation of hematite
(Fe,0;) were observed, indicating the crystal transformation
of goethite into hematite. In addition, the decrease of peak
intensity of quartz (SiO,) and increase of cristobalite (SiO,)
suggested that quartz transformed into cristobalite at higher
temperatures of 1180-1350 °C. At 1450 °C, the transfor-
mation of hematite into magnetite (Fe;O,) was observed.
Figure 1a suggests that sintering iron tailing alone prompted
the transformation of raw materials of goethite and quartz
into hematite and cristobalite, respectively, but no reaction
between the raw materials was detected.

Comparing with sintering iron tailing alone, four crystal-
line phases, quartz, cristobalite, lime (CaO), and hematite,
could be identified as initial minerals at 950 °C for sample
of Al,0,/Si0,/CaO/tailing mass ratio of 7/8/4/6 (Fig. 1b).
At 1100 °C, the diffraction peak of lime disappeared,
along with the appearance of a small amount of gehlenite
(Ca,Al,Si10,). The formation of Ca,Al,SiO; during the sin-
tering process was probably initiated by the reaction among
Ca0, Al,0;, and SiO,. At 1180 °C, the formation of crystal-
line anorthite (CaAl,Si,Og) [32] was observed. When the
temperature increased from 1200 to 1250 °C, the decrease of
peak intensity in gehlenite and the growth of anorthite were
detected. Such findings suggested an intermediate compound
(i.e., gehlenite, Ca,Al,Si0O,) appeared at 1180-1250 °C. As
solid-state reaction is generally influenced by the encounter
rate between reactant molecules [33], the low temperature
(1180-1250 °C) did not allow sufficient contact of SiO,,
Al,0O3, and CaO molecules, resulting in the formation of
intermediate phase, gehlenite. With the increase of tem-
perature (> 1250 °C), the peak intensity of intermediate
gehlenite disappeared, while anorthite was detected as the
mainly crystalline phase in the system. When temperatures
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increased from 1300 to 1450 °C, reactants would have more
intensive interactions, and the significant increase of anor-
thite was observed.

In addition, the Bragg reflection of initial materials (i.e.,
hematite, lime, cristobalite, and quartz) was decreased by
increasing temperatures from 950 to 1450 °C. Lime, cristo-
balite, and quartz would react with Al,O; for the crystalliza-
tion of anorthite. However, no newly formed Fe-containing
crystalline phase was observed, the results indicated that
hematite may react with lime, quartz, and aluminumsilicate
to form eutectics with amorphous structures at high tempera-
ture of 1450 °C [34, 35].

To determine the content of crystalline and amorphous
phases in sintered tailing and Al,05/Si0,/CaO/tailing
glass ceramics, quantitative XRD analysis was performed
by Rietveld and internal standard method. The phase con-
tents of crystalline and amorphous phase(s) of sintered
tailing and Al,05/Si0,/CaO/tailing glass ceramics are
demonstrated in Fig. 1c and d. Figure lc presents the
contents of crystalline and amorphous phase(s) in tailing
samples sintered at 950-1450 °C for 2 h. The composi-
tions of hematite firstly increased, and reached its maxi-
mum (32.1 wt%) at 1200 °C, and then decreased with the
increased temperature. At 1450 °C, the transformation of
hematite into magnetite was observed, and the content
of magnetite increased to 9.0 wt%. The content of quartz
firstly increased to 6.8 wt% and then decreased, because
of its transformation into cristobalite at 1350-1450 °C.
The content of amorphous phase(s) maintained at 60—86
wt% in sintered iron tailing, which indicated that Al,O4
and most of SiO, in iron tailing may exist in amorphous
phase(s). Figure 1d summarizes the weight fractions
of crystalline and amorphous phase(s) in sample with
Al,04/810,/CaO/tailing mass ratio of 7/8/4/6 sintered at
950-1450 °C for 2 h. Three stages of phase transforma-
tion were observed, representing different crystallization
behaviors at temperature range of 950-1450 °C. In the
first stage (950-1100 °C), almost no reaction between the
raw materials was detected, the compositions of hematite,
cristobalite, and corundum maintained at~6,~12, and ~5
wt%. The initial formation of gehlenite (~7.7 wt%), as an
intermediate phase, was observed at this stage. At second
stage (1180-1300 °C), hematite, cristobalite, corundum,
and intermediate gehlenite disappeared, and the signifi-
cant crystallization of anorthite (from 4.1 to 65 wt%) was
detected, indicating intensive interaction between reac-
tants of CaO with SiO, and Al,O;. Correspondingly, the
content of the amorphous phase showed a downward trend
from 66.1 to 34.9 wt%, may be caused by the entrance of
amorphous Al,O; and SiO, into the crystalline anorthite
structure [36]. In the third stage (1350-1450 °C), anor-
thite was found to be the only crystalline phase in the
sample. The content of anorthite maintained at 65.1-67.8
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Fig.1 XRD spectrums of glass ceramic samples in a tailing system;
b sample of Al,05/Si0,/CaO/tailing mass ratio of 7/8/4/6 sintered at
950-1450 °C for 2 h; Content of crystalline and amorphous phases
quantified by QXRD in c tailing system and d sample of Al,O/
Si0,/CaOftailing mass ratio of 7/8/4/6 sintered at 950-1450 °C for

wt% at this stage, suggesting a high transformation ratio
(~92.8 wt%) of incorporating tailing, Al,0,, SiO,, and
CaO into anorthite phase. By comparing with sintering
tailing alone, the addition of CaO significantly promoted
the formation of anorthite at 1450 °C, which was consid-
ered as the optimal temperature for sintering tailing-based
glass ceramics.

Temperature (°C)

2 h. The solid line of amor. is the calculated content of amorphous
phase(s) in glass ceramics. The dashed line of max. is the maximum
predicted contents for the formation of anorthite based on the initial
content of SiO,, Al,O;, and CaO in glass ceramics

Effect of Al,0;, SiO,, and CaO Addition
on Tailing-Based Glass Ceramics

To investigate the effect of Al,O;, SiO,, and CaO addition
on crystallization behavior of glass ceramics, products in
Al,O4/tailing, Al,0,/SiO,/tailing, and Al,0,/Si0,/CaO/tail-
ing systems sintered at 1450 °C for 2 h were analyzed by
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XRD (Fig. 2). As shown in Fig. 2a and b, the newly formed
crystalline phase, mullite (3A1,05-2Si0,), was observed in
Al,Oj/tailing and Al,0;/Si0,/tailing systems. The forma-
tion of mullite was initiated by the reaction of Al,O5 with
Si0, [19, 21, 24-26]. However, the main crystalline phase
was found to be anorthite (CaAl,Si,Og) in Al,05/Si0,/CaO/
tailing system, due to the reaction of CaO with Al,O and
SiO, [32].

The crystal growth of mullite was firstly increased, and
reached its maximum at mass ratio of Al,O5/tailing of 2/3
(Al/Si molar ratio of 6/2). With further addition of tailing,
peak intensity of mullite decreased, as shown in Fig. 2a.
Similarly, the intensity of mullite firstly increased with the
addition of tailing and reached its highest value at mass ratio
of Al,05/S10,/tailing of 6/2/2 (Al/Si molar ratio of 6/2) in
Al,0,/Si0,/tailing system. The reduction of mullite intensity
was detected with further addition of tailing by decreasing
Al,0,/S10,/tailing mass ratio from 6/2/2 to 6/2/6 (Fig. 2b).
The above results suggested that crystal growth of mullite
can be significantly improved at Al/Si molar ratio of 6/2 in
both Al,O5/tailing and Al,05/Si0O,/tailing systems, which is

also the stoichiometric ratio of Al/Si in mullite compound.
In addition, the minor phase of hematite showed a slight
increase with the addition of tailing in systems of Al,O5/
tailing and Al,0,/Si0,/tailing. In contrast, minor phases of
cristobalite and corundum decreased with the addition of
tailing because of the incorporation of Al,O5 and SiO, into
mullite.

Figure 2c¢ displays XRD spectrums of samples in
Al,04/510,/CaO/tailing system sintered at 1450 °C for
2 h. The main crystalline phase was found to be anor-
thite (CaAl,Si,0g). The peak intensity of anorthite firstly
increased, and then decreased with the addition of tailing in
Al,05/S10,/Ca0/tailing system. Sample with Al,05/Si0,/
CaO/tailing mass ratio of 7/8/4/6 (Al/Si/Ca molar ratio of
2/2/1) was detected as the favorable composition for anor-
thite crystallization. In addition, except hematite and mag-
netite, no newly formed Fe-containing crystalline phase was
observed at samples with high content of iron tailing. The
results indicated that hematite can transform into magnetite
and also may react with lime, quartz, and aluminumsilicate
to form amorphous structures at 1450 °C [34, 35].
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at 1450 °C for 2 h. The solid line of amor. is the calculated content of
amorphous phase(s) in glass ceramics. The dashed line of max. is the
maximum predicted contents for the formation of mullite and anor-
thite based on the initial content of SiO,, Al,O5, and CaO in glass
ceramics
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The phase contents of crystalline and amorphous phase(s)
in Al,O,/tailing, Al,04/Si0,/tailing, and Al,04/Si0,/CaO/
tailing systems are demonstrated in Fig. 2. In Al,Os/tailing
system (Fig. 2d), the content of mullite firstly increased, fol-
lowed by the decrease of contents of cristobalite and corun-
dum with the addition of tailing, as Al,O; reacted with SiO,
for the formation of mullite. The content of mullite reached
its maximum of 54.3 wt% at Al,Os/tailing mass ratio of 2/3.
When Al,O,/tailing mass ratio decreased from 2/3 to 2/14,
the gradual decrease of mullite followed by the increase of
amorphous and hematite phases were detected. The slight
increase of hematite content is due to the addition of tailing
into Al,Oj/tailing systems. The significant increase of amor-
phous phase(s) (from 22.7 to 68.4 wt%) would be caused by
the potential reaction of hematite with aluminumsilicate for
the formation of amorphous structures in the products [34,
35, 37]. The content of crystalline and amorphous phases in
Al,0,/Si10,/tailing system is shown in Fig. 2e. The highest
mullite content (~83.7 wt%) was detected at Al,0,/SiO,/
tailing mass ratio of 6/2/2, which represent a nearly 95.0%
transformation of Al,O; and SiO, into mullite phase. Cor-
respondingly, the content of corundum and cristobalite
decreased gradually due to the substantial crystallization of
mullite. When Al,05/SiO,/tailing mass ratio changed from
6/2/2 to 6/2/6, the content of mullite reduced from 83.7
to 30.2 wt%, whereas the content of amorphous phase(s)
increased from 16.3 to 67.2 wt%. This finding demonstrated
the partial amorphization in Al,0,/Si0O,/tailing system with
the further addition of iron tailing, and suggested the poten-
tial reaction of hematite with aluminumsilicate to form glass
phase(s) [34, 35, 37]. Furthermore, the formation of amor-
phous phase(s) was reported to inhibit the growth of the
crystal, because it increases the viscosity of the glass and
makes crystallization difficult [38].

Figure 2f shows that the maximum content of anor-
thite (~72.9 wt%) was found for sample with Al,05/SiO,/
CaO/tailing mass ratio of 7/8/4/6, which represented a
nearly ~92.3% transformation of Al,0O5, SiO,, and CaO into
the anorthite phase. The results indicated a substantial crys-
tallization of SiO, with Al,O; and CaO for the formation of
anorthite in Al,04/Si0,/CaO/tailing system. With the addi-
tion of tailing, the phase content of hematite and magnetite
maintained at 1 ~2 wt%. However, the composition of amor-
phous phase(s) increased from 26.7 to 55.7 wt%. The results
indicated that hematite would react with aluminumsilicate
to form amorphous phases [34, 35].

SEM Analysis for Tailing-Based Glass Ceramic

SEM micrographs of samples in Al,O/tailing, Al,05/
Si0,/tailing, and Al,05/Si0,/CaO/tailing systems are
summarized in Fig. 3. As shown in Fig. 3a—c, the sam-
ples in Al,Os/tailing system displayed lots of pores on

surface with different sizes. The pores in samples with
Al,Os/tailing mass ratio of 2/2 to 2/4 are spherical with
average diameter of 50-100 pm. With the further addition
of iron tailing, the intensive reaction of hematite with alu-
minumsilicate may lead to the formation of glass phase,
which impeded the escape of gas and reduced the pore size
Lu et al. [28] and the mean diameter of pores reduced to
3-5 pm, as shown in Fig. 3d and e.

In Al,05/Si0,/tailing system, sample with Al,0,/Si0,/
tailing mass ratio of 6/2/1 (Fig. 3f) was found with isolated
grain particles on the surface. With the addition of tail-
ing, the porous surface of samples with pore diameter of
50-100 pm is observed in Fig. 3h and i, indicating the den-
sification between tailing and precursors. However, these
pores turn to be closed structure and slight glassy surface
was detected with the further addition of tailing in sample
with Al,04/Si0,/tailing mass ratio of 6/2/2 (Fig. 3j). The
overall results may indicate that hematite from tailing was
partially reacted with quartz and aluminumsilicate within
combustion process [34, 35, 39], leading to the formation
of eutectics with dense surface structures in Al,05/SiO,/
tailing system.

Figure 3k—o exhibits different surface microstructures
of glass ceramic samples in Al,05/Si0,/CaO/tailing sys-
tem. The surface of the sample with mass ratio of Al,O5/
Si0,/CaO/tailing of 7/8/4/2 (Fig. 3k) is pitted with sub-
sidence holes. With the addition of tailing, a condensed
surface of sample with Al,0,/Si0,/CaO/tailing mass ratio
of 7/8/4/6 was observed (Fig. 31). Compared to Fig. 3k
and 1, the glass ceramics with high iron tailing content
(Fig. 3m-o0) have the relatively smooth surfaces. The
results suggested the interaction between hematite and
lime, quartz and aluminumsilicate to form a dense sur-
face structure at sintered process [34, 35]. Figure 3p—t
illustrates the SEM images of sintered glass ceramics with
Al,05/Si0,/CaO/tailing mass ratio of 7/8/4/6 at different
temperatures of 1250-1450 °C. At lower temperatures of
1250-1300 °C (Fig. 3p and q), the samples show porous
surfaces with pore diameter of 25-100 pm, which were
formed due to the escape of gases during the sintering
process [28]. With the increase of temperature to 1350 °C,
the porosity of glass ceramics was greatly reduced. When
the temperature further increased to 1400-1450 °C, the
superficial pores disappeared and sample showed dense
surface structure.

Properties of Tailing-Based Glass Ceramics

Figure 4a summarizes that the compressive strength firstly
increased and decreased with the addition of tailing in
Al,Os/tailing system. As compressive strength was directly
related to the content of crystalline phase(s) in samples [28],
the compressive strength increased as the increase of mullite
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Fig.3 SEM micrographs of glass ceramic samples in (a—e) Al,O5/tailing system; (f=j) Al,05/Si0,/tailing system; (k—0) Al,04/SiO,/CaO/tailing
system sintered at 1450 °C for 2 h; and (p-t) sample of Al,05/Si0,/CaO/tailing mass ratio of 7/8/4/6 sintered at 1250-1450 °C for 2 h

content in Al,O5/tailing system. The sample of Al,O5/tailing
mass ratio of 2/3 with the highest mullite content had the
maximum compressive strength of 968.6 MPa. However,
the compressive strength decreased to 395.6 MPa, as mul-
lite content decreased substantially with the further increase
of tailing content (Al,O5/tailing mass ratio decreased from
2/3 to 2/14). Figure 4b suggests that with samples of Al,O/
Si0,/tailing mass ratios changed from 6/2/1 to 6/2/2, their
compressive strength increased from 450.6 to 925.5 Mpa,
due to the increase of mullite content in glass ceramics.
However, the compressive strength of the sample shows a
slight increase from 907.6 to 1061.2 Mpa, with the decrease
of mullite content in samples with Al,05/SiO,/tailing mass
ratios changed from 6/2/3 to 6/2/6. The results may indicate
that the network structure of Al,0/SiO,/tailing system was
enhanced by the condensed surface structure, caused by the
formation of eutectics with amorphous structures by reaction
of hematite with aluminumsilicate [34, 35, 40]. Figure 4c
exhibits the compressive strength of sintered glass ceram-
ics with different tailing contents in Al,05/Si0O,/CaO/tailing
system. The maximum value of compressive strength was
observed to be 905.35 MPa in the sample with Al,0,/Si0,/
CaO/tailing mass ratio of 7/8/4/6, which had the highest
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content of anorthite and lowest surface porosity. Figure 4d
indicates that the compressive strength increased from 203.6
to 733.61 Mpa, due to the crystal growth of anorthite with
temperature increased from 1250 to 1450 °C [41].

Figure 5a shows that the water absorption ratio was firstly
increased and then decreased in Al,Os/tailing system. The
lowest water absorption ratio (0.4%) was observed for sam-
ple with Al,O,/tailing mass ratio of 2/14, which was with the
most compact surface structure. In Al,0,/SiO,/tailing sys-
tem (Fig. 5b), the water absorption ratio decreased from 31.4
to 0.2% when mass ratios of Al,0,/SiO,/tailing changed
from 6/2/1 to 6/2/2, due to the reduced surface porosity of
the samples [11, 42, 43]. In Al,05/S10,/CaO/tailing system
(Fig. 5¢), the water absorption ratio decreased from 25.4 to
0.31% when mass ratio of Al,0,/SiO,/CaO/tailing changed
from 7/8/4/2 to 7/8/4/6, and maintained at 0.3-0.5% with
mass ratio of Al,0,/Si0,/CaO/tailing changed from 7/8/4/8
to 7/8/4/12. Similarly, the water absorption ratio decreased
with the reduced surface porosity of samples in Al,0,/SiO,/
CaOftailing system.

As demonstrated in Fig. 5d, the water absorption ratio
decreased with the increase of sintering temperature from
1250 to 1450 °C in sample with Al,03/Si0,/CaO/tailing
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mass ratio of 7/8/4/6. Such results also suggested that the
water absorption ratio decreased with the reduced porosity
of the microstructure due to temperature increase. Overall,
it can be concluded that the increase of tailing content and
temperature would form amorphous phase with dense sur-
face structure, thereby decreasing the water absorption ratio
of glass ceramic samples.

In samples of Al,Os/tailing, Al,0,/Si0,/tailing, and
Al,0,/S10,/CaO/tailing systems, Fig. 6a—c shows that both
acid and alkali resistance increased with the addition of iron
tailings content. The increased content of iron tailing pro-
moted the interaction between hematite and aluminumsili-
cate to form glass phases with dense surface structure [34,
35, 39], as a result, increased the acid and alkali resistance
of glass ceramics. Figure 6d demonstrates that the chemi-
cal durability of sample with Al,05/SiO,/CaO/tailing mass
ratio of 7/8/4/6 significantly increased with the increase of
sintering temperature from 1250 to 1450 °C. The improve-
ment in chemical durability can also be attributed to the
reduced porosity of the micro surface. Additionally, obtained
glass ceramic mainly had better resistance when soaked in
alkaline solution (NaOH) than in acidic solution (H,SO,),

as shown in Fig. 6. The main reason would be the presence
of high amount of alkali components (e.g., SiO, and CaO)
in glass ceramics, which can resist the abrasion of alkaline
solution [44, 45]

Overall, the obtained glass ceramics were determined
with excellent chemical resistance of 79.3-99.99%, water
absorption ratio of 0.2-31.3%, and compressive strength
values of 170.3-1061.6 MPa, and the results are superior
or compatible to those of common commercial materials
(chemical resistance of 70-99%, water absorption ratio of
0.02-0.05%, and compressive strength of 900-1200 MPa),
as reported in the literatures [46—48]. Leaching test results
of hazardous Pb, Zn, Cu, Cr, and Ni from raw tailings,
heated raw tailings, and glass ceramic with Al,05/Si0,/
CaOftailing mass ratio of 7/8/4/6 sintered at 1450 °C are
shown in Table S7. Concentrations of Pb, Zn, and Cu in
leachate of Al,05/SiO,/CaO/tailing mass ratio of 7/8/4/6
sintered at 1450 °C were 0.09, 0.26, 1.74 mg/L and Cr and
Ni were below the detection limit. The results indicated that
this technology functions not only immobilized metals in a
stable matrix to reduce its environmental hazard [49], but
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also provided the feasibility of reusing iron tailings as raw
materials to produce glass ceramic products.

Conclusions

Glass ceramics were successfully obtained by sintering
iron tailings with Al,O;, SiO,, and CaO. Mullite was
observed as the mainly crystalline phase (maximum of
72.9 wt%) in Al,Os/tailing and Al,04/SiO,/tailing sys-
tems, while anorthite was the newly formed crystalline
phase with its maximum content of 72.9 wt% in Al,O4/
Si0,/CaO/tailing system. The porosity of the obtained
products reduced as the addition of tailings content into
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glass ceramics and the increase of sintering temperature.
The obtained glass ceramics were determined with excel-
lent chemical resistance of 79.3-99.99%, water absorp-
tion ratio of 0.2-31.3%, and compressive strength values
of 170.3-1061.6 MPa, and the results are compatible to
common commercial materials. By increasing content of
iron tailing and sintering temperature, the glass ceramic
samples with best properties were obtained for sample
with Al,05/Si0,/tailing mass ratio of 6/2/6. The sample
exhibited high chemical resistance of 99.99%, low water
absorption ratio of 0.2%, and compressive strength values
of 1061.6 MPa. The low leaching concentration of the haz-
ardous metals from the glass ceramics makes them suitable
for both architectural and construction applications.
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