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Abstract: The transformation behaviors of Zn during co-pyrolysis of waste tires and coal were
studied in a fixed-bed reaction system. The effects of pyrolysis temperature and the Zn content of
coal mixture on the Zn distributions in the pyrolytic products (coke, tar and gas) were investigated in
detail. It is found that the relative percentages of Zn in the pyrolytic products are closely related to the
contents of S and mineral elements (Ca, Al, Si and Fe) in the coal. The thermodynamic equilibrium
simulations conducted using FactSage 8.0 show that S, Al and Si can interact with Zn to inhibit
the volatilization of Zn from coke. The reaction sequence with Zn is S > Al > Si, and the thermal
stability of products is in the order of ZnS > ZnAl,O4 > Zn,SiOy4. These results provide insights into
the migration characteristics of Zn during co-pyrolysis of coal and waste tires, which is vital to the
prevention and control of Zn emissions to reduce the environmental burden.
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1. Introduction

With the rapid development of the automobile industry, the disposal of increasing non-
biodegradable waste tires has brought a great burden on the natural environment. After
the removal of steel, carcass and textiles, the tire material generally consists of synthetic
and natural rubber, carbon black, and inorganic components such as ZnO and SiO, [1-4].
The carbon content of waste tires exceeds 80% and the ash content is comparable to that
of coal [4,5]. The moisture content of waste tires is relatively low in comparison with
other alternative energy sources such as municipal solid waste (MSW) or biomass [4,5]. In
addition, the waste tires possess a high calorific value of 3040 MJ/kg, which is larger than
those of coal and other solid fuels [1-6]. Considering these characteristics, combustion,
gasification and pyrolysis are proposed as the potential approaches to utilizing waste
tires [7-27]. The pyrolysis of waste wires in an inert atmosphere can produce 10-30% of gas,
38-55% of pyrolytic oil and 33-38% of char, all of which are valuable products [17-21]. The
pyrolysis gas is composed of methane, ethane, butadiene, hydrogen and other hydrocarbons
with a high calorific value (37-42 MJ/kg), which can be used as a source of energy for the
pyrolysis process itself and other required processes [19-23]. The tire pyrolysis oil (TPO) is
a complex of C5-C20 hydrocarbons containing paraffins, olefins and aromatic compounds
with a high calorific value of 41-44 MJ]/kg, which can be employed as a substitute for
diesel fuel to reduce fossil fuel consumption and as a high value-added chemical source for
producing benzene, toluene, xylenes, isoprene and limonene [20-23]. The produced char
has a calorific value of 30-40 MJ/kg and can be used as a fuel [23]. Additionally, the char
can be reused as a low-quality carbon black in the tire industry because it contains high
contents of ash (12-16%), S (1.8-4%) and Zn (3-5%) and as high-quality activated carbon
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via activation using steam or carbon dioxide as activation agents for adsorption, catalysis
and electrochemical applications [24-27].

Apart from classic pyrolysis, the co-pyrolysis of waste tires with coal for metallurgical
coke production is considered an economical route for recycling waste products in the
cokemaking process, decreasing coal consumption and reducing the cost of waste disposal
without causing an apparent deterioration in coke quality under suitable conditions [28-32].
W.R. Leeder studied the effect of particle size of waste tires on the quality of coke and
found that 5 wt.% of finely pulverized tires can be incorporated into coal blends without
weakening the coke quality, but the coke yield is reduced because of the higher volatile
matter of tires [28]. C. Barriocanal et al. compared the yields and characteristics of pyrolysis
products from blends of coal and tire wastes in a fixed bed (FB) and a rotary oven (RO) [30].
It was found that the char yields obtained in the two configurations were similar and the
RO promoted the production of gas while the FB produced a higher amount of oil. The pore
characteristics of chars obtained from the two ovens were similar and the chars generated
from the waste tires are mainly mesoporous whereas that from the coal contained a larger
amount of macro- and micropores [31-33]. The oil produced in the RO was more aromatic
and contained a smaller number of oxygen functional groups due to their higher residence
time in the hot zone of the reactor. A.M. Fernandez et al. found that the decrease in the
fluidity of industrial coal blends after the addition of tire wastes and the ash composition of
tires contributed to the deterioration in coke quality [34,35]. They found that the presence
of Zn-bearing phases in the tire wastes increased the coke reactivity and proposed that a
small number of waste tires (2 wt.%) should be incorporated into the industrial coal blends
to guarantee coke quality and good blast furnace performance.

ZnO, as an activator for sulfur vulcanization, is widely used in tire rubber manufac-
turing with a weight content of 1-2% [36,37]. Zn is also known as a deleterious element for
the production and life of the blast furnace [35-40], which is present in the blast furnace
as a component of sinter charge or the coke in the form of an oxide (ZnO) and a sulphide
(ZnS) and can be reduced by CO or carbon to metallic Zn [38,39]. The melting and boiling
points of metallic Zn are 420 °C and 910 °C, respectively. Therefore, the metallic Zn is easily
vaporized in the high-temperature regions and then condenses in the low-temperature
zones or is re-oxidized to ZnO by CO, and water vapor [40]. Consequently, reduction,
vaporization, condensation, oxidation and circulation of Zn could occur in the blast fur-
nace [38,41]. The harmful effects of Zn on blast furnaces have been investigated by several
studies [42,43]. The Zn vapor can flow into the air holes of the refractory lining, then the
deposition and/or the oxidation of Zn can give rise to internal stress, volume expansion
and material damage [42]. The coke acts as a fuel, a reductant, structural support and
a carburizer in the blast furnace [43]. The penetration and deposition of Zn in the coke
pores can weaken the coke strength and accelerate the pulverization of coke. The Zn vapor
can also react with the primary minerals near the coke pores to form new Zn-bearing
compounds, resulting in the accumulation of Zn in the coke [43]. Meanwhile, Zn can
catalyze the gasification reaction of coke, thus the high content of Zn will increase the coke
reactivity index (CRI) and decrease the coke strength after reaction (CSR) [43].

As mentioned above, the presence of Zn in the coke is detrimental to the quality of
coke and the production of a blast furnace. Actually, the volatilization and condensation
of Zn vapor may also be harmful to the refractory materials of the coke oven during the
co-pyrolysis of coal with waste tires. Therefore, it is essential to study the transformation
behaviors of Zn during co-pyrolysis of waste tire and coal. The main mineral components
in coal are 5iO;, Al,O3, Fe;O3 and CaO [44]. Although the reactions between ZnO, carbon
and S have been studied during the pyrolysis of waste tires alone [45-50], the impacts of
inorganic components (Ca, Al, Si, Fe) originating from the coal on the Zn conversion and
Zn distribution in the pyrolytic products during co-pyrolysis remain poorly understood.
Considering these problems, the co-pyrolysis of coal and waste tires was carried out in a
fixed bed reactor, and the Zn contents in the pyrolytic products (coke, tar and gas) with
the different addition ratios of waste tires (or ZnO) at typical temperatures were studied.
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The mineral compositions of cokes were analyzed by XRD measurement. Meanwhile, the
thermodynamic equilibrium calculations were conducted using FactSage 8.0 to simulate
the thermochemical conversion behaviors and phase distributions of Zn and other mineral
elements (Ca, Al, Si and Fe) under different co-pyrolysis conditions. Additionally, the
consistency between the experimental results and the thermodynamic equilibrium analysis
was verified [51-53].

2. Materials and Methods
2.1. Materials

An industrial coal blend provided by an iron-making plant in China was used as
the base coal, and three kinds of waste rubber powders (WT-1, WI-2 and WT-3) gained
from the tire recycling industry were employed as additives, which were obtained by the
grinding of tread rubbers from truck (WT-1) and car (WT-2) tires and sidewall rubber
(WT-3), respectively. Table 1 provides the proximate and elemental analyses of base coal
and tire wastes. The moisture content of sample was obtained by drying at 105 °C to
constant mass. The ash content of the sample was obtained by calcining in air at 800 °C
to constant mass. The sample was heated at 900 °C for 7 min in air to measure the
volatile matter content. The contents of C, H, O, N and S elements were determined on an
elemental analyzer (Elementar-vario EL cube). The contents of Zn, Al, Ca, Fe, Mg, Si and
Ti elements in coal and WT-2 were measured using inductively coupled plasma atomic
emission spectrometry (ICP-AES) on Agilent 720 spectrometer, as listed in Table 2. It is
shown that the chemical compositions of three tire wastes are similar, and their H, O, S
and Zn contents are higher than the base coal. WT-2 was selected as the additive to study
the Zn distributions in the pyrolytic products by fixed-bed pyrolysis experiments and the
transformation behaviors of Zn via thermodynamic simulations using FactSage 8.0.

Table 1. Characteristics of coal and tire wastes.

Proximate Analysis Elemental Analysis
Zn
Amples Moisture Ash VM b C N H S (0] (Wt.% 2)
(wt.%) wt.% 2) (wt.% 2) wt.% ©) wWt.% ©) wWt.% ©) wt.% ©) wt.% ©)
Coal 1.85 7.36 26.24 89.14 1.60 1.78 0.92 6.56 0.01
WT-1 1.35 7.00 62.02 87.93 0.62 3.81 1.67 5.97 2.17
WT-2 1.40 9.24 60.36 85.82 0.60 4.31 1.88 7.39 2.13
WT-3 1.50 9.79 67.68 83.94 0.60 4.28 2.07 9.11 224
2 Dry basis. ? Volatile matter. ¢ Dry ash-free basis.
Table 2. Mineral compositions of coal and WT-2.
Samol Al Ca Fe Mg Si Ti
amples (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%)
Coal 1.23 0.27 0.33 0.025 1.51 0.053
WT-2 0.038 0.29 0.13 0.042 1.01 0.006

2.2. Experimental

The co-pyrolysis experiments were carried out on a temperature-controlled fixed-bed
reactor system, which includes a heating, cooling and gas adsorption section, as illustrated
in Figure 1. The coal was mixed with 1, 3 and 5 wt.% of WT-2 powders by ball milling,
corresponding to 0.02, 0.06 and 0.1 wt.% of Zn in the hybrid, respectively. To further expand
the scope of the study, the 1 and 5 wt.% of ZnO powders were also blended with the coal,
related to 0.8 and 4 wt.% of Zn in the mixture, respectively. Then the blends were put
into the quartz tube of fixed-bed reactor and heated to 700, 900 and 1050 °C and kept
for 2 h with a heating rate of 5 °C/min in nitrogen, respectively. For comparison, the
separate pyrolysis of coal or WT-2 was also conducted under the same condition. The
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produced tar was found to be condensed on the wall of the quartz tube and in the tar
collector. To analyze the Zn content in tar, the quartz tube and tar collector were calcined
in muffle furnace at 800 °C for 2 h and the obtained ash was dissolved in HCI aqueous
solution (37.5 wt.%), which was subjected to inductively coupled plasma atomic emission
spectrometry (ICP-AES) measurement. Additionally, the HCl aqueous solution in the gas
absorber was also analyzed by ICP-AES to determine the amount of Zn vaporized into gas.
Zn content in coke was determined by subtraction method.

Exhaust gas
—

!

5

Figure 1. Schematic diagram of fixed-bed experimental device. 1—Nj cylinder, 2—flowmeter,
3—electric heating furnace, 4—quartz tube, 5—program temperature controller, 6—coal tar collector,
7—ice water, 8—HCI solution.

2.3. Materials Characterization

The phase compositions of samples were analyzed by X-ray diffraction (XRD) on a
Rigaku Smartlab 9 kw diffractometer with a Cu K« radiation (A = 0.15406 nm) in the 26
range of 5-90° with a scanning rate of 10°/min. The thermal decomposition behaviors
of samples were analyzed with thermogravimetric and differential scanning calorimetry
(TG-DSC) on a Chi 449F3 thermogravimeter from room temperature to 1100 °C at a heating
rate of 10 °C/min under a nitrogen flow.

2.4. Thermodynamic Equilibrium Simulation

In order to better understand the conversion behaviors of Zn during co-pyrolysis
process, the thermodynamic equilibrium simulations were carried out using FactSage 8.0
based on the principle of Gibbs free energy minimization. The contents of C, H, O, N, S and
mineral elements (Ca, Al, Si and Fe) of coal were used as the inputs. The amounts of S, Ca,
Al, Si and Fe are 0.24, 0.07, 0.46, 0.53 and 0.06 mol per kg of coal, respectively. Additionally,
the amount of Zn is 0.0019, 0.0052, 0.0117, 0.0182, 0.12 and 0.62 mol in per kg of coal when
the Zn content is 0.01, 0.02, 0.06, 0.1, 0.8 and 4 wt.%, respectively. Equilibrium calculations
were performed at the temperature range of 100-1500 °C with an interval of 100 °C in the
nitrogen atmosphere under a pressure of 1 atm.

3. Results and Discussion
3.1. Phase Compositions of Coal and Tire Wastes

The phase compositions of coal and three tire wastes were analyzed by XRD, as shown
in Figure 2a. The main compounds in coal are kaolinite Al,Si,O5(OH)4 (JCPDS 29-1488),
quartz SiO, (JCPDS 99-0088), goethite FeO(OH) (JCPDS 99-0055) and gypsum CaSO4(H,0),
(JCPDS 06-0047). Calcite containing magnesium (Ca, Mg)COj3 (JCPDS 43-0697) is found
in WT-2 and limestone CaCOj3 (JCPDS 86-0174) exists in WT-3. CaSOy (JCPDS 74-2421)
and ZnO (JCPDS 99-0111) are detected in all three tire wastes. CaSO4 is commonly used
in rubber modification, which can effectively improve the mechanical performance and
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thermal stability of rubber [54]. The XRD patterns of ashes obtained by the calcination of
coal and tire wastes at 800 °C for 1 h are displayed in Figure 2b. S5iO,, CaSO4 and Fe;O3
(JCPDS 85-0599) are detected in the ash of coal. The ashes of three tire wastes are composed
of 5i0,, CaSOy, ZnO and Zn,SiO, (JCPDS 37-1485). Zn,5i0y is formed by the reaction of
ZnO and SiO; at high temperatures [55].
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Figure 2. XRD patterns of base coal and three tire wastes (a) and their ashes (b).

3.2. TG-DSC Analysis

The influences of waste tires and ZnO additives on the thermal stability of coal were
examined by TG-DSC measurements. The TG-DTG and DSC curves of coal, WT-2 and
coal containing 5 wt.% of WT-2 or 5 wt.% of ZnO were displayed in Figure 3. The TG
curve of coal can be divided into three stages, including dehydration, primary pyrolysis
and secondary pyrolysis processes, giving rise to a total weight loss of 29.2% from room
temperature to 1100 °C. The first stage from room temperature to 200 °C is attributed
to the removal of physically adsorbed water, corresponding to a peak at 74 °C in the
DTG curve and a small endothermic peak at around 82 °C in the DSC curve. The second
weight loss takes place at 400-600 °C; meanwhile, a peak at 479 °C in the DTG curve and a
broad endothermic peak at 482 °C in the DSC curve are observed, which is related to the
primary pyrolysis of coal with the breaking and recombining of organic functional groups
accompanied by the evolution of gas products such as CO,, CO, light aliphatics, CHy, H,O
and so on [56-58]. The third stage occurs above 700 °C, which is assigned to the secondary
pyrolysis of condensed carbon matrix with the release of CO and Hj, corresponding to a
broad endothermic peak at 600-1000 °C. The decomposition of waste tire WT-2 starts at
200 °C and a sharp DTG peak at 382 °C is observed to exhibit a weight loss of 68.9% up
to 1100 °C. The low thermal stability of WT-2 should be due to the high volatile content
and easily breakable molecular bonds of rubber [35,59]. The co-pyrolysis of coal with
5 wt.% of WT-2 displays an additional peak at 384 °C in the DTG curve and the weight loss
increases by 1.7% up to 1100 °C compared with that of coal, indicating that more volatile
matter is released after the addition of waste tire [60]. In comparison with coal, the DTG
curve for a mixture of coal and 5 wt.% of ZnO shows an extra broad peak around 800 °C,
and an exothermic peak at 830 °C in the DSC curve is detected, which is attributed to the
carbothermal reduction of ZnO.
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Figure 3. TG-DTG (a) and DSC (b) curves of coal, WT-2, coal containing 5 wt.% of WT-2 or 5 wt.%
of ZnO.

3.3. Phase Compositions of Cokes

The XRD patterns of cokes generated by the separate pyrolysis of coal and WT-2 are
displayed in Figure 4. As shown in Figure 4a, SiO, is detected in the coke obtained by
the pyrolysis of coal at 700, 900 and 1050 °C. Additionally, CaS (JCPDS 08-0464) is found
in the coke generated at 900 and 1050 °C. When the WT-2 pyrolyzes alone at 700 °C, the
sphalerite ZnS (JCPDS 77-2100), ZnO, CaS and SiO; are detected in the resultant coke. With
the temperature rising, the diffraction peaks of ZnO disappear in the coke obtained at
900 °C and those of ZnS cannot be detected in the coke formed at 1050 °C, indicating that
the ZnS is more stable than ZnO in the coke, but ZnS can also be reduced by carbon to
metallic Zn vapor at high temperature.

Intensity (a.u.)

(a) coal

®Si0, * CaS (b) WT-2 * #ZnS ®Si0,
OZnO K CaS
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Figure 4. XRD patterns of cokes obtained by the separate pyrolysis of coal (a) and WT-2 (b) at

different temperatures.

Figure 5 shows the XRD patterns of coke produced by pyrolysis of coal containing 1, 3
and 5 wt.% of WI-2, 1 and 5 wt.% of ZnO, corresponding to 0.02, 0.06, 0.1, 0.8 and 4 wt.%
of Zn content in the blends, respectively. When the Zn content is low (0.06 and 0.1 wt.%),
ZnS is only detected in the cokes obtained at 700 °C, and as the Zn content increases to 0.8
and 4 wt.%, ZnS exists in the cokes formed at 700-1050 °C. ZnS cannot be detected in the
coke obtained by the pyrolysis of coal containing 0.02 wt.% of Zn, which should be due
to the ultra-low content of Zn and the resultant ultra-fine crystallite size of ZnS. As the
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Zn content increases to 4 wt.%, ZnO and ZnS coexist in the coke produced at 700 °C. The
diffraction peaks of ZnO vanish and those of ZnAl,O4 (JCPDS 73-1961) appear at 900 °C,
whereas the ZnAl,O4 phase disappears and the diffraction peaks of ZnS become weak at
1050 °C. The above results show that Zn preferentially combines with S to generate ZnS,
and when the Zn content exceeds the molar of S (4 wt.% of Zn), excess ZnO can react with
Al,O3 to form ZnAl,O4, which is also not stable at 1050 °C and can be further reduced to
metallic Zn vapor by carbon. Moreover, the CaS phase can be detected in the cokes formed
at 700, 900 and 1050 °C when the Zn content is low (0.02, 0.06 and 0.1 wt.%), which can
only be observed in the cokes obtained at 900 and 1050 °C as the Zn content increases to 0.8
and 4 wt.%. This suggests that the S preferentially binds with Zn rather than Ca because
CaS can only be formed once some ZnS decomposes.

(a) coaltl wi.go WT-2 ® Si0, *CaS (b) coal+3 wt.go WT-2 ®Si0, *CaS +ZnS
[ ]
s ; 4 X 1050 °C
= - WMM !
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L]
-~ * —_~
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Figure 5. Cont.
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Figure 5. XRD patterns of coke generated by pyrolysis of coal containing 1 wt.% (a), 3 wt.% (b) and
5 wt.% (c) of WT-2, 1 wt.% (d) and 5 wt.% (e) of ZnO.

3.4. Migration of Zn during Pyrolysis

The mass distributions of Zn in the pyrolytic products (coke, tar and gas) under differ-
ent pyrolysis conditions are listed in Table S1, and the corresponding relative percentages
(%) and contents (g/g coke) of Zn are displayed in Figure 6. It should be emphasized that
the results for separate pyrolysis of coal and co-pyrolysis of coal with 1 wt.% of WT-2 are
not included due to the extremely low content of Zn in the pyrolytic products and the
resultant large detection error. As shown in Figure 6a, c and e, the relative percentages of
Zn in the coke decrease with the temperature increasing. The Zn residual rate in the coke
produced at 700 °C is 97.4%, 97.3% and 96.8% as the Zn content is 0.06, 0.1 and 0.8 wt.%
in the coal mixture, which declines to 90.3% when the Zn content is 4 wt.%. When the
co-pyrolysis temperature rises to 900 and 1050 °C, most of the Zn escapes from the coke and
enters into the tar. Moreover, the residual rate of Zn in the coke obtained at 900 °C when the
Zn content is 0.8 and 4 wt.% is higher than that of coke produced from the coal containing
0.06 and 0.1 wt.% of Zn. Additionally, the residual rate of Zn in the coke obtained at 1050 °C
from the coal owning 4 wt.% of Zn is slightly lower than that of coke produced from the
coal containing 0.06, 0.1 and 0.8 wt.% of Zn. The Zn contents in the pyrolytic products
were also calculated based on the per gram coke, as shown in Figure 6b,d f. It is shown
that the Zn content of obtained coke increases with the increase of Zn content in the coal at
the same pyrolysis temperature and decreases with the increase of pyrolysis temperature
under the same Zn content of coal. The Zn content of coke formed at 700 °C is highest as
the coal containing 4 wt.% of Zn, reaching 0.047 g/g coke and the largest amount of Zn
(0.051 g/g coke) migrates into the tar produced at 1050 °C from the coal owning 4 wt.% of
Zn. When the WT-2 pyrolyzes alone, the Zn residual rate in the coke obtained at 700 °C is
88.3% and then decreases to 40.2% and 0.05% at 900 and 1050 °C, respectively (Figure 6a).
Compared with the co-pyrolysis of coal and WT-2, the coke yield by separate pyrolysis of
WT-2 is almost reduced by half (Table S1), which results in the enhancement of Zn content
calculated based on the per gram coke in the pyrolytic products (Figure 6b,d,f).
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Figure 6. The relative percentages (%) (a,c,e) and contents (g/g coke) (b,d,f) of Zn in the coke, tar
and gas under different pyrolysis conditions.

To sum up, when the coal containing 0.06, 0.1 and 0.8 wt.% of Zn (the molar ratio of
Zn to S < 1) pyrolyzes at 700 °C, Zn is fixed in coke in the form of ZnS, resulting in a 97%
Zn residual rate in coke. When the molar of Zn exceeds that of S (4 wt.% of Zn), ZnO and
ZnS coexist in the coke produced at 700 °C and partial ZnO is reduced to gaseous Zn by
carbon, causing a slight decrease in Zn residual rate in the coke (90.3%). It is noted that
the Zn residual rate in the coke obtained by separate pyrolysis of WT-2 at 700 °C is 88.3%,
which is lower than that of co-pyrolysis of coal with WT-2, although the molar ratio of Zn
to S in the WT-2 is 0.64. This should be attributed to the large crystallite size of ZnO in the
WT-2, which cannot be completely transformed into ZnS at 700 °C, as shown in Figure 4b,
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resulting in the coexistence of ZnO and ZnS in the coke obtained at 700 °C. As the pyrolysis
temperature increases, ZnS is reduced to metallic Zn vapor by carbon, so the residual rate
of Zn in coke decreases and the percentage of Zn in tar increases. In addition, the residual
rate of Zn in coke is related to the Zn content of coal. As the Zn content of coal is 0.8 wt.%,
a large amount of ZnO is reduced slowly by carbon with the temperature rising and leads
to a higher Zn residual rate in the cokes obtained at 900 and 1050 °C. When the Zn content
of coal is 4 wt.%, excess ZnO reacts with Al;O3 to generate ZnAl,O4 at 900 °C to enhance
the Zn residual rate in coke to 50%. Additionally, ZnAl,Oy4 can also be reduced by carbon
to generate gaseous Zn at 1050 °C, giving rise to a reduction of Zn residual rate in coke of
10%. Based on the above experimental results, the relative percentage distribution of Zn
in the pyrolytic products is closely related to the content of S and mineral elements in the
coal. FactSage 8.0 is further used to calculate the thermochemical conversion behaviors and
phase distributions of Zn at different temperatures in detail.

3.5. Thermodynamic Equilibrium Analysis
3.5.1. The Interactions of Zn with S

The effect of S on the thermodynamic equilibrium distributions of Zn in the coke was
investigated, as shown in Figure 7. When only ZnO exists in the coal, ZnO is reduced by
carbon to generate metallic Zn vapor at the temperature range of 500-700 °C with 0.01 wt.%
of Zn content (0.0019 mol/kg coal), as displayed in Figure 7a. As the Zn content is increased
to 4 wt.% (0.62 mol/kg coal), the stability of ZnO is improved, which decomposes at the
temperature range of 600-900 °C (Figure 7b). It is found that the generated amount of
CO after the addition of ZnO is 0.62 mol more than that of the base coal (Figure 7c), so
the reaction of ZnO and carbon produces CO gas, as described in Reaction (1). When
the Zn content is 0.01 wt.% (0.0019 mol/kg coal), the presence of S (0.24 mol/kg coal)
suppresses the volatilization of Zn due to the formation of ZnS, which is further reduced
to gaseous Zn by carbon at 700-1000 °C (Figure 7d). ZnO and ZnS coexist in the coke
as the Zn content is 4 wt.% (0.62 mol/kg coal). The gaseous Zn is produced at 600 °C by
the reduction of ZnO and ZnS, which starts to decompose at 900 °C. Some ZnS undergo
crystal phase transformation at 1000-1200 °C, from sphalerite ZnS(s) to wurtzite ZnS(s2)
and are completely reduced to Zn vapor at 1200 °C (Figure 7e). The thermodynamic
equilibrium distributions of Zn with the Zn contents of 0.02 wt.% (0.0052 mol/kg coal),
0.1 wt.% (0.0182 mol/kg coal) and 0.8 wt.% (0.12 mol/kg coal) are also calculated and
displayed in Figure S1, further demonstrating that the thermal stabilities of ZnO and ZnS
are enhanced with the increase of Zn content.
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Figure 7. Cont.
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Figure 7. The thermodynamic equilibrium distributions of Zn (a—e) and generated amount of CO
(c) when S and Zn coexist in the coal.

ZnO + C — Zn(g) + CO(g) )

3.5.2. The Interactions of Zn with S and Ca

The effect of the co-existence of S and Ca on the thermodynamic equilibrium distribu-
tion of Zn was analyzed, as shown in Figure 8. When the Zn content is low
(Zn/S/Ca =0.0019/0.24/0.07), the Zn incorporates with S to form ZnS, which decom-
poses into gaseous Zn from 700 to 900 °C (Figure 8a). Additionally, Ca also combines with
S to generate CaS at 400-500 °C, which is stable before 1500 °C (Figure 8b). When the
amount of Zn is high (Zn/S/Ca = 0.62/0.24/0.07), CaO can react with ZnS at 800-900 °C to
form Ca$S and gaseous Zn (Figure 8c,d). Meanwhile, 0.07 mol of CO gas is generated in
this process (Figure 8e), as described in Reaction (2). The above results indicate that the
presence of Ca reduces the stability of ZnS and promotes the volatilization of Zn from coke.
Consistent with the XRD results, CaS can be detected in the coke generated at 700 °C when
the Zn content is low (0.0019 mol/kg coal), while CaS is only formed in the coke obtained
at 900 °C when the Zn content is high (0.62 mol/kg coal).

CaO + ZnS + C — Ca$ + Zn(g) + CO(g) @)
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Figure 8. The thermodynamic equilibrium distributions of Zn (a,c), Ca (b,d) and generated amount
of CO (e) when S, Zn and Ca coexist in the coal.

3.5.3. The Interactions of Zn with S and Fe

The influence of the co-existence of S and Fe on the thermodynamic equilibrium
distributions of Zn is displayed in Figure O. When the Zn content is low
(Zn/S/Fe = 0.0019/0.24/0.06), ZnS is formed and reduced by carbon to gaseous Zn at
the temperature range of 700-1000 °C (Figure 9a). Fe combines with S to form FeS,
(pyrite), FeS, is transformed to FeS(s) (monoclinic pyrrhotite) at 200-300 °C, FeS(s) is
converted to FeS(s2) (hexagonal pyrrhotite) at 300-400 °C, and FeS(s2) reacts with car-
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bon to form Fe3C (cementite) at 1300-1500 °C (Figure 9b). When the Zn content is high
(Zn/S/Fe =0.62/0.24/0.06), Fe combines with partial Zn to form ZnFe,O, (Figure 9c), as
indicated in Reaction (3). ZnFe;O4 decomposes into ZnO and Fe3O4 at 400-500 °C. Fe30y is
continuously reduced to FeO and elemental Fe by carbon at 500-700 °C, then Fe reacts with
carbon at 800-900 °C to form Fe3C. Fe3C is further transformed to FeS at 1000-1100 °C,
meanwhile, the ZnS is decomposed to metallic Zn gas, finally, FeS is converted to Fe3;C at
1300-1500 °C (Figure 9d). The above results demonstrate that the presence of Fe has no
effect on the interaction of Zn and S. In addition, when Fe and Ca coexist in coal, compared
with the case where only Fe or Ca exists, the phase distributions of Zn and Ca do not
change within 100-1500 °C, but the stability of FeS becomes worse. The FeS is transformed
to Fe3C from 1200 °C, as shown in Figure S2.
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Figure 9. The thermodynamic equilibrium distributions of Zn (a,c) and Fe (b,d) when S, Zn and Fe
coexist in the coal.

3.5.4. The Interactions of Zn with Si

The thermodynamic equilibrium distributions of Zn and Si as Zn and Si coexist in
the coal are displayed in Figure 10. When the Zn content is low (Zn/Si = 0.0019/0.53),
partial Si combines with Zn to form Zn;SiO4 (Reaction (4)), which is further reduced
to gaseous Zn by carbon at 600-800 °C (Reaction (5)), as shown in Figure 10a. SiO»(s)
(e-quartz) is converted to SiO,(s2) (B-quartz) at 500-600 °C, SiO,(s2) is transformed to
5i10,(s3) (tridymite) at 800-900 °C and partial SiO;(s3) reacts with carbon to form SiO(g) and
CO(g) at 1300-1500 °C (Reaction (6)), and SiC(s) and CO(g) at 1400-1500 °C (Reaction (7)),
respectively (Figure 10b). When the Zn content is high (Zn/Si = 0.62/0.53), the stability of
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Zn,Si0y is improved. It reacts with carbon to generate SiO;(s2) and Zn(g) at 700-800 °C
and Si0,(s3) and Zn(g) at 800-900 °C (Reaction (5)), respectively (Figure 10c,d). The phase
transitions of Si at the temperature range of 900-1500 °C are the same as the condition of
low Zn content (Figure 10d). When S and Si coexist in the system, as shown in Figure S3,
Zn preferentially reacts with S to form ZnS. When the Zn content is high (molar ratio of
Zn/S > 1), the excessive Zn combines with Si to generate Zn;SiO,, which is converted
to SiOy(s2) and Zn(g) at 700-800 °C and SiO;(s3) and Zn(g) at 800-900 °C. In addition,
5i0;(s3) can react with S and carbon to generate SiS(g) and CO(g) at 1200 °C (Reaction (8)).
The generated amount of CO during the above processes is shown in Figure 10e.
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Figure 10. The thermodynamic equilibrium distributions of Zn (a,c), Si (b,d) and generated amount
of CO (e) when Zn and Si coexist in the coal.

3.5.5. The Interactions of Zn with Al

The interactions of Zn and Al were also investigated, as shown in Figure 11. When the
Zn content is low (Zn/Al = 0.0019/0.46), partial Al combines with Zn to form ZnAl,Oy4(s)
(Reaction (9)), and ZnAl,Oy is reduced to gaseous Zn and Al,O5(s) by carbon at 600-800 °C
(Reaction (10)), as shown in Figure 11a,b. When the Zn content is high (Zn/Al = 0.62/0.46),
Zn exists as ZnO(s) and ZnAl;O4(s), which are reduced to Zn(g) by carbon at 600-900 and
900-1000 °C (Figure 11b,c), respectively, suggesting that the stability of ZnAl,Oy is higher
than that of ZnO and that the existence of Al inhibits the volatilization of Zn from coke. The
reaction of ZnAl,O4 and carbon can also produce CO gas, and the generated amount of CO
is shown in Figure 11e, which is the same as the condition that only ZnO exists. When S and
Al coexist in the system, as shown in Figure 54, Zn preferentially reacts with S to form ZnS.
When the Zn content is high, Zn exists in the form of ZnS, ZnAl,O4 and ZnO, which are
decomposed at the temperature range of 900-1200, 800-1000 and 600-800 °C, respectively.
Consistent with the XRD results, ZnAl,O4 can be detected in the coke obtained at 900 °C
when the Zn content is high (molar ratio of Zn/S > 1).
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Figure 11. The thermodynamic equilibrium distributions of Zn (a,c), Al (b,d) and generated amount
of CO (e) when Zn and Al coexist in the coal.

3.5.6. The Interactions of Zn with Si and Al

The effect of the co-existence of Si and Al on the thermodynamic equilibrium distri-
butions of Zn was also investigated, as shown in Figure 12. When the Zn content is low
(Zn/Si/ Al =0.0019/0.53/0.46mol), Zn combines with Al to form ZnAl,O4(s) (Figure 12a),
indicating that Al is easier to react with Zn than Si. The Si and residual Al exists as
(AlyO3)(510)2(H20)2(s) (kaolinite) and SiO;(s), and (Al O3)(Si07)2(H20)2(s) decomposes
into Al,SiOs(s) (kyanite) and SiO5(s) at 100-200 °C. Then Al,SiOs(s) (kyanite) transforms
to Al»SiOs5(s2) (andalusite) at 200-300 °C, and SiO»(s) (x-quartz) converts into SiO»(s2)
(B-quartz) at 500-600 °C (Figure 12c). The Al;SiOs(s2) (andalusite) decomposes into
AlgSi;043(s) and SiO;(s2) at 700-800 °C (Figure 12¢,e), as described in reaction (11). Addi-
tionally, AlgSi;O13(s) reacts with carbon to form Al,O3(s), SiC(s) and CO(g) at 1400-1500 °C
(reaction (12)). When Zn content is high (Zn/Si/ Al = 0.62/0.53/0.46), Zn combines with Al
to form ZnAl,O4(s) and partial Si to generate Zn,SiOy(s) (Figure 12b). Zn,SiOy is reduced
by carbon to generate SiO,(s2) and gaseous Zn at 700-900 °C (Figure 12b,d). Additionally,
ZnAlyOy4 reacts with S5iO,(s3) and carbon to generate AlgSipOq3(s), Zn(g) and CO(g) at
900-1000 °C (Figure 12b,d,f), as described in reaction (13). The generated amount of CO
in the reactions (12) and (13) is shown in Figure 12g. When S is present in the system, Zn
preferentially reacts with S to form ZnS and the excess Zn combines with Al and Si to
generate ZnAl,O, and Zn;,SiOy, respectively, as shown in Figure S5. There is no change
in the phase distributions of Al and Si except for the formation of SiS(g) at 1200 °C. The
standard-state Gibbs free energies (A,an) as a function of temperature for reactions (1)—(13)
are calculated by FactSage 8.0 and listed in Table S2 and Figure S6. When the Gibbs free
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Figure 12. The thermodynamic equilibrium distributions of Zn (a,b), Si (¢,d), Al (e f) and generated
amount of CO (g) when Zn, Si and Al coexist in the coal.

3.5.7. The Interactions of Zn with Ca and Al

The effect of the co-existence of Ca and Al on the phase distributions of Zn was inves-
tigated, as shown in Figure 13. When the Zn content is low (Zn/Ca/Al = 0.0019/0.07 /0.46),
Zn combines with Al to form ZnAl,O,, which decomposes to gaseous Zn at 600-800 °C
(Figure 13a). CaAl;Oy(s) and CaAlj2019(s) are formed by the interaction between Ca
and Al at 400 °C, which exists stably at high temperatures (Figure 13c,e). When the
Zn content is high (Zn/Ca/Al = 0.62/0.07/0.46), Zn exists as ZnO and ZnAl,O4, and
partial ZnAl,Oy4 begins to decompose at 600-700 °C (Figure 13b), and the generated Al
species combines with Ca to form CazAl,Og (Figure 13d,f). CazAl,Og transforms into
CaAl;O7 at 800900 °C, and part of CaAl;Oy converts into CaAl1,0q9 at 900-1000 °C.
The above results show that there is a competitive relationship between Ca and Zn
in the interaction of Al. Below 600 °C, Zn preferentially reacts with Al to generate
ZnAl,O4. With the increase in temperature, Ca begins to plunder Al to form Ca alu-
minate. When S is also present in the above system (Figure S7), ZnS is generated as the
Zn content is low (Zn/S/Ca/Al = 0.0019/0.24/0.07/0.46). CaAl1,019 and CaS are formed
at 400-500 °C, and CaAl;,0O19 begins to decompose and reacts with S to form CaS and
Al,O3 at 700-800 °C. When the Zn content is high (Zn/S/Ca/Al = 0.62/0.24/0.07 /0.46),
Zn exists as ZnS, ZnAl,O4 and ZnO. ZnAl,O4 decomposes into ZnO at 600-700 °C and
gaseous Zn at 700-1000 °C, respectively. Meanwhile, CazAl, Oy is generated at 600-700 °C,
and partial CazAl,Og transforms into CaAl,Oy4 at 700-800 °C, then the residual CazAl,Og
and CaAl,O4 converts into CaAl;O7 at 800-900 °C. Subsequently, part of CaAl;O; turns
into CaAl;p019 at 900-1000 °C, and the remaining CaAl;O7 and CaAl;,019 combine with S
to form CaS and Al,O3 at 1000-1100 °C.

3.5.8. The Interactions of Zn with S, Ca, Al, Si and Fe

Finally, when Zn, Ca, Al, Si and Fe are simultaneously present in the coal, their
phase distributions are displayed in Figure 14 and Figure S8. As the Zn content is low
(Zn/S/Ca/Al/Si/Fe =0.0019/0.24/0.07/0.46/0.53/0.06), Zn still interacts with S to gener-
ate ZnS, which turns into gaseous Zn at 700-1000 °C (Figure 14a). The reactions among
Ca, Si and Al are complex. CaAl,Si,O7(OH),(H0), (Ca0)2(Aly03)2(5107)s(H20)7 and
(Al O3)(5i07)2(H20); all transform into CaAlsSiyO19(OH); and AlySiOs(s) (kyanite) at
100-200 °C, and CaAl4SipO19(OH); decomposes into CaAl,SipOg and Al;SiO5(s2) (an-
dalusite) at 200-300 °C (Figure 14b,c). Meanwhile, the Al;SiOs5(s) (kyanite) also trans-
forms into Al,SiOs5(s2) (andalusite) at 200 °C, and Al,SiO5(s2) (andalusite) converts into
AlgSipOq3(s) at 700-800 °C (Figure 14c). A small amount of CaAl;SiOg decomposes
and CaS is generated from 1400 °C (Figure 14b-d). At 1400-1500 °C, AlgSi;O13 trans-
forms into Al,Os3 and SiC under the action of carbon (Figure 14c,d). The phase dis-
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tribution of Fe at high temperatures is affected by the presence of Si. Fe3C turns into
FeSi at 1400-1500 °C (Figure 14e). When the Zn content is high (Zn/S/Ca/Al/Si/Fe
= 0.62/0.24/0.07/0.46/0.53/0.06), Zn exists as ZnS, ZnAl,O4 and Zn,SiO4, as shown
in Figure S8. Two-step decompositions at 200-500 and 800-1000 °C are observed for
ZnAlyOy, in which the ZnAl,O4 converts into Zn,SiO,4 and gaseous Zn, respectively
(Figure S8a). CasFe,SizO1 and CaFeSipOg are formed at 100-200 and 100-300 °C, respec-
tively. CasFe;SizOq; transforms into CaFeSi;Og and CazAl,SizOq; at 200-300 °C with a
little decrease in ZnAl,Oy4 (Figure S8b,c). Then Ca3zAl;Si3O1, converts into CaAl,SipOg at
300-400 °C along with consumption of ZnAl,O4 and SiO;(s) (Figure S8c,d). Subsequently,
CaFeSiyOg turns into CaAl,Si;Og and FepSiOy4 at 400-500 °C, accompanied by the decom-
position of ZnAl,O4. FepSiO4 decomposes into elemental Fe and SiO;(s2) at 700-800 °C
(Figure S8d,e). The elemental Fe combines with carbon to produce Fe;C at 800-900 °C,
which then transforms to FeS at 1000-1100 °C. The FeS decomposes and Fe;C is formed
again at 1300-1400 °C, which finally converts into FeSi at 1400-1500 °C.
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Figure 13. Thermodynamic equilibrium distributions of Zn (a,b), Ca (c,d) and Al (e,f) when Zn, Ca
and Al coexist in the coal.
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Figure 14. Thermodynamic equilibrium distributions of Zn (a), Ca (b), Al (c), Si (d) and Fe (e) in the

coal when the Zn content is low (Zn/S/Ca/Al/Si/Fe = 0.0019/0.24/0.07/0.46/0.53/0.06).

Consistent with the XRD results, when the Zn content is low (molar ratio of Zn/S < 1),
ZnS and SiO, are the main minerals in the obtained coke, and ZnS, ZnAl,O4 and SiO,
can be detected when the Zn content is high (molar ratio of Zn/S > 1). In addition, CaS is
present in the coke whatever the Zn content, which is not the situation as predicted by the
thermodynamic equilibrium simulations. It is deduced that there is limited contact of Ca
with Al and Si species in the coal, so the Ca preferentially combines with S dispersed in the
coal matrix to generate CaS. Moreover, ZnO is found in the coke obtained at 700 °C, while
the theoretically predicted Zn;SiOy is not detected, which should be due to the physical
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isolation of Zn from Si in the coal or the crystallite size of generated Zn;5iO4 being too
small to be detected by the XRD measurement. Based on the above analysis, the Zn species
in the blends of coal and waste tires can migrate to the gas products in the form of gaseous
Zn via a carbothermal reduction reaction during pyrolysis. The formation temperature
of gaseous Zn is dependent on the contents of Zn, S and mineral elements in coal. The S,
Al and Si can interact with Zn to inhibit the volatilization of Zn from coke. The reaction
sequence with Zn is S > Al > Si, and the thermal stability of products is in the order of
ZnS > ZnAl,O4 > ZnySiO4. The decomposition of ZnS, ZnAl,O,4 and ZnyS5iO4 can occur in
the temperature range of 700-1200, 600-1000 and 600-900 °C, respectively. Moreover, Fe
and Ca can also bind with S to form metal sulfides, but their interactions are weaker than
that of Zn with S and ZnS can be preferentially formed. In actual industrial production, the
central temperature of coke cake produced in the coke oven is controlled at 950-1050 °C to
ensure sufficient strength, so most of the Zn species can escape from the coke, which may
be detrimental to the refractory bricks of the coke oven. Additionally, the deposition of Zn
also increases the risk of clogging of ascension pipe that is used for the discharge of coke
oven crude gas.

Although the transformation mechanisms described above are concentrated on the
co-pyrolysis process of waste tires and coal, the corresponding rules are also suitable to
understand the thermochemical behaviors of Zn in systems containing C, S, Ca, Al, Si
and Fe under an inert atmosphere. Particularly, except for Zn, the contents of S and other
inorganic components such as Ca, Al, Si and Fe are appreciable in the waste tires [34,61-63],
which is also verified by our analysis results (see Table 2). Therefore, the conclusions from
this study can also provide insights into the migration characteristics of Zn during the
pyrolysis of waste tires alone, which is vital to the prevention and control of Zn emission to
reduce the environmental burden.

4. Conclusions

In this paper, the transformation behaviors of Zn during co-pyrolysis of waste tires
and coal were studied in a fixed-bed reactor system. It is shown that the relative percentage
of Zn in the pyrolytic products (coke, tar and gas) obtained at different temperatures is
closely related to the content of S and mineral elements (Ca, Al, Si and Fe) in the coal.
When the molar ratio of Zn to S is less than 1, ZnS is formed in the coke obtained at 700 °C,
resulting in ca. 97% of Zn residual rate in the coke. As the pyrolysis temperature increases
to 900 and 1050 °C, ZnS is reduced to metallic Zn vapor by carbon, so the residual rate
of Zn in coke decreases and the percentage of Zn in the tar increases. When the molar
of Zn exceeds that of S, ZnO and ZnS coexist in the coke produced at 700 °C and partial
Zn0Q is reduced to gaseous Zn by carbon, causing a small decrease in Zn residual rate in
coke. Excess ZnO can react with Al,O3 to generate ZnAl,O4 at 900 °C, resulting in the
enhancement of the Zn residual rate in coke (50%). Additionally, ZnAl,O4 can also be
reduced by carbon to generate gaseous Zn at 1050 °C, giving rise to a reduction of the Zn
residual rate in coke to 10%. The thermodynamic equilibrium simulations show that the
formation temperature of gaseous Zn is dependent on the contents of Zn, S and mineral
elements in coal. The S, Al and Si can interact with Zn to inhibit the volatilization of Zn
from coke in the sequence of S > Al > 5i, and the thermal stability of products is in the
order of ZnS > ZnAl,O4 > Zn;yS5i0O4. The decompositions of ZnS, ZnAl,O,4 and Zn;SiOy4
into Zn vapor occur in the temperature range of 700-1200, 600-1000 and 600-900 °C,
respectively. Based on the above analysis, most Zn species can escape from the coke during
the industrial cokemaking process, which is harmful to the refractory materials of the
coke oven and brings the risk of blockage of ascension pipe due to the deposition of Zn.
The Zn transformation mechanisms studied in this work are applicable not only for the
co-pyrolysis of coal and waste tires but also for the pyrolysis of waste tires alone.
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butions of Zn when S and Zn coexist in the coal; Table S1: Mass distributions of Zn in the pyrolytic
products; Figure S2: The thermodynamic equilibrium distributions of Zn (a, b), Ca (c, d) and Fe (e, f)
when S, Zn, Ca and Fe coexist in the system; Figure S3: The thermodynamic equilibrium distributions
of Zn (a, c) and silicon (b, d) when S, Zn and Si coexist in the system; Figure S4: The thermodynamic
equilibrium distributions of Zn (a, c) and Al (b, d) when S, Zn and Al coexist in the system; Figure S5:
Thermodynamic equilibrium distributions of Zn (a, b), Si (¢, d) and Al (e, f) when S, Zn, Si and Al
coexist in the system; Table S2: Standard Gibbs free energies of typical reactions; Figure S6: The
standard-state Gibbs free energies of reactions 1—13 as a function of temperature; Figure S7: Thermo-
dynamic equilibrium distributions of Zn (a, b), Ca (c, d) and Al (e, f) when S, Zn, Ca and Al coexist in
the system; Figure S8: Thermodynamic equilibrium distributions of Zn (a), Ca (b), Al (c), Si (d) and
Fe (e) in the coal when the Zn content is high (Zn/S/Ca/Al/Si/Fe =0.62/0.24/0.07/0.46/0.53/0.06).
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