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Abstract

Iron coke, as a new type of blast furnace burden is helpful for energy saving, emission
reduction and green production of iron making. This study aims to investigate the
strength degradation mechanism of iron coke prepared by mixed coal and Fe>Os3 to
provide a theoretical direction to improve its strength. Coking and pyrolysis
experiments of mixed coal and Fe.Os were carried out between 400 and 500 °C
temperature. Gieseler plastometer and derivative thermogravimetric (DTG) showed
that added Fe>O3 inhibited the thermoplasticity and pyrolysis process of mixed coal
during coking. X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FT-IR) results showed that added Fe>Os decreased the aromaticity and average
stacking height, but increased the interlayer spacing of crystallite, aliphatic chain length
and hydrocarbon-generating potential of mixed coal during coking. Further, gas
chromatography-mass spectrometer (GC-MS) analysis suggested that the added Fe>Os
inhibited the cleavage of Ca-O, Car-S, Ca-N, Ca-Car and Ca-Ca bonds, reduced the
generation of ethylbenzene, o-xylene and unbranched alkanes with carbon atoms in 24-
26, thus decreased the amount of fluid phase generated in coking and ultimately

degraded the strength of iron coke.

Keywords: Iron coke, Strength degradation, Thermoplastic behavior, Structure

transformation, Pyrolysis.
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1. Introduction

With a rapid increase in environmental protection pressure, steel companies are
eagerly looking for new technologies that are conducive for green production. Coke
could be an indispensable burden for blast furnace ironmaking. Therefore, it has been
studied that improving its reactivity is helpful to accelerate the indirect reduction rate
of iron ore, and to increase the reaction efficiency of blast furnace, thereby realize
energy saving and consumption reduction in the process of ironmaking [1, 2]. Iron, as
a transition group metal, can reduce the energy barrier formed by unstable activated
complexes, promote the formation of carbon-oxygen complexes, and attract CO in the
carbon-oxygen complexes through the reduction of iron oxides during gasification
process to accelerate the gasification [3]. In addition, as the final product of blast
furnace ironmaking, iron has no adverse effect on the blast furnace. Therefore, the use
of iron-based additives to improve coke reactivity has obvious advantages [4-7].

Many studies show that [8-17] iron-containing substances are harmful to the
strength of iron coke while catalyzing its reactivity, especially to the index of coke
strength after reaction (CSR). As a result, the role of iron coke in the blast furnace is
weakened, which is not conducive to its application in the blast furnace. It is well known
that the strength of coke is closely related to the behavior of the fluid phase (metaplast)
during coal pyrolysis, which determines the fluidity of coal during the thermoplastic
stage. At present, fluidity and swelling are commonly used to represent the
thermoplasticity of coal. The better the fluidity of coal, the lower the reactivity and the

higher the CSR [18]. Studies found that the fluidity of coal in thermoplastic stage has a
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parabolic relationship with the coke reactivity index (CRI) and CSR, and the CRI
reaches its maximum when the fluidity is around 100 ddpm, and CRI reached to a
minimum value when the fluidity is around 200 ddpm, while the change of CSR is
opposite [19, 20]. Khan et al. [21] studied the swelling and thermoplasticity changes of
coal with added Fe;O3 and Fe3O4 and verified that iron oxides is harmful to the fluidity
of coal. Moreover, Fe;Os3; has a more obvious deterioration effect on the
thermoplasticity of coal than other iron minerals [21]. Through co-pyrolysis experiment
of coal and Fe>O3, Uchida ef al. [22] found that Fe>O3 reduced the thermoplasticity of
coal while accompanied by its own reduction. However, it is worth noting that the above
studies are based on the characteristics of the fluidity change of coal in the
thermoplastic stage after adding iron-containing substance. There are only a few studies
on the components of fluid phase. Therefore, it is important to understand the
composition and structural transformation of mixed coal with Fe) O3 in the
thermoplastic stage of coking [23-25].

In the present study, high reactivity iron coke was successfully prepared from
mixed coal and Fe>Os, and its strength deterioration behavior was obtained. Further,
through pyrolysis experiments and some chemical and physical tests, changes in the
thermoplasticity and structural transformation of mixed coal during thermoplastic stage
after adding Fe,O3 were compared and analyzed. Finally, the mechanism of iron coke
strength degradation was established. In fact, the experimental results have guiding

significance for the development of the fabrication process of iron coke.
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2. Experimental

2.1 Sample preparation

Four coals (Coal-A, Coal-B, Coal-C, and Coal-D received from a steel corporation
located in Northeast of China) with 0.1-0.3 mm and 0.5-3.0 mm particle size were used
in this work. The characterization data of these coal samples is described in Table 1. A
standard mixed coal is composed of Coal-A (30 wt.%), Coal-B (20 wt.%), Coal-C (40
wt.%) and Coal-D (10 wt.%). In order to analyze the strength degradation mechanism
of iron coke with more accurately, the mixed coal is pickled to remove minerals, and
the detailed information shows in our previous work [26]. Fe2Os is used as a catalyst
with a particle size of less than 48 um that is chemically pure reagent. The samples of
mixed coal with Fe;Os3 or without are named as CM-Fe>O3 and CM-RAW respectively,

the addition amount of FeO3 is 3 wt% based on coal mass [27].

Table 1. Basic thermochemical properties of coal samples.
Proximate analysis (wt.%) Ultimate analysis (wt.%)
Samples Ro(%) H/C
Mad  Vaar FCa Ag Caat  Haast Ogar Na  Sq
Coal-A 230 2225 7190 7.52 8797 495 511 145 0.37 1228 0.06
Coal-B  1.74 31.72 61.72 9.61 8549 510 628 1.36 147 1.008 0.06
Coal-C 234 3440 6094 7.12 8430 5.66 887 094 0.15 0.85 0.07
Coal-D 1.70 18.34 7030 13.92 88.80 4.51 523 125 1.06 1.713 0.05
M: moisture. V- volatile matter. FC: fixed carbon. A: ash. ad: air dried basis. d: dried basis. daf: dried

and ash-free basis. Ry: the maximum reflectance of vitrinite. H/C: the ratio of element H to C.

2.2 Iron coke preparation

Iron coke was prepared in a 2 kg laboratory coke oven. The sample (CM-RAW or
CM-Fe;03) with a particle of 0.5-3 mm and a weight of 2 kg was loaded into a coking
tank together with 10% moisture and 0.85 t/m? bulk density. The details of this process
have been described in our previous work [27]. After coke was quenched by nitrogen,

the mechanical strength and thermal properties including the abrasion resistance index

5
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(M1o0), drop shatter index (M2s), CRI and CSR were measured [27] to understand the
effect of Fe2O3 on coke strength degradation.

2.3 Thermoplasticity analysis

Gieseler plastometer (ZKJSLDD-4C) was used to observe changes in
thermoplasticity of mixed coal during coking after adding Fe;Os. The sample (CM-
Fe>O3 or CM-RAW) with a particle of 0.1-0.3 mm and weight 5.0 + 0.1 g was placed
in a steel crucible fitted with four metal stirring blades at the bottom. Then the steel
crucible was placed in a liquid metal bath at 300°C, and the temperature was raised to
550°C at a rate of 3°C/min. During this process, the metal stirring paddles were turned
at a constant torque. When rotation speed reached to 1 ddpm, temperature and rotation
degree were recorded every 1 min until the stirring paddle was no longer rotating

(rotation speed <1 ddpm). So, the Gieseler fluidity curve of samples could be obtained.

2.4 Thermal behavior analysis

Thermogravimetric analyzer (STA 449F3, NETZSCH) was used to analyze the
changes in pyrolysis behavior of mixed coal after adding FeoO3. About 7 &+ 2 mg sample
(CM-Fe203 or CM-RAW) with a particle of 0.1-0.3 mm was heated from room
temperature to 1050°C at a heating rate of 10°C/min under high purity of nitrogen gas
with a flow rate of 50 mL/min. Thus, the change of samples weight with temperature
was obtained, further the derivative thermogravimetric (DTG) curve of samples was

derived.

2.5 Pyrolysis experiment

In order to study the changes in thermoplasticity and structure of mixed coal at

thermoplastic stage after adding Fe>Os, pyrolysis experiments with different target

6
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temperature were carried out. About 50 g sample (CM-Fe>O3 or CM-RAW) with a
particle of 0.1-0.3 mm was put into a corundum crucible and heated from 25°C to the
target temperature (400, 425, 450, 475, and 500°C) at 10°C/min under the protection of
high-purity nitrogen. These target temperatures are considered to cover the temperature
range of the coal thermoplastic stage [26]. Finally, the heated mixed coal was quenched

to room temperature by nitrogen to obtain the required samples.

2.6 XRD analysis
The changes in carbon structure of mixed coal during thermoplastic stage after

adding Fe>O3 were analyzed by X-ray diffractometer (MAX2500PC X, Nippon koji co.
LTD). All samples were pulverized in the laboratory and screened to below 0.074 mm.
The X-ray source was generated by copper Ko radiation (40 kV, 150 mA). The scanning
angular started from 15" to 90" at a rate of 4/min, 0.027/step. Gaussian fitting is
performed on the obtained XRD spectra to obtain the required information about y-
band and n-band (002), thereby calculating the parameter f. represents the aromaticity
of mixed coal [28]. Furthermore, parameter doo2, and L. represent the coal graphitization
and the coal average stacking height respectively, were calculated using full width at
half maximum (FWHM) and scattering angle of n-band (002) [29, 30].
2.7 FT-IR analysis

Fourier transform infrared spectroscopy (Nicolet iS5-FTIR, Thermo Fisher
Scientific) was used to analyze the changes in structure transformation of functional
groups of mixed coal during thermoplastic stage after adding Fe,Os. The sample was
placed on a KBr sheet and dried under vacuum at room temperature. Each spectrum
segment was scanned 32 times with a resolution of 4 cm™ and the scanning wave
number range was 4000-650 cm’'. In addition, two characteristic parameters of

CH>/CHj3 and A4-factor reflecting the aliphatic chain length and hydrocarbon-generating

7
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potential of coal respectively, could be obtained by fitting the curves of two regions
(3000-2800 cm™! and 1700-1500 cm™) [26].

2.8 GC-MS analysis

Gas chromatography mass spectrometer (QP2010Ultra, Shimadzu) was used to
analyze changes of fluid phase transformation of mixed coal during thermoplastic stage
after adding Fe2O3. The GC-MS characteristics were described in previous studies [31]
and the fluid phase can be obtained from two-step solvent extraction (first acetone, then
THF) [26]. Firstly, the sample from the pyrolysis experiment were placed in acetone,
and the collected extracts were named as 400-light, 425-light, 450-light, 475-light and
500-light, respectively. Then the sample was removed from acetone to THF, and the
extracts collected were named as 400-heavy, 425-heavy, 450-heavy, 475-heavy and
500-heavy, respectively. Finally, the light/heavy extracts were equally divided into four
parts, three of which were placed in an oven and evaporated to obtain the extract content

by subtraction. The other part was refrigerated in vacuum until further analysis.

3. Results and discussion

3.1 Strength degradation of iron coke prepared by mixed coal and Fe203

As can be seen from Fig. 1, Fe>O3 can significantly improve the reactivity of coke
with CO», but its degradation effect on coke strength is also very obvious. After adding
Fe»0Os, the CRI of coke increased from 36.36% to 41.57%. And the index of Mo and
M>s changed from 4.94% and 94.15% to 5.78% and 92.98% respectively when Fe>O3
was added, which indicated that the added Fe>O3 would degrade the abrasion resistance

index and also drop shatter index of coke. The deterioration was more obvious in the

8
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coke strength after reaction (CSR). The addition of Fe2O3 reduced CSR from 61.94% to

42.78%. These results are consistent with the previous studies [8-17].

98 [ /] cM-RAW
' CM-Fe,0,

NG
=
AN
T K T T T T

Index (%)
g 2

30k 117.00%

Properties
Fig. 1. Changes in coke properties after adding Fe2Os.

3.2 Changes in the thermoplasticity of mixed coal after adding Fe20Os3

As shown in Fig. 2, the CM-RAW begin to soften at 422°C and then the fluidity
increased with increasing temperature resulting in maximum fluidity of 195 ddpm at
455°C, after which the fluidity decreased with increasing temperature and solidified
again at 491°C. The curve is convex with a thermoplastic range of 69°C. The physical
changes of mixed coal during thermoplastic stage depend on the chemical changes in
its molecular structure, involving the rearrangement of carbon molecules to form a fluid
phase and solidification of fluid phase into low temperature graphitized carbon material
(semi-coke) [32]. The thermoplastic characteristics of CM-Fe,O3 are similar to those of
CM-RAW. Its softening temperature is 4 C higher than CM-RAW, and the solidification
temperature is 2°C lower than CM-RAW. Moreover, the maximum fluidity and
thermoplastic range of CM-Fe»O3 were reduced by 40 ddpm and 6°C compared with

CM-RAVW, respectively. Despite the dilution effect of FeoO3 on thermoplasticity of

9
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mixed coal, the actual plasticity range and maximum fluidity value of CM-Fe;O3 may
be slightly larger than the measured value. However, the dilution effect of Fe,Os is
negligible because Fe;O3 is added in a small amount (3%), and the volume of two
samples in the crucible does not change significantly. Therefore, the added Fe>O3 will

reduce the thermoplasticity of coal during coking.
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Fig. 2. Gieseler fluidity curves of mixed coal samples.

3.3. Changes in the pyrolysis behavior of mixed coal after adding Fe203

Fig. 3 provides DTG curves of mixed coal. According Fig. 3(a), the maximum
weight loss rate of CM-RAW corresponds to a temperature of 471°C, which is close to
the temperature of maximum fluidity. The maximum weight loss rate of CM-Fe;O3 is
0.137% min', which is 0.002% min™' less than CM-RAW. The results also show that
the Fe>O3 added inhibits the pyrolysis process of mixed coal during thermoplastic stage.

According to the order of covalent bond breaking, the coking process is divided

10
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into multiple stages as shown in Table 2 [33-42]. The peak-differentiating and imitating

of DTG curve is performed to obtain the relevant information about the above bonds.

It can be seen that after addition of Fe,Os, the content of first type bond (Ca-O, Cal-S,

and Cg-N) decreased by 0.01, the content of second type bond (Ca-Cai) decreased by

0.94, and the content of third type bond (Ca-Car) decreased by 0.13. It indicated that the

added Fe>Os3 inhibits the breaking of Ca-Cai, Cal-Car, Ca-O, Ca-S, and Ca-N, which is

not conducive to the decomposition of macromolecules.
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Fig. 3 DTG curves of mixed coal: (a) CM-RAW, (b) CM-Fe,Os,

Table 2. Bond information resulted from the curve-fitting of DTG curves of CM.
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CM-RAW CM-Fe,03
Possible temperature Peak Peak area in Peak Peak area in
Peak . Absolute ] Absolute .
origin range (°C)  temperature thermoplastic temperature thermoplastic
area area
(°C) stage (°O) stage
Decomposition
1[33-35]  of carboxylic <300 258.31 0.48 - 276.23 0.21 -
acid
2[37 Cal‘O\ Cal‘
38] ’ S. Ca-N 300-400 365.22 0.63 0.04 370.49 0.71 0.03
bonds break
Cal'Cal bond
3[36-41] 400-500 469.89 9.56 6.20 468.92 8.62 5.26
break
Cal-Car bond
4[36-41] 500-600 536.91 7.81 1.47 526.72 7.21 1.34
break
Car-H bond
5[42] 600-900 750.70 2.48 - 768.32 3.60 -
break
230

231 3.3 Changes in the carbon structure of mixed coal during thermoplastic stage after
232 adding Fe203

233 The XRD spectra of samples is illustrated in Fig. 4. No peaks representing

234 minerals were found in Fig. 4(a), indicating that the removal of minerals by acid

235  treatment achieved as expected. From Fig. 4(b), the diffraction peaks of Fe;Os; and

236 Fe304 could be found when CM-Fe;O3 was heated to 400°C and 425°C, further, the

237  diffraction peak of FeO3 was disappeared with increasing pyrolysis temperature. It

238  signifies that the added Fe;Os gradually transforms into Fe3Os in the thermoplastic

239  stage of coking.

12
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Fig. 4. XRD spectra of mixed coal in the thermoplastic stage: (a) CM-RAW, (b) CM-Fe;O:s,

Fig. 5 shows carbon structure of mixed coal after being heated. According to Fig.
5(a), the fa values of samples (CM-RAW, CM-Fe;03) increased with an increase in
temperature, indicating that the aromaticity of mixed coal increases in thermoplastic
stage during coking. This may be due to: (a) the alkyl group is decomposed and

removed from mixed coal during initial softening stage; (b) some of aliphatic
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hydrocarbons undergo a dehydrogenation reaction during the solidification process to
form aromatic structures. However, the f, value of CM-Fe;O3 decreased compared with
the CM-RAW at same temperature, which means the addition of Fe>Os inhibits the alkyl
removal or aromatic dehydrogenation reaction. It can be seen from Fig. 5(b), as
pyrolysis temperature increased, the doo2 values of samples gradually decreased. The
doo2 value of CM-Fe2Os is larger than CM-RAW at same temperature, indicating that
the added Fe,Os inhibits the graphitization of mixed coal in thermoplastic stage. As
shown in Fig. 5(c), the values of L. increased with an increase in temperature.
Furthermore, L. value of CM-Fe;O3 is smaller than CM-RAW at same temperature,
demonstrating that the added Fe,Os reduces the average stacking height of mixed coal.
Previous study [43] has confirmed that an increase in aromatic clusters helps to
accommodate more free radicals. Therefore, the added FeoO3 could reduce the average
stacking height of coal and form less free radicals during coking, which lead to a

decrease in the thermoplasticity of mixed coal.
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Fig. 5. Structural parameters of mixed coal in thermoplastic stage obtained from XRD
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3.4. Changes in the structure of functional groups of mixed coal during
thermoplastic stage after adding Fe203

The FT-IR spectra of mixed coal after heating is illustrated in Fig. 6. The spectra
show that with an increase in temperature, two vibration peaks representing aliphatic
C-H stretching vibrations in the range of 3000-2800 cm™ have weakened. It indicates
that the large aliphatic compounds of mixed coal are gradually decomposed during
pyrolysis process. Moreover, the strength of vibration peak representing C=0O and
aromatic C=C stretching vibrations in the range of 1700-1500 cm™ is also decreased
with an increase in temperature. In addition, the vibration peaks of aromatic ether C-O-
C and ester O=C-O-C appearing in the range of 1350-1250 cm™! are weaker with
increasing temperature, indicating that the mixed coal in thermoplastic stage contains a
small amount of aromatic ethers and esters. Moreover, many peaks in the range of 950-

750 cm! are caused by the out-of-plane deformation of C-H aromatics.
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Fig. 6. FT-IR spectra of mixed coal in the thermoplastic stage: (a) CM-RAW, (b) CM-Fe;0s,

Fig. 7 is obtained by fitting the 3000-2800 cm™ and 1700-1500 cm™ regions of
Fig. 6. In Fig. 7(a), the CH>/CH3 values of samples (CM-RAW, CM-Fe>03) decreased
first, and then increased with increasing temperatures, indicating that the aliphatic
chain length of samples first decreases and then grow during coking. However, the
addition of Fe2O3 improved the CH2/CH3 value at same temperature. This is attributed
to Fe2Os3 inhibits the breaking of certain chemical bonds of mixed coal during pyrolysis,

such as methylene bridges, chemical bonds connecting aromatic rings to aliphatic side
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chain, and chemical bonds connecting small molecules to aliphatic [44]. As shown in
Fig. 7(b), the change of A-factor value of samples is the reverse of CH/CHj3 value. The
A-factor value of CM-RAW first raised in the temperature range of 400-450°C and then
decreased, which indicates that hydrocarbon-generating potential of CM-RAW
increases, and then decreases during coking. As expected, the A-factor value of CM-
Fe;O3 is larger than CM-RAW, indicating that the hydrocarbon-generating potential of
mixed coal increases with the addition of Fe>Os. A previous study [45] has confirmed
that the aliphatic hydrocarbon linked to the macromolecular structure plays an
important role in the thermoplasticity of coal. In this study, the added Fe>Oj3 inhibited
the decomposition of Ca-Cal, Cai-Car, Ca-O, Car-S, and Ca-N during coking, resulting
in the increase of CH2/CHj3 and A-factor of mixed coal, which ultimately decreases the

thermoplasticity of mixed coal.
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Fig. 7. Structure parameters of mixed coal in the thermoplastic stage: (a) CM-CH»/CH3, (b) CM-
A-factor.

3.5. Changes in the fluid phase transformation of mixed coal during thermoplastic
stage after adding Fe203

It can be seen from Fig. 8 that the contents of light and heavy extract of samples
(CM-RAW, CM-Fe203) both increased first and then decreased, and finally reached to
the maximum at 450°C. But the heavy extract content of samples is much higher than
light extract. After adding Fe;Os, the maximum contents of light and heavy extract of

mixed coal is 1.90% and 8.27%, respectively, which is 1.4% and 1.0% lower than CM-

RAW respectively.
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319
320 Fig. 9 shows GC-MS chromatograms of samples extracts (CM-RAW, CM-Fe;03).

321  The detailed compounds information is shown in Table 3, Table 4, Table 5 and Table 6.
322 According to the previous study [26], it can be seen from Fig. 9(a) and Table 3 that the
323 components of the light extract of heated mixed coal in the thermoplastic stage are

324 mainly included methylbenzene, ethylbenzene, o-xylene, 4-hydroxybutyric acid and
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Pantolactone, and light fluid phase is mainly composed of methylbenzene,
ethylbenzene and o-xylene. It can be observed from Fig. 9(c) and Table 4 that after
adding Fe;03, the main substances of light extract are 2-pentanone and methylbenzene
during thermoplastic stage, and the light fluid phase of mixed coal containing Fe;Os is
mainly consist of methylbenzene. As shown in Fig. 9(b) and Table 5, the heavy extract
are mainly phenolic compounds and unbranched alkanes, such as 3- (1, 1-dimethylethyl)
-4-methyl-phenol, 4-methyl-2-phenol, 2,6-bis (1,1-dimethylethyl) -p-cresol and carbon
number are 19-26 unbranched alkanes. Furthermore, the heavy fluid phase is
unbranched alkanes with 19-26 carbon atoms. It can be seen from Fig. 9(d) and Table
6, the heavy extract of mixed coal containing Fe;O3; mainly consists of phenolic
compounds, alkyd compounds and unbranched alkanes, which are mainly nonadecane,
docosane, and tricosane, however, the heavy fluid phase mainly consists of nonadecane,

docosane, tricosane and alkyd compounds.
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Fig. 9. GC-MS chromatograms of the extract obtained from CM in the thermoplastic stage;
(a) CM-RAW light extract, (b) CM-RAW heavy extract, (¢) CM-Fe,Os light extract, and (d)
CM-Fe;0; heavy extract.

Table 3. Chemical compounds in light extract obtained from CM-RAW.

Light extract of CM-RAW (%)

Time(min) Compounds

400 425 450 475 500
2.66 2-Pentanone 8.12 5.18 6.62 5.81 2.13
2.97 Methylbenzene* 16.12  19.82 21.15 18.64 1598
3.04 Ethylbenzene * 12.15 20.22 2533 21.15 19.67
3.33 O-xylene* 18.47 21.05 2234 2141 19.13
3.50 4-Hydroxybutanoic acid 29.21 21.41 11.08 1345 15.34
3.60 Pantolactone 1593 1232 6.25 12.16 15.39
7.49 Pyridine - - 1.88 1.52 3.15
9.68 2,3-dimethyl-Dodecane - - 1.21 1.07 3.26
13.09 2,6-bis (1,1-dimethylethyl) -p- i ) 502 5381 361

Cresol

15.50 Eicosane 2.12 1.98 2.34

*: light fluid phase, 400: the light extract obtained from mixed coal at the pyrolysis temperature of

400°C.
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Table 4. Chemical compounds in light extract obtained from CM-Fe,Os,

Light extract of CM-Fe>O3 (%)

Time(min) Compounds
400 425 450 475 500
2.66 2-Pentanone 1023 846 11.52 1334 8.2l
297 Methylbenzene* 89.77 92.54 8848 86.66 91.79

*: light fluid phase, 400: the light extract obtained from mixed coal at a temperature of 400 C.

Table 5. Chemical compounds in heavy extract obtained from CM-RAW.

Heavy extract of CM-RAW (%)

Time(min) Compounds

400 425 450 475 500
8.56 4-hydroxy- Butanoic acid” - - 6.13  3.56 -
12.09 2,6-bis(1,1 —dlme'thylethyl)—p— ) 3.36 ) ) 1,09

Benzoquinone
12.44 3-(1,1-dimethylethyl)-4-methyl-Phenol  16.14  9.14 1425 1538 17.18
12.64 4-methyl-2-Phenol 9.09 6.86 3.31 269 234
13.09 2,6-bis(1,1-dimethylethyl)-p-Cresol 56.54 33.65 1729 17.59 2947
2-methyl-2-(3-methyl-2-butoxyl) -
13.70 1223 852 17.12 18.14 19.07
Cyclohexanone

14.37 Nonadecane” 1.14 - 2.19 195 197
16.10 Docosane” - 513 554 498 249
16.67 Tricosane # - 3.24 3.36 2.09 1.67
18.08 Tetracosane” - 5.34 5.61 5.12 2.57
19.51 6-methyl-Tetracosane * - 4.28 4.01 4.68 3.29
20.79 Pentacosane” - 4.56 4.51 4.72 2.53
22.04 3-methyl-Pentacosane # 2.53 5.88 4.95 4.19 3.27
23.18 5-ethyl-Pentacosane # 2.33 6.03 4.38 5.14 2.96
24.24 Hexacosane” - 4.01 3.12 3.21 3.15
25.81 6-methyl-Hexacosane # 2.16 335 2091
26.85 Perylene - - 2.07 3.21 3.14

#: heavy fluid phase compounds, 400: the heavy extract obtained from mixed coal at a temperature
of 400 C.

Table 6. Chemical compounds in heavy extract obtained from CM-Fe,Os.

Heavy extract of CM-Fe; 03 (%)

Time(min) Compounds
400 425 450 475 500
8.56 4-hydroxy- Butanoic acid” - - 1.98 1.26  0.98
9.44 5-Hexene- Acetic acid” - - 2.02 1.62 -
2,6-bis(3,5-di-tert-butyl-4-
11.96 3.24 - 3.86 398 252
hydroxybenzyl)-Phenol
12.09 2,6-bis(1,1-dimethylethyl)-p 11.01 1298 13.01 19.34 10.59
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373

Heavy extract of CM-Fe;03 (%)

Time(min) Compounds
400 425 450 475 500
-Benzoquinone
3-(1,1-dimethylethyl)-4-methyl-
12.44 20.15 21.58 1824 1792 10.52
Phenol
12.64 4-methyl-2-Phenol 9.16 1025 735 6.57 8.34

13.09 2,6-bis(1,1-dimethylethyl)-p-Cresol ~ 25.97 27.85 26.59 2349 41.86
2-methyl-2-(3-methyl-2-butoxyl) -

13.70 20.65 18.21 17.24 16.58 20.18
Cyclohexanone

14.37 Nonadecane* 3.45 3.14 2.25 4.87 2.56

16.10 Docosane” 4.21 3.19 4.27 2.19 1.38

16.67 Tricosane” 2.16 2.8 3.19 2.47 1.07

#: heavy fluid phase compounds, 400: the heavy extract obtained from mixed coal at temperature
of 400°C.

Therefore, from the changes in fluid phase composition of mixed coal after adding
Fe»03, the main effect of Fe2O3 on the specific compounds during thermoplastic stage
was obtained [46, 47]. Monocyclic benzene compounds (methylbenzene) are mainly
generated by the reaction of decomposed complex polycyclic benzene compounds with
small molecular gases. Previous work confirmed that during the pyrolysis of coal, C-C
bond between benzene rings decomposed first, generating highly reactive aromatic free
radicals and some small molecular gases (CHas, H2, and C2H) [48, 49]. However, the
added Fe>Os3 inhibited these processes, as evidenced by decline of Ca-Cyr in the DTG
analysis. Only methylbenzene was detected in the light extract of mixed coal after
adding Fe>O3, while ethylbenzene and o-xylene disappeared. Therefore, it is considered
that the added Fe>Os inhibits the formation of ethylbenzene and o-xylene in the light
fluid phase during coking. At the same time, the aliphatic side chains connected to the
coal matrix are broken to generate aliphatic free radicals when mixed coal is heated.
But the cleavage of Ca-Ca is inhibited by the addition of Fe,Os, which reduces the

formation of aliphatic free radicals, thereby reducing the formation of unbranched
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383
384

385

alkanes with 24-26 carbon atoms in the heavy fluid phase.

Fig. 10 shows changes in the fluid phase content based on the weight of mixed
coal in the thermoplastic stage after adding Fe>Os. The relative content of light and
heavy fluid phases of samples (CM-RAW, CM-Fe>O3) increased with an increase of
temperature in the range of 400-450°C, and then decreased. Moreover, the change of
heavy fluid phase is larger than that of the light fluid phase. However, the addition of
Fe>O; greatly reduced the content of fluid phase of mixed coal (at 450°C, the light and

heavy fluid phases were reduced by 0.59% and 3.09%, respectively), resulting in the

fluidity of mixed coal decreases in thermoplastic stage.
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Fig. 10. The concentration of fluid phase of mixed coal in the thermoplastic stage based on
the weight of mixed coal: (a) light fluid phase, and (b) heavy fluid phase.
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3.6. Strength degradation mechanism of iron coke prepared by mixed coal and
Fe20s3

As a macromolecular unit, the chemical structure of coal matrix has many
chemical bonds, such as -C-C-, -CH;-, -CH-, -O-, and -S-. which are intertwined and
connected. In addition, these macromolecular units are also connected to low molecular
weight substances through bond bridges. In the coking process, the depolymerization
of coal mainly occurs on the side chains or bridge between the basic structural unit of
coal and low molecular weight compounds, thereby generating fluid phase and a small
amount of coal tar [47]. Based on our previous work [26], the components of fluid phase
are mainly monocyclic benzene and long chain unbranched alkanes, and the following
structural changes occur in the thermoplastic stage: (a) the formation and stabilization
of fluid phase, (b) cross-linking and re-attaching of the fluid phase to coal char.

Fig. 11 shows the strength degradation mechanism of iron coke [45-50]. When the
mixed coal is within the thermoplastic temperature range, the bonds of Ca-O, Car-S, Car-
N, Ca-Car, and Ca-Cqy in macromolecular units or between macromolecular units and
low molecules will be broken, producing low molecular weight aromatic and aliphatic
free radicals. However, when Fe>O3 was added, the cleavage of Ca-O, Cai-S, Car-N, Car-
Car, and Cg-Ca was inhibited, leading to the reduction of aromatic and aliphatic free
radicals. This hinders the formation of monocyclic benzene compounds (ethylbenzene
and o-xylene) and linear alkanes (24-26 carbon atoms) at stage (a), leading to a decrease
in the content of fluid phase, which in turn reduces the aromaticity and average stacking
height, and increases the interlayer spacing, aliphatic chain length, and hydrocarbon
generation potential of mixed coal. At stage (b), due to the decrease in the content of
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409  fluid phase, hydrogen migration-acetylene addition reaction and crosslinking reaction
410 of monocyclic benzene compounds in the fluid phase are weakened, and the formation
411 of complex compounds is reduced. However, as the macromolecular substances of
412 mixed coal did not decompose in the thermoplastic stage, the side group still existed in
413 large quantities, leading to an increase in the hydrocarbon generation ability and
414  aliphatic chain length, a decrease in the maximum fluidity and the thermoplastic stage

415  of coal, and ultimately a reduction in coke strength.

416
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418 Fig. 11. Strength degradation mechanism of iron coke prepared by mixed coal and Fe>O3 [45-50].
419
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4. Conclusions

This study shed light on the strength degradation mechanism of iron coke through
Gieseler plastometer, TGA, XRD, FT-IR and GC-MS analysis. It was found that the
addition of Fe2Os hinders the cleavage of Ca-O, Ca-S, Ca-N, Ca-Car and Ca-Ca,
thereby inhibiting the formation of ethylbenzene, o-xylene and unbranched alkanes
with carbon atoms in 24-26, and ultimately reduces the amount of fluid phase during
coking. At the same time, the inhibition of Fe>O3 decreases the aromaticity and average
stacking height increases the interlayer spacing of the crystallite, aliphatic chain length
and hydrocarbon-generating potential of mixed coal. Finally, the above changes
combined to reduce the fluidity and thermoplastic range of the mixed coal after adding

Fe»03, resulting in the strength degradation of iron coke.
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