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Abstract In this study, the Powder River Basin (PRB) coal fast pyrolysis was conducted at 700 �C in the atmosphere of

syngas produced by CH4–CO2 reforming in two different patterns, including the double reactors pattern (the first reactor is

for syngas production and the second is for coal pyrolysis) and double layers pattern (catalyst was at upper layer and coal

was at lower layer). Besides, pure gases atmosphere including N2, H2, CO, H2–CO were also tested to investigate the

mechanism of the coal pyrolysis under different atmospheres. The pyrolysis products including gas, liquid and char were

characterized, the result showed that, compared with the inert atmosphere, the tar yield is improved with the reducing

atmospheres, as well as the tar quality. The hydrogen partial pressure is the key point for that improvement. In the

atmosphere of H2, the tar yield was increased by 31.3% and the contained BTX (benzene, toluene and xylene) and

naphthalene were increased by 27.1% and 133.4%. The double reactors pattern also performed outstandingly, with 25.4%

increment of tar yield and 25.0% and 79.4% for the BTX and naphthalene. The double layers pattern is not effective

enough due to the low temperature (700 �C) in which the Ni-based catalyst was not fully activated.

Keywords Coal pyrolysis � Coal tar � CO2/CH4 reforming � BTX

1 Introduction

As the biggest source of CO2 emission, fossil fuel com-

bustion supplies more than 85% of energy for industrial

activities, particularly coal is on a path to supply 28% of

global energy by 2030, while as part of a 57% increase in

CO2 emissions (Haszeldine 2009). Considering the chal-

lenge of energy conservation and carbon dioxide emission

reduction, propelling the development of coal-to-chemicals

technology while reducing the carbon emission during this

process is one of the most important pathways to deal with

the environmental issues.

To utilize the aromatics in coal, pyrolysis is an idea

pathway with relatively sample process, in the meantime,

comprehensive utilization of pyrolysis products including

gas, tar and char is realized. Large number of researches

(Finn et al. 1980; Fynes et al. 1980; Zhang et al. 2018)

focusing on the coal pyrolysis has summarized the favor-

able conditions for the extracting the tar and valuable light

aromatics containing in tar, e.g. rapid heating rate, low-

rank coal, hydrogenation phenomenon etc. Based on the

situation abovementioned, in this research, an innovative

integrated system named integrated coal pyrolysis system

coupled with CO2 capture and conversion technology is
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proposed, in which all the CO2 generated in the process is

fully converted and utilized (Wang et al. 2019).

Traditional coal pyrolysis produces coal tar containing

mostly polycyclic aromatic hydrocarbons, after catalytic

hydrogenation, the heteroatoms were removed and the

small aromatic hydrocarbons including methylbenzene,

naphthalene etc. were generated via decomposition of the

polycyclic aromatic hydrocarbons. It is generally agreed

that the presence of hydrogen during the coal pyrolysis

increases overall coal conversion, especially for Western

low-rank coals such as Wyoming subbituminous coal and

North Dakota lignite, because of the substantial property

and structural difference between them, which, in general

makes the low-rank coals more susceptible to reaction with

H2, CO, or H2S (Schobert 1984). In the meantime, the H

radicals help the decomposition of the large aromatic rings

in the tar, favoring the formation of the small aromatic

rings e.g. toluene, xylene and naphthalene that improve the

value of the tar (Jüntgen 1984). In some researches, cata-

lysts were loaded on the coal for higher tar yield and the

light compounds (Feng et al. 2015; Ma et al. 2012), how-

ever, those catalysts remaining in the char increase the

difficulty for the following up utilization. It is also favor-

able for the following utilization of the coal char produced

by hydropyrolysis, due to the lower contents of S and N in

it (Ariunaa et al. 2007; Xu and Kumagai 2002).

Most of the researches were focusing on the coal

hydropyrolysis, but the influence of CO on the thermal

behavior of coal has not been extensively studied. Liao

et al. (1998a, b, c) had done systematic research on coal

hydropyrolysis using coke-oven gas and syngas as pyrol-

ysis atmospheres. Braekman-Danheux et al. (1995) also

regarded the coke oven gas as an good option for the coal

pyrolysis since the coal conversion and the oil and gas

yields in coke oven gas are always lower than in pure

hydrogen, but higher than in nitrogen. The research team of

Hu (Liu et al. 2010; Wang et al. 2013) developed the

integrated process of CO2 reforming methane and coal

pyrolysis (CRMP) technology, using the reforming reac-

tion to provide free radical for the coal devolatilization, the

tar yield with the CRMP was 1.6 and 1.8 times as that in

coal pyrolysis under H2 and N2. It was also found that the

presence of CO also promoted the desulfurization of pro-

duct gas compared with the pure H2 atmosphere (Ariunaa

et al. 2007). CO exhibits advantageous tar yield without

H2. Gao et al. (2013, 2014b) studied the lignite pyrolysis in

CO and N2, and found the CO resulted in the breakdown of

the aromatic rings, side chains, ether bond and aliphatic

chain, thus increasing the amount of radical and the sta-

bilizing the fragment during the pyrolysis, indicated by the

promoted yield of small gaseous molecules.

So far, the effect of CO and the CO in syngas on coal

pyrolysis is still unclear, especially on the gaseous and char

products. Therefore, in this study, the possibility of using

syngas from the dry methane reforming (DMR) as a

reactive gas for coal pyrolysis to improve the economics of

the hydropyrolysis process was exolored. Additionally, the

coal pyrolysis in pure gas atmospheres (N2, H2, CO, H2–

CO) were conducted at 600–800 �C to investigate the

mechanism of the coal pyrolysis under different

atmospheres.

2 Experimental

2.1 Coal sample and catalyst preparation

The coal samples used in this study is the Wyodak sub-

bituminous coal from the Powder River Basin, Wyoming,

USA, with the particle size below 74 lm. Before experi-

ments, the coal was dried in a vacuum oven at 105 �C for

12 h. The properties of the selected coal were given in

Table 1.

For the DMR, MgAl2O4 was used as the support to load

the catalyst Ni. Catalyst preparation process started with

calcining as received MgAl2O4 at 600 �C for 3 h, followed

by impregnation with nickel nitrate solution. The resulting

impregnated sample in thick paste was dried at 105 �C for

24 h and then decomposed as well as calcined at 950 �C
for 5 h. The concentration of nickel in the catalyst was 10

wt%.

Coal pyrolysis was conducted under different tempera-

tures (600, 650, 700, 750 and 800 �C) and atmospheres

(N2, H2, CO, H2–CO and syngas produced by the DMR),

using a fixed bed reactor (Quartz reactor, 12 mm in internal

diameter, 550 mm in length) as showed in Fig. 1. After

2.0 g dry coal was loaded in the reactor, the gas started to

purge through the coal bed with the flow rate of 30 SCCM,

sweeping out the air in the system for 20 min. In the

meantime, the furnace was heated to the target temperature.

The pyrolysis started when the reactor was quickly placed

into the preheated furnace and then hold for 20 min, the

thermocouple was placed in the reactor and indicated the

average heating rate of the coal is 175 �C /min. The reactor

was then taken out of the furnace and naturally cooled

down to the room temperature. For the gas analysis, the off

Table1 Proximate and ultimate analysis of the coal sample

Ultimate analysisdaf (%) Proximate analysis (%)

C H N S Oa Ad Vd FCd Mad

78.87 3.72 1.01 0.47 15.93 8.72 44.48 46.80 17.81

aBy different; dafDry ash free; adAir dry basis; dDry basis

434 X. Wang et al.

123



gas during the pyrolysis was collected with a gas bag, and

analyzed with a micro GC (Inficon Micro GC 3000); to

collect the generated liquid, a three-stage gas washing

bottles with CHCl3 as solvent were placed at the outlet of

the reactor, as the volatile flowing through the bottles, the

tar and water would be absorbed and condensed. The

solution collected was subsequently filtered, vaporized to

remove the most of the CHCl3 and formed condensed tar

solution, then the solution was diluted to 15 mL for the

GC–MS (Agilent, 7890B) analysis and tar yield measure-

ment. 5 mL tar solution was transported to the aluminum

plate, and placed into the vacuum oven to vaporize the

CHCl3 at 50 �C for 0.5 h, the tar rested in the plated was

weighed for the tar production calculation.

The PRB coal fast pyrolysis in syngas was conducted at

700 �C in three different patterns: (1) coal pyrolysis in the

mixture of the H2 and CO; (2) coal pyrolysis in prefabricate

syngas produced by CH4–CO2 reforming facilitated by

another reactor, i.e. the first reactor is for syngas production

at 900 �C, and second reactor is for coal pyrolysis, termed

as RP-SP; (3) the DMR and coal pyrolysis were integrated

in one reactor, i.e. catalyst was at upper layer and coal was

at lower layer, termed as RP-2L.

2.2 Characterization

2.2.1 TGA (thermogravimetric analysis)

TGA (TA Instruments, SDT Q600 apparatus) were used to

evaluate the PRB coal pyrolysis characteristic in atmo-

spheres. 30 mg coal was loaded onto a ceramic capped

alumina sample holder and heated to 105 �C in specific gas

stream (100% N2, 50% H2–50% N2 and 50% CO–50% N2).

After 20 min of isothermal equilibration at 105 �C to

remove the contained moisture, the sample was subse-

quently heated at 40 �C/min to 1000 �C.

2.2.2 Elemental analyzer

The C, H, N, S and O content in the coal, char and tar were

analyzed with the elemental analyzer (Elementar, Vario

MACRO CUBE), 50 mg sample was combusted in the

combustion tube at 1250 �C with 400 mL/min O2, the O

content was differenced by C, H, N, S content.

2.2.3 GC–MS

The composition of coal tar was analyzed by GC–MS,

equipped with HP-5 capillary column to separate the

components in the tar which were then detected with mass

spectra for possible molecular formula. The operation

conditions were as follows: flowrate of helium (carrier

gas), 25 mL/min; solvent delay, 2.5 min; interface tem-

perature, 250 �C; initial temperature, 40 �C, heating rate,

4 �C. The components with intensity higher than 100000 in

the GC–MS total ion chromatogram was analyzed, and

categorized into 6 groups, i.e. aromatics (benzene, toluene

and xylenes), phenols (phenol, cresol, xylenols, benzene-

diols and naphthols), naphthalenes (naphthalene, methyl-

naphthalenes and dimethylnaphthalenes), aliphatics

(olefins and alkanes), PAHs (indenes, anthracenes,

phenanthrenes, fluorenes and pyrenes) and Heteroatoms

(furans, ketones, esters, alcohols and acids). The amount of

those components in the coal tar were 180–200.

2.2.4 Raman spectra

Raman spectra reported here were acquired by using a

Renishaw InVia Raman spectrometer with excitation laser

at 532 nm to scan the char-KBr pellets. The obtained

spectra in the range between 800 and 1800 cm-1 were

curve-fitted with the with PEAKFIT 4.0 software using 10

Gaussian bands, such as in Fig. 2. The detail of the method

was reported in the research of Li (Bai et al. 2017; Li 2013;

Li et al. 2006a).

2.2.5 XRD (X-ray diffraction)

Crystalline structures of the semicoke were analyzed by

XRD system manufactured by Rigaku with Cu Ka radia-

tion in the 2h ranging from 10� to 90�. The working voltage

and current of the X-ray tube were fixed at 40 kV and

40 mA, respectively. All X-ray diffraction patterns were

analyzed using Jade 7.5 of Material Data, Inc. (MDI), and

peak profiles of individual reflections were determined by a

nonlinear least-squares fit of the Cu Ka corrected data.

PeakFit V4.0 software was applied to fit the diffrac-

tograms using Gaussian functions in the 2h regions of 16�–
34� and 37.5�–48�. The broad hump in the region of 16�–
34� (2h) was fitted to two Gaussian peaks around 20� and
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Fig. 1 Schematic diagram of fixed bed coal pyrolysis system. 1—H2

cylinder; 2—CO cylinder; 3—N2 cylinder; 4—mass flow controller,

Parker 201, 0–100 mL/min; 5—mass flow controller box; 6—HPLC

pump; 7—vertical tubular furnace, Carbolite VST 12/300; 8—quartz

reactor, inner diameter of 1.2 cm, length of 55 cm; 9—thermocouple

and temperature recorder; 10—condenser/coal tar trap system with

CHCl3; 11—moisture trap with dried CaSO4 inside; 12—gas

chromatograph, Inficon micro GC 3000; 13—computer
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26�, representing c-band and p-band (d002), respectively.

The peak positions, intensities, widths, and area were

determined. The average carbon crystallite lattice param-

eters: aromaticity (f a), inter-layer spacing (d002), crystallite

height (Lc), crystallite diameter (La) and the average

number of aromatic layers per carbon crystallite (Nave)

were determined using the empirical Braggs and Scherrer

equations (Eqs. (1–5)) (Johnson et al. 1986; Machado et al.

2013; Okolo et al. 2015; Zhang et al. 2013).

fa ¼
A002

A002 þ Ac
ð1Þ

d002 ¼ k
2 sin h002

ð2Þ

Lc ¼
Kck

b002 � cos h002

ð3Þ

La ¼
Kak

b10 � cos h10

ð4Þ

Nave ¼
Lc

d002

þ 1 ð5Þ

where k is the wavelength of the incident X-ray (in this

case 1.54056 Å for Cu Ka radiation); h002;10 is the peak

position of (002) or (10) band (�); b002;10 is the full width at

half maximum (FWHM) of the corresponding peak or band

(�); Kc;a is a constant depending on X-ray refection plane,

0.89 for the (002) band and 1.84 for the (10) band.

3 Results and discussions

3.1 Effects of atmospheres and temperatures

on products and elements distribution of coal

pyrolysis

To study the pyrolysis characteristic of PRB coal, the coal

was pyrolyzed in N2, H2 and CO atmospheres on TGA, the

result is shown in Fig. 3. The coal was continuous losing

weight during the heating up to 1000 �C with the fasted

devitalization at 400–500 �C in all three atmospheres. It is

indicated that the H2 and CO atmosphere could contribute

to the decomposition of coal compared with the N2, as the

weight losses in the reducing gases were greater than that

in inert gas when the temperature was higher than 400 �C.

During 500–650 �C, coal pyrolysis in the CO atmosphere

showed a higher devolatilization degree compared with H2

atmospheres, the higher content of reactive oxygenated

bonds (e.g. carboxyl or ether linkages) in low-rank coals

could be the reason for the high reactivity in the presence

of CO (Schobert 1984). When the temperature went higher

than 650 �C, the devolatilization effect of CO weakened

while that of H2 was still attacking the bonds in the coal

char and leading to a continuous weight loss of char. Till

1000 �C, the weight loss of coal in H2 was 51.1%, higher

than 44.6% in CO and 42.9% in N2. This was attributed to

the H radical generation was favored at higher temperature,

so does the decomposition of CO to carbon and CO2.

Therefore, the H2 could accelerate the decomposition of

char while the CO generated carbon on the surface of char

and leaded to a much slower rate of coal pyrolysis (Gao

et al. 2014a). This phenomenon was obvious at the tem-

perature between 800 and 1000 �C. Therefore, the two

reducing atmosphere are advantageous to the devitalization
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of coal, which is consistent with the result from other

research article (Braekman-Danheux et al. 1995). CO

performed best at 450–660 �C; while for H2, it has con-

sistent effect when the temperature was higher than

450 �C; at 630–700 �C, H2 and CO have nearly the same

decomposition effect on the coal.

The coal pyrolysis in N2, H2 and CO was also performed

on a fixed bed reactor at various temperatures from 600 to

800 �C, the products distribution including char, gas and

liquid were investigated and calculated as follows:

mgas ¼ mgas;out � mgas;in ð6Þ

mliquid ¼ mcoal � mchar � mgas ð7Þ

Ygas=char=liquid ¼ mgas=char=liquid
�
mcoal

ð8Þ

where mgas;out is the mass of gases collected by the gas bags

during the pyrolysis; mgas;in is the mass of gases introduced

into the reactor, which was deducted In the Eq. (6), means

the mgas is the mass of gas produced by the coal pyrolysis

itself. Thereby, the mass of liquid (mliquid) and the mass of

char (mchar) as shown in Eq. (7) are also form coal,

excluding the consumption of the gas atmospheres.

Ygas=char=liquid is the yields of three kinds of products based

on the coal shown in Eq. (8).

Figure 4 shows the product yields of coal pyrolyzed

under various temperatures (600–800 �C) and atmospheres

(N2, H2 and CO). The horizontal dash lines in the Fig. 4

represents the highest yield of gas and liquid, and the

lowest yield of the char, as the standard for comparison.

The Yield of gas and char were monotonously increased

and decreased respectively, with the increments of pyrol-

ysis temperatures, indicating the greater decomposition

degree of the cross-linked structure in the char, forming

more small molecules i.e. the gases. The lowest char yield

is 55.3% at 800 �C under CO; for H2 and N2, that values

are 55.8% and 56.3%. Liquid yield was increased at lower

temperature and then decreased at higher temperature in all

three atmospheres, the highest values appeared at different

temperatures, e.g. 22.4% in N2 at 750 �C, 24.2% in H2 at

650 �C and 25.25% in CO at 700 �C. The phenomenon

presented above is accorded with the basic coal pyrolysis

characteristic. When the temperature rises above 400 �C,

the depolymerization effect and heteroatom removal reac-

tions are enhanced, performing as the rising liquid yield;

when the temperature is higher than 700 �C, the macro-

molecule in the volatile decomposed into the smaller,

leading to the promoted gas yield and the reduced liquid

yield.

The distribution of the C, H and O elements in gas,

liquid and char produced under different conditions is

shown in Fig. 5. For C distribution, with the increasing

temperature, the C in gas increased and that in char

decreased; while in the liquid, the variation trends for inert

and reduction atmospheres were different. In N2 atmo-

sphere, the C in the liquid reduced when the temperature

from 600 to 800 �C, while that in H2 and CO firstly

increased and then decreased, the maximum value

appeared at 650 and 700 �C, respectively.

The distribution of H in char, gas and liquid showed

monotonous decreasing, increasing and decreasing trends

respectively, with the rising pyrolysis temperature in all

three atmospheres. As show in Fig. 5, the H in char was

barely affected by the atmospheres, the value decreased

from * 30% at 600 �C to * 10% at 800 �C. Distinction

was found in the H distribution of the gas, the value of H in

the gas produced in H2 atmosphere is lower than that in N2

and CO, which was due to the deduction of the introduced

H2. The H2 in pyrolysis gas was greatly consumed, leading
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to the increase of H in liquid as show in the Fig. 5. The

maximum value of H distribution in the liquid was 62.9%

at 600 �C in H2 atmosphere, compared with 56.2% and

54.4% in N2 and CO at 600 �C respectively. The H2
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atmosphere also obviously reduced the O content in the

char, transferred them mainly to the liquid. The CO

atmosphere also helped the O in the gas transferring to the

liquid and the char, especially at 650–700 �C.

Therefore, summarizing the products and elements dis-

tribution in the coal pyrolysis at 600–800 �C in N2, H2 and

CO, it was found that H2 atmosphere could helped the C,

H, an O moving to the liquid. While, the CO is capable of

transferring the C to the liquid. They are both the favorable

conditions for the improvement of tar yield and quality,

thus the best temperature for this goal is 650–700 �C.

Considering the highest liquid yield in CO at 700 �C, thus

700 �C was selected as the temperature for further coal

pyrolysis investigation.

3.2 Effects of coal pyrolysis conditions on gaseous

products distribution

The effect of temperature and atmosphere on gaseous

products (H2, CO, CH4 and CO2) distribution was pre-

sented in Fig. 6. It is assumed that all the introduced gas

was not reacting with the coal, however, the fact is part of

them were consumed by the coal pyrolysis, thus the

decreased amount H2 and CO could be attributed to the

reaction between the reducing gas and coal. The moles of

H2 production was negative at 600 and 650 �C, which

means the generation of H2 by coal pyrolysis could not

meet the requirement of the consumption of H2 at these

temperatures, until 700 �C or higher. The same situation

also happened for CO, at 600 �C the production of CO was

nearly zero. Thus, compared with the values in N2, the

consumption values of the H2 and CO are nearly 0.0020

and 0.0012 mol/g, basically consistent under various

temperatures.

The production of CH4 by coal pyrolysis in H2 was

increased. The H2 atmosphere provided larger amount of H

for the coal pyrolysis, which was utilized to break down the

cross-link structure of coal, stabilize the decomposed large

radical, and attack the heteroatom. The amount of CH4 was

increased under the H2 atmosphere since the CH3 was

stabilized with H then forming the CH4 rather than reacted

in the secondary polymerization between volatiles (Jüntgen

60
0 N

2

65
0 N

2

70
0 N

2

75
0 N

2

80
0 N

2

60
0 H

2

65
0 H

2

70
0 H

2

75
0 H

2

80
0 H

2

60
0 C

O

65
0 C

O

70
0 C

O

75
0 C

O

80
0 C

O

-1.0E-3

0.0

1.0E-3

2.0E-3

3.0E-3

4.0E-3

5.0E-3

6.0E-3 H2

H
2
Pr
od
uc
tio

n
(m

ol
/g

dr
y
co
al
)

Conditions
60
0 N

2

65
0 N

2

70
0 N

2

75
0 N

2

80
0 N

2

60
0 H

2

65
0 H

2

70
0 H

2

75
0 H

2

80
0 H

2

60
0 C

O

65
0 C

O

70
0 C

O

75
0 C

O

80
0 C

O

0.0

1.0E-3

2.0E-3

3.0E-3

C
O
Pr
od
uc
tio

n
(m

ol
/g

dr
y
co
al
)

CO

Conditions

60
0 N

2

65
0 N

2

70
0 N

2

75
0 N

2

80
0 N

2

60
0 H

2

65
0 H

2

70
0 H

2

75
0 H

2

80
0 H

2

60
0 C

O

65
0 C

O

70
0 C

O

75
0 C

O

80
0 C

O

0.0

1.0E-3

2.0E-3

3.0E-3
CH4

C
H

4
Pr
od
uc
tio

n
(m

ol
/g

dr
y
co
al
)

Conditions

60
0 N

2

65
0 N

2

70
0 N

2

75
0 N

2

80
0 N

2

60
0 H

2

65
0 H

2

70
0 H

2

75
0 H

2

80
0 H

2

60
0 C

O

65
0 C

O

70
0 C

O

75
0 C

O

80
0 C

O

0.0

1.0E-3

2.0E-3

3.0E-3

4.0E-3
CO2

CO
2
Pr
od
uc
tio

n
(m

ol
/g

dr
y
co
al
)

Conditions

Fig. 6 The gas productions of coal pyrolysis under conditions
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1984). H2 was also capable of attacking the O in the coal

and forming water (Ibarra et al. 1988), thus the CO and

CO2 production under H2 atmosphere was lower than that

in N2.

The moles of H2, CO and CH4 under the conditions in

this experiment were obviously increased with higher

temperature, while the CO2 reached the maximum yield at

700 �C, then kept nearly unchanged. The source of CO2 is

the decomposition of carboxyl which starts to decompose

at * 400 �C, thus for the PRB coal, the complete com-

position temperature of the carboxyl was 700 �C. The CO2

production was increased in the CO atmosphere, by which

the CO may capture the oxygen from hydroxyl and sub-

sequently generate the CO2.

3.3 Effects of coal pyrolysis conditions on liquid

products distribution

The tar yield at 700 �C in different atmospheres was shown

in Fig. 7. It was 7.83% under N2 atmosphere at 700 �C, and

efficiently improved in reducing atmospheres. 10.29% of

the tar yield was achieved under H2 atmospheres, which

was higher than 9.11% in CO and 10.01% in H2-CO. Thus,

the value was increased by 31.3%, 16.4% and 27.8% in

three reducing atmospheres. The performance of H2 is

better than the CO, and there is no synergy between H2 and

CO to improve the tar yield. The syngas from the DMR

was less effective compared with the pure H2-CO, the tar

yield in PR-SP was 9.82% and that in RP-2L was 8.49%.

The result indicated that the higher H2 partial pressure was

the key parameter for the increment for the tar yield, the

CO was also favorable. The syngas form the DRM con-

tained parts of the unreacted CO2 and CH4, lowered the

partial pressure of effective gases, thus the performance

was limited. The temperature for coal pyrolysis is 700 �C,

still lower than the suitable reaction temperature for CH4-

CO2 reforming (900 �C), thus the syngas partial pressure

was not enough for the coal pyrolysis as pure syngas

introduction. When the temperature was increased to

800 �C, tar yield was improved to 9.2%.

The compounds analysis of the obtained tars was shown

in Table 2, and the valuable chemicals including the BTX,

PCX and naphthalene was specifically listed in Table 3.

The hydropyrolysis of coal clearly improved the content of

aromatics, naphthalenes and PAHs. Especially for the BTX

and naphthalene, their contents were increased by 27.1%

and 133.4% in the H2 atmosphere compared to the inert. In

the meantime, the contents of phenols, aliphatics and het-

eroatoms were decreased. Also, the H2 containing gases

had the similar effect on the tar components distribution,

however in different extents. As the H radicals generated, it

attacks the aliphatic bond between aromatic systems,

benefited the production of the large aromatic rings, e.g.

the PAHs. H radical would continue to decompose the

condensed rings, forming smaller aromatic ring, by which

the contents of the aromatics and the naphthalenes were

promoted. The increase of the aromatics was attributed to

the reaction between the H radicals and the phenols, pro-

ducing the water which was also generated by the hydro-

genation of heteroatoms.

Similarly, CO reduced the heteroatoms content in the

tar, indicating it could react with the oxygen in ether and

hydroxyl. In the meantime, the CO increased the content of

phenols in the tar. The improvement of phenols in co-

pyrolysis of coal and CO was also confirmed by other

researchers (Braekman-Danheux et al. 1995; Liao et al.

1998b), through the inhibiting effect of CO on the

decomposition of phenols: post-cracking of PCX leading to

carbon monoxide and BTX is partly inhibited by the carbon

monoxide present in the gas, thus the content of aromatics

7.83

10.29

9.11
10.01 9.82

8.49

N2 H 2 CO
H 2-C

O
RP-

SP RP-
2L

0

2

4

6

8

10

12

Ta
rY

ie
ld

(%
)

Pyrolysis Conditions

Fig. 7 Tar yield under different coal pyrolysis conditions

Table 2 Products distribution in coal tar collected under different

atmosphere

Type Atmosphere

N2 H2 CO H2-

CO

RP-

SP

RP-

2L

Aromatics (%) 11.80 12.44 10.57 12.82 12.90 9.96

Phenols (%) 36.43 34.34 36.80 35.67 33.19 37.05

Naphthalenes (%) 6.62 8.68 9.46 9.80 10.18 10.55

Aliphatics (%) 26.50 22.61 25.44 23.94 24.63 25.72

PAHs (%) 6.22 10.92 6.63 7.94 7.71 6.18

Heteroatoms (%) 12.44 11.01 11.10 9.82 11.39 10.54
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was lower than that in N2. The polarity of CO can facilitate

the cracking of the aromatic ring.

Aromatics, phenols and naphthalene are light aromatic

chemicals that are most value-added for the coal pyrolysis

industry. The H2 atmosphere obviously increased the

content of aromatics and naphthalenes in the tar to 12.44%

and 8.68% respectively, compared with 11.80% and 6.62%

in N2. While for the phenols, the syngas improved the

percentages of aromatics and naphthalene to 12.82% and

9.8% respectively, compared with 11.80% and 6.62% in

inert atmosphere. In addition, the phenol, aliphatic and

heterocycles were decreased with the presence of syngas,

which as well indicated the improvement of the tar quality

and ease to produce chemicals in the downstream industry.

3.4 Effects of coal pyrolysis conditions on char

Figure 8 showed the Raman spectrum of pyrolysis semi-

coke produced in different atmosphere. Calculation results

of deconvolution of a Raman spectrum for the char pro-

duced under different atmosphere are shown in Table 4.

The ID/IG ratio indicates the concentrations of aromatic

rings having six or more fused benzene (Li et al. 2006a).

The value of ID/IG in N2 atmosphere is 1.42, that in H2, H2-

CO and RP-SP are increased to 1.49, 1.59 and 1.53,

respectively. While, the value of ID/IG is decreased in CO

and RP-2L. The value of ID/IGR represents the relative

proportion of the large ring system (C 6 rings) and the

small ring system (3–5 rings). It revealed that, under the

effect of hydrogen radicals, the methylene or ether oxygen

bond between the macromolecular structure and the small

ring in the coal macromolecular structure breaks, and the

small ring is detached from the char and enriched in tar,

resulting in the decrease of its content in the semicoke

structure, so the relative proportion of the large ring system

(C 6 rings) and the small ring system (3–5 rings) in the

semicoke increases. The results of tar analysis abovemen-

tioned also confirmed it. In H2 atmosphere, the content of

polycyclic aromatic hydrocarbons above tricyclic in

pyrolysis tar was significantly higher than that in N2, which

evidenced the separation of small ring system from coal

structure. Compared with IS% (representing the concen-

tration of Caromatic–Calkyl; aromatic (aliphatic) ethers; C–C

on hydroaromatic rings) in inert atmosphere, the value in

reducing atmosphere decreased from 0.11 to 0.07 or 0.09,

which indicated that reducing atmosphere was conducive

to the reduction of cross-linking degree in coal char and

assisted in the removal of substituents in large aromatic

structure (Li et al. 2006b). Compared with pure gases, the

effect of reforming syngas is more obvious, because there

is a small amount of water vapor and carbon dioxide in the

reforming syngas, so the gasification reaction with coal

Table 3 Percentages of BTX, PCX and Naphthalene in coal tar

collected under different atmospheres

Type Atmosphere

N2 H2 CO H2–CO RP-SP RP-2L

BTX (%) 3.28 4.17 3.91 4.47 4.10 4.07

PCX (%) 20.67 18.47 21.68 19.74 19.71 19.66

Naphthalene (%) 1.31 3.06 0.97 2.19 2.35 1.39
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Fig. 8 Changes in Raman spectra of the chars produced under

different atmosphere

Table 4 Calculation result of deconvolution of a Raman spectrum for the char produced under different atmosphere

Atmosphere N2 H2 CO H2–CO RP-SP RP-2L

Total peak area (a.u.) 2,269,500 1,825,200 2,599,800 2,035,900 1,044,100 828,120

ID/IG 1.42 1.49 1.29 1.59 1.53 1.36

IS/IG 0.91 0.66 0.64 0.67 0.50 0.45

IS (%) 0.11 0.09 0.09 0.08 0.07 0.07

ID (%) 0.17 0.19 0.18 0.18 0.20 0.21

ID/IGR 0.56 0.62 0.58 0.60 0.55 0.76
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char occurs. Compared with hydrogenation, gasification is

more effective in reducing the disorder structure.

In the aspect of total Raman peak area, the peak area of

semicoke in H2 and H2–CO is lower than that in N2, which

shows the destruction of heteroatoms including oxygen-

containing functional groups and sulfur-containing and

nitrogen-containing heterocycles in reducing atmosphere.

The reduction effect of RP-SP and RP-2L is more obvious,

which proves that the disordered structure was taken out

prior to the carbon skeleton in the gasification reaction. In

CO atmosphere, the Raman peak area of semicoke is

higher than that in N2, indicating that CO increases the

oxygen content in semicoke. From the distribution of O in

the semicoke at 700 �C, it is slightly higher than that in N2

atmosphere. Therefore, it is speculated that the lone pair

electrons contained in CO may be involved in the reaction

with the aromatic ring in the coal char, and the oxygen

atoms stay in the coal char.

Theoretically, based on the XRD result, the areas under

the c- and P -peaks are believed to be equal to the number

of aliphatic carbon atoms (Cal) and aromatic carbon atoms

(Car), respectively. Therefore, the A002/Ac and the fa could

be used to determine the aromaticity of the carbon. As

shown in the Table 5, the chars produced under the H2, CO

and syngas have larger values of these two indexes, indi-

cating much more crystalline carbon like graphite and

higher ordered degree. Also, the char produced in H2

atmosphere is with highest A002/Ac and the fa values, which

means the H2 attacks and removes the aliphatic groups,

generating more liquid products, leaving the char with

higher graphitized form. Based on the values of CO and

syngas, it could be concluded that both H2 and CO are

capable for improving the graphitization degree, and the H2

obviously plays a critical role. Due to the effect of both H2

and CO, crystallite diameter (La) and the inter-layer spac-

ing (d002) decreased compared with that under inert

atmosphere. This could be explained with the positive

effect of these two gases on the polycondensation during

the coal pyrolysis, they enable removing aliphatic side

chains which are not strongly bonded to the coal matrix,

detaching from the coal matrix and forming volatiles.

Larger polycondensation degree means the growth of the

graphite layer structure and the forming condensed and

highly ordered graphite structure.

4 Conclusion

In this paper, the distribution and properties of pyrolysis

products of the Wyodak sub-bituminous coal in different

atmospheres are analyzed, the influence of atmospheres on

the pyrolysis behavior and products of coal is explored, and

the interaction mechanism between coal and reducing gas

is revealed. The conclusions are as follows:

The coal pyrolysis on TGA and in fixed bed reactor

showed that reduction atmosphere is helpful to the

depolymerization of macromolecules in coal, resulted in

higher liquid product yield of coal pyrolysis. H2 atmo-

sphere has the most obvious effect on coal depolymeriza-

tion, which increases the content of C, H and O in liquid

products and the yield of gaseous hydrocarbon in pyrolysis

gas. The effect of CO is relatively weak, which increases

the proportion of C in liquid products and H in gas, and

increases the content of CO2 in pyrolysis gas.

The analysis of coal pyrolysis tar shows that the yield of

tar can be increased in reducing atmosphere, and the partial

pressure of H2 is the main factor. At 700 �C, the yield of tar

increased by 31.3% under pure H2, the contained BTX and

naphthalene increased by 27.1% and 133.4% respectively.

In the DMR-pyrolysis coupled experiment, the prefabri-

cated syngas shows better performance, the tar yield is

increased by 25.4%, the BTX and naphthalene contents are

increased by 25.0% and 79.4%, respectively.

According to structure characterization of semicoke

obtained in different atmospheres, it is found that H2 has

obvious effect on the removal of small aromatic ring sys-

tem (3–5 rings), side chain of aliphatic hydrocarbon and

secondary cracking of volatile; while the lone pair elec-

trons contained in CO induce the cracking of benzene ring

in coal structure, and increase the fracture degree of side

chain, ether bond and aliphatic chain, increase the yield of

tar and lead to the formation of oxygen functional groups in

coal char increase.
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