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Abstract:[Purposes] As a by—product of coking enterprises in China, crude benzene commonly
exhibits fluctuations and exceedances in chlorine content. The characteristics of coal significantly im-
pact the migration and transformation behavior of chlorine. [Methods] On the basis of the structural

characteristics of coal and the distributions of chlorine forms, release behavior of chlorine during cok-
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ing coal pyrolysis was analyzed. The effects of secondary reaction temperature and residence time of
volatile on the chlorine release process were also investigated. [Results] The results indicate that chlo-
rine in organic forms in coal is released more readily. Coal samples with higher organic chlorine con-
tent have more complete chlorine release under the same pyrolysis conditions. The chlorine content of
pyrolysis gas and tar from Liulin coal is 44.20% and 53.67% , respectively (with a chlorine release rate
of 97.87%). This is because the organic chlorine in coal is primarily bound to the coal structure via co-
valent bonds and/or coordinations with alkaline and oxygen—containing functional groups. It is there-
fore easily decomposed and converted into HCI or organic chlorides. However, the chlorine release
rate for Inner Mongolian coal is only 85.01% , which is due to the presence of metallic components,
such as calcium and magnesium. These metallic components can react with HCI to form relatively sta-
ble inorganic chlorides. Compared with residence time, the secondary reaction temperature of volatiles
has a more significant impact on chlorine release. Macromolecular compounds (e. g., C;;H,,Cl,
C,H,,Cl,) undergo cleavage to form chlorine-containing free radicals. Then, they are converted into
HCI and lower—carbon—number chlorinated substances (e.g., C,H,Cl,O, C,H,Cl,) after combining
with hydrogen-rich free radicals. There is interactive migration behaviour between these two forms of
organic chloride and HCI.

Keywords: coal pyrolysis; chlorine form; release characteristics; secondary reaction; pyrolysis
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Table 1 Proximate and ultimate analyses of coal samples

T HT/ % TEE T (daD/ %
w(M,) w(Ay) wlVy) w(C) wlH) wN) w(S) w(O*)
Ql 0.67 12.29 35.53 88.10 6.10 1.62 0.21 3.97
Q2 2.03 18.60 32.19 82.73 588 143 0.91 9.05
Q3 1.30 10.84 30.05 86.66 6.24 2.28 0.30 4.52
Q4 0.75 12,55 1848 89.75 5.08 148 0.33 3.36
Q5  0.62 8.52 17.82 89.82 523 1.52 045 2.98
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Fig.1 Schematic diagram of tubular furnace pyrolysis
experimental setup
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Fig.2 Schematic diagram of pyrolysis zone and secondary reaction
zone in coal samples
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Fig.3 Distribution characteristics of pyrolysis products from
different coking coals
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Fig.5 Chlorine release ratios for different coking coals after pyrolysis
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Fig.7 TG and DTG curves of coal samples
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Table 2 Structural parameters of Raman spectra of coal samples

HHSH

ﬁ'h'j AIJ/AU AS/Al; A(GR VL VR)/AI)
Ql 0.76 0.35 1.14
Q2 0.63 0.25 2.18
Q3 0.43 0.39 2.37
Q4 0.79 0.18 0.97
Q5 0.65 0.30 1.27
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Table 3 Chlorine contents and existing forms in coal samples

- R RIS R IR K™ AL B AL
e (mg-kg™ " (mg-kg™ l) R/% % %
Ql 734.01 480.08 15.99 10.46  89.50
Q2 964.97 491.55 14.35 7.31 92.69
Q3 646.5 212.89 10.35 3.41 96.59
Q4 541.52 272.55 10.98 5.52 94.48
Q5 576.48 189.77 8.91 2.93 97.07
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Fig.9 XRD patterns of low—temperature ashes
2.3 EAMIRERSHBHIE

b ) TCHL S 2 DL AT P SR B A Y
AP AE ARG IR R AL o 72 5k B A Kb o ARG K
Hh SR BB T IR O TR AL S0 B e, A 10

(a), X LA AL & i 5K CLE &
HEERE LR S R AR S R HCL B £
CE10Ch)) ) B rp A HIL G0 7 30 i B 2B B B R A,
SR AMRBLEAEM T HCL, FER P HEILE S =
6 38 i, JHL SRS o Ll S B R # (T 10Ce))
HQ3HFERZEZES , Q3T ANA S & ABIE
HR, X AT R 5 A B A A (B 1L TR ).

Q3 MK Ca Mg %5 W4 4K HCL, fe J B A % 52
E B TCHLE AL DT 5% B8 T B AR

—_
—_
T

True value
Fitted data ]

(2) .

—_
e S
T T

o]
T

Inorganic chlorine/%

2 1 1 1 1 1 1 1 1

10 11 12 13 14 15 16

Low-temperature ash yield/%

17

m  True value

b
®) Fitted data

Chlorine in HC1/%
w w w w W S S S
(=] N B N o0 f=} [38) B
T T T T T T T T
n

I I I I I I I I I
90 91 92 93 94 95 96 97
Organic chlorinne/%

98

B True value
© Fitted data
94r n

[ ISR
T T

® X O O O O
o O ==
T T T
]

Chlorine release rate/%
o0 [oe]
AN 2 o0
T T T

o]
W
T

I I I I I I I

91 92 93 94 95 96 97
Organic chlorinne/%

E10 REZEEFRFESENRQ). BIS 'ﬁHunPE’J;%

ﬁ#ﬂ.ﬁ’—ﬁ%*"ﬁﬁ%ﬂﬁ%%

Fig.10 Relationships between lowﬂemperalure ash yield and

e
~

90 98

inorganic chlorine (a), inorganic chlorine and chlorine in HCI (b),
organic chlorine and chlorine release(c)

ZRRNMBEREBRENSBERTEN
A
2.4.1 AR EMSH

AR 38 3k o AR R A O B L R RS
6], o0 B 1 & 4y Uk L e
t A CHCH B 52050 A 1Y 52
W 3 2 56 v Q2 AR UL BE O 1 000 °C L #E &

2.4

A i
B 9D % £ 3



5% 3 4 BEE A R R R I T b SR R R B 5 507
60
- Ql 60 - [EChlorine in tar [EHCI [l Chlorine in char
sl B 22 (a) 5475
. o 50
B o4
40 - - Q5

Mass percentage/%
w2
(=1
T

5o}
(=}
T

10 -

Na,0 MgO Al,O, SiO, SO, K,0 CaO TiO, Fe,O,
Major Components of Coal Ash
B 11 HEEERIK S 2
Fig.11 Coal ash composition analysis

% IR E R 750~850 °C L 43 B LA 1 000-750 .
1 000-800.1 000-850 /R~ o &5 FAn & 12 iR , 4
155 B4 BF B) S AR s AT 750 °C, Bl 2 4% & 4 SN i
B B, A b S i A B i T 47.93% .
42.52% ,HCl v iy & 43 98 /> 1 32.28 % .23.54 % .
KR TR TR RSB Saks kE
TR N, BB B A W Ak Sy fR Ak A
LS ALY R HCL B A2 A2 38 BAR RS o #E R 43 IR
N 3o R T AR 7 A S TR A B A A, R RO T
JE T s ARl R S

3 3 FE WS B A 0.10.,20 cm 4 A7 IE 70 45
SRS B A 43 510 2L 1 000-0,1 000-10.,1 000-20
FOR), TR TR E R 800 °Co MR 1285 S,
RSN S [RDXE SR A s AN B B . 5 1 000
0= & & A L, 1 000-10 A1 1 000-20HCI H 4
Oy B> T 12.5% A 1.51 %, i A2 3 A i G20 i
JnT 8.08% F15.85% .
2.4.2 RALH EALHLIE

TR U E X v 0 A B S
SENA o 3 S SR £ % - 5T S I AN A B 7 I i
SACY I 2 B AT S BT, A5 R AN 13~15 iR .

AN TR 52 50 5 4 R A AL AR T Y LU E AR
F, kR AR 2 09 WA & b C,HLCL AR & B
C,H,CLO % . 43 F & 5 i 9 A AL AL 1 & & A
A, 3K T B A 5 o L B T K ) T 4 R S A )
RGO iR EE A 750 A 800 CHE, S kW
i CH,,CINO Al C,H,CINO, 7 388, M UK ML
TR 35 3 850 CJm , Sk ¥ 5 A DL C,H,CLO K &,
e i & S AL B W) £ LU 7 % B X A7, iF— 25 TE B

(=]

ey
S

383
S

Chlorinne transfer rate/%
w
S

—_
S

1 000-750 1 000-800 1 000-850
ZIRR BT R
60
- Chlorine in tar - HCI - Chlorine in char
b
50 -( ) 49.04

44.51
42.38

Chlorinne transfer rate/%
w
(=]

20
10
0
1.000-0 1000-10 1000-20
15 B o [

E12 AEZARNMEBRE@MEERHBEOTEWHRESHERL
Fig.12 Chlorine distribution in pyrolysis products at different
secondary reaction temperatures (a) and residence times (b)

1.0

Volume/10’

0.6

0.2F

B 13 1000-750 kI H=EHELy
Fig.13 Chlorides produced in 1 000-750 experiment

T R T AR E B TR 2 e oy
TREAAMEREL ESEAA REEFESGHE
JT HCTRi B R AR 1 5 S 4 o



508 KRB TR 2 R H57T &
3.0
2.5
= 20f =
3 E
g s Z
_ ol o
= =
1.0
0.5
. N
0\9’5 C‘/\ ™ ‘\eo"« \"% Vv
N ¥ 3 &
o o (O Qf«b\
=)
B 14 1000-800 k¥ = £ KK Bl 15 1000-850 L3 s = HI L4
Fig.14 Chlorides produced in 1 000-800 experiment Fig.15 Chlorides produced in 1 000-850 experiment
3 s AR DL HCL A HLE AP KRk, (H
a5 Ta

AT 5T A [ o A O T P o 7R R S
T O P DL R A 0 O B I I T I A B I ] S
fah & CHCL R & A B2 A5 DU 2598

D#ESE S R, A DU AFTE R B 5
R FERA R PO 26 0F T, A LS i BB R
FEWCHE I 5273, % v 5k B A S R A

Sk

R A B B S U RE R A A P S RO A R
Wi, 55 B A 4 @ nT 5 HCLAE R TE AR X £ 5 1Y
THLEAY , sk T s

30 JRE Ak 2o R R A e o3 45 B IR TRD 22 B R K
J5 IS ) AT 3 T A A 7 ) R SR O A, A BL AR
AW A HC 8] A7 75 58 AR 7 o 5 45 B I 1) A1
FU 3% 2 U0 B iR R ) 5 ) O A 2

(1] 2R O TR T & m s R [T]. IR AL T, 2019,48(9): 158-162.
LI Z M.Study on the reasons for high content of crude benzene chloride ions[J].Shandong Chemical Industry, 2019, 48(9) :

158-162.

(2] BORE MR s RBET A5 DR A 7 o 7 o G a0 o 19 S D9 Bl 1 [ 7). Ak T AT 3, 2022(22) £ 152-155.
HUANG B X,SA Y H,ZHAO H S, et al.Causes and control measures of high chlorine content in crude benzene production[J].

Chemical Enterprise Management, 2022(22) : 152-155.

[3] WANG Z A,HUANG P,XIE Y H,et al.Performance of elemental mercury removal by activated char prepared from high-chlo-

rine Turpan-Hami coal[ J].Fuel,2022,307:121817.

(4] ZERERIRUR R, ok, 48 L SUR B BF gk B A HOR BUR LT, op ] AL TR 2 4, 2022, 42(11) : 4062-4072.
LIL Y, TAN H Z,WANG X B, et al. Research progress and applied technical status of high chlorine coal utilization[J].Pro-

ceedings of the CSEE,2022,42(11) :4062-4072.

(5] 5 JWid DL, EMR U A5 N 2 b S T RS e A S5 R 5 WE st e [T/OL ] AL Tk L (2025-10-24)[2026-03-26].
LU R,FAN R H,YAN L J, et al.Research progress on the migration, transformation and regulation of chlorine during coal py-

rolysis[ J/OL ].Chemical Industry and Engineering Progress, (2025-10-24)[2026-03-26].
(6] 2%, XUFEH A, 5 BEAE 2 b Bt v G20 0% B8 R M A 0 58 v G 0% MR B ASE R0 11y A ST (0] T R R, 2005, 11(4)

51-55.

LIZ,LIU Z C,ZHAO Y, et al.Study on the release characteristics of chlorine during coal pyrolysis and the establishment of a
chlorine adsorption model in coal[ J].Clean Coal Technology,2005,11(4):51-55.

[7] MADY,LIR,WANG X B, et al.Chlorine evolution and char characteristics during pyrolysis upgrading of Xinjiang high chlo-

rine coal[J].Fuel, 2025, 379:133120.
(8] Fh Mg, TiE% 45 b A9 IRTT 5 BB P BF 92 3k

JELT]. B4Rk ,2019,44(9) : 2886-2897.

NING J,JIN H, WANG Z A, et al.Research advances on the occurrence and release characteristics of chlorine in coal[J].Jour-

nal of China Coal Society,2019,44(9) :2886-2897.



BEE A R R R I T b SR R R B 5

509

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]
[25

AT XA, AR L, A AR KA EA At i it SR ST A8 B R ST ] AR 2 2 41, 2019, 47(9) 1 1032-1041.

ZHAO N, LIU D, GUO Z S, et al.Investigation on transferring and release characteristics of chlorine during pyrolysis of low
rank coal[ J].Journal of Fuel Chemistry and Technology,2019,47(9):1032-1041.

SR | ISR R i, A5 RS 2 DRI Ao e P T e (7] A T 8 L 2021,40(5) : 2461-2470.

ZHANG T T,BAIZ Q,HOU R R, et al.Research progress on co-pyrolysis characteristics of coal and waste plastics[J].Chemi-
cal Industry and Engineering Progress,2021,40(5) :2461-2470.

B, BT SR, A5 BRI P SR B A A DL B A IR T [T R RN T S 255 AT, 2025(8) - 85-88.

ZHAO B, WEI N,ZHANG G, et al.Exploration on the distribution and occurrence of chlorine content in Shaanxi coal[J].Coal
Processing & Comprehensive Utilization, 2025(8) : 85-88.

GUO S Q,YANG J L,LIU Z Y.The fate of fluorine and chlorine during thermal treatment of coals[J].Environmental Science
&. Technology, 2006 ,40(24) : 7886-7889.

LIW,LUHL,LIB Q,et al. The volatilization behavior of chlorine in coal during its pyrolysis and CO,~gasification in a fluid-
ized bed reactor[J].Fuel,2005,84(14):1874-1878.

FARA A, XA, A TR AR e 4 i Y A T 25 R A R b i B ML AR LT )L P E AL TR A 4R L 2014, 34(S D
130-135.

WANG Z H,LI Q,LIU J, et al.Occurrence of alkali metals in Zhundong coal and its migration during pyrolysis process[ J].Pro-
ceedings of the CSEE, 2014,34(S1):130-135.

TR ARG R A R A b R P S R MR R AR LT ] AR 22 5 HR 2020, 26(4) 340347,

NING J,XU S T,JIN H, et al.Chlorine release and migration characteristics during combustion of high chlorine coal[ J].Journal
of Combustion Science and Technology, 2020,26(4) : 340-347.

TR 8B e SR T SRR A R e SR R IR PEREAT T LD 1 3L AR BB 2%, 2020.

BB, T W, A5 AN R SRR e S P S BT RS BB RCREPE BT [T ] #2021, 50(7) 1 55-62.

HUANG P,NING J,JIN H, et al. Thermal migration and release characteristics of chlorine in high—chlorine coal in different re-
action atmospheres[ J]. Thermal Power Generation,2021,50(7) : 55-62.

QI X B,SONG G L,YANG S B, et al.Migration and transformation of sodium and chlorine in high-sodium high—chlorine Xinji-
ang lignite during circulating fluidized bed combustion[ J].Journal of the Energy Institute,2019,92(3) :673-681.

TSUBOUCHI N,MOCHIZUKI Y, WANG Y, et al.Fate of the chlorine in coal in the heating process[J]. Tetsu-to-Hagane,
2018,103(8):443-450.

TSUBOUCHI N,SAITO T,OHTAKA N, et al.Chlorine release during fixed—bed gasification of coal chars with carbon diox-
ide[ J].Energy &. Fuels,2013,27(9):5076-5082.

AR OR R RO A S AL A T 7 (D ] DL AR R R, 2009,

TIAN Z H,ZHANG B, WANG Q H, et al. Evaluation of the influence of different conditions on the Na/Cl release and charac-
teristics of high-alkali coal pyrolysis products by orthogonal and single-factor experiments[ J].Fuel,2025,391:134602.

LIU X S, WANG R,HUANG T F,et al.Insights into the HCI formation and volatilization mechanism from organochlorine in
coal: A DFT study[J].Fuel,2023,338:127271.

o e e SRR AR o AR B AN ST R e Al B R SR A AR ERT ST LD ] BTN - W R, 2024,

AT A S T A5 S AR AR IR T B N R (] ERR 2015, 21(3) . 79-82.

ZHAO B,YANG Y Z,LIU L T,et al. Application of Raman spectroscopy in coal properties analysis[J].Clean Coal Technolo-
gy,2015,21(3):79-82.

i 9O



