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Abstract: Pyrolysis is an important approach for achieving graded conversion of low-rank coal. However, the volatiles generated during this
process are rich in oxygenated compounds and heavy components, which lead to low efficiency in direct utilization. Selecting appropriate
catalysts for catalytic reforming of large molecules in volatiles can facilitate the upgrading of tar into lighter fractions, thereby simplifying
the tar processing flow. This study proposes a tandem catalytic system combining metal oxides and zeolites. Through synergistic catalysis
between the two catalysts, the pyrolysis volatiles of lignite are efficiently and selectively converted into light aromatics (such as benzene,
toluene, ethylbenzene, xylene, naphthalene, methylnaphthalene, etc.). Simultaneously, pre-cracking effectively removes oxygenated

components, reducing carbon deposition on the zeolite and extending the catalyst’s lifespan. Research demonstrates that MgO, a metal oxide
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with strong alkalinity, significantly enhances the cracking and deoxygenation of volatiles; compared to using ZSM-5 alone, the addition of

MgO in the upper layer significantly increases the yield of light aromatics while maintaining the original proportion of liquid products. The

total yield of light aromatics rose by approximately 20%, reaching 21.5 mg/g. Furthermore, the incorporation of metal oxides effectively

reduces carbon deposition on the zeolite, prolonging the catalyst's lifespan.

Key words: pyrolysis; tandem catalyst; light aromatics; catalyst lifespan
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1 HERBENTLSTFTEST

Table 1 Proximate and ultimate analyses of Shengli lignite

Proximate analysis w/%

Ultimate analysis wg,/%

Aq My, F Cdaf* Vaar C

I N S o H/C

16.4 11.5 59.2 40.8 68.6

4.9 1.1 0.8 24.6 0.9

*: by difference.
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Fig. 1 Schematic diagram of experimental setup
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(a): N, adsorption-desorption isotherms of the metal oxides before reaction; (b): Pore size distributions (BJH) of the metal oxides before
reaction; (c): N, adsorption-desorption isotherms of the metal oxides after reaction; (d): Pore size distributions (BJH) of the metal oxides
after reaction; (e): N, adsorption-desorption isotherms of ZSM-5; (f): Pore size distributions (BJH) of ZSM-5.
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Fig. 3 Nitrogen adsorption-desorption isotherms and pore size distributions (BJH)
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Table 2 Parmeters of specific surface area and pore size distribution for different catalysts

2 -1 3 -1
Catalysts Surface area/(m g ) Pore volume/(cm g ) do/nm d,./om
SBET Smeso Smicro Viotal Vimeso Vmicro
ZSM-5 368 89 279 0.20 0.09 0.11 3.15 2.15
CaO(F) 19 19 0 0.14 0.14 0.00 3.13 28.84
CaO(S) 21 21 0 0.10 0.10 0.00 3.11 19.55
Ca0/Z5 268 57 211 0.15 0.06 0.09 3.12 2.30
MgO(F) 18 18 0 0.09 0.09 0.00 3.13 19.78
MgO(S) 23 23 0 0.17 0.17 0.00 3.14 29.68
MgO/Z5 326 51 275 0.17 0.06 0.11 3.13 2.10
ZnO(F) 25 25 0 0.21 0.21 0.00 3.50 33.64
ZnO(S) 18 18 0 0.15 0.15 0.00 3.50 32.46
Zn0O/Z5 305 67 238 0.17 0.07 0.10 3.10 2.25
TiO,(F) 113 113 0 0.06 0.51 0.00 3.09 18.00
TiO4(S) 47 47 0 0.32 0.32 0.00 24.05 27.06
TiO,/Z5 353 52 301 0.18 0.06 0.12 3.11 2.02
ZrO,(F) 10 10 0 0.03 0.03 0.00 3.13 13.06
ZrO4(S) 9 9 0 0.04 0.04 0.00 3.13 16.95
Zr0,/Z5 286 26 260 0.16 0.05 0.11 3.13 2.30
AlLOs5(F) 153 153 0 0.25 0.25 0.00 3.12 6.52
AL O5(S) 124 124 0 0.24 0.24 0.00 4.42 7.65
Al,05/Z5 351 27 324 0.19 0.05 0.14 3.13 2.17
105 =
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(a): TG curves of the metal oxides after reaction; (b): DTG curves of the metal oxides after reaction;
(c): TG curves of ZSM-5 after reaction; (d): DTG curves of ZSM-5 after reaction.
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Fig. 4 TG and DTG of the catalysts
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Table 3  Alkali content of different metal oxides before and after the reaction

Basicity distribution/(mmol- gil)

Catalyst weak base sites” strong base sitesb total amount”
CaO (F) 0.007 2.279 2.286
MgO (F) 0.014 2.837 2.851
ZnO (F) 0.013 0.180 0.193
TiO, (F) 0.003 0.179 0.182
710, (F) 0.001 0.024 0.025
Al O; (F) 0.073 0.045 0.118
CaO (S) 0.005 9.156 9.161
MgO (S) 0.010 0.517 0.527
ZnO (S) 0.004 0.180 0.184
TiO, (S) 0.006 0.140 0.146
Zr0, (S) 0.001 0.066 0.067
AlLO; (S) 0.074 0.241 0315

Note: * Determined from the CO,-TPD curve in the range of 50-200 C; ° Determined from the CO,-TPD curve in the range of 200—
800 °C; ° Sum of the weak and strong basicity amounts. The calculation formula is: Strong (Weak) basicity amount (mmol/g)=

Ny XAcat

AaaxMa » Where ng, is the amount of calibrated injected CO, in moles; A4 is the peak area of the calibration; 4., is the peak area of the

catalyst sample; M, is the mass of the catalyst sample.
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Table 4 Distribution of three-phase pyrolytic products

Distribution of products wy,/%

Catalyst char gas coke liquid”

ZSM-5 61.47 12.84 1.83 23.86
Ca0O-ZSM-5 62.81 7.83 8.70 20.64
MgO-ZSM-5 61.58 16.05 1.00 21.37
ZnO-ZSM-5 62.52 16.31 1.11 20.06
71r0,-ZSM-5 61.94 16.37 0.65 21.04
TiO,-ZSM-5 62.01 17.17 1.79 19.02
AlL,O;-ZSM-5 62.04 15.33 1.67 20.96

" by difference.
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(a): Product distribution over different metal oxides tandem catalysis; (b): Gas yield over different metal oxides tandem catalysis.

NN CIE =R N €7/ IR A 7 B ]

Fig. 6 Distribution of pyrolysis products over different metal oxides tandem catalysis

FHET ZSM-5 Bl figfk, W n & J8 |k W fs
TR = R RN AR B H WA TR, AR m T L
J2 4 ALY I TR AR T AR R A AR
AN, B AT Z2 AR, R 43 O AU e TR
A UL ol /1 FE A AR R R BB e T R A4 1) T
AE. TR Rt Bk RN, WK
AR e A AR L Y B AT ZSM-5 B A £k
S, US04 B S AL R SR ) R R = ]
A R AR AN, BRI AAR = W7 23 5 L 2 T
Rk 5

Kl 6(b) Ry #fi AR 43 77 %, NI ] LR
N [ 4 AR A 0 ER B A A ) AR 7 W o A 2
AR K, A T4l ZSM-5 i1k, CaO/ZSM-5 Hi Bk
PSR b H, B i B R, T CO, 77 K
W T B, 3X & T CaO M9 A RE A% 12 i 24 445 &
o7 S0, DN 77 AL 22 035 A, DT AR B 2
H,, 1fii CaO W% & 5 F 1 A= 1 1 CO, 2 I AR
CaCOs, I7E SN EE T 7] LARSUE A2 7E, PRI, 7E J

N 3k FE H CO, R BETH AR, X — I 5 A E 43 Hr A
CO,-TPD W45 A FF . babh, NI 6 Hml L& Bt
% CaO/ZSM-5 H B A Ak CO, 76 [ v B T #E, U
4 & ALY I iR SR CO, PR BT A
Ui BH 4 I8 A Ak W i AR SE T 48 R 40 I 4RI B
O B Z Lk CO, A MiBg, 1A & 76/ F 0 b il &
UL 53 T AR e A IR A, DL I ek A 1 B R Y
o 5 CO, RFEMZ, B4 s e wis co®
HIEA TR IEA S ZSM-5 B fi A 55, X Af
AESE M T4 Jm S AW i s I J2 242 1 B R 3 L
RER N, H O FELL COo, LR, 5 Co, 4
BA 354 S R ) CO By AR Bl I o 1 412 a3 B8 32 2141
HilP9, CH, 1 C—C, S5 A WL ™ A T T R, X
Al LLE B T 4 8 AR W i s i (8 A5 4% k43 459 31 72
SR, AN Ty KA R R, R, R R 2 R
TRER,
222 BRFRBEFEER

Bl 7 AR 4 & SE Ak 5 ZSM-5 BRIk L %



A B EAEY) 500 T B E B E R S A5 ... I FR (PP, 2026, 54(3), 20250238 (10 of 12)

TR e, WK 7 0] LLE H, CaO, MgO #l
ZrO, H B AR AL 1Y e 5 5 ke B 38 i Rk ZSM-
5 P AL, Hor, MgO/ZSM-5 88 R4 52 i 55 1
FER AR, K F 21.5 mg/g, XA IALE T FE 4
Ja& SE AR AR K 5y KAy I TR AR . 48
ISR R 57 R Ay F R RGE i 4 8 A AL IR )=
B 4 2R R TR /INE 43, AT AT DLtk A ZSM-5 L
TE PN, O A A R R S T ZSM-S [ i
0%, WAk T B AR YR BT R AR, i
b AR AN 52 AP 1) 4 S AR A W I B I A R
M) 55 2ol ZSM-5 i 4k A 3T 5 B I T S0l ZSM-
SR A O R NS =515 <o o e N i [ A i
WA 26 AN [ 1) A1 2 s 0 i 4

B 7 F AT LU, CaO Fil MgO AL J5 5%
JoT 5, 2R R 2R A A T B ZSM-S i
b4 5 I, SR T LR R A U™
A /NGy TR R Ay, R 25 7= A o 2 g MR A
T T AR DARRUE #5848, A AR O T R AR
FRfeoe iy ZE A H 3L 28 & 7 Rl DL R B, ZrO,
AR I B AR 1 40 I 5 e 7 A 3 S 4R v, (HL L
HHOR . O HOR & e BH 0 T, 2 P e AR L
T zrO, 1 BT CH, W41k, ZrO, im AR T CH,
WAL IF 528 [ R 6 R A B FR R R R

10

-B-T‘-E X N MN {2

g . .\ {20
4 18 fon
fon * x A A 7 “?‘D
I N on
2 ¢ 1 2
E ~
=1 14 3
T 4t =
e 128
z I =

. = 0E 01 R 10

2+ E -
- B - = B BT B8

$\,‘9
9? Q‘Z’O 45 a4 RPN D

Catalysts

K7 ARG Jm S R IR A e T ™
Fig. 7 Yield of light arommatics over different metal oxides
tandem catalysis

23 fEIRFEd

AL M RE 25 A 25 IR TEA, M Ak 7 77 At 2
TR EE R Z — . RS S EALY
5 ZSM-5 HRERAE AL AR F& v, MgO 1 1k 350 R B
£, PRI, X FL R A7 40 20 52 50 DA PR 90 AR AL 77 1 o
P&l 8 kg AN [R) A Ak 7] 110 416 24 7 o i 3k, 79 o A Ak 751

I3RS ZSM-5 Bl AL MO 5 ZSM-5 HRIk Ak

g LR A A R 2 o B — U R I &
Az LI Wb 1 77 R T B, B S 2208 R B, 2 S g A
W ZE LR, BT RN . TR R
J 7= 2R )T B 32 B PR R R aod AR v AR B
Gy PR A, (B R a1 R R LA B AR R T 4
PG, MG B LR R A e E G . A 8
HRT L, MgO/ZSM-5 £ A 38 78 4 U8 26 1 77 3%
B T ZSM-5 Bl ik, 1 8 2 50 7S IR B AR 0 O
1277 AR & T ZSM-5 B A Ak g 7R R, 3R
MgO IS IMAMAT BAR 2E T #5 % 43 1) 58 I 05 e e
Ak, R AL 0 2 s T AR AR &R 1 B8 i

22

—a—7ZSM-5
—o-MgO/Z5
20
%
& 18
g
3
2
>~ 16 F
14+
Ist 2nd 3rd 4th  5th 6th  7th
K8 ANIEMEAHI I IERR A i
Fig. 8 Lifespan of different catalysts
345 i

PR AN [ I 78 1 i b 700 547 e I Ak, iR
FIRE R AR s, kMM MgO 5 ZSM-
5 ER I SN BT AR B A, B Y T et e, A )
21.5 mg/g, AT ZSM-5 Ll fEfL #2755 T 29 20%,
WA= 4 o it o7 LA AR R LB, 35 B 21.4%.
IR T2 R B 4 TR AL R AR T A
JI S BB R R A, X B R Ay Ky T R AT T
S f, 1 2 2408 0] Lk AT 2 AL I i L L E
PEB [ /N4 1, AT 42 = T )2 ZSM-5 1 i 4L T
PE o B R R TS AR R A [R) B R s D
ZSM-5 bR, (T J2 1) ZSM-5 AL TG T 5
WA AR A, ARWFTE T R AR BB AR 45 &
Oy A PR AL B

| 4 th 5 7 W
VR P WA M) 4 v 2%
S0k

[1] ZHAO J P, CAO J P, WEI F, et al. Catalytic reforming of



RS BB AN 593 F I IR ELL A A A 7 T BE T g

(2]

(4]

[5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[13]

[16]

lignite pyrolysis volatiles over sulfated HZSM-5: Significance
of the introduced extra-framework Al species[J]. Fuel, 2020,
273: 117789.

KATALAMBULA H, GUPTA R. Low-grade coals: A review
of some prospective upgrading technologies[J]. Energy Fuels,
2009, 23(7): 3392-3405.

WANG D, CHEN Z, ZHOU Z, et al. Catalytic upgrading of
volatiles from coal pyrolysis over sulfated carbon-based
catalysts derived from waste red oil[J]. Fuel Process Technol,
2019, 189: 98—109.

ZHONG M, ZHAI J R, XU Y B, et al. Catalytic cracking of
coal-tar model compounds over ZrO,/Al,0; and Ni-Ce/Al,O;
catalysts under steam atmosphere[J]. Fuel, 2020, 263: 116763.
ZHAO X Y, REN X Y, WANG Y J, et al. Conversion of
lignite-derived volatiles into aromatics over Zn@MCM-41
and ZSM-5 tandem catalysts with a high stability[J]. Fuel,
2023, 339: 127430.

JUUTILAINEN S J, SIMELL P A, KRAUSE A O I. Zirconia:
Selective oxidation catalyst for removal of tar and ammonia
from biomass gasification gas[J]. Appl Catal B: Environ,
2006, 62(1/2): 86-92.

REN J, CAO J P, ZHAO X Y, et al. Recent advances in
syngas production from biomass catalytic gasification: A
critical review on reactors, catalysts, catalytic mechanisms
and mathematical models[J]. Renewable Sustainable Energy
Rev, 2019, 116: 109426.

LI C S, SUZUKI K. Resources, properties and utilization of
tar[J]. Resour, Conserv Recycl, 2010, 54(11): 905-915.

QU X A, LIANG P, WANG Z F, et al. Pilot development of a
polygeneration

process of circulating fluidized bed

combustion combined with coal pyrolysis[J]. Chem Eng

Technol, 2011, 34(1): 61-68.
LV P, YANL J, LIU Y, et al. Catalytic conversion of coal
pyrolysis vapors to light aromatics over hierarchical Y-type
zeolites[J]. J Energy Inst, 2020, 93(4): 1354—1363.
WU Z Q, ZHANG J, FAN Y J, et al. Synergistic effects from
co-pyrolysis of lignocellulosic biomass with low-rank coal:
A perspective based on the interaction of organic
components[J]. Fuel, 2021, 306: 121648.
WeTa%a, &R, PERTIE, S5 AR RIS o il E
R[], (L T HER, 2024, 43(5): 2279-2293.
(YAO Naiyu, CAO Jingpei, PANG Xinbo, et al. Research
progress in catalytic reforming of low rank coal pyrolysis
volatiles[J]. Chem Ind Eng Prog, 2024, 43(5): 2279-2293.)
WANG D, JIN L, LI Y, et al. Effect of reducibility of
transition metal oxides on in-situ oxidative catalytic cracking
of tar[J]. Energy Convers Manage, 2019, 197: 111871.
PO, BOTRAT, BRI, A5 PR GHUP A o B v AR AR AT X
FRIMZH AR [T]. AL, 2001, (2): 53-57.
(JIA Yongbin, HUANG lJiejie, CHENG Zhonghu, et al.
Effect of CaO on tar chacking in a rapid-pyrolysis fixed bed
reactor[J]. Coal Convers, 2001, (2): 53-57.)
SONG Q, ZHAO H, CHANG 8§, et al. Study on the catalytic
pyrolysis of coal volatiles over hematite for the production
of light tar[J]. J Anal Appl Pyrolysis, 2020, 151: 104927.
HE L, HUI H L, LI S G, et al. Production of light aromatic
hydrocarbons by catalytic cracking of coal pyrolysis vapors
over natural iron ores[J]. Fuel, 2018, 216: 227-232.

(18]

[19]

(20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

/BRI AR (L), 2026, 54(3), 20250238 (11 of 12)

WANG D C, JIN L J, WEI B Y, et al. Oxidative catalytic
cracking and reforming of coal pyrolysis volatiles over
NiO[J]. Energy Fuels, 2020, 34(6): 6928—6937.

BI C Y, WANG X, YOU Q, et al. Catalytic upgrading of
coal pyrolysis volatiles by Ga-substituted mesoporous ZSM-
5[J]. Fuel, 2020, 267: 117217.

YAONY,CAOJP,ZHAO J P, et al. Efficient and selective
catalytic pyrolysis of cellulose to monocyclic aromatic
hydrocarbons over Zn-containing HZSM-5[J]. Fuel, 2022,
310: 122437.

ZHAO J P, CAO J P, WEI F, et al. Sulfation-acidified
HZSM-5 catalyst for in-situ catalytic conversion of lignite
pyrolysis volatiles to light aromatics[J]. Fuel, 2019, 255:
115784.

CHAIHAD N, KARNJANAKOM S, ABUDULA A, et al.
Zeolite-based cracking catalysts for bio-oil upgrading: A
critical review[J]. Resour Chem Mater, 2022, 1(2):
167-183.

ARREGI A, LOPEZ G, AMUTIO M, et al. Role of
operating conditions in the catalyst deactivation in the in-line
steam reforming of volatiles from biomass fast pyrolysis[J].
Fuel, 2018, 216: 233—-244.

OCHOA A, ARREGI A, AMUTIO M, et al. Coking and
sintering progress of a Ni supported catalyst in the steam
reforming of biomass pyrolysis volatiles[J]. Appl Catal B:
Environ, 2018, 233: 289-300.

WS, W H, eI, A AR SR R L R R T
FE[J]. fL kR, 2024, 43(7): 3620-3636.

(CAO lJingpei, YAO Naiyu, PANG Xinbo, et al. Research
progress and development history of coal pyrolysis[J]. Chem
Ind Eng Prog, 2024, 43(7): 3620-3636.)

ZHENG Y W, TAO L, HUANG Y B, et al. Improving
aromatic hydrocarbon content from catalytic pyrolysis
upgrading of biomass on a CaO/HZSM-5 dual-catalyst[J]. J
Anal Appl Pyrolysis, 2019, 140: 355-366.

ZHANG J H, HHUANG Y S, SEKYERE D T, et al
Catalytic fast pyrolysis of waste pine sawdust over solid
base, acid and base-acid tandem catalysts[J]. Bioresour
Technol, 2024, 394: 130294.

ZHAO HY, LI Y H, SONG Q, et al. Effects of iron ores on
the pyrolysis characteristics of a low-rank bituminous
coal[J]. Energy Fuels, 2016, 30(5): 3831-3839.

WANG K, TURSUN Y, ZHANG K Y, et al. Catalytic
upgrading of Naomaohu coal pyrolysis volatiles over CaO
catalyst[J]. J Energy Inst, 2024, 116: 101714.
OCHOA A, BARBARIAS I, ARTETXE M,
Deactivation dynamics of a Ni supported catalyst during the

et al

steam reforming of volatiles from waste polyethylene
pyrolysis[J]. Appl Catal B: Environ, 2017, 209: 554—565.
ZHANG J H, LAI D G, CHEN Z H, et al. CO,-assisted
catalytic pyrolysis of polyolefins to aromatics over
mesoporous HZSM-5 and Ga/ZSM-5 catalysts[J]. ACS
Sustainable Chem Eng, 2024, 12(35): 13137-13148.

BIAN Z G, LI Y J, REN Y, et al. Thermochemical heat
storage performance of CaO particles under fluidization in
coupled CaO/Ca(OH), cycles and CaO/CaCO; cycles[J]. J
Energy Storage, 2022, 56: 106045.

LICY, ZHANG J, GU J, et al. Insight into the role of varied


https://doi.org/10.1016/j.fuel.2020.117789
https://doi.org/10.1021/ef801140t
https://doi.org/10.1016/j.fuproc.2019.03.003
https://doi.org/10.1016/j.fuel.2019.116763
https://doi.org/10.1016/j.fuel.2023.127430
https://doi.org/10.1016/j.apcatb.2005.05.009
https://doi.org/10.1016/j.rser.2019.109426
https://doi.org/10.1016/j.rser.2019.109426
https://doi.org/10.1016/j.resconrec.2010.01.009
https://doi.org/10.1002/ceat.201000202
https://doi.org/10.1002/ceat.201000202
https://doi.org/10.1016/j.joei.2019.12.005
https://doi.org/10.1016/j.fuel.2021.121648
https://doi.org/10.1016/j.enconman.2019.111871
https://doi.org/10.1016/j.jaap.2020.104927
https://doi.org/10.1016/j.fuel.2017.12.005
https://doi.org/10.1021/acs.energyfuels.0c00771
https://doi.org/10.1016/j.fuel.2020.117217
https://doi.org/10.1016/j.fuel.2021.122437
https://doi.org/10.1016/j.fuel.2019.115784
https://doi.org/10.1016/j.fuel.2017.12.002
https://doi.org/10.1016/j.apcatb.2018.04.002
https://doi.org/10.1016/j.apcatb.2018.04.002
https://doi.org/10.1016/j.jaap.2019.04.014
https://doi.org/10.1016/j.jaap.2019.04.014
https://doi.org/10.1016/j.biortech.2023.130294
https://doi.org/10.1016/j.biortech.2023.130294
https://doi.org/10.1021/acs.energyfuels.6b00061
https://doi.org/10.1016/j.joei.2024.101714
https://doi.org/10.1016/j.apcatb.2017.02.015
https://doi.org/10.1021/acssuschemeng.4c02858
https://doi.org/10.1021/acssuschemeng.4c02858
https://doi.org/10.1016/j.est.2022.106045
https://doi.org/10.1016/j.est.2022.106045

TRIEE: 2 ALY 557 T IR LR A A 0 T RE T g

[33]

[34]

[35]

[36]

[37]

acid-base sites on fast pyrolysis kinetics and mechanism of
cellulose[J]. Waste Manage, 2021, 135: 140—149.
AL-SHATHR A, AL-ZAIDI B Y, SHEBAB A K, et al.
Experimental and kinetic studies of the advantages of coke
accumulation over Beta and Mordenite catalysts according to
the pore mouth catalysis hypothesis[J]. Catal Commun,
2023, 181: 106718.

YAON Y, CAOJ P, ZHAO X Y, et al. Coke formation on
different metal-modified (Co, Mo and Zr) ZSM-5 in the
catalytic pyrolysis of cellulose to light aromatics[J]. J Anal
Appl Pyrolysis, 2024, 179: 106516.

ZHU N, LIU Y Y, WANG Y, et al. Kinetic models for the
coke combustion on deactivated ZSM-5/MOR derived from
n-heptane cracking[J]. Ind Eng Chem Res, 2010, 49(1):
89-93.

Mo, RS, AR, 2R AT R PR G i A TR S
Rt RILT=W I 0], K PRBEEH, 2023, 44(7): 520-529.
(YANG Guang, ZHANG Wenjie, SHEN Dekui. Study on
reaction characteristics and products of pyrolysis coupled
catalytic reforming of various lignin[J]. Acta Energ Sol Sin,
2023, 44(7): 520-529.)

TRz, T, kT, 4. CaO/HZSM-5 &2 Ak 51
PORFEFEAT AN PVC SLfige ™y 0y U R AR TS D). 100k
24t (The30), 2025, 53(1): 82-95.

(WANG Caiyun, WANG Jiaofei, ZHANG Yujie, et al.

E=REFIE

TRE(1999), Mt - wF o7 A, e T o E AT
b K 2E, WIS 7 18] A A I [ L Al il &
I E Ak, 1523040062231 @cumt.edu.cn,

...... / IRFIE A AR (HRFE), 2026, 54(3), 20250238 (12 of 12)

[38]

[39]

[40]

[41]

[42]

Synergistic effect of CaO/HZSM-5 composite catalyst in
regulating co-pyrolysis products of rice straw and PVC[J]. J
Fuel Chem Technol, 2025, 53(1): 82-95.)

LIU P, ZHANG D X, WANG L L, et al. The structure and
pyrolysis product distribution of lignite from different
sedimentary environment[J]. Appl Energy, 2016, 163:
254-262.

FRIR, wi, B, 5. B2 YL T PR
AR IR S5 2 [T]. BRBb 222 4 (h 3 30), 2023,
51(8): 1096-1105.

(WANG Shaoging, HAN Yu, YI Weiming, et al. Catalytic
pyrolysis of lignin for production of mono-aromatic
hydrocarbons oversupported hierarchical zeolite[J]. J Fuel
Chem Technol, 2023, 51(8): 1096—1105.)

LI G L, YAN L J, ZHAO R F, et al. Improving aromatic
hydrocarbons yield from coal pyrolysis volatile products
over HZSM-5 and Mo-modified HZSM-5[J]. Fuel, 2014,
130: 154-159.

ARENILLAS A, RUBIERA F, PIS J J, et al. Thermal
behaviour during the pyrolysis of low rank perhydrous
coals[J]. J Anal Appl Pyrolysis, 2003, 68—69: 371-385.

WEI F, KUDO S, ASANO S8, et al. Torrefaction of woody
biomass and in-situ pyrolytic reforming of volatile matter:
Analyses of products and process heat demand[J]. J Anal
Appl Pyrolysis, 2022, 167: 105658.

BRI (1983), HARRE S K2 T 2181,
HOZ A 00, RS YRR
] ST AL 1 25 AL 27 B RN T BE R AL A D& i

%%, caojingpei@cumt.edu.cn.


https://doi.org/10.1016/j.wasman.2021.08.040
https://doi.org/10.1016/j.catcom.2023.106718
https://doi.org/10.1016/j.jaap.2024.106516
https://doi.org/10.1016/j.jaap.2024.106516
https://doi.org/10.1021/ie900855y
https://doi.org/10.1016/S1872-5813(24)60484-6
https://doi.org/10.1016/S1872-5813(24)60484-6
https://doi.org/10.1016/S1872-5813(24)60484-6
https://doi.org/10.1016/S1872-5813(24)60484-6
https://doi.org/10.1016/S1872-5813(24)60484-6
https://doi.org/10.1016/S1872-5813(24)60484-6
https://doi.org/10.1016/S1872-5813(24)60484-6
https://doi.org/10.1016/S1872-5813(24)60484-6
https://doi.org/10.1016/j.apenergy.2015.10.166
https://doi.org/10.1016/j.fuel.2014.04.027
https://doi.org/10.1016/S0165-2370(03)00031-7
https://doi.org/10.1016/j.jaap.2022.105658
https://doi.org/10.1016/j.jaap.2022.105658
mailto:ts23040062a31@cumt.edu.cn
mailto:caojingpei@cumt.edu.cn

	1 实验部分
	1.1 实验原料
	1.2 实验装置与方法
	1.3 催化剂制备与表征
	1.4 产物分析与计算
	1.4.1 产物分析
	1.4.2 产率计算


	2 结果与讨论
	2.1 催化剂评价
	2.1.1 孔径分布测试
	2.1.2 热重分析
	2.1.3 金属氧化物碱性分析

	2.2 产物分析
	2.2.1 热解产物分布
	2.2.2 轻质芳烃产率

	2.3 循环寿命

	3 结　论
	利益冲突声明
	参考文献

