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A study on the effect of heating rate during cellulose and polyethylene co-pyrolysis
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(1. State Key Laboratory of Coal Combustion, University of Science and Technology, Wuhan 430074, China;
2. China-EU Institute for Renewable Energy, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: Slow co-pyrolysis and fast co-pyrolysis of cellulose (CE) with high density polyethylene (HDPE) were
investigated in a tube furnace reactor. The effects of heating rate and mixing ratio on the co-pyrolysis of CE and
HDPE were investigated. The results show that slow co-pyrolysis of CE and HDPE can boost liquid yields while
lowering gas and char yields. When the ratio of CE to HDPE is 1:3, the slow co-pyrolysis interaction is strongest.
At this ratio, the liquid yield was 95.4%. Compared with the calculated yield, the liquid yield is increased by 9.8%.
Rapid co-pyrolysis reduce the liquid yield, but increase the gas yield. When the ratio of CE to HDPE is 3:1, the
rapid co-pyrolysis interaction is strongest. The liquid and gas yields were 49.3% and 42.8%, respectively. Compared
with the calculated yields, the liquid yield is reduced by 14.5% but the gas yield is increased by 14.1%. These results
verified that the synergistic effect existed during co-pyrolysis of CE and HDPE under the experimental conditions.
Co-pyrolysis of CE and HDPE favors reducing the oxygen content of the liquid product and improving the quality of
the liquid product.
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Table 1 Proximate and ultimate analyses of CE and HDPE

Proximate analysis w/% Ultimate analysis w/%

Sample Vv FC C H 0
CE 90.86 9.14 4444 617 4939
HDPE 100 0 8571 1429 0
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Figure 1 Schematic diagram of pyrolysis process
1: Mass flow meter, 2: Rotor flow meter, 3: Holder, 4: Quartz
tube, 5: Reactor, 6: Condenser, 7: Ice, 8: Exhaust gas
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Figure 2 TG and DTG curves of CE and HDPE with different blending ratios
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Figure 4 Changes of gas products of CE and HDPE with different blending ratios
(a): inorganic gases of slow pyrolysis; (b): inorganic gases of fast pyrolysis;

(c): organic gases of slow pyrolysis; (d): organic gases of fast pyrolysis
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FE MW Y CE 5 HDPE Lt ] 25 4k 41
K6 7 o e dt PR i 5 DRt PR 2 7 1 ) 2 A
S IEAKA [R], B s G X A e AR L AR
IINGY T A IR A e A ok 1 T L R ke K
Bele i HEE L o 18 Sl BRI, 2o e A SR RS
SN A R 20 N 26.95% Fl 61.58%
B3] 0, KEEbERE S K ERIA R0 5 B 200N 0 4 &
) 37.59% 1 58.65%; R 1 P fifk I8, Ze e ) R bk
H5E&EN DTS WS 55N 43.17% F
51.11% K& 3 0, KAk be ke 5 K BE M 1 2 55 20 )
M0 32 755 B 28.4% 1 68.11%. i AT LLE I, 518
AR L, PR PR 7 AR B 7 ke ) 2RO K
Wi T AT i T R AR SRR /N
T B WA BE B A XS & o X R A AT BE
s 4 BE% HDPE L B3 i, CE /Y 27 Yy l%
ik, HDPE 1 £ 2 Wy fin; 55 B[R], 33 2R
HHEAFEH], HDPE 2377 AR YF B9 H H il 2, fie ik 72
Jié 4 2R BE A 2E — 2P il 7 AR B Z /Y OH A i 2,

I S ad kAR HDPE Wik It 5 K B M I T A K
GRS, P A, CE 5 HDPE 7= A4 45 & 4y
A H RN, AR £ e (4 B BE 43 % 5 HDPE () W%
75 A T 22 A T A A0 A A R N 0
SR =3, RSk Ut JE## B CE 5 HDPE 194y
fif HH H.AMZ:, HDPE 4= 19 H A i B2 42 i CE i
SRR A BT 2L A £ i A TE K, 1T DA CE Hp B S Y
OH [ i g #F HDPE 14 % #8 , 7= 45 05 £ i 4
¥, [FiF OH [ 3% 5 HDPE i1 4= R Wi i Ak & Wy 45
B A R, B S E AL A Y (R R A e
FOBE . MR L S BRAE) B A AR, PR AR TN AY 1 AR
T, FEE RIS, T 4R o 7 i A

70

60

50 |
40
30|
20t

Composition /%

1:0 3:1 1:1 1:3 0:1
CE /HDPE

60 | O-constaning specises
—a— Alkane S
50 L —v— Olefin , »

Composition /%

1:0 3:1 11 1:3 0:1
CE /HDPE

6 WASTHIHE CE/HDPE AR & b s
Figure 6 Changes of liquid products for CE and HDPE with
different blending ratios
(a): slow pyrolysis; (b): fast pyrolysis

24 HBEMERSR

J9 T HE— %X CE 5 HDPE 2 [a] 4t #4 i
HHEL AR A B, XHR & SEER AR E RS
FR A 7 W) 0 52 B8 5 1A ) 22 S 1647 23 # o
K7 B8 T AR BT S Y 22 55 &8
N T ANTE FE BT s M 25 5

HI P 7 /] LA, 7Ef8 g g 2 P, CE 5
HDPE #t: # i X CO. CO, Al CoH, ) 7= 53R 5% i 45
R, WX Hy #1 CHy B W B2/ o BEMOR B, X
CO il CO, By ™ A= BN 2 ZEAE HT, X CoHy Y AR i



FO%

n,
S

936 P/ S S 27

2

e

(h 3 30) 551 4

i HI4E R, BB HDPE FC 0 i 39 m, 22 i 7 4=
19 H H H AR 2, R i A 20O T n i 2
24 CE 5 HDPE by 1:3 B, 1 FR0R 18 21 5 K
i B 44 g ot B2 of, 7€ CE 5 HDPE by 3:1 B, 40
Kl 3(b) i, A A BV FH o, SR = S Ak 10
{EL, % BT A AR B 2B LR 2 A 4 L Bifi % HDPE
Eb 1) 74 388, AR B R ek 55, 3 2R X CH, A
CoHy A et B T 90 /E H, ¥ CE 5 HDPE [t
R 121 B, % CoHy B RIZ8CR I8 B 5 K, i H Al <
{&7¢ CE 5 HDPE t>4 1:3 B, fEHBCR B B /K.

(a)
ez H,
CcO

Different /%

1:1 1:3
CE /HDPE

Different /%

CE /HDPE

7 AA S
Figure 7 Different of gas products
(a): slow pyrolysis; (b): fast pyrolysis
UnTEL 8 BT 7, 15 A figp 55 R A X A
A A AR B R AR, BRI 00l A e 7 2R
Wi AU E PR BE IR R 0T B, (R B 2
PR B b e A S5 B A JE A8, 1 W] HDPE A9 77 78
fie it CE W3R 5 RV . B HDPE LL 1 /Y
B, BR A EE I e S I EE R AT, Xk A 2 7 ) Y
VERRCR B . X A4 1) 25K /& HDPE
i 2 LR MR RS R HOA 2, IR RS R
B IR HE CE Y 2 1 B 5 S8 A8 A= L0 8
W™, oy, B4y SR AL iRl CO Rl CO, T
53—k @ CE i) OH H oy % [ o it # HDPE
Wi S A A 7 ) R, O 5 KRB
JNE A R T, S R 0 £ e B L B

HDPE b A7 (438 in, A b v 2 S i B B A1, A1kt

XIZEBERI M . B RN A S KRR

1 S -
40
30 +

Different /%
(=}

1:1 1:3
CE /HDPE

)
w W22

LG s O-containing specises =2 Alkane
= Olefin @ Long-chain alcohol

(b)

50

Different /%

- AN

301

1 1:3
CE /HDPE

K8 WS YESR
Figure 8 Different of liquid products
(a): slow pyrolysis; (b): fast pyrolysis

345 ®©

A S 56 5% F [ 52 PR % CE 5 HDPE A [ Eb 4]
EAT T8 AR it 5 PR A S 50, 3 o X AR R 2
RS =57 e i A8 4k, %8 CE 5 HDPE
S & B AR EAE

CE ‘5 HDPE Ay 3L 0 = 2574 7 R A 1
(R 52 TR, L S A it AR PR A o = 2 7 A 7 R
(2 T AN AR o P2l AR B, BT CE i 34 7 fif
AR, PRI S IR A, B I B2 19 T+, HDPE JF
IR, P2 A ¥ R Sy 5 CE 34 ) 42 W0 A HAE
FH, AR I £ ¢ b i S B A R O e A R 57 IR R A
{61 A5 B 3 7= 2RI 9.8%; DL PRI, J I R 20
AL fEH BB EERT, 30 B 0 28 T e 2
CE i A=W AW dE A7 f 38 L K L MGRR . Wi e ot ™=
AR OH A M 3E, 1 OH H 3L n] LI #E HDPE
K HE WA, T B Y R T B 14.5%, A
P 14.1%.

% A AR 1) AH VR FH R ER B A 1 A



557 X

Ut S5 THELEE AT £ 4l 3K 5 I LA L IR 52 0 ) B 5E

937

YERXT RSP mE K. Hr, X co #1 Co,
452 W) S 25, 45 ol AR B AR ) CO 5 T CO,, T
P A SE I 7 R 1) CORT COpe X FEE K
15 5 A fif CE Je Al T B /R L L A B pk &
B, T A 32 B e A W SN, T PR AR A 2
JRIBL, 7= A K S W, HBR B B8 Ry s B

% A B AR R LR A i A ) A BRI VRS
FEIAE AR AR T o 18 S e A figt A e 8 SR R
FUNGF LA PR 7 R AR T 4.8%-12.2%

T 12.8%—36.2%; 1 e P fif: 7 T ) B M A1 75 260/ 1N
A E YRR AT 8.8%21.4% FlI
10.5%21.6%, iX & Z 02 Ry L3 X A 7=
MYE 2RI H A S & A E M EH,
TCE PR HR A A 2 5 ol #1425 HDPE 4=
WFES H A 3ok iody CE pymik Ak, {2t CE K H:
T A= 0 00 53 A, T 40 O 7 AR R R O )l R B AR
P HDPE Wi 5% 31 5 HDPE 7= A il 1 4% 45 18 I o A=
A B

R P

[1]

YANG ] X, RIZKIANA J, WIDAYATNO W B, KARNJANAKOM S, KAEWPANHA M, HAO X G, ABUDULA A, GUAN G Q. Fast co-
pyrolysis of low density polyethylene and biomass residue for oil production[J]. Energy Conv Manag, 2016, 120: 422-429.

[2] HASSAN H, LIM J K, HAMEED B H. Recent progress on biomass co-pyrolysis conversion into high-quality bio-o0il [J]. Bioresour Technol, 2016,
221: 645-655.

[3] HOORNWEG D, BHADA-TATA P, KENNEDY C. Waste production must peak this century[J]. Nature, 2013, 502(7473): 615—-617.

[4] YUAN H R, FAN H G, SHAN R, HE M Y, GU J, CHEN Y. Study of synergistic effects during co-pyrolysis of cellulose and high-density
polyethylene at various ratios[J]. Energy Conv Manag, 2018, 157: 517-526.

[5] ONALE, UZUN B B, PUTUN A E. An experimental study on bio-oil production from co-pyrolysis with potato skin and high-density polyethylene
(HDPE)[J]. Fuel Process Technol, 2012, 104: 365—370.

[6] WANG Z W, BURRA K G, LEI T Z, GUPTA A K. Co-pyrolysis of waste plastic and solid biomass for synergistic production of biofuels and
chemicals-A review [J]. Prog Energy Combust Sci, 2021, 84: 51.

[7] XUEY,ZHOU S, BROWN R C, KELKAR A, BAI X L. Fast pyrolysis of biomass and waste plastic in a fluidized bed reactor[J]. Fuel, 2015, 156:
40-46.

[8] OZSIN G, PUTUN A E. A comparative study on co-pyrolysis of lignocellulosic biomass with polyethylene terephthalate, polystyrene, and
polyvinyl chloride: Synergistic effects and product characteristics[J]. J Clean Prod, 2018, 205: 1127-1138.

[9] DHYANI, VAIBHAV, BHASKAR, THALLADA. A comprehensive review on the pyrolysis of lignocellulosic biomass [J]. Renewable Energy,
2018.

[10] OENAL E, UZUN B B, PUETUEN A E. Bio-oil production via co-pyrolysis of almond shell as biomass and high density polyethylene [J]. Energy
Conv Manag, 2014, 78: 704-710.

[11] FANLL,CHENP,ZHANG Y N, LIUS Y, LIU Y H, WANG Y P, DAI L L, RUAN R. Fast microwave-assisted catalytic co-pyrolysis of lignin
and low-density polyethylene with HZSM-5 and MgO for improved bio-oil yield and quality [J]. Bioresour Technol, 2017, 225: 199-205.

[12] UZOEJIINWA B B, HE X H, WANG S, ABOMOHRA A, HU Y M, WANG Q. Co-pyrolysis of biomass and waste plastics as a thermochemical
conversion technology for high-grade biofuel production: Recent progress and future directions elsewhere worldwide[J]. Energy Conv Manag,
2018, 163: 468—492.

[13] KIM S, TSANG Y F,KWON E E, LINK Y A, LEE J. Recently developed methods to enhance stability of heterogeneous catalysts for conversion
of biomass-derived feedstocks [J]. Korean J Chem Eng, 2019, 36(1): 1-11.

[14] MISKOLCZI N, BARTHA L, DEAK G, JOVER B. Thermal degradation of municipal plastic waste for production of fuel-like hydrocarbons[J].
Polym Degrad Stabil, 2004, 86(2): 357-366.

[15] ZHENGY W, TAO L, YANG X Q, HUANG Y B, LIU C, ZHENG Z F. Study of the thermal behavior, kinetics, and product characterization of
biomass and low-density polyethylene co-pyrolysis by thermogravimetric analysis and pyrolysis-GC/MS[J]. J Anal Appl Pyrolysis, 2018, 133:
185-197.

[16] TANG F, JINY Q, CHI Y, ZHU Z X, CAI J, LI Z R, LI M J. Effect of steam on the homogeneous conversion of tar contained from the co-
pyrolysis of biomass and plastics [J]. Environ Sci Pollut Res, 2021, 11: 68909-68919.

[17] XU D J, HUANG G, GUO L, CHEN Y J, DING C, LIU C C. Enhancement of catalytic combustion and thermolysis for treating polyethylene
plastic waste[J]. Adv Compos Hybrid Mater, 2022, 5(1): 113-129.

[18] SINGH S, PATIL T, TEKADE S P, GAWANDE M B, SAWARKAR A N. Studies on individual pyrolysis and co-pyrolysis of corn cob and
polyethylene: Thermal degradation behavior, possible synergism, kinetics, and thermodynamic analysis [J]. Sci Total Environ, 2021, 783: 14.

[19] GUNASEE S D, DANON B, GORGENS J F, MOHEE R. Co-pyrolysis of LDPE and cellulose: Synergies during devolatilization and
condensation[J]. J Anal Appl Pyrolysis, 2017, 126: 307-314.

[20] HASSAN H, HAMEED B H, LIM J K. Co-pyrolysis of sugarcane bagasse and waste high-density polyethylene: Synergistic effect and product
distributions[J]. Energy, 2020, 191: 11.

[21] ANSARI K B, HASSAN S Z, BHOI R, AHMAD E. Co-pyrolysis of biomass and plastic wastes: A review on reactants synergy, catalyst impact,
process parameter, hydrocarbon fuel potential, COVID-19[J]. J Environ Chem Eng, 2021, 9(6): 14.

[22]

SURIAPPARAO D V, BORUAH B, RAJA D, VINU R. Microwave assisted co-pyrolysis of biomasses with polypropylene and polystyrene for


https://doi.org/10.1016/j.enconman.2016.05.008
https://doi.org/10.1016/j.biortech.2016.09.026
https://doi.org/10.1038/502615a
https://doi.org/10.1016/j.enconman.2017.12.038
https://doi.org/10.1016/j.fuproc.2012.06.010
https://doi.org/10.1016/j.fuel.2015.04.033
https://doi.org/10.1016/j.jclepro.2018.09.134
https://doi.org/10.1016/j.biortech.2016.11.072
https://doi.org/10.1016/j.enconman.2018.02.004
https://doi.org/10.1007/s11814-018-0174-x
https://doi.org/10.1016/j.polymdegradstab.2004.04.025
https://doi.org/10.1016/j.jaap.2018.04.001
https://doi.org/10.1007/s42114-021-00317-x
https://doi.org/10.1016/j.jaap.2017.05.016

938

ok e oo M (b e 30 5§51 %

(23]

[24]

[25]

[26]

[27]

(28]

(29]

[30]

[31]

(32]

[33]

high quality bio-oil production [J]. Fuel Process Technol, 2018, 175: 64—75.

LIU C, DUAN X, CHEN Q, CHAO C, MEGHARAIJ M. Investigations on pyrolysis of microalgae Diplosphaera sp. MM1 by TG-FTIR and Py-
GC/MS: Products and kinetics [J]. Bioresour Technol, 2019, 294: 122126.

ASMADI M, KAWAMOTO H, SAKA S. Gas- and solid/liquid-phase reactions during pyrolysis of softwood and hardwood lignins[J]. J Anal
Appl Pyrolysis, 2011, 92(2): 417-425.

ZHOU L, WANG Y, HUANG Q, CAI J. Thermogravimetric characteristics and kinetic of plastic and biomass blends co-pyrolysis[J]. Fuel
Process Technol, 2006, 87(11): 963-969.

LU P, HUANG Q X, BOURTSALAS A C, CHI Y, YAN J H. Synergistic effects on char and oil produced by the co-pyrolysis of pine wood,
polyethylene and polyvinyl chloride[J]. Fuel, 2018, 230: 359-367.

LIANG F, WANG R J, XIANG H Z, YANG X M, ZHANG T, HU W H, MI B B, LIU Z J. Investigating pyrolysis characteristics of moso bamboo
through TG-FTIR and Py-GC/MS [J]. Bioresour Technol, 2018, 256: 53—60.

BURRA K G, GUPTA A K. Synergistic effects in steam gasification of combined biomass and plastic waste mixtures[J]. Appl Energy, 2018,
211: 230-236.

WANG Y Z, L1 Y J, ZHANG C X, YANG L G, FAN X X, CHU L Z. A study on co-pyrolysis mechanisms of biomass and polyethylene via
ReaxFF molecular dynamic simulation and density functional theory[J]. Process Saf Environ Protect, 2021, 150; 22-35.

YUAN, HAORAN, FAN, HONGGANG, SHAN, RUI, HE, MINGYANG, GU, JING. Study of synergistic effects during co-pyrolysis of cellulose
and high-density polyethylene at various ratios[J]. Energy Conv Management, 2018, 157: 517-526.

TANG ZY,CHEN W, HUJ H, LI S Q, CHEN Y Q, YANG H P, CHEN H P. Co-pyrolysis of microalgae with low-density polyethylene (LDPE)
for deoxygenation and denitrification [J]. Bioresour Technol, 2020, 311: 123502.

MILATO J V, FRANCA R J, CALDERARI M. Co-pyrolysis of oil sludge with polyolefins: Evaluation of different Y zeolites to obtain paraffinic
products[J]. J Environ Chem Eng, 2020, 8: 103805.

SALVILLA J, OFRASIO B, ROLLON A P, MANEGDEG F G, LUNA M. Synergistic co-pyrolyss of polyolefin plastics with wood and
agricultural wastes for biofuel production[J]. Applied Energy, 2020, 279: 115668.


https://doi.org/10.1016/j.fuproc.2018.02.019
https://doi.org/10.1016/j.jaap.2011.08.003
https://doi.org/10.1016/j.jaap.2011.08.003
https://doi.org/10.1016/j.fuproc.2006.07.002
https://doi.org/10.1016/j.fuproc.2006.07.002
https://doi.org/10.1016/j.fuel.2018.05.072
https://doi.org/10.1016/j.apenergy.2017.10.130
https://doi.org/10.1016/j.psep.2021.04.002
https://doi.org/10.1016/j.apenergy.2020.115668

	1 实验部分
	1.1 材料与分析
	1.2 热重实验
	1.3 热解实验
	1.4 热解产物表征
	1.5 协同效应评估

	2 结果与讨论
	2.1 热重与三态产率分析
	2.2 气态产物分析
	2.3 液态产物分析
	2.4 相互作用分析

	3 结　论
	参考文献

