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Abstract: In order to investigate the pyrolysis characteristics of
reconstituted tobacco with different coating rates, thermogravim-
etry technique combined with Coats-Redfern method was adopted
to study the pyrolysis behavior and the variation of kinetic param-
eters of main weight loss stages. Furthermore, the pyrolysis gas
release behavior was monitored by TG-FTIR technique. The re-
sults showed that: (D The content of C increased gradually and
the content of O decreased with the increase of coating rate of re-
constituted tobacco. While the change in the microstructure of re-
constituted tobacco was not obvious. @ The thermogravimetric
process of reconstituted tobacco can be divided into five stages:
drying dehydration (Stage [ ). the volatilization of component
with low boiling point (Stage [ ), hemicellulose decomposition
(Stage ), cellulose and lignin decomposition (Stage V), car-
bonization (Stage V). With the coating rate increased from 35%
to 50% ., the initial release temperature of volatiles T; decreased
gradually from 220. 2 C to 196. 0 °C, the final release
temperature exhibited increase trend, and the maximum weight
loss rate of stage [[[ and [V decreased. The comprehensive pyroly-

sis index (Icp) decreased from 2.55 X 10 %% /(min « C2) to
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1.51X 107*%/(min + ‘C%?) gradually with the increasing of
coating rate. The heating rate also had a significant effect on the
pyrolysis characteristic parameters of the samples. @ The results
of pyrolysis kinetics analysis based on Coats-Redfern method
showed that the activation energy and pre-exponential factor
stage [V were significantly higher than that of stage Il[. The acti-
vation energy of stage [I increased from 133.08 kJ/mol to
160.10 kJ/mol with the increase of coating rate when under the
same heating rate, while the activation energy of stage [V
changed little. There was a kinetic compensation effect between
the pyrolysis kinetic parameter E and InA of reconstituted
tobacco sample at different heating rates. In addition, the
enthalpy change of stage [l increases from 128.48 kJ/mol to
155.52 kJ/mol with the increase of coating rate, which indicated
that the coating components increased the energy required for py-
rolysis. @ The on-line FTIR analysis showed that the gas release
during pyrolysis is mainly composed of small molecule gas (such
as H,O, CH,;, CO;, CO, etc.) and light tar components (such
as aldehyde. ketone, acids and phenols, etc.). Among them, the
amount of COy is significantly higher than other components, fol-
lowed by aldehyde, ketone, and acids that represented by C=0,
followed by the aromatic hydrocarbons and water.
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Figure 1 SEM images of reconstituted tobacco with

different coating rates
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Table 1 Proximate analysis and elemental analysis of reconstituted tobacco %

e JLR I Tolk 43 Hr

B c H N 0 S Koy mES EEW K
RTO# 41.08F 5.288d 1.71%  51.85% 0.08%8¢ 5.984¢ 75.02%  12,05% 6.95%¢
RT1# 42,1204 5,350 1.5950 50,8480 0.1080 5.1780 73.198>  13,83P4 7.810d
RT2# 42.86C¢ 5.300¢ 1.588  50.17C 0.09Bbe 4.94C¢ 73.06%  13.96C¢ 8.04¢¢
RT3 # 43,158 5.684¢ 1.41¢¢ 49.650d 0,114 4,850d 72,4104 14,54Bb 8.198b
RT4# 44,784 5 5440 1.25P4  48.33F 0.1080 4,70F 70.94F 15,394 8,974
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Figure 2 TG and DTG curves of different reconstituted tobacco samples
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Figure 3 TG and DTG curves of RT2# sample under different heating rates
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Table 2 Temperature intervals and weight loss of reconstituted tobacco samples at different pyrolysis stages

i B 1 BB 1l F B T B B IV Mg v
FE it i BE X izt 1B X BT R 1 BE X izt it JBE X Jo 4 it JBE X Jo it 45
[&]/°C K/% [&]/°C K/ % [&]/°C K/ % fa] /°C K/ % ] /C K/ %
RT1#-20 40~145 4.8 145~220 6.1 220~294 15.5 294~364 25.6 364~800 17.9
RT2#-10 40~137 4.9 137~221 7.7 221~288 14.7 288~361 24.6 361~800 18.1
RT2#-20 40~143 4.8 143~222 7.2 222~294 15.2 294~364 24.5 364~800 18.2
RT2 #-40 40~143 4.3 143~226 7.5 226~302 15.9 302~382 25.6 382~800 16.5
RT3 #-20 40~141 4.8 141~223 8.5 223~294 14.8 294~364 22.8 364~800 18.4
RT4 £-20 40~137 4.7 137~225 10.9 225~294 13.4 294~364 19.1 364~800 18.7
3 HAEHNABEGETHARERLESH
Table 3 Pyrolysis characteristic parameters of reconstituted tobacco samples
. U IR RRKREHRREE/C  BRKREHE/(% - min~1)  KIER LE A RS B/ P f 5%
i E/C RE BBV BT BEEN BE/C A0 emin - T &/%
RT1£-20 220.2 279.6 328.3 —6.7 —11.8 361.4 2.55 28.9
RT2=-10 224.0 272.8 319.4 —3.4 —5.9 351.7 1.45 29.1
RT2£-20 219.9 279.6 328.3 —6.6 —11.2 362.8 2.39 29.1
RT2£-40 218.5 285.0 338.2 —12.8 —21.9 371.4 6.33 29.2
RT3£-20 214.3 279.6 328.3 —6.5 —10.4 362.8 2.13 30.1
RT4#-20 196.0 277.4 328.3 —5.8 —8.4 365.8 1.51 2.6

43



44

E#i# 38 FUNDAMENTAL RESEARCH SBE 2358 | 2021 5 B | AR5

x4 BEREMRIMHENNSBANNDZSHICE

Table 4 The thermaldynamic and kinetic parameter of reconstituted tobacco samples at pyrolysis Stage [[[ and [V

AR ‘ E/ AH/ AG/ AS/
B AT e R? A/min~!
[ Bt (kJ « mol™ 1) (kJ * mol™') (kJ * mol ') (kJ+ mol™ 1)
MM y=—16006.41x+21.287 6 0.974 8 133.08 5.63X 10" 128.48 123.44 9.10X10 3
RT1%-20
N y=-—29700.852+36.508 2 0.989 8 246.93 4.26 X10%! 241.93 157.67 0.14
Il y=—200938.42x+26.348 9 0.964 7 174.08 5.81 X106 169.54 143.46 4.80X10 2
RT2#-10
v y=—28 204.142+34.569 9 0.977 2 234.49 2.91X10% 229.56 159.69 0.12
y=—18 635.87xr+21.738 4 0.970 7 154.94 1.03X 10" 150.34 142.53 1.40 X102
RT2#-20
N y=-—29875.01x+36.769 5 0.988 2 248.38 5.56X10%! 243.38 157.78 0.14
I  y=—17687.88x+19.594 3 0.980 0 147.06 2.29 X101 142.42 141.55 1.60X103
RT2#-40
I\ y=—26 877.292+30.984 6 0.991 6 223.46 3.08 X101 219.31 169.00 40.10
I y=—18929.14x+22.303 4 0.969 4 157.38 1.84 X101 152.78 142.30 1.90X10 2
RT3 #-20
N y=-—28991.76x+35.343 0 0.987 9 241.04 1.30X10%! 236.04 157.72 0.13
I y=—19 256.25x+22.945 0 0.969 5 160.10 3.55 X101 155.52 142.05 2.40X102
RT4#-20
N y=-—28310.00x+34.233 9 0.985 7 235.37 4.17X10%0 230.37 157.72 0.12
R FBE 458 /0 o 2 W Ok A 400 1) 88 0 S [ A B B R R A BT R R R IR B AH AT 23037~
HWFEEAR —, X T RT2 £ M5 B AR TR E R 24338 kJ/mol . B3 & TR LR AWM E. WA FE

REEAIR T 20 £ 248 38 43 fide B B 0 % Ak BB X% 38 i 1A 55 T TR
g 20 °C/min B, B B IV 19 1 4k 6 &% 48 1 B 5 5 . 43
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Bl 9 AH BE W A 245 AN 128,48 kJ/mol J+ i &
155.52 kJ/mol., & W ¥4 A5 9 52 = T 3% I B i BT 7 119 B

AR B AG BE IR AT A K TR 3 R A KL % 5
T o BT A B B IV A AG 43 B A 123. 44 ~ 143. 46,
157.67~169.04 kJ/mol, Al FE 3 W By B IV 75 M A1 S5 W i 17
REME T BT . &40 TM AS ¥ IEMH , R IH AT
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Bl 6 & RT2 # i & M0 0 76 3 i 7+ R 3 2
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IR BE S 279,329,510 “C I /Y 7 8 BE TR0 AT 1 43 43 B B
FOAE, Il 7 Jn 7S AT AR A R P 4 R M R
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3B 104=0.206 0£+2.725 1 P 490 1n4=0.208 7TE+1.774 4 e
_ 37F R=09998 7 _ 4l R?=0.9999 //
‘ - - 48 )
£ < 5 7
£ 36f pd E ~
I 4 YT e
—_— 35 |- /ﬁ// —_— 46 ////

341 e //

e By
i 44
145 150 155 160 165 170 175 220 225 230 235 240 245 250
HiLEE HitEe

Activation energy/(kJ + mol™)
(a) BrEell

Activation energy/(kJ + mol™)

(b) BrEglv

A4 RT2##H&ENEIANEN G A FAMEREIE X R

Figure 4 Fitting relationship of kinetic compensation effect of RT2 # sample at Stage [[[ and [V



&M | Vol.37, No.5

200 0.08
5 =~
£ 160 0.06 L
: :
~— [=}
R 120 0.04 £
< 2
3 2 002 3
5

0 0.00
%

K

R

* RETEARHEBEBRMHUABFERINZSH

0.30
T 250 025 ~
£ s
j 200 020 ;
~ [=}
3 0.15 £

50 <
= ! 010 2
S 15 0.05

0 0.00

N

$

(b) BBV

AS BBl AmBIV ek h 5o

Figure 5

24 CONEE B R A 2855 . Hoh & i e & 1 2 CO, <K
(W RE e H 2 356,673 cm™ )M Pl 2 950 em ™t 4k
Xt N CHL AR 7 488 o8 R B T 7= A T ot 08/ T/ e 25
Ay G %1 000~1 400 em™ ') St /il /TR 2 (% 1 600~

W
Absorbance

B 6 RT2##sm#ftey 3SD-FTIR A
Figure 6 3D-FTIR spectrogram of gaseous products

from pyrolysis of RT2 #

0.08 CO,
0.07
0.06
£ 0.05
W g
P £ 0.04
X £ 0.03
=
0.02
0.01
0.00
4000 3500 3000 2 SQO 2000 1500 1000
WE
Wavenumber/cm™
B 7 RT2# # k£ 5 R &S E 6 LARHFX
KE Bk
Figure 7 The identification and comparision of gaseous
products from RT2 # wunder different

pyrolysis temperature

Comparison of thermaldynamic and kinetic parameter for Stage [[| and [V

1845 em™ ') LEAR M BEARIRLEE T R £ .

5 AU R WA WA o T Y 42 A 9 AL T B ik I A IR
AL 8 s . i Lambert-Beer 58 ] A1, 4§ AiE 05 1 1
588 3 5 R W) R LAY B R X AR ST AT L BR
CH, A i1t Al 1 53 B 3 88 TR ORI B AR 5 B i 1) A
0oy PR Y 4 — B, BV R T R BR O, AR 40 R A
. BN AR R CO, AR E B m T HAb
LY R T R N AR R T R AR R SR A
S W LT L L B0 B AR 4R T 200 C AL FEIRE N
285 CAE A TE BUJA W, 3F 7E 335 °C BHHIE T A 3 B ik i .
C =0 RFE MBI BRI B4 .C—=C REMF F IR
oK 53 BECRAR T CO, A i F At S 143 BE I, HL B
TR B AR I B TIUAT R B AR — B CO SR A 27 4 2 o
FASifp 2 TR R 3R e R Ak 3% B RE T 0 L O A R IRLBE R T
700 °C Jig BRI, P RE SR i IR RE AL P kS A C =0
FA 2 A T B85 CHL, R ik A1 528 000 R TR 2 K 43
SO CAELGRE FEXRATFRHETH AR
(—O—CHy) & H 3 (—CH, —) B 2L i .

3 &5k

A 43 BT B AR WEIE T AS [R5 75 32 A0 Pk 4

fife AR5 1 B IR AT S, R S R 3 BT A 43 B AL

0.0307 70.15

00251 CrH&C—OHKERE/M/E/IE |0.12

L N <
e M0 rj h / 1000 = B
B 5 (015 C= ORI e
%L‘H’:E A N % =
X Z ) 006 £ o
Z 0010, £ S
5

0.005 = 0.03

0.000 s 10.00
100 200 300 400 500 600 700 800
AL
Temperature/ C
B8 BBt AR AR R A &

Figure 8 The release of gaseous products with tempera-
ture of RT2 # reconstituted tobacco




46

E#i# 38 FUNDAMENTAL RESEARCH

S Sy BT R s A U A R T R AR E T R Y
Wﬁ%%@mme%mﬁﬁﬁm CEE AR R AT
Y2 TR ST S i Kok AL B BE 5 A B B BE R A R
35034 E 50 % 4 K 4 HE AT TR 220.2 °C BEAG
F196.0 C, Z8 -7 IR B A 4 e 256 IR 4R R
R G T R AR 2 ) IR U A 8 1) P 3 0 I 2 A
fRAF BT . JE T B — JHR R Y Coats-Redfern 3l Jj
SOy AT A F1.5 Ak S R A5 TR W] A G bt 4 38 T3 3 A0 A
BRI T R . 4 R KOK TR R B

L A RE B T 21 2F 4k 3K S A B O B TR R
20 °C/min W}, 2 £F 4 3 43 i B B 19 1 b BE Bl 1 A0 2 19
BT AR AR AR R 43 il B B A AL g 78 Ak i
BN LA B B A Bl ) S B0R W R Bl ) S AME AR

SRTELLL AN 3 M 2 W P 2o A2 o i) 5 P 00 2
BN ARG H,0,CH, ,CO, ,CO 28 Fl4% i £131h
20 43 CHne I 19R F T8 26 55) , Horh CO, UM B i it 12 35
T HA S HUOE C =0 3 1Y BB R 2 i 43 .C =C
R 05 B2 o Bk oy BTk .

S % 3k

[1] M PoT, R, A, & MG MM Rl s s Ran
W5 SEHL ). AR S5 4R, 2019, 38(4): 1-3.

[2] REUL S, ZRIREE, 2 50k, 45 . R0 FH 4 Ml Ff B R DA 1 2 A 0 U
A3V B SR RE D], I BSR4, 2019, 52(9): 96-101.

31 VFEN-, #FFE, A B, 4. 46 1M BE Xk 7 A Pk A VR A K
T 7 R B 23 1 R IR D). % T2 4R, 2019, 34(6): 24-32.

[4] ROGE, TRAE, BEDY, 45 R & BEHR I K s Ay 200t 3 4K T
T S0 (D], VG R R A R CH SR B B0, 2020, 42
(3): 146-155.

BE 2358 [ 2021 £5 A | R@SH

S kR, B, Bk, AF. S SEAUAT I R B JRURHE SR MR T T
S0 i BT A AR RE AR AR, 2019, 25C 1D 33-38.

[6] R Z A, NS, L fE, 45, X ST LRI JC B o i 4% P a8
YR A FE D). M EEREE, 2019, 52(6): 99-104.

[7] BEEAL, 2500, T, 55, TR AT S0 B 0 25 A i
e S %, 2012, 29(3): 1 729-1 733.

[8] LIANG Miao, ZHANG Ke, LEI Ping, et al. Fuel properties and

iEA I

combustion kinetics of hydrochar derived from co-hydrothermal
carbonization of tobacco residues and graphene oxide[J]. Biomass
Conversion and Biorefinery, 2020, 10(1): 189-201.

[9] FAN Yu-yang, LI Lu-wei, NAKORN Tippayawong, et al. Quantita-
tive structure-reactivity relationships for pyrolysis and gasification
of torrefied xylan[J]. Energy, 2019, 188: 116119.

[10] LEI Zhi-hui, WANG Sheng-dan, FU Hao-cheng, et al. Thermal py-
rolysis characteristics and kinetics of hemicellulose isolated from
Camellia Oleifera Shell [J]. Bioresource Technology, 2019, 282:
228-235.

[11] MA Zhong-qing, CHEN Deng-yu, GU lJie, et al. Determination of
pyrolysis characteristics and kinetics of palm kernel shell using
TGA-FTIR and model-free integral methods[J]. Energy Conversion
and Management, 2015, 89: 251-259.

[12] SRIRAM A, SWAMINATHAN G. Pyrolysis of Musa balbisiana
flower petal using thermogravimetric studies[J]. Bioresource Tech-
nology, 2018, 265: 236-246.

[13] TIAN Ling-hui, SHEN Bo-xiong, XU Huan, et al. Thermal
behavior of waste tea pyrolysis by TG-FTIR analysis[J]. Energy,
2016, 103: 533-542.

[14] CHEN Deng-yu, LIU Dong, ZHANG Hong-ru, et al. Bamboo py-
rolysis using TG-FTIR and a lab-scale reactor: Analysis of pyroly-
sis behavior, product properties, and carbon and energy yields[J].

Fuel, 2015, 148: 79-86.

(L#% 970

[3] SATO K, TORIYAMA M. Effect of pyrroloquinoline quinone (PQQ) on
melanogenic protein expression in murine B16 melanoma[J]. Journal of
Dermatological Science, 2009, 53(2): 140-145.

[4] KIM J, KOBAYASHI M, FUKUDA M, et al. Pyrroloquinoline qui-
none inhibits the fibrillation of amyloid proteins[J]. Prion, 2010, 4
(1D: 26-31.

[5] HARA H, HIRAMATSU H, ADACHI T. Pyrroloquinoline quinone
is a potent neuroprotective nutrient against 6-hydroxydopamine-in-
duced neurotoxicity [J]. Neurochemical Research, 2007, 32 (3):
489-495.

[6] KUMAZAWA T, HIWASA T, TAKIGUCHI M, et al. Activation of
ras signaling pathways by pyrroloquinoline quinone in NIH3T3
mouse fibroblasts[J]. International Journal of Molecular Medicine,
2007, 19(5): 765-770.

[71DUINE J A, FRANK JZN J, JONGEJAN J A. PQQ and
quinoprotein enzymes in microbial oxidations[J]. FEMS Microbiol-

ogy Letters, 1986, 32(3): 165-178.

[8] MITCHELL A E, JONES A D, MERCER R S, et al
Characterization of pyrroloquinoline quinone aminoacid derivatives
by electrospray ionization mass spectrometry and detection in
human milk[J]. Analytical Biochemistry, 1999, 269(2): 317-325.

[9] IKEMOTO K, MORI S, MUKAI K. Synthesis and crystal structure
of pyrroloquinoline quinol (PQQH,) and pyrroloquinoline quinone
(PQQ) [J]. Acta Crystallographica Section B: Structural Science,
2017, 73(3): 489-497.

[10] SHANKAR B, PANDEY R, AMIN P, et al. Role of glutathione in
augmenting the anticancer activity of pyrroloquinoline quinone
(PQQ) [J]. Redox Report, 2010, 15(4): 146-154.

[11] SHEN Jian-gang. Reactive nitrogen species: Dual roles for blood brain
barrier disruption and brain repairs in cerebral ischemia and reperfusion
injury[J]. Acta Biophysica Sinica, 2012, 28(4): 295-306.

[12] TR IGHR, TR A7 i B 04 9% 2 T VA T 0 i I 98 5 1Y

BLRIWEE (3] 107 P BE R 3, 2016(4): 734-735.

(3] S22, (I3, 5Bk, 4. 2 W05 Bk DPPH « A i 3k

VR B 1 2ABE T[], T PU R, 2017, 37(5): 647-652.



