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(=98.0%, FEERERHEBMERARD ; L8 (f
i, Bl ARAFD .

10 #%: TG/DSC1 B / ZIMEEES I HTAL G
-+ Mettler Toledo AF]) -
1.2 REHH

K FH ARSI 7 AT SRR ) RS . AR TR
FARASAT, RRPRP RN AR, BIRFREL
17 mg Ha BT 70 pL FEAGER I IRES, PR E
TE IR PHER b, AR 1 SRR AT
I A ] e e 1 3 50 AR B R AT 3 K.
PR A AT A IR B Y LR 30 ~ 500°C, 0 #E 2
N 2.5, 5. 105 20 F130°C /min, %S #E A 50 mL/
min.
L3 ZhEMEFHE
1.3.1 Kissinger-Akahira-Sunose (KAS) &7k

KAS 7 2& — Bl FH I 25 T 308 o W i 530 ) 2%
SRR AV ARIE I RS T2 E B, #vy
fE et A Al B R BB g T R R MY

da

& = fexp () f(@) (D

X a—FERATE ¢ P ZI AL R, %; A—FRHT
W ¥, min'; E—FMiGHEE kI/mol; R—S &%
., 8.314 J/(mol-K); T—#H il fe b iR, K
S a)y—F5 iR I SATLEE bR E o T 3
TR PR R, SO B AR THR,
SRR FITHREZR (B A
ar

E:B 2

B (20 AR (1D FEARSER A
IR Eh Fy2E R

g(a) = Oa% = %f:exp (— ;—T) ar - (3)

R4 KAS ¥, 3 RREFE A
b In

_ AR E
T2

s 4

In Eg(a) RT

R 775 0 T2 3 UL RS IR A Hh 28,
LRI FE S i KRR HIRE (D 5hndddx (B M
XFREK o WSS B 20 I EHE #7008, PL 1/ TN
BEARKR, In (B/ TP RPAER, RIS EILIERR,
AR RNy -E/R, HET1S B RS LRE (B
FARAEANE In (AR/E) AIEFRETIN T (4D
1.3.2  Coats-Redfern #l 415

M. F Coats-Redfern 32 " 4.

m()=nm[Z0-P)-%5 ©

T? E

BT 2RT/E<<1, MIZEL (5) ki A :

ln(%) =1n(2—§)—:—T (6)

H1%530 (6) I m(%‘j)) 5 UT BAEMERR,
Xt G HEAT LA, B -E/R Rl In (AR/ED W13 FE %
LRE E MRHTIE T Ao RANE 7205 2 A S S22
g(o) AR, WK 1. KRR R g(o) X
(o) BATMG, WTLUSEIAFK E A A4 {8,

® | ERANEENERHRER "

Tab. I Commonly used expression of reaction mechanism function

S BEALEE 5 Aa) g(a)
n R PIREY
— RN Fl l-a -In (1-0))
/YA F2 (1-ay’ (1-ay'-1
7B
—YEY B Parabolic JFLEE DI 0.50 o
“4EYHL, Valensi (Barrer) J7 2 D2 [-In (1-0) T (1-a) In (1-0)+
PSRBT R P2
— 4k R1 1 o
Y, BRI R2 2 (1-a)'"? 1-(1-a)"”
=4, BB R3 3 (1-a)™® 1-(1-a)"”
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Kl 1DL- ¥ fuf B 1) TG #1128 (A 1 DTG #h4 (B)
Tuﬁﬁ FEZ) 55°C AR, DL- i BE R B AR LR /N,

AT RE R Ao N A 2R R EE R K I S, B #Aie
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i 2 ETbEs, (HHAR IR R /N T TR E %
Ao X AT REE KON THEE R BOR,  SHE KR Z 5
K, AT ot 8 A [ S5 I i J3E 228 T ) B ] e A
PR ILR R, S5, THREARRE M, i
R RS E R D )AL S 3 R LR T O N BL
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Fig. 1 TG curve (A) and DTG curve (B) of DL- menthol at different heating rates
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Fig. 2 Thermal decomposition characteristic curve of DL-menthol
at a heating rate of 10°C /min
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FEAFIFA R o FRIZIERRIATIG, KIHA

BRI 4 % R B9 55 DL AR IOILA X & (i 160 DLl (DL-menthol) ~ ® w1z

B3) ML, 7E 15% ~ 90% 54k 2 X [H] Py £ 1 5% & 15.5 v

RUAF, FTRRM G 18 0.8972 ~ 0.9981 Z [, [A 150 <

BEBEAN L 3 D9l 145 M
LA L AR AT R SRR R R S ] 2o

o FHEALAE E M G5 R 4 TR, i 47T, = o

2 SR T SR R IR L 1L e B 36 -

o [FPRMTTRIN, T BE k5 AL RETE 48.08 ~ 86.26 =

kJ/mol 2 i), H Ar: WS-3. WS-5 Fl 5% 3 iR m. i Il LOWZ O0NZ 8024 NS 00W6 00027

i BETE L REIE 73.47 kI/mol K L b, H A wukAE T

fLBEFE 48.08 ~ 64.74 kI/mol 2 [f], HAKLE Rank 3 DL- HAEELL KAS EIES R

3 fioRe Fig.3 Fitting results of DL-menthol by KAS method

2 AMIRKFE S HMARERTHAMBEE (T) | RRXEXEEFEE (T, MABTLEE (T.)
Tab. 2 Pyrolysis temperature (T,), maximum weight loss rate temperature (T,) and pyrolysis complete temperature (T,) of 14 kinds of
cooling agents at 5 heating rates

FHi R
Sl 2.5°C /min 5°C /min 10°C /min 20°C /min 30°C /min

T, T, T, T, T, T, T, T, T, T, T, T, T, T, T,
DL- i i 55.83 137.13 138.83 72.50 154.83 157.75 89.50 174.83 179.75 104.50 190.00 198.79 111.50 197.50 210.67
L- 84 I 4575 127.83 16971 5329 14325 18546 81.50 167.67 225.04 88.50 187.33 238.88 93.50 202.49 258.02
LR HAT 5821 12849 14223 68.04 13841 159.83 80.50 169.48 192.54 97.50 206.66 225.13 111.52 222.11 23821
FLBR T I 8831 182.39 185.85 99.98 199.83 208.19 122.38 215.83 230.29 137.88 249.33 261.36 156.94 279.51 280.96
S AT 3263 133.96 13629 47.53 153.83 157.79 6239 17628 181.71 73.09 18633 19646 81.02 207.49 221.67
S AT 3945 136.15 142.84 4991 15525 162.05 71.63 17533 188.94 86.81 189.08 210.24 98.75 207.68 235.33
WS-3 118.98 223.97 226.52 128.89 23271 23833 147.63 249.81 260.52 172.75 277.16 292.84 188.25 298.44 316.81
WS-5 143.96 25021 254.43 157.88 273.23 279.76 184.19 290.35 300.27 207.39 317.91 333.42 219.95 34498 349.19
WS-12 148.78 250.09 258.61 205.06 320.69 329.52 229.56 342.08 353.76 244.75 361.71 380.95 264.25 374.81 396.38
WS-23 80.07 169.92 17421 97.13 186.49 191.97 108.63 215.02 22252 124.44 24691 24735 14025 267.49 268.02

VAT A H vt 4 91.22 196.79 197.57 106.82 220.08 225.28 117.94 23494 240.97 128.63 256.63 257.47 142.75 293.04 294.39

TR IR B Aar T 150.17 247.89 260.84 154.93 260.13 275.04 179.11 277.08 294.89 202.63 292.70 31894 218.38 315.09 341.98

VR T A i1 38.08 135.17 166.05 53.05 159.08 18592 67.02 173.02 206.04 77.49 184.67 238.17 90.07 208.48 277.49
AT 2R 3433 13246 15733 4454 15242 17558 60.49 17033 194.48 7452 185.67 21029 86.49 201.21 227.08

e T R T, NECRBREE X R T, R .
Note: T, is thermal decomposition temperature, T, is the temperature corresponding to the maximum thermogravimetric rate, and T; is the burnout
temperature.
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Fig. 4 Relationship between activation energy E and conversion ¢ during thermal analysis of 14 kinds of cooling agents

2.2.2 Coats-Redfern #l &57%

H IR ) TG/DTG 43 el A1, N FAGHE 25 K 5 (1)
PIRAT AT BB RO . T NG 6 77 A 1 A S
SEH T3 F AR AR AT L AR B R
PO AR R P R, N T B MG SN, 8
i 10°C /min FIFHEHE R R AR R g(a) .

N T A3 BIEE 13D 772 NS B SRR B R )
PO RISFE, WKEETFE (6) FUEHIE & Tk RECk
A T A O B SRR AR o FRE B PR A 5 A s S AL
BRIEL g(o) 7321 14 Fh it bk 550 AS [R] B B0 AS [) e v A5

BRI AU S 2R T P R A s e AT LA it £
AT R REOKI, A B 2 e & il 435 5 DL-
g (K5 AL, el RECKT%T 0.9993,
FHKHE 14 Ptk DTG b2k 1) 32 B S I PR
REJEE, #t— 5 4E Coats-Redfern v 1+ H 15 31| %
TR B BE AGRE AR AT T35 2 8 (R 4)  Ho,
S T A AR AT 2R S PR S AR, el —4E
PHOE AR (D1 F—4EAH S R B (R,
PRI R B AT H RSN 1.000, 3EILEES BN 43.37
55 20.15 kJ/mol A1 34.04 5 15.51 kJ/mol.

R 3 EMA KAS HESBIHRKRFIRELEE (B) FIRDRAE ()

Tab. 3 The activation energy (E) and linear correlation coefficient (+*) of the cooling agents obtained by using the KAS model

b Sl a/% 15 20 25 30 35 40 45 50 60 65 70 75 80 85 90
E/(kJ/mol)  59.08 59.85 6030 60.77 6125 61.70 6205 6245 6289 6329 6355 6380 64.05 6439 64.74
DL- Jfif
? 0.9942 0.9950 0.9958 0.9964 0.9962 0.9966 0.9968 0.9966 0.9968 0.9969 0.9967 0.9970 0.9967 0.9964 0.9961
E/(kJ/mol) 5389 5412 5435 5503 5528 5560 55.67 56.02 56.62 5681 57.01 57.10 5745 57.65 59.96
L- i far il
” 0.9881 0.9915 0.9934 0.9947 0.9953 0.9959 0.9960 0.9963 0.9968 0.9971 0.9972 0.9972 0.9972 0.9970 0.9942
E/(kJ/mol)  48.08 4830 4836 4848 4854 48.65 4876 4883 49.04 4930 4935 49.62 4976 50.07 5031
LR AT T
7 0.9891 0.9882 0.9886 0.9882 0.9889 0.9888 0.9893 0.9893 0.9899 0.9901 0.9905 0.9911 0.9912 0.9914 0.9920
- ) E/(kJ/mol) 5439 5523 5593 5654 57.10 57.60 5810 5867 5996 6055 61.11 61.61 62.08 62.54 62.94
LI 47
7 0.9937 0.9940 0.9941 0.9942 0.9943 0.9943 0.9944 0.9951 0.9962 0.9967 0.9972 0.9975 0.9977 0.9979 0.9981
E/(kJ/mol)  53.66 54.15 5468 5490 5531 5574 5594 5635 57.03 57.8 57.67 5779 58.06 5847 5857
rz 0.9649 0.9763 0.9824 0.9864 0.9884 0.9898 0.9904 0.9906 0.9910 0.9903 0.9898 0.9896 0.9893 0.9884 0.9883
E/(kI/mol) 4871 49.99 5097 51.74 5239 5293 5341 53.85 5456 5490 5521 5553 5584 56.14 5645
S A I
” 0.9883 0.9914 0.9932 0.9941 0.9945 0.9948 0.9950 0.9952 0.9954 0.9957 0.9959 0.9961 0.9962 0.9963 0.9962
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2R3
b Sl a/% 15 20 25 30 35 40 45 50 60 65 70 75 80 85 90
E/(kJ/mol) 6840 6887 69.23 69.63 69.99 7037 7072 7106 71.67 7197 7229 7260 7288 73.16 7347
WS-3
i 0.8972 0.9039 0.9103 0.9168 0.9228 0.9284 0.9334 0.9379 0.9458 0.9493 0.9526 0.9557 0.9586 0.9614 0.9641
E/(kJ/mol)  72.84 7426 7530 7609 7672 7726 7775 7815 7893 7930 79.61 79.94 8027 80.56 80.90
WS-5
7 0.9980 0.9980 0.9980 0.9979 0.9978 0.9978 0.9978 0.9977 0.9978 0.9978 0.9978 0.9978 0.9978 0.9977 0.9977
E/(kJ/mol) 5630 56.65 56.97 5723 5752 57.81 58.10 5842 59.06 5936 59.65 59.92 60.16 6038 60.64
WS-12
I 0.9289 0.9271 0.9262 0.9252 0.9237 0.9221 0.9203 0.9178 0.9130 0.9108 0.9088 0.9071 0.9059 0.9051 0.9046
E/(kJ/mol) 5389 5409 5434 5461 5486 5510 5534 5558 56.08 5633 56.60 56.89 5720 5751 5801
WS-23
7 0.9628 0.9647 0.9659 0.9663 0.9659 0.9648 0.9635 0.9621 0.9593 0.9579 0.9564 0.9550 0.9536 0.9520 0.9534
E/(kJ/mol) 5932 5945 59.69 5993 60.12 6029 6041 6056 6091 61.10 6132 61.60 61.89 6227 62.67
T o TR 4
i 0.8993 0.9000 0.9019 0.9048 0.9086 0.9130 0.9173 0.9216 0.9278 0.9302 0.9326 0.9352 0.9380 0.9409 0.9442
E/(kJ/mol)  80.03 80.70 8129 81.86 8246 83.01 83.61 84.17 8509 8539 85.66 8585 8597 86.13 86.26
BEHAWR H 1 G
rz 0.9289 0.9371 0.9429 0.9471 0.9505 0.9530 0.9553 0.9572 0.9617 0.9646 0.9676 0.9704 0.9729 0.9754 0.9774
‘ E/(kI/mol) 5774 57.73 5778 5793 58.00 58.17 5837 5857 59.09 59.40 59.59 5996 6026 60.52 60.77
FRURE AT 3t
” 0.9853 0.9845 0.9843 0.9842 0.9830 0.9826 0.9815 0.9815 0.9790 0.9783 0.9779 0.9774 0.9769 0.9756 0.9746
E/(kJ/mol) 5347 5307 53.19 53.65 5461 5560 5630 5727 5882 5979 6056 61.15 6156 62.10 6239
AT EI

I 0.9960 0.9945 0.9936 0.9936 0.9937 0.9938 0.9950 0.9955 0.9967 0.9966 0.9968 0.9964 0.9959 0.9958 0.9951

& 4 XA Coats-Redfern U EFERBHRKRFIABIRHNE=5E
Tab. 4 The kinetic parameters of the pyrolysis process of cooling agents obtained by Coats-Redfern fitting method

AR A L RE FABRTFE I SRR

ik BEBE/C RARA BAE BT P E/ (kJ/mol)  E/ (kJ/mol) A/ (min™)

DL- A i 135.67~176.67 DI Y=-6605.650X+9.310 0.9996 54.92 69.42 4 0.1234
L- i £if 1 126.33~175.17 D2 Y=-6208.973X+8.402 0.9990 51.62 82.80 0.1046
LR AT B 135.17~188.00 D2 Y=-5736.214X+6.930 0.9995 47.69 / 0.0946
FLIR Wi AT 174.75~225.77 D2 Y=-7130.662X+8.717 0.9993 59.28 / 0.1093
JE— 1970017733 D1 Y=-5216.648X+6.190 1.0000 4337 ) 0.0981

R1 Y=-2423.355X+0.031 1.0000 20.15 0.0926
- A B 134.17~183.00 R2 Y=-3172.632X+1.471 0.9997 26.38 / 0.1045
WS-3 204.50~254.50 D2 Y=-8266.201X+10.047 0.9997 68.73 / 0.1203
WS-5 247.50~295.15 D2 Y=-10286.462X+12.406 0.9998 85.52 / 0.1397
WS-12 294.90~347.81 D2 Y=-11108.895X+12.116 0.9998 92.36 / 0.1397
WS-23 154.75~198.00 D1 Y=-6993.822X+9.429 0.9996 58.15 / 0.1253
AT PR 44 176.31~234.02 D2 Y=-6395.743X-7.011 0.9997 53.17 / 0.0970
IR St A 1 233.83~285.19 D2 Y=-9163.215X+10.742 1.0000 76.18 / 0.1267
PRURE AT i 122.33~175.67 DI Y=-4818.281X+5.353 0.9999 40.06 / 0.0913
— 138317467 DI Y=-4093.738X+3.758 1.0000 34.04 , 0.0784

R1 Y=-1865.439X-1.177 1.0000 15.51 0.0722
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Fig. 5 The fitting curves and correlation coefficients (+*) of DL-
menthol obtained by Coats-Redfern fitting method based on
different reaction model functions g(a)
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Study on pyrolysis kinetics of 14 kinds of cooling agents

WANG Ziyan"?, TANG Jianguo', MAO Juanfang', YUAN Dalin', ZHENG Xudong',
LEI Ping', LI Zhigiang', REN Dabing’, YI Lunzhao’, HAN Jingmei'

1 Technology Center, China Tobacco Yunnan Industrial Co. Ltd., Kunming 650231, Yunnan, China;
2 Kunming University of Science and Technology, Kunming 650500, China

Abstract: The pyrolysis kinetics of 14 kinds of cooling agents was analyzed by non-isothermal thermogravimetric method and two kinetic
fitting methods (KAS and Coats-Redfern method). The results showed that: (1) The activation energy of the 14 cooling agents estimated
by the KAS fitting method varied from 48.08 to 86.26 kJ/mol, and the activation energy increased with the increase of the conversion rate;
(2) The Coats-Redfern method was adopted to solve the pyrolysis kinetic parameters (activation energy and pre-finger factor) of 14 cooling
agents, among which the activation energy of isomenthone, menthol oil, iso-menthol and peppermint oil was between 15.51 and 43.37 kJ/
mol, that of DL-menthol, WS-23, L-menthone, menthol acetate, menthol lactate, WS-3, menthone glycerol ketal, mono-menthol succinate
was from 47.69 to 76.18 kJ/mol, and that of WS-5 and WS-12 was from 85.52 and 92.36 kJ/mol, respectively.
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