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Table 1 Chemical composition of pine powder
TER D Tk

Ultimate analysis /% Proximate analysis /% 1&&?&&{5
— B Low heating
C H N S R Fixed K4 value Qulw/
Volatile Ash  (MIkg)
carbon
4451 483 02 001 86.1 12.6 1.3 17.8

T LR .
Note: Calculated on dry basis.
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PRI ST N 99.99%HIEai &S, EUSE 88 Lh; .
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Fig.1 Sketch of pressurized thermogravimetric analyzer
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Fig.2 TGA curves of pyrolysis of pine powder under N, atmosphere
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Table 2 Characteristic parameters of pyrolysis of pine powder

under N, atmosphere
PMPa TyC TpalC (d(’Z,fQT;*/ noocl% 1% (dgggi‘}g*‘“/
0 195 367 0.969 72.43 73.84 0.0542
0.3 209 359 1.011 7121 7291 0.0539
0.6 220 359 1.082 70.60 72.07 0.0539
09 237 356 1.068 70.07 71.70 0.0532

E: PAES: TAVEE: T ABEARMEERERE: ([dn/dDn. A%
ﬁ%m%ﬁ%y 77700@%] 700’C—F95)ﬁﬁy ﬂw%%k%ﬁﬁ: (di]/dT)mean %JSIZ
BxRE#EE, TH.

Note: P is pressure, T is initial release temperature, Tr, is temperature of
maximum weight loss rate, (d7/dT)ms is maximum weight loss rate, #7gc is
weight loss at 700°C, 7, is maximum weight loss, (d#/dT)mean is average weight
loss rate. The same as below.

2.2 REEHAMSEEERSEN

£ CON, ARSI T RFEARK BT
KEEMESKRREER ML W T E 3 Fir.

HE 3 PRI UE H, 7E COAN, R T IRAV LT RE
HRREME SR REERBMEA T700CH 5 2.1 F N,
SATHMEREEL—F, WAERT BRI E, K
X AT, COAMN, AT LIETF N, SARENT T
MR 2 58 3 074, COAN, SEAEEHT 700°CH
REE (pooe) HEBERF N, RRZEHNTREE, Hik
aE, WA CO, B {RiEE RSN, XERESHT
550~700°CTEE M CO, K FHAEKT N, KIEHAE,
Ett CO, N A RS (H IR & SR I3 S 15 R
R BEEEEHIE R, COAN SR T (dn/dT) . 23
WRER, T 5 noccMENEH R, RHE COxN,
SR T EARIE AR 7 P87 B R R IHIER .

700°C LAJE AR R L EE CO, KAESI R MR
B. N,SAFZEET TG 5 DTG T AK, WE
CO+N, SR, TG BB E TP, DTG #hkoH 5 HI
EE, THMR3ATE, CONySIR T Tmaxco, HITE
1050~1095°CYERE M, (d7/dT)maxco, £E 0.101~0.162%/K 2
[B]. KA M 0 MPa $#= % 0.9 MPa i, (d7/dDmaxco, Hi
0.101%/K ZHiRmZE 0.162%/K, Tmaxco, B 1077.5°CH/P
F1051.5°C, R RANZ IEE 7.5(dn/d D mean 13 2 BLIE 0
‘. XRUEIMHAERELES CO, SR,
fESM R N RETE SR AR T REE AT, XE5HF
02 Wwall Z0FgY 45 B —3,

[ BIIE 7] Pressure (CO,+N,)/MPa
06

i () --e--03

N : . 02r

1 i
ol : g0
: % -02F

o 1
£ ol | L -04f
i LR R 5 -06¢
5 -60F b ! Gasification ¥ ot
IS~ ereey o
-80F  Pyrolysis TR -1
H K -1.2¢
-100 L

——0.9
- 0051

113
005}

-0.10

-0.15F

e R B B/ dTH %K

& ¥ Temperature 7/°C
a R E ek

a. TG curves

100 200 300 400 500 600 700 800 9001000 13001 400 100 200 300
#3.J¥ Temperature 7/°C

b, SARHER A SRR E R 2k
b. DTG curves of pyrolysis stage

-0.2 N vt Y/
Q700 800 900 1000 11001200 1300 1400
iB /& Temperature 7/°C

c. AL BUR R E R AR

¢. DTG curves of gasification stage

400 500 600 700

B3 COxN; RAT AL At &
Fig.3 TGA curves of pine powder gasification under CO,+N, atmosphere
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Table 3 Characteristic parameters of pine powder gasification under CO,+N, atmosphere

P/MPa T/C Tona/ C (dn/d D) mar/ (%K) n700c/% Tnaxco,/C (d7/dTYmaxco,/ (%K™ e/ % (AT mean (% K
0 152 369 1.006 76.13 1077.5 0.101 94.89 0.071
0.3 174 368 1.039 73.03 1075.4 0.107 95.48 . 0.070
0.6 166 360 1.077 72.15 1075.6 0.135 96.04 0.071
0.9 177 353 1.115 70.79 1051.5 0.162 97.11 0.075
2.3 mERB/SUHHhFEIR JE7724 0.9 MPa BRI 1.3.2 7, BRI IE B
2.3.1 WM FoHM B o) ~a KR BLZNE 40 HHTR, B ALEHE S %

R 4 FRERBAT R UM AR B 2R, HAAAFENE RS MR 4 PRELTR.
F4 ERABNFNFENREN

Table 4 Common functions of kinetic mechanism

4%S Number ¥R Name HLE Mechanism R Gla) WA fa)
1 Mample BATHER), —4  HEHRBERBEEEK, BMBRRE—MEL ~In(1-a) -a)
2 Valensi 772 ZHEYRL BERXER a+(1-a)n(l-a) [~in(l-e)]"
3 Bk MR R, BRI, n=1/3 1-(1-a)” -a)
4 W ZE R AR MYR RN, BRI =12 1-(-a)® 2(1-a)
5 LN ot il o 1/2a
6 Avrami-Evofee J7 12 FEYLRIE, BEAEK, =12 [-nQ - )] 2(1-a)-In(1 - )]
7 Avrami-Evofee 772 FEMLER, BEEAEK 2173 [~In(1 - )] 3(1 - &)[-In(1 - 2)*
8 Jander H 18 ZHY R, BREXER, 3D [--a)*F 3/2(- )1 -1 —e)"*Y"
9 G-B iz =YL RREXRR 3D 1-2/3a-(1-a)*® 37201 -y )"
10 Z-L-T J7#2 =458, 3D [1-a)y™ -1 3/20-a)” x[(1—a)"” ~11"
11 RN EH n=2 1-(1-a) 1/2(0~-a)’

E: n ARMER, o HRNBE.

Note: n is order of reaction, o is extent of reaction.

BRI D Fongtion N0 o kineti echnm B 4a T, AAAKIME AR RE AT LS 2 B
a6 el o8 e d el =l Hor R KITE a {HR 0.55~0.60 JEREPY, %38 BxHR
0 BRI TE 360~375CIHE. EMEREE | BRR MK
- B (n=2) HUERIFRUE M 550 thek S BOoVEER, e
g PIRE 2 BBENLRAZ (FERAEK, n=1/3) HLEMIFRMEH
510 S E5RB S S BAEE. X5 TBMHREA %, X
® 0s T2z SR T OR BRSO SR R N R
' SR TR . 2/ DREPMRIFFR UM T =48
o T R EHLE, —RHLEE N AE.
0 0.2 0';—;*;;;'6 08 Lo B 2.1 FHERSATRESRE, PSS 1 BFRAK
N RE (n=2) BUEREH, 55 2 BUAE A BEHLBALH S B
a. % N N - . N NS
a. Pyrolysis stage ¥ Agrawal FROMVERVFEB) 1% S50 0T AR H 0 s #4
2o MR B HINR 5 Fis.
< x5 BREGBRENHESEOW
% 1.5 Table 5 Kinetics parameters of pyrolysis of pine powder
€10 EhH BE EILER WMERAT BRERK
@ : P/MPa e E/(kImol™) A/min’ R
05 o 260~360 41.15 2.52E+02 0.997
360~900 28.95 1.05E+01 0.993
0 . . . . o 260~370 242 344E+02  0.991
’ o o‘jirmzéf 08 Ho ’ 370~900 29.46 BIRE+00  0.997
b AL 06 260~360 43.57 4.77E+02 0.998
NN I ;ﬁaﬁgg%ﬂ% B g ’ 360~900 36.08 3.02E+01 0.995
i i &, 1~ NEi P! v £, 1 o
Note: S was test curve, 1-11 were standard curves of mechanisms in Table 4. 0.9 260~365 52.41 3.14E+03 0.992
A4 REMEZHKN Wa)~a X FHE 365~900 34.17 2.00E+01 0.997

Fig4 y(a)~a curves of different kinetic mechanism functions
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mEHATA, FH Malek RN TS EMRYLEE
REFERAS AN EEUETRENRERY R 51X
0.99 VL L, REZIIEBAEK. 7£ 360~370°CZHIHI
PIRE 1 B, MEERNIEERR, WHLERSHER T
¥ 2IRETH K A, EEE BRI 41.15 kI/mol
HfnZE 09MPa B 5241kI/mol , #1 E H F N
2.52E+02 min ' # K E 3.14E+03 min™', iX 5 CHEA >R
BA—B. fERGRE 2 B, IELEE SR E TFAEX TR 1
B, H—ERErmb.
2.3.2 AAushHFoH

BT CON, KA T, KEBRFENERSITHH
B, 5 N, RATEL—B, FEREIARA 23.1
FRFTRE NI R $ . TI7E 700°C A L MRIRSALE, B
WAEF Malek VERIMENT BRI EERE, EWEH
0.9 MPa B} CO+N, SR FHIERA 1.3.2 F5i%, BEIAR
[EATLEE B B y(a) ~o R AR MR AN 4b FiR.

B AT LB HAE 700°C LA BB S4B, 49
B (EAEEXFRD PLE R AR & SRR th B A
iR, X5EPIR—, RSP h Z 4y E (A
BRAR) VIEREERTEWR Co, SHah ot
R 47 (EARTEARR) MRS & Agrawal BN
WHEES¥SH, B3] COAN, AR T RBRANES %S
BNk 6 fir. HFRFE40, 78 700C UL EREEEESL
RNEL, BRI ITIER P EI7E 099 Bl L, #
A8 Malek JRHERTTSH B BARLEE bR BRI & BORE
. 7 COAN, SR T, FEEE RS, ERERIEEN,
PRI B TS L RE SR T3 EIUE BT KR s, X
5N, AR T ELE SRR FRIRERARES . £5
BRSO BL, RS S R R TIPS £ I Z Wil
R H IR B S AR O . R AL RE ER IS5 Y Y 201.94 KJ/mol
B AKZE 09MPa B 230.73kl/mol , M E K T i
4.55E+06 min™ K Z 7.04E+07 min™,

&6 RAME COMNSETSUMNNFSHSH

Table 6 Kinetics parameters of pine powder gasification under CO,+N, atmosphere

IR B Low temperature phase

i Bt High temperature phase

ph o HE TR REET  RERM W e e WEET  RERK
E/(k)-mol™") A/min™ R 7/C Ef(kJ-mol™) A/min™! R
0 igg:é;g ﬁ:gg i‘;zgigi ggg: 780~1085 201.94 4.55E+06 0.996
03 fgg:g;g :Z:;: g:ﬁggi g:gg; 770~1095 201.92 5.61E+06 0.995
0.6 igg:gg :2:;? ;;2;::3; g:gzz 760~1088 205.96 9.34E+06 0.995
0.9 i:g:ggg Zg;‘; ;:gzg:g; g:ggi 760~1082 230.73 7.04E+07 0.995
2.4 EHMFESUREREGEIE RBLE 7] Pressure /MPa
TE CONL SR T RNRE &MY RS Jor
EHE M 5 R < 08
P Sa 7 Xp~T M5, 75 COy N UR T, B
EEARBAR, TURMETRERS 1109 CRIEE Al
1080 °C, IXFeHIHE 7 BRI K AL IR B s AR R R AR ) £ 04r
BE FERIGHAT. B Sb i Re~X, IR ER, COAN, % 02}
SR TAAER R PEFR LR X, RIS KB BU/NMOAR 2,
HES, 115 Huang SEMIBIA 4RI, B2 X, 25 0~ e s Te  TmThe a0
0.6 TE:[%I V‘] B, %%Eﬁ H‘Jiﬁji Ry %E%ﬂﬁ%’%%, 1) Xr 8 ¥ Temperature 7/°C
7E 0.6~0.95 [ N tH IR, 3 H I (B IR F ik, a. X~ T ik

A BRIEHIRE RS, Wall 208 0% - B B 2 T
RRAERE AR CO, MESURNIE, RNAEM
X (5 ~K (9 i, H C(0)5 C(CO)NiFEH:FE
EEY, BEEEAINIEKR, C0)5 CCOWKEZIEA,
BET S B SALYE HZ T K, ARYE Langmuir-Hinshelwood
PLEEE LH AR (100 Fir.

C+CO, ¢ CO +C(0) (5
C+C(0)—> CO+C (6)
C+CO © C(CO) 7

C(CO)+CO, - 2CO+C(0) (8)

C(CO)+CO — CO, +2C 9

RC()2 = (kll)co2 + k4PCzOZ ) / (l + k2PC02 + k3PEDO) ( 10)

a. Xr~T curves

Gasification reactivity of char R /min’

0.2 0.4 0.6 0.8
HR¥%1L % Carbon conversion X,

b. Rr~Xr B4
b. Rr-X7 curves

B5 EA%CO,¥FEAFRGTH
Fig.5 Effect of pressure on CO,-gasification reactivity of char
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Kinetics characteristics of pressurized pyrolysis and

gasification of pine powder

Feng Yipeng™2, Wang Xiaobo', Zhao Zengli'*, Li Haibin', Zheng Anging", Huang Zhen'
(1. Key Laboratory of Renewable Energy of Chinese, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou
510640, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Gasification is one of the most important biomass energy utilization techniques, which is clean and efficient. The
pressurized biomass gasification has the advantages of large capacity, high efficiency and low cost compared with the
atmospheric gasification of biomass. Meanwhile, thermogravimetric analyzer is a widely used for studying biomass
gasification. The researches on atmospheric gasification in thermogravimetric analyzer have been widely reported, but there
are a few papers about the pressurized gasification. In this work, the processes of pressurized pyrolysis and CO; gasification of
pine powder were performed in a pressurized thermogravimetric analyzer, which pressures were set as 0, 0.3, 0.6 and 0.9 MPa.
The pressure of thermogravimetric analyzer was controlled by a pressure electromagnetic valve which could be operated by
computer. Air was removed firstly by a vacuum air pump in order to avoid the influence of the air, and then N, and CO, were
pumped in. When the pressure in the thermogravimetric analyzer reached the setting pressure, the temperature was increased to
1400°C at the heating rate of 10°C/min. The Malek method was used for inferring the most probable mechanisms of
pressurized pyrolysis and gasification, and the effects of pressure on pyrolysis and gasification process as well as their kinetics
characteristics were investigated. The results showed that pressure had a significant effect on pyrolysis/gasification of pine
powder. The release of volatile matter was inhibited and the maximum weight loss decreased from 73.80% at 0 MPa to 71.40%
at 0.9 MPa with the increase of pressure under the N, atmosphere. According to the results of Malek method, the pressurized
pyrolysis was divided into two stages, and the secondary reaction mechanism and the random successive nucleation growth
were proved to be the most probable mechanisms for the first and the second stage of pressurized pyrolysis, respectively. The
activation energy in the first stage of pressurized pyrolysis increased from 41.15 kJ/mol at 0 MPa to 52.41 klJ/mol at 0.9 MPa.
Under CO, atmosphere, the high pressure inhibited the release of volatile matter in pyrolysis stage which also happened under
N, atmosphere but promoted the char gasification in the gasification stage. The maximum weight loss rate increased from
0.101%/min to 0.162%/min and their corresponding temperatures decreased during the process of char gasification.
Furthermore, the two-dimensional diffusion (cylindrical symmetry) was proved to be the most probable mechanism for
pressurized CO, gasification. The activation energy of char gasification increased from 201.94 kJ/mol at 0 MPa to 230.73
kJ/mol at 0.9 MPa. Meanwhile, the frequency factor rose from 4.55E+06 to 7.04E+07 min™'. Additionally, when the value of
carbon conversion was in the range of 0.6-0.95, the reaction rate of CO, gasification gradually increased with the increase of
pressure, and the finish temperature of the char reaction shown a downward trend. The results provide a theoretical basis for
the efficient and clean utilization of biomass.

Keywords: biomass; kinetics; gasification; pressurized; thermogravimetric analyzer



