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R Y HEAT I, R AR LA e AL R B
RIS B Sy AT AT W S LT Ak
REEL, I JH A A% 52 A J7 35 I 4530 AL RE (B A9 A7 2K
P, AT o ol 58 A W) J5 e 5 A 1 RAL B R B O
B o

1 LWEMETE

1.1 SLERES
He W A e A U A4 R FE AT 4 A =S L BEL

L5 “C/min Y T iff 30 A0 4l i T 2 600 CJ5
AN, A, BORLEEJE Bl 0.25~1.00 mm FY 35 A
J& (sawdust, SD) & F /i 5 N #4i# 5 b 90 min £
56 I, Hl 51T B BT A ) % (SD-char) o H42EW)
SR B R 43, BORLEE /N T 0.074 mm FFR 504 A
RS . SEER R BRI AR MR (Shenhua bitumite,
SHB) , Z& T8 BE W i 3 , BORLEE /N T 0.074 mm 1Y
SR I RE R4S . B S Tl 0 AT R T 2 4 b L
#1,

R1 HE@RPATUSHTEIN (%, wt)

Table 1 Proximate and ultimate analysis of samples (%, wt)

e Tolksr#r JCET
okt FC, A, Vi [c] [H] (0] [N] [s]

SHB 14.82 62.88 5.51 31.61 69.19 7.94 16.29 0.73 0.34
SD 8.67 16.83 2.45 80.72 48.89 6.75 41.39 0.44 0.08
SD-char — 90.54 3.89 5.57 92.24 1.23 1.63 0.95 0.06

T d—THRIE; FC AR ViR BRI SE B R AM R 2 00 TR T /050

12 KEHE 7=%‘Z‘ (2)
;%mwm%aw [T A5 ) e 5 R AR ) 4 ) HEERERSB

Frag bt 1:1.1:2 Fl 1:3 $EA7IR A, AR EE 99.9% 1

COL AL, RIFAE T GHEATIE SRR AR 21 ARRRAEES SEM SR 58

ISy 3 AN TR) 1 B 2 e Dk COR BT i SD-
char M SHB) A S5 7k 5 M BEE G Wik 17 55 50
SCUS AR RE S B 2 25 mg, TR R R 5.
10,15 C/min, S5 B [ 20T 5 2 &R R
1200 °C, AL CO, it N 50 mL/min.
1.3 SHHEHESH
1.3.1 #fb%
A B R B A SO R - B Ak
o FEoR ROV AT B FR B, AT fR K E 2R (TG ) Bl ok
3, (DG T ROV AR IR
= o, (1)
CW,-W,
Ao, W, ——JF IR O IR A L, mg; W, ——
F— I 2R R, mg s Wa—— 0 45 0 Ak i
MR, me.o
1.3.2 JWER
SN TRy AR o X ALETTR] ¢ () S5,
A (2) @ X

1 R A B S 56 Jr FH AR J5 e AR S 1 4
LT O (SEM) OB S . IR 1l B/ H R
Jo e % T 2 22 FLIGE R 4, AROBR ik ELHES) A3
A7 A A TR BRI . R R R T
J%ﬁ#ﬁw: 1°’J %%EE‘L/HO

iﬁdﬂj‘é/’%ﬁl%

a. *Jﬁb’z 500 b. JHAE 1000 4%
P RER R B ]
Fig. 1 SEM images of samples

22 SUEBELHh

AR5 R AR S AL B PR S By
B AT S (SD-char) MR (SHB ) B 8 L AS [F]
FCBR A, LA 99.9% 1) CO. NS ARF , 76 A T

221
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TR T T RS . Sl B g i REE S AR IR R DL WA B R R DTG 4k H
ML A SRE IR P BRI THREE R T W AN 5 R T AR S RE R DTG 2
(TG, thermogravimetry) Ml 3% 7 #4 H (DTG, B B p978 (L5651 2 AR/ A e, 55 1
derivative thermogravimetry) I, W& 2 Fron o B A/ iy 062 f R B4 % 0BT 1 P8, 46 2 A
Bl 2 4 TR R R B MRS AR TC- Bty S phy B A I8 T 385 B 26 AR 5 4 £
DTG Mk vl M1, AEAH R FHR ER N BE MR 58, 45 1 AN /N I (A 2 3 i ka3 45 2 ANk
SN OR B AR B8N ) ROV S5 AR 3 (i s B TR R IR L TG
R SO AR BRI R TG thgkdh 76 DTG i 438 R B 7 25 5 RS, H DTG 6 (i 52
SR EE LT ARk B RN PR ANR AR s,

2~
1004 TGHiZ DTGHHZE
Obeggpamnng ., 7
S 8 E
1@ —=— SD-char ] ° —s— SD-char
60 —o—mgy mg, =1 : L T Mgy g M=
K ) tmg =1 N : =1:2
i SDchar | TMSHB_ ) ® My char - Msup” 1
S 40+ :rsnﬁ[)]—schar - Msup™ H‘EH p +’§’]§[D§hnr Cmgp=103
= L
K
20¢ Aiitttttt -8r
. . . . -1 . , . .
(?00 800 1000 1200 1400 800 800 1000 1200 1400
T/K TIK
a. 5 K/min
2
1005 DTG £k
““““ TGHiZ: 03
80 .‘E -2}
- g
< s 4t
14 60} —=— SD-char 101 4:\% —a— SD-char
it O Mgy iy MgpT b —6F T Mgy g ¢ Mg =11
*K 40 AT e . msmail :2 & :ﬁ-char m::gzl 2
S Y Mophar mSHB71 3 =gt Y Mg har mSHB:1 3
S —<« SHB K —< SHB
20k » -10+
121
600 800 1000 1200 1400 600 800 1000 1200 1400
T/K T/K
b. 10 K/min
. 2 .
1009 TGz Ohees e DTG %
- 2 .
80 k= B
o E N
NN :
]E ool : SD-Chal.‘ i D\\o R SD-Chalj )
=] My char ZSHB;I 2 M _gl O Mg msuBZ} é
ﬂ< SD-char . SHB71 3 {Ei) SD-char . Moy .
D 40F T Maphar - M= S10F T Mg ¢ Mg =13
e
= —— SHB K 12 —— SHB
20+ 14k
0 | . . | -l6p . . . A
600 800 1000 1200 1400 600 800 1000 1200 1400
T/K T/K

c. 15 K/min
B2 IR TR T A RIS AR TG ATDTG fh2:

Fig. 2 TG and DTG curves of co-gasification of woody biochar and bituminite at different heating rate
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2.2.2 TRV N R A3 A 2 I 3 R 1 5

R SO 5 S AR Ko A S A RIAR R et R
IR IS R A S P 3 s o fh & 3 AT, 24K
[ B AB TR NN, 7 IR BN =5 R B R B AN Rl 11
J N AR, J2 I R AR Ak 4 7 AV L B g YL B Ay
B 2 AR/ I X 5 2 H DTG gk i
B2 A RANATR I — 2, X2 i TR Sk
WRERETTT 2 BB, AR B & A 1 3 RN
A IR T A 1R TR B R AR A R R RS AR R
N, DTG foff A S5 4 5 TR M RS, S L s R il 28
DTG i £k rf ¥ 80 B 55 43 FF i HA fi 06 ek < fk
W K 3a & AT A, BT B4R, 7E 700~
1100 K i E N, B FTR A R 1 bR 2 5
A AR W A T 2 T L P A AR R il £k
¥,

1.0f
15 K/min ° oﬁ?i
0.8 o SD-char o OOAaZ
O Mgp, o Mg, =1 1 0 of
06 @ %SD-}] : %suuz% :g Dg
s ’ ’ g
0.4
0.2
0.0 AR BE
600 800 1000 1200 1400
T/K
a. Ffb%
0.16f
15 K/min
—=— SD-ch
— 012 g,
R=
E
< 008
3
=
0.04+
000 * 3 = = o r -6-3-k¢-
600 800 1000 1200 1400
T/K
b. SN

B3 ARSI AT AR A
A A S N R S A R )
Fig. 3 Effect of woody biochar dosage on conversion
degree and reaction rate of co-gasification of woody

biochar and bitumite

Wit 5 AR U 50 B 38T, R BB 1) B A R A 1
Ko HRPEE 3 iigdstE, 12 973 K(700 °C) M5t
BB R R SRR A R R 2 A4 IX

S - I B S N BRI SR B ROV BE . FE IV B
I B, Bt 25 A S5 5 VS N ek B4 388 00, AR I 5 R A
o (LIS 22 T AR e A T e ik Ak 3 B B L, S R
o7 S 6 U (U] S5 39 ke B, L 5 oI T (R
o TEEASALE R HFETHEEE T, fiE A
B AN T B T, 2 I TR A, AR R R R[]
A0, TR AN ¢ mT I S e 3 MR A AR B R
2.2.3  THR N0 3 SN T 5 1)

B4 AR 550 LL 101 B H R Ak
RETE R[] TH R 36 5 Ak S5 R 1 o 3 45 L B 1Y)
KFR . ME 4 FAL KA THEHCR AR, 57 k%
2 R R 2 X 1) R O I HE RS . TEIRE Y
1073 K(900 °C) LA'F , % 1k 28 il £ 52 T ik 180 232 52 W)
BN FE TR EE DA 1) 27 TR DR B Ak, FLBE
R 0 T R, T T R R 5 T T 5 T 3 R
R, A [R5 A 23 BT X 7 %) IS o7 ik B sk o, KR ) s
o7 35 i XoF 17 P 2 Ak R A, X vl TR
SRR, SRR R 45 ] TR 157 B I [l e, ELA7 76
PO R A PL IS B S . THE R, R i

1.0 oS
mSD-Chﬂl’ : mSHB l l b oe
0.8+ o 5K/min DD a
o 10 K/min oo
06k 15 K/min Dod

3

600 800 1000 1200 1400
TIK
a. bR
0.10
0.08F Mgpchar - mSHB:1 1
éa%'47UWMn
3 0.04f
S
=
0.02F
0.004
600 800 1000 1200 1400 1600
K
b. J R %
El4 Tl SN A T MRS A 55 AL A
S IR R AR

Fig. 4 Effect of heating rates on conversion degree and reaction

rate of co-gasification woody biochar and bitumite
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3 — 5 T T i IS 1) 20 L, A S 7 IS 1) 4
JRORE R A, B oy AR AR Y 2 A Wt 4% S 0
R R, — & 36 B N TR 3R A H T
IR SN B AT
23 ETIHREMERURZNHNZESH
2.3.1  ARERMESF AL AR LSRR L fE
i Vyazovkin 55" #& t AR et S e (L R B0y
2 WETT 1R pR B e, XA [R] Tl 3 R R 15 2]
122 SR MR EAT 8 177 3 BT LIS AT S A TR AL RE(E .
ARSI B 2 7 R AR 3

J f(a)_ﬁf” ( )

z% o exp(—
K, o — RPN E,; flo) — 0
PLEE PR %S ; A FEHTA -, min™; T ——#HJ) %R
FE K5 T, —ROBRBHRE ,K; B —FHR#E =,
K/min, B=dT/dt ; E—— 3K W % fk 68 , kJ/mol;
R— &3 UM%, 8.314 J/(mol - K) .

(3)
L)dT - 41(15, )

EE?FHIEJ’E%%E a i[15
8 4(E,1,)= gI(Ea,TM) :%I(EQ,TQ)
(4)
MATAS B TEA PR
I(E.T..)B
b min .
(E.)= Z{;“ Tw),B n(n-1)| (5)
X EE AR 2
I(E,.T,)= f exp( RTde (6)
AL E DU S Senum-Yang VT LI
I, (E.T)=

Texp(—u).( w' +18u’ + 86u+96 ) (7)
u' +20u’ + 1200 +240u + 120

i, u=E/RT .

HNEJ}HE' HR T — R 5% TG #h<k -
WA B AR o« kb oSSR B BT,
(L=1,2,3, < n VRAZ(5) 45 210 2 % 7 R fie /)

HH E, o iSALREME T R B & ik — 4R R
AL il C++25 55 A IR PR S B
2.32  ARFHANABIC AL S B 122 50 H

AR AN [ T i 3 4 R 2, 2] P AR e

AL 2R 43 7 (non-linear integral isoconversional
method, NL-INT method) 1 Flynn-Wall-Ozawa £k 1
AL AL (FWO method) "™ THEEA T i AR K —
HHARIELRE TR RIEK 2. £ 3, B
2. 3 A, R AR LA S5 B AL R By % (NL-
INT method ) Fll 55 5% {£. #2872 (FWO method ) 153 1 3R
WG AL RE(EL AT , FEh AR B A B9 2 3 LT 1
REHAH 22 10.474 kJ/mol , Ho A I FE AU AH 22 4.012~
6.628 kJ/mol, FLW & 715X BTG AL REH £, Blf% L%
A — 2, il T AR SR A R vk
Bl R A% S HAt Iy 2k BT 45 28 WL AL BE (B 1Y 7] &8
PEN S PR TR B AR AL AL SR FWO
SRR RIS AL BRI 2 A R

R2 AEBELETARERMEECO.SLHELRE

Table 2 Activation energy values of gasification of woody

biochar, bitumite by CO; at different conversion degrees

7K E.Jk]-mol”
POE " B/K-min™ ik
5 10 15 NL-INT ~ FWO
0.1 903.40 1026.60 104137  40.489  52.004
0.2 1019.14 108625 1104.68  96.650 107.536

0.3 1061.65 1117.92 1138.12  121.883 132.265

0.4 1086.84 1139.85 1160.84  134.218 143.920

0.5 1104.53 1156.14 1176.23 142708 152.772

S OB

0.6 1117.64 1168.15 1190.18
0.7 1127.85 1178.51 1202.30

145.858 155.979
145.433 155.732

0.8 113579 1187.79 121259 142940 153.478

0.9 114232 119621 122121 140266 151.026

FEIEGREIE 123.383  133.857
0.1 727.49 73595 74275  313.369 309.408
0.2 85829 860.73 869.45  512.126 500.476

0.3 1061.98 1078.13 1090.29 358211 357.268

0.4 113275 1159.96 1173.55  276.110 280.237

0.5 1167.70 1195.96 1217.93
HEARE
0.6 1191.69 122838 1257.30

240.933 247.311
190.281 199.457
0.7 1215.09 1256.16 1290.24
0.8 123834 1281.44 1319.21

171.802 182.217
165.314 176.393

0.9 1263.53 1306.96 1347.76  164.861 176.349

SR RE(E 265.890 269.902
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Table 3 Activation energy values of woody biochar-bitumite-

CO; co-gasification at different mixing ratios

TK E./kJ-mol™

Hhl o B/K-min™! Ik

5 10 15 NL-INT  FWO

0.1 830.26 846.11 850.88  284.586 283.613

0.2 1040.81 1048.18 1069.48 298.931 300.530

0.3 1097.22 1116.20 1144.54 218.187 224.583

0.4 1129.98
1153.64 1182.42

1171.82 1204.34

1157.08 1180.77 222.667
212.619
195.891

181.986

229.347

0.5 1208.90 220.147

0.6 1233.51 204.499

0.7 1185.98 1224.21 1253.80 191.470

0.8 1200.39 1241.21 1271.77 176.762 186.712

0.9 1214.73 1257.88 1289.55 172.343 182.721

FHEfLRE 218.219 224.847

0.1
0.2
0.3
04
0.5
0.6
0.7
0.8
0.9

801.03 809.20 819.97
1071.66
1153.87

298.434
216.082

296.350

1028.75 1048.31 221.525

1106.30 1131.76 228.257 234.303

1145.17 1171.73 1190.99

1223.40

254.425 259.803

1171.68 1196.57 233.580 240.382

1:2

1190.37 1219.85 1249.22  211.777 219912

1208.43 1239.57 1271.04 204.678 213.431

1225.11 1257.32 1290.42 201.297 210.468

1242.26 1274.78 1310.13  198.422 207.995

TG RE 227.439 233.797

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

763.34 770.84 770.77  572.528 556.437

1002.96 1022.81 1027.30 342.875 341.740

1099.99 1132.94 1148.53 216.513 223.007

1142.85 1177.38 1196.39 213.388 220.695

1171.66 1207.49 1236.31 186.660 195.702

1:3
1191.91 1233.71 1267.48

239.320 246.089

166.443
163.545

1211.17 1255.72 1293.37 155.308

151.966
150.977

1229.82 1275.36 1316.22

1249.04 1295.34 1338.58 162.896

S REE 247726  252.950

Bl 5 0 2 BTk B AR B TG AL RESF B
ARSI 8] ) 5 2R o B AR AR A T ) 384
AR TS I A R0 /L, A B 2 LT AL BEF- 2 (.

SR X5 I A3 BT A AR T R

NP TR R 2518 — 2. T I 1R 5 e A4

R IO 25 ¥ 15 B i e, R B oy Z2 L4540 , A

TARY BT i AR SN 5 T AR Ay B 1) 2L

s TofLE M e A B e AT IR, 2 0

BP i A S AL B B o PRI, A e 5 TR A 3K
AT e SRR ) <Ak R

300}

= 280f

E 260¢

5 2400

3;:;3 220+

z 200f

» NL-INT#
e FWO: t

2

80

0 40 60 100
TR 55 /%
Fs MRS I X -2 2 LG AL RE (52 M

Fig. 5 Effect of bitumite dosage on average apparent

OFme

activation energy

4k

=A

1) NGO EE#E) - 53 A1, AR B i 5t 22 AL e s IR 46
F, AR s HAHESA T, AR Al i 3o 1 2>
LB TCALEE M , WA o A 55 M0 TR 5 T el O 1
TOZEHE , %A SO A F) o

2) MRARE A A I R 0 e A R i 4 5 R B A7 AR
B 25 5, YA MBEAE AE B B Ak SR il 4 7E 700~
1100 K it B2 IX | & A= 25 ih B4 . i<tk 4y
ek, LLZY 973 K(700 °C) R 40 5t A5 R ik 5
JR R IE S AL AR oA 2 B AT A0 3R = s B
A TR A AL T R B . BE AT R N 0 Y
B, AR B SN R R I ke A B R TR
WY S 3, 1 R A S e A S g R K, AR
() 406 J o S 0 AR J5iE e mT B el S A R 1 Ak
M

3) HAEZe 1 55 5% AL 32 R 43 125 (NL-INT method )
1 Flynn- Wall- Ozawa £& Bk R % (FWO
method ) 71345 5] 5 FpAE 5L CO, AL RN 1) 2 UL T
b B, i R T e A AR T 1 RO IS AL RE(E R
123.383 kJ/mol F1 133.857 kJ/mol, HH < AL F 44 3
WL Ak BE (B M 265.890 kJ/mol HI 269.902 kJ/mol,

3 %
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KINETIC ANALYSIS OF CO-GASIFICATION OF WOODY
BIOCHAR AND BITUMINITE BY INTEGRAL ISOCONVERSIONAL
NON-LINEAR METHOD

Qiu Jiayong'?, Ju Dianchun'?, Yin Tianying’, Xu Minren'?, Bai Ni'?, Jiao Lina'’

(1. School of Metallurgical and Materials Engineering , Jiangsu University of Science and Technology , Zhangjiagang 215600, China;
2. Institute of Fine Metallurgy Research , Industrial Technology Research Institute of Zhangjiagang & Jiangsu University of Science and
Technology, Zhangjiagang 215600, China; 3. School of Metalurgical and Ecological Engineering ,

University of Science and Technology Beijing , Beijing 100083, China)

Abstract: In order to investigate the kinetics of co-gasification of woody biochar (WB) and bituminite with CO, , the
WB and Shenhua bituminite (SHB) were blended in different ratios and were analyzed by non- isothermal
thermogravimetric analysis method. The integral isoconversional non-linear (NL-INT) method and Flynn- Wall- Ozawa
method have been used for dynamics analysis during gasification process. The results showed that the WB has porous
honeycomb structure and its developed poresi are arranged in an orderly manner, whereas the SHB is smooth and dense.
Therefore,, adding WB can improve the microstructure of bituminite. Due to the effect of bituminite, the conversion curve
bent to rise within the temperature range of 700-1100 K during the co-gasification of WB and bituminite. About 973 K
(700 °C) as a dividing point, the gasification process of WB with bituminite is divided into the low temperature pyrolysis
phase and the high temperature carbon gasification phase. With increasing the dosage of WB, the pyrolysis reaction rate
decreases and the carbon gasification reaction rate increases significantly. Therefore, it makes the total gasification
reaction rate increase and makes the gasification time reduce. Using the NL-INT and FWO methods, the average values
of apparent activation energy for WB gasification are 123.383 kJ/mol and 133.857 kJ/mol, and those for bituminite
gasification are 265.890 kJ/mol and 269.902 kJ/mol. With the increase of bituminous coal , the average values of apparent
activation energy of gasification reaction increase significantly.

Keywords: biomass energy; coal; co- gasification; integral isoconversional non- linear method; apparent activation

energy



