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AB ST RACT

Non- iso ther mal met hod was used to stu dy gasificat ion cha racteristics of t h ree coa l cha rs and one biomass

cha r. F our cha rs wer e made fro m anth rac ite coa l (A) , bi t umi nous coa l (B) , lig ni te coa l (L) , and wood
refu se ( W) , resp ect ivel y. T he gasification pro cess was st udied by ra ndom po re model ( RPM), unreact ed
core model (URC M) and volumet ric model (VM). W ith an increase in metamorphic grade , t he gasifica

t ion react ivity o f coa l cha r dec rea sed , and t he gas ifica tio n react ivity of biomass cha r was clo se to t hat o f
low metamorp hic coal cha r. W ith a n in cr ease in heat ing rat e, t he gasifica tio n of all samples moved towa rds

h igh t em perat ur e zone, and t he whol e gas ificat ion t ime dec reased. It was concluded fro m kin etics ana lys is
t hat t he above- m ent ioned t hree models could be used t o descri be t he gasification process of coal char, and

t he RP M fit t ed the best among t he th ree mod els. In t he RP M, t he act ivation ene rgies of gasificat ion we re

193. 9 , 22 5. 3 and 202 . 8 kl / mol for anthrac ite coa l char, bitu minou s coa l cha r and ligni t e coa l char, re
spec tively. The gasificat ion process of biomass cha r co uld be described by t he URCM and V M, w hile t he
U RC M perfo rm ed bet ter . The act ivation ene rgy o f gasificat ion of wood refus e char calculated by the URCM

was 282 . 0 kl / mol.

Symbol List

C - Conce n tr ation of react ion gas ;
E - Appar en t ac tivation ene rgy ;
k - A pp arent re action ra te con stan t ;
k a- Pre-exp onen ti al facto r;

L a-Hole length;
1I1 o- Ini tial mass of sample;
lIL,,-Final mass of sa mple ;

111I - M as s of sa mp le at tim e I ;
1l- Reaction ord er ;
l~ -Unive rsal gas constant ;
R 2 - Corr elat ion coe fficient ;

1. Introduction

With the improvement of en vi ro n m en ta l protec
t ion and the dev elopment of cl ean coal technology,
coa l gasi fica t ion technology has receiv ed grea t a tten
tion through the world[I-3J. At the same time, bio 

m ass is regarded as a carbon-neutral fu el when it is
burned . Thus, biomass is considered as an effe ct ive
a lterna t ive fu el to fossil fu el for reducing the green
hou se gas emi ssi on l". The gasifi ca tion kinet ics of
coa l is an import an t factor that affects the clean con-

.< Corres pon ding aut ho r. Ph . D.
E-m ail address : wj; w 676@163 .com (G .W. W G1Ij; ) .

S o- Specific surface are a;
I - Reaction time ;
T -Tem pe rature ;
T o- Reaction s tarting te mpera ture ;
a -Cha r gas ificatio n conve rsion rate;
f( a )-Funeti on of mecha nism of reac tio n kinet ics ;
,B- Heat ing ra te ;
Q'-Relati ve error;

co- Sol id porosity ;

</J- Param eter of particle st ruct ur e.

vers ion and the util ization of coal. And the gasifica
tion reaction of CO 2 with ch ar is the most important
in the whol e process of gasifica t ion reaction of coal.
Sch olars hav e done a lot of research on the k in etic
process of gasi fica ti on r eact ion[5-12J. The gasi fica tio n

beh avi or of biomass has been widely investigated .
Wang et a t. [13J s t udied the CO 2 gasi fica t io n pro per 

ti es and kinetics of biomass cha rs incl udi ng four
k inds of herbac eous residues and two kinds of w ood 
en resid ues , and found that gasifica tion reactivity of
char was mostly de termined by its ca rbonaceou s

Received 11 O cto ber 2016 ; Received in revised for m 11 F ebruary 2017 ; A ccep ted 11 F ebruary 201 7
A vaila ble online 15 October 2017
1006-706X/ Copyrigh t@ 2017 , T he edito rial office of j ou rn al of Iron and Ste el Research , In tern at ionaL Published by Elsevie r Limited. All righ t s reserved.



986 T . K u et al ./J olirnal of Iron and Steel Research, In ternational 21 (2017) 985 -990

( 4 )

(6 )

(5 )

s t ruct ure. Okumura et a l. [14J st udied the influen ce
of pyro lysis conditi ons on w oody biomass cha r reac
t iv it y. The relationship between the biomass char
cha ra cte ris ti cs and the gasi fica tion rat es was found.

Thermogravimetric analysis is w idely used in the
gasifica tion react ion, which can det ermin e the k in et 
ic pa ra m eters of chem ica l react ions , as w ell as the
transit ion temperatures of ch emical reaction co n t ro l
and ai r diffu s ion co n t ro l. T he usual m ethod s used in
the thermogravimet r ic analysis a re iso t her mal m eth
od and non- iso thermal m ethod . T he former de
scribes the overa ll reacti vi ty of char at speci fic te m 
pe ra t ure and the la tt er refl ect s the va ri a t ion re g ular
it y of the gasi fica t ion react ion in the w ho le process
of coal cha r w ith inc reasing temperature. Co mpared
with iso t he r mal m ethod, non-isothermal m ethod
has the characteris tics of a s mall amo un t of expe r i
ments, a short ope rat ing period, and more inform a
tion , etc. [15J . In t he practical product ion p rocess,
the reacti on tem perat ure is affec ted by multipl e fac 
tors so that it hardly rem ain s s ta ble.

T h us , the CO 2 gasifica tion react ion ch aract er is
t ics w ere ana lyzed by non-isothermal thermograv im
et r y and the effe cts of coal qu al it y and heatin g ra t e
on gasi fica tion react ion of coal cha r and biomass
cha r were inves tiga ted. F inall y , the random pore
m od el (RPM ) [16.17J, unreact ed co re m od el (UR 
C M ) [IRJ and volumetric m od el ( V M ) [19, 20J were used

to calculate the kine ti c parameters of the gasifi ca tion
reaction.

2. Experimental

2. 1 . R aw mater ial

Anthracite coal , bituminous coal , ligni te coal and wood
refus e (lab el ed as A , B , L, and W) w er e obtai ned
fro m an en terpr ise. T he re su lts of pro xi m at e analy 
sis and ele men ta l analysis of sa mples a re shown in
Table 1. Before the exp er im en t , the samples w ere
dr ied in an ov en a t 105 °C for 4 h , and then b roken .
T he coal samples were grou nd to O. 07 4 mm for car
boni za ti on . The waste wood was sawed into 10 mm X
10 mm X 10 mm bl ock for ca rbonization. The sam
pl es were carbonized at 1000 °C for 60 mi n in N 2 gas

Table I
Proximate and ultimat e ana lysis of diff er ent sa mples (wt. %)

Proximate analys is U lt ima te ana lys is
Sample

FC d Ad Vd CI H d Od Nd s,
A 70.13 11.69 11. 88 75, 23 2. 50 1. 61 0.93 0,85

B 50.12 16. 85 32. 73 61. 21 5.91 11. 80 3.03 0. 86

C 35.37 8.87 55. 76 60. 76 2. 76 13. 87 0.61 O. 19

0 16. 39 0.15 83. 16 18,01 5.06 39,77 0.37 0,06

Note : 1) FC , A, and V ref er to fix ed ca rbon , as h and volat ile

m atter , res pectivel y , and s ubscript d means in dry basis ;

2) FC and 0 arc ca lculated by diffe re nce .

atmosphere using a tu be furnace , and then coo led to
roo m t emperature. Bio mass cha r was gro und under
0.074 m m. F our ki nds of chars made by anthracite
coal , bitumin ou s coal, lignit e coal and wood refuse
w ere labeled as AC, BC, LC and WC, respectively.

2.2. E xper im ental p rocess

The gasi fication reaction of coal char and biomass
cha r s was m easured by us ing a thermograv imetric
analyzer (HCT-3 I-Ienven Sc ienti fic Ins t r um en t Fac
tory, Beijing) . (5.0 ± O. 1 ) m g of sample was p ut
in to an a lu mi na cruci ble (</> 3.0 mm Xl. 5 mrn ). The
fl ow ra te of 99 . 9% carbo n dio xid e was 60 mL/min.
The heat in g ra t e was set to be 2. 5 , 5 and 10 °C/min
by non-isothermal m ethod to st udy the cha racteris
t ics of the chars. The gasifi ca ti on conversion rates of
coal char and biomass cha r w er e ca lc ulated by t he
co mputer a utomatically recorded cu rves of mass
loss , as shown in Eq. (1 ).

(m o-m ,)
a (1)

(m o- m oo)

3. Dynamic Model

In the process of non-catal yt ic gas-solid react ion,
the oxidat ive decom posi ti on react ion kineti cs equ a
t io n can be expressed as:

da
cit = k ( P g , T )f(a ) (2 )

where , k includes the effe cts of reaction te m pera

ture and partial pressure in the gas phase P g '

It is assum ed that ga seo us pressure of the sa m
ples in the process remains co nstant and t he appar 
ent reaction rate constant of the samples is m ain ly
in fluenc ed by the react ion tempera t ure, and t he
form can be exp ressed b y the Arrhenius form ul a :

k = k oe -E/(l1T) ( 3 )

In this paper, three k inds of gas-solid reaction k i
netic mode ls, RPM, U RCM and V M , were used to
st udy the chemical react ion k inet ics of coal char and

bi omass char in CO 2 at mosphe re . The exp ressions
of react ion ra te can be ex pre sse d as:

da c;------:-,-----,--,----r-c-
cit =k RP M (I-a ) y'1-<I'ln( I -a)

da _ ( ) 2/ 3cit - k UHCM 1- a

dacit = k VM (1 - a )

where,

4rrL o(1 - eo) (7 )
<1' = 56

k RPM, k URCM and k VM are the react ion ra te consta n ts
of three kinds of gasi ficat ion reaction m odel s , re
spectively.

U nder the non-iso therm al or t empera t ure-pro
grammed condit ions , there was a relationship among
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4. Results and Discussion

4. 1. Gasification characteristics of coa l ch a r an d
biom ass char

kine ti c m odel s, Eq. (1 3) can be used to calculate the
relative error of the res ults of different m od el s.

(1 3)

N

[ L; (a exp .i - a calc.j ) 2 IN ]1/2

0' = 100 X ---.:..-i ~--=-l _

T he conversion ra t e curves and m ass loss rate
curves of four k inds of cha rs in the CO 2 a tmosphere
are shown in Fig. 1. Obviously, the mass loss curves of
these fo ur kinds of chars afte r gasification reaction
process were simi lar. The gas ification react ion process
co nsis ted of three stages, w hic h w ere the heat in g- up
stage, the gasi fica tion stage , and the co mplete gasi
fication stage. It was si mi lar to the process of det er 
m ining coal co m b us tion cha racteris tic parameter by
using conversion rate curv e and m ass loss ra te curve
to ge t ini tial gasifica tion t emperature ( T i ) , total
gasi fica tio n temperature (Tf ) , m aximum gasifica 
t ion rate ( R m) , temperature of m aximum gasifica 
t ion rat e (T m ) , and gasifica tio n t ime t g , e tc. [ 21J ,

w hic h can det ermin e the performance of char gasifi 
ca tion. Gasification react ion characteris tic pa ra m e
ters of four k in ds of chars a re shown in T able 2.

m ax (a ) exp

w here , a exp, i and a calc.f are the expe r imenta l da ta and
calculated va lue , res pect ivel y; m ax (a Lxp is t he
m a ximum conversion ra te of exper imen t ; and N is
the number of expe r imen ta l points.

the reaction temperature , the hea t ing rate and the
reaction t ime:

T =To+ f3t (8 )
By co m bini ng Eqs. (4) and (8 ) ,

kRl>MC"S O ( T - T o )
a =l - exP I

I -E o 13

[H 1xL "~:" M C" , (T~T" )} (9 )

By co m bini ng Eqs. ( 3) and (9 ) ,

a =l - exp l - [Ao (T~To ). eXP(R: )]'
[ 1+A 1 • ( T ~To ) • exp ( ; : ) ] f (10 )

A
__ k oC"S o A __ TI:L ok oC "

where,
o I - Eo' 1 S o

Similarly , Eqs. (5) and (6) can be transformed into:

= 1- [1- k o(T - T o ) • (-E)]3 ( 11)
a 313 exp RT

a =l - exp[ - k o (T~To ) • eXP(R: )] (12 )

According to th e relat ion of a an d T fro m Eqs. (10) ,
(11) and (1 2), the k in et ic param eters k 0 and E ca n
be ca lc ula ted by no n linear fi t ting m ethod .

Based on t he descr ipt ion of coal char and biomass
cha r gasification kinetics under differen t assump tio ns by
the three models, the errors betw een the ca lcula ted
va lue and the ac t ua l va lue a re inevi ta ble. In order to
accura tely determine the description of the coal char
and biom ass char gasi ficat ion kinet ics w it h different
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Fig. 1. Conversion and reaction rate curves of coal cha rs and biomass cha r at differ ent heating rates.
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Table 2

Char ac teris tic gasi fication para m et ers of coal cha r and
biomass cha r at differ en t heating ra tes

Char
[31 T il T ml T el Rml t.1

CC ' m in-I ) 'c 'c 'c (mg ' mi n - I ) m in

AC 2. 5 829 . 7 954. 1 1 018. 9 0.086 75. 7

5. 0 846 . 2 990. 6 1 054. 1 O. 148 41. 6

10 86 2.7 1 03 4. 5 1 092 . 5 0. 318 23. 0

I.C 2. 5 75 1. 9 86 2. 0 917 .9 0.099 66. 4

5. 0 779 . 0 89 2. 9 950. 0 O. 182 34. 2

10 798 . 0 918 .9 98 2.9 0. 330 18. 5

BC 2. 5 796 . 0 903.9 962 . 0 0.083 66. 4

5. 0 815.9 93 5.9 992. 9 O. 145 35.4

10 837 . 0 971. 0 1 025. 9 0. 282 19. 0

WC 2. 5 779 . 1 884 . 0 899 . 2 O. 170 48.0

5. 0 79 5.9 899 . 2 927. 2 0. 290 26.2

10 816 .7 928. 0 954. 4 0.477 13.8

With th e increase of coal rank, 'T, and T', increased

grad ua lly when heating at 10 °C/ m in for the three
k inds of coal sam ples. Thus, it co uld be concl uded
that the gas ifica t ion react ivity of three k inds of coal
cha rs can be ranked as : LC> BC > AC. The gasi fica 
t ion react ivity of coal cha r reduced w it h the inc rease
of coal rank reported in literatures[22.23]. At 10 °C/min,

T , and T , were 816 . 7 and 954.4 °C fo r biomass
cha r , respecti vel y. The gas ification reactivity of bio 
m ass cha r was ana logo us to that of LC, wh ile be tter
than that of AC.

Com paring the effe cts of diff eren t hea ti ng rates on
the m ass lo ss curve of fou r kinds of sam ples , w it h
the in cr ease of hea ting ra te, the conversion rate
curve and the m ass lo ss rate curve m ov ed to wards
high temperature region and the pea k value of m ass
loss ra te increased graduall y. M oreover, the thermal
hys teresi s effect of the sam ple became m ore re m ark
ab le , w hi ch ca used the char gas ificat io n process to
m ove in to h igher temperature region. T akin g AC as
an exam ple , as the heat in g rate inc reased fr om 2. 5
to 10 °C/m in , T , ran ged from 829. 7 to 862. 7 °C, R ;
in creased from o. 086 to O. 318 mg/rnin , and the gasifi 
cati on reacti on time decreased from 75. 7 to 23. 0 min.

4. 2 . Kinetic an aly sis

A ccording to Chap t er 3 , gasifica t ion k in etic pa 
ramet ers (E, k o , t/J and R 2

) w ere calculat ed usin g

RPM, URCM and VM, as lis ted in T abl e 3. U sing
three m od el s fo r AC , BC and LC, it showed a good
co rrelation between ca lc ula ted and ex pe r imen ta l val 
ues (R 2 > 0. 999 ). R 2 of the RPM was O. 9997 , which
w as higher than that of U RCM and V M . A mong the
three m od el s, the U RCM was best fitted for the W C
react ion whose fitting er ro r R 2 w as 0.999 1. Co n 
versely, VM and RPM co uld not des cri be the rel a
tionship between expe r imen tal data and calculat ed
value of W C well. T he value of t/J has a sign ifica n t
impact on the calc ulation resu lts. W ith the decrease
of t/J , t he sam ple pa r ticl e porosity became bigger and
sam ple gas ifica ti on re ac ti on p rocess was close r to the
physical assumption by the RPM. W ith the increase
of t/J, the sa mple pa r ti cl e po ro si ty became smaller ,
resultin g in a g re ate r res istance of gas throu gh the
particle s urface in to the particle in t erior. Thus, the
URCM was s ui ta ble to sim u late t he sample gasifica
t ion react ion process. The space struct ure of biomass
ch ar w as w ell dev el oped because of the s pecial st r uc
ture of pla n t cell walls . The typ ical st r uc t ure of bio 
m ass ch ar was honeycomb thin-walled tube w her e
tube sec t ion genera ll y sho w ed a regular hexagon'F' ".
M eanwhile, thin-walled tube s urface w as smoo t h ,
w ith less micro gap. A ft er crushed, the thin-walled
struc t ure was broken, lead in g to the decrease of the
porosity of biomass char. The st r uc t ure was closer
to the physi cal ass u m p tion of the U RCM.

A ccording to T able 3 , the ord er of three gasi fica
t ion model s to ca lc ula te the ac ti vation energy was
consisten t for diff eren t sa m ples ( excep t R P M calc u
la t ion of act iva t ion energy of biomass cha r ) . The or
der of act ivat ion energy could be ranked as WC>BC>
LC > AC. I t in dicated that un der the ex perimental
condit ions , tem pe ra t ure had an important effect on
the biomass cha r WC, while had the least in fl uenc e
on an t h raci t e char. U nder the sa me condi ti on , k o

( incl ud in g k RI' M , k li RCM , and k VM ) based on three
diff erent m od el s had the sa me order , i. e. WC> BC>
LC> A C. T he results s ug geste d that a ll these three
dynami c model s could re flec t the coal and biomass
gasifi ca tion react ion ki net ic charact e ristics , and
could be applied to calcula te the kine ti c param eters.
I t shou ld be po in ted ou t that the higher the gasifi ca
t ion re act iv ity, the higher was the act ivit y energy,
as shown in T able 3. The mai n reason for this pheno-

Table 3
Kinetic par amet ers of chars at three he ating rates for RPM. URCM and VM

RPM URCM VM

Char E I k RI'Y11 E I k lJRCYl I E I k vYlI
( kJ . mo l- I ) rnin " !

if; R 2
( kJ . mo l-I ) min - 1

R 2
(k.l v mol" " ) rnin " !

R 2

AC 193. 9 2. 76 X 104 1. 83 O. 9999 185. 4 4.93 X 103 O. 9994 219.3 4. 70 X 105 O. 9990

BC 225. 3 1. 56 X 106 0. 56 O. 9998 214. 2 1. 62X 105 O. 999 5 242. 1 9. 53 X 106 O. 9996

I.C 202 . 8 3.70 X 105 0. 80 O. 9997 197. 1 6.74X 10' O. 9996 223. 1 3. 57 X 10' O. 999 4

WC 205. 2 2. 07 X 103 3. 20 X 105 0. 9918 285. 0 6. 08 X 108 O. 999 1 315.3 4.99 X 1010 O. 9969
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m en on was that the gasi ficat ion react ivity was affect
ed both by the ac tivi ty energies and by the pre-expo
nen tial fac to rs. Co mparing the ac tivation ene rgy and
the pre-exponen tial fact ors of diff er ent sa mples , the
pre-exponent ia l facto rs inc reased wi th the ac tivi ty
ene rgies , w hic h was the so-called k inet ic co mpensa
t ion effe ct , as r eported previo us ly [25.26J. In order to

scree n o ut the m ost fitted k in et ics calculation m od el,
the rel at ive error bet w een the calcula ted va lue and
the experim enta l va lu e was used to evalua te these
three models .

F ig . 2 shows the re lat ionship between the calculat
ed and exper im en ta l va lu es of different sa mples a t
three heat ing rates. For AC , BC and LC chars , ca l
cula ted va lues w ere essen t ia ll y coi nci dent wi th t he
exper im en tal cu rv e using t hree k inds of m od el s .
H ow ever, the differences of calcula ted and exper i
m ental va lues for bio mass char W C varied grea tly.
Eq. ( 12) was used to ca lc ulate t he relative error be
tween the expe r imen ta l and calculated va lues. The
ca lc ula te d res ults based on Eq, ( 12 ) for a ll sa mples
a re lis ted in Table 4. The error value based on the RPM

I3C

I 100
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1 000

9.50 I 000 I 050900

900

800 8.50

1.0

950 I 000 I 050 700 750
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Fig. 2. Experim ental convers ion curves an d calculation curves with gasificat ion m odel at di fferen t heating rates .

Table 4
Relative error between expe rime nta l and ca lcula te d

conversion ( %)

Char RPM URCM VM

AC 0. 61 J. 35 J. 82

BC O. 73 1. 01 J. 21

I.C O. 89 1. 28 J. 17

WC 3.79 J.11 2. 12

for AC , BC and LC cha rs was small , less than 1%,
w hi le for W C cha r, it was large , up to 3. 79 %. The
m inimum relat ive error calcula ted by the U RCM
was 1. 14 % . Therefore, the RPM was the m ost s ui t 
ab le fo r characteriza tio n of three k inds of coal chars
in CO2 gasi ficat io n process and gasi ficat ion act iva 
tion energy for the AC , BC and LC char was 193 . 9 ,

225. 3 and 202.8 kJ/mol, res pect ivel y ; U RCM was
bes t fi tt ed for bi om ass char in CO2 gasi ficat ion
p ro cess , w hose gasification ac tivation ene rgy was
285. 0 kJ I m ol.

5. Conclusions

( 1 ) Char gasification r eact iv ity was affec ted by
the metamorph ic deg ree of coal. T he gasificat ion re
activities fo r three ki nds of coal chars decreased w ith
increasing t he m et am orphic deg ree. T he gasifica tion
reactivity of bio mass char was close to that of t he
low m etamorphic coal cha rs. T he gasifica tion reac
t ion t ime was affec ted by heatin g rate becaus e the
reaction t ime was shortene d owing to t he increase of
hea t ing ra te.

(2) T he ki net ics resul t s suggested that R PM,
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U CR M and VM could be used to describe th e gas ifi
ca t ion reacti on process , whi le th e sim ula t ion results
of RPM for coa l cha rs was th e op t imal. VM and
U RC M could be us ed to descr ibe biomass cha r gas i
fica t ion process , while U RCM was the opt imal.

( 3) The kinetic parameter calcu lation resu lts showed
that th e four kinds of char s could be tot ally affe cte d
by t he metamorph ic degree. The appa re n t ac t iva t ion
ene rgy decreas ed wi th the increas e of the m etamor
ph ic degree. The CO 2 gasificat ion act iva t ion ene rgies
of AC, BC, I.C and WC cha rs were ca lcu la ted based
on the op ti mal mod el, which wer e 193. 9 , 225 . 3 ,
202 . 8 and 285 .0 kJ I mo l , resp ect ively.
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