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The influence of heating rate on the carbonization of
sulfuric acid-impregnated cellulose’
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Abstract

The influence factors for char yield in the carbonization process of natural cellulose are the
carbonization temperature, the heating rate and the atmosphere in the furnace. In general, it is
well known that the improvement of char yield is expected under the conditions of the lower
carbonization temperature, the slower heating rate and the presence of inert gas in the furnace.

In this study, it has been investigated the effect of the heating rate control with sulfuric
acid as a dehydrating agent for the improvement of char yield in the carbonization process of
natural cellulose. The cellulose treated with sulfuric acid has shown the weak dependency of
heating rate in char yield, whereas the untreated cellulose has shown the strong dependency.

These findings clearly suggest that it can be useful to control heating rate with appropriate
dehydrating agent in the carbonization process to improve the char yield and shortening the
carbonization time.

Keywords : Cellulose, heating rate, sulfuric acid, dehydrating agent, char yield, surface area

1. A4 20033 49 208 Received on April 20, 2003.
E dye 2002 FEoEa Adagdyy Hgeg o|FofH L

2. F5Usw AEAL A8 ar AP x5, Department of Forest Resources, College of Life
Resources Science, Dongguk University, Seoul, 200-715, Korea.



38 GAE7} AE29 29 UGN 24559 g

M B

Zghe ddRE dBL£02 AgHY 2
T8 GFAEANN 7HF A2 AREA o]
5o oy Adsiyt JMESEHEA A,
Af R 7I2HEEE gAlEoe] O Algo] A
gou HZ g2 EAN PAL @
BEE vEsd 7139 3@ AL, €3
A g AREEF o A2 $&HY o
ALgel o] YolxEA oA FEPT e
AAeltt. See @3y L ddRE £7iv)
oA FAZ dI @3fF L 53l He
& AE Y o] YA WHos U4
A o @3t g&3te e F2 @
e, 524 9 @3z g FHEHY
g B 4 Q. a8y gslzde @3in
Aol AAM AT Qo e EA-] 23
o @3xng AFsA do dutdez &
AANN & E wWEA e A @
3} EFXEH0] A9 @I5LE EE
Bio-oilq] wldo] @34 g = A Y F=2
2grel YAFo) goiAA ). F= A=
L2E ol &3 ©siuAgol B A7 U
A gidxe #F FHL Aurd dE=
229 GE3 &5+ 300-350Co)n] EFLE
900TCAAN ¢&EE 242 003T/min 9} 7
0C/min § HEZ Q22 A|gd] i3l &3
B9 £80] 28 % 9} 97 %o An2 $24
o] &t ¢f 3ujo] 7H7kE Aoyt drokn
B3¢t Mackays} Robert’s dE2Q~
9] @3lA| X7} 300-350Ce]=2 20-300C
7ARE 1T /min, 700C7HAE 15C/min2 4
23t @3lg Y 8L 249%F U
g5} o BE B F£AqME @3
&0 & WAl gle AeE By of
Y £ AL 24557 ¥ o
de AA3 szt AYso] gare &4

o] o $e&5rt ME AL B &
A QR wgo] Yo} gie ¢alo] @
of #go) AL HANE Aoz H4AEd. ®
g g gAF ZoE ALY AL e
=7 %8 A% & 9o gAY gLt
gAY Zvjo] o S5FHE L slE v
o o8t w3 Ee] £ JFL ) @
gARAN 23 @5ZuAE Frietd @
A7 A ga5g0] ol 89 80%7A
Z7teke o) muse] Yo

E A7dNE @8zdFqN g5EuH
£ A7Mg Az @AY $24EE
A A gAgezs 1 ¢ ¥ @
329 ATRE L HEUR ZHo| 9§ §F
F3%5 < Hriaty] Yt B Age F35
Aot

Mz Ly
21 FAAR

B ATaN AE3 AERe2 ANEE W
29 Whatman CF11 cellulose ¥%3% 13
A TEAEEZL2Q YAHERL ~(Halocy
nthia roretzi ; tunicin)}& AME3tgch HALE
2029 AAE 7|84 AMEHARE 4VH3
A wgez A

22 e e J3

ARG AE2LANEE L 23T £
dEEA] g5 gAZA LA F3E
10%9] FAFgAoz NEJY. HEZOA
Age F819 10% Fadegdq0 A(AA 4
E202 nolazFHBY FEHA IAFHE
3 oo Abgde eHnz ¢ist
o AASAY &9 FAFE&YE AA}L



WENIA 22(1)3R. 20035 65 39

&3] 4 47 st Al FFE F
FAG. olg) AR Fe & Y ¥ A
AN R 1g%9 CFllo] 0.24%, HAMAEZ 27}
0.32% %t

23 A% %% 4(Thermogravimetric analysis; TGA)

Basgde FAANZ Al GRH 54
& golr 7] ¢sld AFFE XX (TGD-960
0, Ulvac, Tokyo)E ©]&3le EFE %8007,
g3a o E9rie B84 7AQ BxE
A7} 200 mi/min2 BE2E ZANA $2&5
$+10, 50, 100 ¥ 200C/min. & WEA|H F
A Agst FAFgdoz X2 CFi1 ¢
YAAEZ 2 He] @35de tite
Z} &8t

24 A4 §3 &3 (Nitrogen adsorption)
e ZhAA dFe s wENR w©3EL
©sEe i dWAFY AHIFEIXLE Yolry]

98t AAF 24 x)(Coulter Omnisorp 100C
Xyol ol&le] BlEEH 2 AFEEE Z35

150

~€— 200C /min
100°C /uin
50T /min

-

(1]

Yield (%)

[}
0 100 200 300 400 500 600 700 800
Temperature (C)

Fig. | TG curves of CF1l cellulose
at varjous heating rate.

g 24zHo8 RE AEE ¥:Y X
AM120C o Lo 2AHFLA T 28
g 7l2 A2E 3 F dr|ds Jges @
Aa FA4PS st M AAA H)
EWHE BETYH S AHgstad Adstnen A
2RI E Horvath-Kawazoed!]¥d] oj3te] A
At o

25 T3HScanning electron microscopy and en
ergy-dispersion X-ray analysis; SEM/EDXA)
g Fridtd TEN dEEL 7
3 & %o EAKLE Qojrs] Ast FA}
A @) 74 (Hitachi S4000)0] Hislo] 3 9
284 7](Energy-dispersion X-ray analysis ;
EDXA, Horiba EMAX-5770)8 Al8-3lq #4
At
2 o ng

31 GFFEHTGA)

Fig. 13 2= CF11 A&2029 TGFAHE
Uetdiz gt} Fig. 1€ FAYAI2S veh

150

<4 200TC /min
100°C /min

50°C /min

Yield (%)

50

10°C /min

0
0 100 200 300 400 500 600 700 800
Temperature (C)

Fig. 2 TG curves of CFll cellulose
treated sulfuric acid at various
heating rate.



40 FU7t 482029 BRNN $LE4E 9F

I glen, Fig. 2& #3594 8 88
Yelll o itk 2PolA HAxe AR o)
L& 10C/ming TGFAL ¢4 A=
224 Jehte AYFHQL dHgE Y
8lom ZFo] ZAHE Zo LT 300-36
0Ce F& 2% AlojoA] FAsA PBirsie
e g vdehln QA =@ 9o e}
olelA HRFEIAN EE I WY, HEY B

Eo] A4 AAFsE wgo] Yojdr}
0 seaxrl 3718HAM SRPFATHE &
2457l Yo JARYg FArpt FFsAe
A%E Holx gloen & 2o £82 B
10C/min.g] ¢4 oA 17%3 52 489
TE&E7t F718HEA 10%0]3l2 YojAe
AYE 1YY oY@ olfe ¢
7t 29 ZUle) uiel AYEE Qe
o] Aoy AAFEA ¢z CO, CO, ¥
CHy 33 #2& 7122 H&o] Ho dgge
22U gie &4o] BolXe R 71A%
gx Azhech

TH FO-8AE JUE CFl1 4E202
AR TGRHE W FH N&st oe 3
g2 ez ok Fxg Age Afde

150 ~-fE— 200C /ain

100C /min
50T /min

-

T

10C /min

Yield (%)

0
0 100 200 300 400 500 600 700 300

Temperature (C)

Fig. 3 TG curves of Halocynthia
cellulose at various heating rate.

R Al87} 300-360C Alojoll A ZF7a
7b olve AL Bgoy 5L H0)
AR A se4%d A BAYC] AL
2EH A&HEe FEg4 FHL Yeshn g
o olRe 27t EEA B w4
8ol 93t} A& Fol Fudn FFAa
€ Yehle olfe dzEn. FXe Agd)
Me 9439 2x7tA FFHEEs ddrr @
23l Az g4 FAT FFL4AE e
i gley g4ZuAs FArigezry g8
37} dojur] Aol WA dEzoxvjazy
BE U] FE& FoldozA @A e
AgEHo HEEHE AL AU gty
THFHEE 30CAHZIA o]FAAR 1 o]
Fol 3B W& <o dAsgEy
& Qs FF¥RAE FAAe Bart o
ojdrin Hzdch ©3&9 &8 HUI0C
/min g F&xox o @z4ge 37%F
T2 FAY AR 24 st £ ¥
£ JHARer $&&ET Fedte 2N
T A9 BE AET} 27-8%AEZ Tl A
79} go) £8747 ARASA gkt o)A

150

~a€—200C /min
100C /min

60C /min

-

00

Yield (%)

50

1

10C /min

0
0 100 200 300 400 500 600 700 800

Temperature (C)
Fig. 4 TG curves of Halocynthia

cellulose treated sulfuric acid
at various heating rate.



AREECI A 22(1)%4. 20034 6 41

Y gxFZuiAE Ao M 87
o] A%3% AHg @3y w©@g g &
A A Aze] doh

Fig. 3% 4v 124 dE2e29 YAdE
2o29 A¥AAE el Aol Fig. 39
A By AR Zo] e HAMAEELA9)
ZFPRAINE CFl1 AE2 29 FFPA
F43 & Aot glen F&&5xrt FM%
of wel @RV 234 EokE Ao A
A 300C olde] 2xoA FHF FFps
7b dojue AL MEZA Age AFPF
Q Hejoh dxExn Ut FEHAAM B 1
A HdEgRe2e S AAYo EES4E
@3lr&e AstsEle TS Roled o)A
T ol 7AE 10C/ming] =3 a4z oA
T 15%0]8te] F&o] QoA $2&=7)
Z7M5tel mel @slEe] 82 10%0182 7
A3tk ¥hdd Fig. 404 BRAXe R 2
o] FArgAXe AR FHFLALJAHAA
t 2% 9 2457t 75 ol A43
Q g & g8 FFZLAJHe FAt
719E AFE Holn Ut £gHoA By
= 245z &L 38%Yxd 3t
H 247t WA 30% AR g F
£2 Uelia 9le] CF11 AE2 9 29 uld
7HAE @Ry F g@FFuAst 288
@3 g %49 A9 e ReE
257e=2

B o

o}
7!

32 A2 F%F ZA(Nitrogen adsorption)

A2 9 ARUPY HwEwHmy @
AerEe) 242 walEd FAY5S &
37 A8 712 Pgolntd B Ay
T $24% 9 g5HYIAE Hobslg @
@ @slge] FA45L Yohy) St A
2F4ZAA g Ve vEAY R A
FEE 2L £y Fig 5 9 62 22

o dgzox @siEe HEVHS Uiz
3lt}t. Fig. 5014 ne AF Fo] CF11 4ER
229 g8Eo AL FAY ARdME ¢
2457t F71EHEA vEEH] WHIs B
A stA JEelsch ojAL =7t F43%] 71
stA AEE whgo] <3 UREWHe /A
o] EfAstA LA Q8 HAPo] &
T2 dojy dEZoxge g3 4S9
EFET RAd 7j€Edn AZ4EHD HEHE
£ 500m’/golste] we X% Jehilzm )
ot dige] "g43HsA AeEg CFlldEze
29 B389 AHLEe 24557 ZFikslde
v EEA WHsle A Wsly}l glo] 4
Qom 500m’/gelate] HEWAE uUehlm
AT olAL 2571 F71EEA HEZ A9
ARHY dE3 oA gL 93ty
AEZ 2 77t 22 ZA¥H €5
7F HEA R H Aol Aol Hi ghe &
Aol Hol dojuls APz Azt vh3
7}AE Fig. 6& YAHLEZ 29 HEHA &

T i

0200°/min|

CF11 CF11+H2S04

I

I

|

i Fig 5 Surface area of ex—celulose carbons from CF11

| prepared with and without sulfuric acid at various
heating rate.

600 : .
E 500 | » S
< 400 | | [m10°C/min
boL 300 | 0 | j{lSO‘b/min
[ 01100°C/min
I tad a " 10200°/min
i E 100 [ - ‘
’ 0 . , i
‘. Halocynthia  Halocynthis+H2S04 ‘
Fig. 6 Surface area of ex—celulose carbons from

halocynthia prepared with and without suffuric acid
at various heating rate.



42 F4U7t WEZ0 29 GBlN £2459 9F

Yehix itk F38 MM CFl11 A&
22X E3ETN 2 AY¥oz dBAo] ¢
© BT vEEIE JeEln len &
FHZMA Mg JAAEZ 29 @3lEd
Ae HBAHO] Fg&Ed Ao FAL W
A g1 dAFF +AE Jeha g F o)
28 HEZA ABAM EF FAI As
dxe BEATE 428 Jehzn 53714
Ag AsRdMe A 4AF £=3& Yg
Ue Ae BZE AJHAEZ2d HEE A
olg} Azto] €}

Fig. 73} 8& Ztzte] w3lEe] AHFEEE
ALEFRF 244 Horvath-Kawazoe method
of &t AL AL aPZT 2 veld Ao
o 742 dHEze2gfEe AS T 25
BF $25%9 Frlel 9dted BiAE A
TEEE Yeha oy oA Aag
MEZQL2E3EY 79 055-0.7nmAloj o) A
IZE MZTEEE Yz Qg o)Re bR

l—_ 100 — |
90 80.50nm ‘
80 B0.55nm |
70 00.70nm |
60 0 1.00nm ¢
» 50 W 2.00nm |
40 !
% l
20 !
10
0
n in | 200°C/minr | 10°C/min | 50°C/min | 100°C/min | 200°C/min
Helecynthis HalecynthiasHISO4

1
Fig 7 Pore size distributions for micropores of ex—celiulose !
carbons from CF 11 prepared with and without sulfuric i
acid at various heating rate. )

———— e— -

100
90 80.50nm
80 W0.55nm
70 00.70nm
60 01.00nm
® 50

40
30
20
10

0

Fig 8 Pore size distributions for micropores of ex—
cellulose carbons from halocynthia prepared with and
without sulfuric acid at various heating rate.

VAT FHHFHA F&go] oM AAFHo=
FAHARY Z$ BEHFHo] Fon ATy
Ex va3y & AFE YehAn g5
A Aol ot &9 oz vEHFH
27} 2 18 AFEXE Yl Aot =3
g4EuiA o st MFEE ¢HYF
€ 7HAx 2= ReE A"

3.3 #F(SEM/EDXA)

Z1Zte] AEZQ2AE ©3EY FALAA
dv)Ze @3 © d2RNZEAN ©@329 ¥
He 22 % €A Hslel o)
aA HErt glo] AEZA Folno e
€ 7HAx e YaEMdn gS)e A
252 gty olRAL & HAY F 300C0] 3}
A vz 94¥g stm 300To]
oA e 3B AAs WHEE7)
gEog Aztsle] At

2 E

B Aoy gFEujAas 23 Fid
S9& ez AN £ERUYTN 24557}
ZF7t8tE F&€FA FHA dojurn g4
AE HMFoEA QAR HREHFY F
7tet YA AFL Hole MITEEY An
E 4tk =3 & 4o daz @337
A ZujE AME3LE Aol &9 FY, v24
=o #A & @3S D53 FA '@
38 = 84y ARd 71xAE7 E F
AL Aoz Arg s o]

A} A}
2 97 20029 FEdidgn Adugadel
Aheg o]FoAS.



I A 22(1)%. 20034 63 43

2 d

. Brunner, P. H. 1976. Beitrag zur Pyrolyse
von Cellulose fur Herstellung von
Aktivkohlen aus  Abfallstoffen, Ph.D.
Dissertation No. 5705, Swiss Federal
Institute of Technology, Zurich.

. Fengel, D. and Wegener, G. 1983, Wood.
DeGruyter. p.319-344.

. Mackay, D. M. and Roberts, P. V. 1982;
The influence of pyrolysis conditions on
yield and microporosity of lignocellulosic
carbons. Carbon. 20(2): 95-104.

. Williams, P. T. and Besler. S. 1996. The
influence of temperature and heating rate
on the slow pyrolysis of bio mass.
Renewable Energy. 7(3): 233-250.

. D.-Y. Kim, Y. Nishiyama, M.Wada and S.
Kuga. 2001, High-yield carbonization of
cellulose by sulfuric acid impregnation.
Cellulose, 8: 29-33.

. Sugiyama ], Vuong R, Chanzy H. 1991
Electron  diffraction study of two
crystalline phases occurring in native
cellulose from an algal cell wall
Macromolecules. 24: 4168-4175.

Brunauer, 5. D. Emmett, R. H. and

Teller, E. 1938. Adsorption of gases in
multimolecular layers. J. Am. Chem. Soc,,
60, 309.

Horvath, G. and Kawazoe, K. 1983.
Method for the calculation of effective
pore size distribution in molecular sieve
carbon. J. Chem. Eng. Jpn. 16 (8), 470-475.

. Hon, D. N. S. and Shiraishi, N. 1991.

Wood and cellulosic chemistry. Marcel
Dekker, Inc. p. 665-699.

10. Shafizadeh, V. and DeGroot, W. F. 1976.

Combustion characteristic of cellulosic
fuels. In: Thermal used and properties of
carbohydrates and lignins (Shafizadeh, F,,
Sarkanen, K. V. and Tillman, D. A, Eds.).
Academic Press, New York.1-17.

11. Gregg, 5. J. and Sing, K. S. W. 1882

Adsorption, Surface Area and Porosity.
Academic Press. 24-55.

12. Ryu, Z.,, Zheng, J. and Wang, M. 1998.

Porous structure of PAN-based activated
carbon fibers. Carbon, 36 (4), 427-432.

13. Shafizadeh, F. and Bradbury, A. G. W.

1979. Thermal degradation of cellulose in
air and nitrogen at low temperature. J.
Appl. Polymer Sci., 23:1431-1442.



