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Transfer of Carbon from Graphite to Liquid Iron through

Carbon Monoxide Gas

Yoshimasa IKAJTWARA, Nobue SANO, and Yukio MATSUSHITA

Synopsis:

Previous work showed the great possibility of the silicon transfer to liquid iron through SiO gas, the rate

of which is significantly dependent upon the carbon concentration in iron.

To investigate whether or not

this mechanism is really applicable to a practical blast furnace, the rate of the carbon transfer from graphite
to liquid iron through CO gas was measured in the present work by use of a system consisting of three phases,

graphite disc, iron melt and gaseous space between the former two.

It is interesting to note that the rate of absorption of carbon was found to decrease with rise of temper—
ature between 1550 and 1660°C. The whole process was interpreted by a mix—controlled model of the
following three steps, namely the gasification of graphite, the diffusion of GO gas and the chemical reaction

on the surface of melt.

The numerical values of various kinetic constants as well as the relative chemical

resistances of each step were determined experimentally.

(Received Aug. 30, 1971)

1. &

Bk~ D SiO H2 %N &7 5 HFD HE)EET,
EHRPDORBIRBIC A E KTFT 5 Z L3RRI X 0¥
FAL 72D TY, BEHR~DOREOBEIELZHEL, &F
WT SIO FRAMBRBEI EIOTERILIN BESEFTTE
LREECIHEGKICEERD L UDEIRINTWENP LS
PEMBYLENDS. EFETOWRROERL LTIOR
St a— 2 R EOEBEEMC X SEBERIE & @ESKEH
ERTHD CO HRLDKMEIGENRF2bRE. ©
PEFR TR E XL — 2 2 L OEMEFRSEVELTD
(EECR» O EVWEEZBND), TORGITERR
WRILZOTHS®D 5 5B TH5H, Q20 Th
BIFERNOE O travelling time MR E27LOE L,
¥ 70— o ABEBRD T EEHIC S B LT LR
HETHEET +HREVDT, TOTREM » HBERSH
5. KERTEI -2 208 24k, GMZEMRNO CO
Z20%E), CO DIFEFH~DOBRIRD 3 >OfEREETL Y X
F LD TOOEEL L ) HY, IRGEEEF NV TER

ol

2. B A

FEE OB % Fig. 112717, Fid,

%
Bt AJ SiC 7k

3

RAEER LB RRE 1600°C H A 1500°C,
°C DEiPRAS Scm D7 CHRWFETH 0, F8)o
o —ViT & D ERIBEEOLFE £ 5°C i x 7. Al
i21 Pt-Rh(6%)~Pt-Rh(30%) OHEM & 7. 7
R PRI S0mm, BX 1m, 301IF%HE
A7 v FERINE 2lmm, X 500mm T, L3iC
554 NE(ALO,L 57 7%, Si0,39°1%) DHLOTH 5.
D OEXFE N AWAEE R, ThhbH ANFER
CHAEND. BOEIEAE 16mm, JF 2mm,
% 8~30mm DOBEHE TN F BOIE (ALO,>99%)
W, RETHD Si0, FEGPORELORE
$i0,+2C—Si+2CO 2L 5 5 T & & FHERTHE
PET.

SOKBURHT,  BZEAR LT /R Lrc Uk (SRINIERS
SR STEMIE 2R ERAICERED 2> 5 15
mmg, [E& 5mm )y LTS/, k% Table
1 g .

757 74 b F4 ZASERTEMBRSZ7 74 b
UHPS 22mmég, JE2X Smm TYFIL, = x ) —#K

+5

> b

* BMOERSHRRSICTIER
AEFN464E 8 B308 &4

4 I T () RO LBk R
o REKE T T



1194 % X 21 4E 58 4 (1972) $9 S
Table |. Chemical composition of specimen (%).
c sioown | P | s o | N o | TV al | co | N | o*
i B 1
0-001 | 0-004  <0-001; 0-001 !0-004l‘o‘oo7ﬂ<:0-001 <0-001{<0-005!<0-001| 0-002 | 0-006 |0-6018 |{0-0143
{ ) ! i
# Values obtained by the authors. The others were given in the analyses of the specimen used.
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Fig. 2. Schematic demonstration of the system.
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Table 2. Experimental results (for pure iron specimen).

. ! Length y . Absorp- | 1
H Weight Temper- ~ Surface ofg Initial Final tion o}} <X 10-8
eat of Time carbon carbon N
. ature : area gaseous carbon
number specimen o (mzn) content content cm?-sec
@ °C) (cm2) space A Y x 103 <_)
g (cm) 7o (%) (mol) mol
0-11 72537 1 660 1440 2-24 1'37 0-08 0-83
0-12 72554 1 660 1080 2-24 137 0-08 0-79
0-13 7:2519 1 660 ] 2:24 138 0-08 0-08
0-14 72543 1 660 540 2-24 1-37 0-08 062
0-15 72547 1 660 360 2-24 137 0-08 0'57
0-16 72541 1 660 100 2-24 1-35 0-08 0-39
0-17 72529 1 660 50 2-24 1-35 0-08 0:25 1-03 654
0-18 72458 1660 180 2-24 1-35 0-08 0-43
0-19 7:2554 1660 140 2-24 1-35 0-08 0-42
0-20 72569 1660 0 2-24 0-84 013 0-13
0-21 72562 1 660 60 2-24 0-84 013 0-28
0-22 7-2549 1660 30 2-24 0-84 013 0-28 0907 4-45
0-23 7-2557 1 660 90 2-24 0-84 013 0-40
0-25 7-2554 1 660 90 2-32 1-78 0:09 0-28
0-26 7-2583 1 660 0 2-32 1-78 0-09 0-09
0-27 7-2471 1 660 60 2-32 1-78 0-09 0-26
0-28 7°2570 1 660 30 2-32 1-78 0-09 0-18 0-544 7:67
0-29 7-2528 1 660 60 2:14 0-22 0-12 0-42
0-30 72580 1660 30 2'14 0-22 0-12 0-31 1-15 3-35
0-36 6:2912 1 660 0 214 0-29 0-12 0-12
0-37 72468 1 600 120 2:14 1-42 0-08 0-38
0-38 72542 1 600 90 2-14 1-42 0-08 0-35
0-39 7:2411 1 600 60 2-14 1-42 0-08 0-29
0-41 7-2578 ! 1600 0 2-14 1-42 0-08 0-08
0-42 7-2547 . 1600 30 2-14 1-42 0-08 0-22 0-846 4-55
0-43 7-2535 | 1 600 30 2-14 1:42 0-08 0-22 0-846 4-55
0-48 7-2564 : 1550 30 2-16 1-41 0-04 0-22 1-09 3-57
0-49 7°-2219 1550 0 2:16 1-42 0-04 0-04
0-50 7-2564 1 550 120 2:16 1-40 0-04 0-45
0-51 72120 1 550 30 2:16 1-40 0-04 0-39
0-54 72089 1 550 60 2-16 1-41 004 0-32
0-55 7:2623 1 550 30 2-16 1-41 004 0-21 1:03 3-78
0-56 72440 1550 90 2-32 1-78 004 0D-36
0-57 7:2706 1550 60 2-32 1-79 0:04 0-29
0-58 7:-2570 | 1550 | 30 2-32 1-79 0-04 0-19 0.907 460
0-59 7:2146 | 1550 0 2-32 1-80 0-04 004
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Table 2. Continued.
. L Length . . Absorﬁ— 1
: Weight Temper- | . Surface of [nitial Final tion of — < 10-¢
Heat of ture | Time area aseous carbon carbon carb N
number . specimen 2 (min) g ¢ content content roon cme2-sec
(2) cCy ! (cm?) space | g, (%) x 108 (—
g | (em) | ¢ ? (mol) mol
0-60 | 7-2604 1 550 90 2-35 270 0-04 0-30
0-61 7-2246 1550 60 2-35 2-71 0-04 0-28
. 0-62 72006 1550 30 2-35 2:71 0-04 0-17 0-780 5-42
0-63 7-2614 1 550 30 2-35 2-71 0-04 0-16 0-726 5-83
0-64 72496 1 550 0 235 2:71 0-04 0-04
0-65 7-2651 1550 90 2-22 0-86 0-04 0-45
0-66 7-2590 1550 60 2-22 0-86 0:04 0-38
0-67 7-2548 1 550 30 2-22 0-87 0-04 0-28 1-57 2-54
0-69 72665 1 550 0 2-22 0-87 0-04 0-04
0-70 7-2654 1 550 30 2-01 0-32 0-04 0-35 1-88 1-93
0-71 7:2511 1 550 0 2-01 0-34 0-04 0-04
0-73 7:2289 1 600 30 2-01 1-37 0-04 0-17 0-783 4:62
0-74 7-2652 1 600 0 2-01 1-36 0-04 004
0-75 7-2639 1 600 30 2-38 2:67 0-04 0-14 0-605 7°08
0-76 7-2563 1 600 0 2-38 2-67 0-04 0-04
0-78 7-2304 1 600 30 2-16 0-32 0-04 0-34 1-81 2-15
0-80 7.2602 1 600 0 2-19 0-35 0-04 0-04
0-81 7-2505 1600 0 2-32 1-82 0-04 0-04
0-83 72674 1600 60 2-38 2-67 0-04 0-17
0-84 7:2124 1 600 60 2-01 1-37 0-04 0-21
0-85 7-2550 1 600 60 2:19 0-35 0-04 0-43
0-86 7-2581 1 600 0 2:11 0-90 0-04 004
0-87 7-2428 1600 30 2-11 0-90 0-04 0-20 0-966 3.93
0-89 72687 1 600 60 2-06 0-90 0-04 0-29
0-90 7°2543 1 600 60 2-35 1-80 0-04 0-20
0-94 72401 1 600 30 2-06 0-90 0-04 0-21 1:03 3-62
0-95 7°2575 1600 30 2-35 1-80 0-04 0-17 0-786 5-38
0-96 7-2298 1 660 30 2-09 0-42 0-08 0-22 0-843 4-46
0-97 7:2067 1 660 30 2-01 024 008 0-25 1-02 3-54
0-99 72666 1 660 0 2-09 0-43 0-08 0-08
0-100 7°2551 1 550 60 2-01 0-32 0-04 0°50
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Table 3. The values of A{VKYy, £'/K) and Dco-co, obtained in Fig. 5.

2 | Intercepts ) by 2 el
i EP K %105 | - § EVKax 108 ¢ oy X 102 Slopex 10-¢
T(c;r(r:n?. CKX10 | (g-moel/ | et }Soec‘; | (g-moty | K3 | (cm?-sec/ g (13;9_,73%%2)
l cm?2-sec) ij ¢-mol) fa cm?.sec) 1& (3'2:22(56(:) g-mol) ‘
1550  6°33 | 7-47  1-398 1-63 2:58 | 1-594 5-49
1 600 4-:99 : 14-0 1-768 ‘ 0-808 1-62 ] 2:012 5-67
1 660 362 28-4 2:873 0398 110 2-634 616
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Table 4. Comparison between the estimated and ob-
served values of the diffusion constant for
CO-CO, gas.
Temp. Estimated Observed .
°C) (cm?/sec) (cm?/sec) Ratio
1550 337 549 | 1463
1600 . 3-52 5-67 : 1-61
1 660 ! 371 6-16 ' 1-66
BB BT 5 \D T, Chapmann-Enskog® @5
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Ll F &5 e Fig. 10 i+ L5 hHBRELNLS.

L ORI AP OEEEIDFEEILT 2 v ¥ — 034
DEZETRT Z EBEBVANCHEIHTE S5, ez ¥

Reaction coordinate
Ccio Exld
E-nj"n.. co.
En,'"
T.'.?'
K] £eo
E
> 100
S
-~
= "
é‘; E.; E{»
5 Een
w
(Co) :
fz.., :
200 (CO,)
kcal/mol
Eco Heat of absorption of CO or heat of 13556

reaction D in the forward direction

E, ¢ ¢y Observed temperature dependence of for- —87°8
ob kg Aell ward rate of reaction @
Ep Activation energy of forward reaction @ 67°8
f
Eob FCD R D Observed temperature dependence of rate —53-1
b eq of reverse reaction @
Epon Activation energy of reverse reaciion & 162°5
b
Eg o Heat of reaction ® in the forward —34°7
direction
Eco, Heat of absorption of CO, or heat of 155'6
< reaction @ in the reverse direction
Eg» Heat of reaction @ in the forward —34'7
eq direction

Fig. 10. Relation between energy and reaction
coordinate.
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—DERFEFTDVEVWLDT, ABRFHORUEDD
EELZLNS.
5-3 BHAPOBEOREICONT
BEOEERIRELSITBEL22HD. Thbb, —
213 C+02C0 FHIGZMIT b0 THY, fho—>
WEEEESEMEMRITH 5D BHRERISIZHIT D
CO DWMFER 0] “RETHETHS. ZDDDE
B r L€ T=1550°C, I=1'8cm OHEHIT 2 W TEERE
DO DEEIRES Table 5 3 Xt Fig. 11 TRt
COROHEBESAT HHE L F & LT, EHREEREL
Fick 2 b Tl E T X 2 TERMBBRZINCIET T
i C+02CO DR EFMRILL, t=0 LURIIRKE
13 2C0—-CO0,+C w k2> TiHgkhicBiT L, % DRk
DRTZIRE & FET5 X S CBmBIRESREO>THL.
Tihbb, OCo#imcity C+02CO DFfz
#o~< CO+0—-CO, DERIK X 2TXDIRER R
CTwi s, ORI COMIE E_TEETES D
T EBERINC by DD T, CO+0-C0O, XD DE
gz 2CO-C+CO, PHEATVD EFE XTIV
SEREBEOEmMEEERC >R LTAS. O
DOWEFERY 0o £ T5 &, COZ(CO) DFMEHIT

1)

K(g]_ci cO
[PCO(I)](I_O(“ (Clciz 9 )
Table 5. Change of carbon and oxygen contents
with time.
Experi- o *
Nu$bﬂ nlzental o 9 equgl}i,%(r:;ltcd
specimen time ’ (ppm) | " ??;:m
(min) (ppm)
Vacuum melted ! 0-001 143
0-59 | 0 0-04 172
0-58 / 30 ' 0-19 117 ! 127
0-57 ! 60 i 0-29 114 | 85
0-56 | 90 | 036 63 | 70
* These were calculated by the reference 10).
04+ @ Observed - 200

L8 ® Esnmmed/
4
03¢ \ 150

y €
(8] o
o Q.
& 02 4100
ot
o1 - 4 50
0 t | 1 1
(0] (03] "0 I's
¢ (nr)
Fig. 11. Changes of carbon and oxygen contents

with time.

> =y
T

T, [PCC(l)] "bﬂ}lb ﬁ Ioij'ftl.//&‘/‘&_[ﬁmﬂ‘
L 6:;)

105 €5, 0o

[3)

=k(const.) E»iFDH

&, gdl,=const. ¥ BHL Otk 643 (LT
A&(l) k
4(6e)  1+k

L7=332T, CO BBHBFEL TS E (kLL), Bk

WEIEASATW T, g Dbz 04, L
@ormméhévv~7z:ﬁ&f®%5ﬂﬁbnﬁ
W EIZ DA, BERVANNEREIICERET DT
DT, TOHEIZDWTIEERTS V.

54 BHFORZEOHLEICINT

ESRDREIIEETRELD T, EFIREDHER
MPEZT, Lioho>TEE L3ERSIESHRPORED
PREEE OB S 2 v S EI, BEkRORED
VR R R L OB ELTH PRI L TH S,

%,%&¢®ﬁ$®m%ﬁ¢mféb,M@mﬁmm

LEZ DL, BEREMTORRBRERMMKFIRET
%5 FTHIRES C, THZ| t=0 TRE C, TH—5
MLTVD & EDRFRENT CrAN™ X5 &

—D(2n4 )22
C-—C, 4 = (=) Twr (2n+l)ux
ey 2 s T 707
Cl—Co :’Tn{c 272—[-1 ¢ l
—D(2n1) 222
(dC ) 4(01—00) E ( (—1)” 412
dx /e=y T -0 2n+1
2n+Drx (2n+1)7r)
21 sin 2

EERSMD—F|E LT Table 2 @ 0-67 T2 &,
C,=3-10x10-2 (mol/cm?) 1, C,=0-024x 10-2 (mol/
cm?), D=7-8x10-5 (cm?/sec) '?, (=047 (cm), =
1-8x10% (sec) Z=fRA LT

( dc = —2-75%x10-2 (mol/cm?)

dx 'y=
dC
dx )z=l

N:—D(
—7, SEBRIfE
N =394 10-7 (mol/cm?-sec)
T, FHEED 1/5°5icih, ZhhrbAREBRTIIRED
JEEESE ST 2 Wiz LT D, HEERERZEOIEED
HE5LTW5S. 7277 L, DOEMBERLRFSEREEITWE

=2'15x10-¢(mol/cm?-sec)

T B {ERREOE %iénrw DT, EDOHET HE
BV X BIAS VT D
5. & =

(1) BEHA~OBRZESEETTVTHNNL, ER

— 10 —
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FAREFHE L. #HER

I(feﬂql — K3
. ac eq
N =
Kgg , RTL |
ackKyy D FB K
THB.

(2) BSEWMTORISEDR»T OIS H O EEE
Fk X CO-CO, MEIBEMII>ED L SITkD S
s

/ 898108
B3 =2 761071 exp{ — o )
g 54:2 108
b —8:04x10-%exp( )

K RT

D=1-85%10-6x T1.98

(3) VASKOWBREE W EBIRE G E TIIEE» L&
T 5 EHITIETT 5.

(4) BESHROTROEERMSIHEMICRETET, »
HMONZ I HABEETH T RABEEIRABEBETE W
T EMFEA L 7.

REBIT, AARO—FILHEREMERICLIE &
ZECT 5. Eio, MIRETD, BRATERZVWAEL
WioHAC R EE SR W ST P RS B, Em AR, NI
I BLEREES 5 B KiC 4L L BT 72w,

! =

n@ [g-mol/sec] : VASKETE C D IR EDOHB)EE

ngire[g-mol/sec] : ' AFT D REDHB)ERE

n@lg-mol/sec] : #5774 FRETD RED BENHE
E

n[g-mol/sec] : EHARAET DEEXME D RFE DM BHHE

Ncolg-mol/cm?.sec] : HAfFTH CO 7 5 » o7 R

Neo,[g-mol/cm?-sec] : H# AP THCO, D7 T » & A

N [g-mol/cm?-sec] : EHIKAETD LERIED RED 7

g v 7 A

Alem?] : KIS RERRK

(CO), (COy) : ( ) BWEELTWBZ EE2TT

K¢q : BEFREToO COZ2(CO) HISDFHEE

K&y - EgRm T D (CO,) 2CO, KIEDEHEL
kP Koq

kD

2)
K

Ky = ! YRR T o overall ® 2CO2C+

CO, DRIGDFHEER (@c W& F
774 MEHETLS.
KR : 757 74 rFEFTHO C+CO,2CO+ (CO)

FICDFEEE
k(2)K(4) 1
K=t = 97 74 FRETO
b eq

— 11 —

overall @ C+CO,22C0 DR &GO FHER

k¢’ [g-mol/ecm?-sec] : EEARE T CO+(CO)=2C
+(CO,) WG DIES MLERE EHL

k"’ [g-mol/em? sec] : JFEFEMTH CO+ (CO)2C
+(CO,) RISDEFHELEREEE

kP [g-mol/cm?-sec] : 57 + 4 FEECTO (CO)2
CO R&DIES RLEEE ERK

ki’ [g-mol/cm?-sec] : 57 74 hEHETD (CO)Z2
CO RG> & aEE B

0co : EERERITD CO DWEZR

Co. | AR TD CO, OPWHER

08 : 757 74 VEETD O OBEEXR

ac : BEHHP DT T 7 7 4 MERORFEOER

llem] : HRAFOFEX

z[em] : Fig. 2123 \WCREAANT & D7 FEHE

[Pcoas]latm] : IBEkRIIT 1T 5 CO HE

[PcofSl[atm] @ gk (RED i&&E & TFH¥T 5 CO
S (R Lef=15KE)

[Pco. 1] [atm] : YEGKEMIT 51T 5 CO, 47 /&
[Pco,'$a] [atm] : Vikeh D REDER X T+ 5 CO,
G (o2 L&k =14%UE) :
[Pcos,1[atm] @ 752 7 4 bEMHIC KT S CO H5F
[(Peolpllatm] : TDRET 57 74 b & BT 5

CO HE (ZZLeFE=14K/F)
[Pcoypllatm] : 7757 7 4 MERMIC KT B CO, 5 E
[Pco,&i1[atm] : ZDIRETE 57 74 b & T 5
CO, 43 (F22Lefk= 15T
[CO,] [g-mol/cm?3] : 7 2> CO, JBEE
Platm] : £ (= 1&KX)
D[cm?/sec] : CO-CO, FHEILELESEL
Rlcm?*.atm/g-mol °K] : 82°1 #H zEH,
T[°K] : #&5HREE

X #k

1) %6 - 455 - 427F: 8k 23, 55 (1969) 12, p. 965

2) P. L. WALKER, Jr., F. Rusinko, Jr., and L.
G. Austin: Advance in Catalysis and Related
Subjects Edited by D. Erey, 11 (1959), p. 133,
[Academic Press]

3) JANAF Thermochemical Tables distributed by
Clearinghouse

4) P. L. WALKER, ]Jr., F. Rusinko, Jr., and L.
G. AusTiN: Advance in Catalysis and Related
Subjects Edited by D. Erey, 11 (1959), p. 163,
LAcademic Press]

5) R. B. Binp, W. E. StewarT, and E. N. LicHar-
FoOoT: Transport Phenomena (1960), [John
Wiley and Sons.]



1202 & & #©

5 58 4 (1972) 9%

6) D. Frank-KaMmeEneTskii: Diffusion and Heat
Transfer in Chemical Kinetics (1969), [Plenum
Press]

7) HBE - A - KB Fik 54 TEH 1167, 1186

8) L. PaurLmwcg: The Nature of Chemical Bond
(1960), [Cornell Univ. Press]

9) 0. 7.3 . v A¥x—, E.LL =¥ 5y v %, C.B.
Tz e 7 £EELE (1968), [EHRE]

10) %47 19 £4H: YSOREOHERFEE (1968),
[APITEEHE]

11) J.Crank: The Mathematics of Diffusion (1956),
{Clarendon Press]

12) J. F. Eruiorr, M. GLESER, and V. RAMAKRI-
sHNA: Thermochemistry for Steelmaking, Vol.
I (1963), [Addison-Wesley Pub. Reading,
Mass.]

— 12 —



