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INTRODU(=TION 

Carbon gasification reaction has been investigated for decades including the pioneering 
works of Walker and his co-workers'), but its mechanism has not been completely 
elucidated. The concept of the active surface area (ASA) was proposed by them, and its 
importance has  been recognized. However, since ASA was measured by 02 
chemisorption at  below 300 "C where carbon loss through gasification is negligible, it  does 
not reflect the actual gasification situation. To overcome this weak point, measurements 
of ASA in a batch reactorz-4) and the so-called transient kinetic (TK) method were 
proposed5t6). Ahmed and Back4) successfully measured the chemisorbed oxygen during 
the gasification using a batch reactor, and proposed a new mechanistic sequence for 
carbon-oxygen reaction which stresses the importance of the reaction between the 
gaseous oxygen and the chemisorbed oxygen. Radovic et  al.'s8) proposed the concept of the 
reactive surface area (RSA), and reported excellent proportionality between the C02 
gasification rate and the RSA estimated by the TK and the TPD methods. Kapteijn e t  
al.9JO) showed that the TK method with labeled molecules is more powerful to examine 
the mechanism. They found the presence of two types of surface oxygen complexes which 
desorb a t  different rates. 

Although the TK method is powerful, the method can trace only the desorption 
phenomena after a step change from an oxidizing gas stream to an inert gas stream. On 
the other hand, the step response technique changing an isotope stream to another 
isotope stream step-wisely enables us to observe in situ transient behavior without 
disturbing the reaction system if we can trace the change in all isotope species. This 
technique has been recently applied to carbon-oxygen reaction by Kyotani et  al.11) 

The authors have recently proposed a Square-Input Response (SIR) method as a 
modification of the step response technique'2). When we apply the SIR technique to 
carbon-oxygen reaction, we change the reactant stream containing 1'302 step-wisely to the 
1% containing stream a t  a certain instant, and after a predetermined time interval we 
change the 1802 stream backwardly to the 1602  stream. This method enables us to 
observe transient changes on two step changes, to minimize the usage of expensive 
isotopes, and to facilitate the establishment of the balance of the isotope supplied as  the 
square-input. We have successfully applied this technique to the analysis of a coal char 
gasification and to the analysis of the stabilization reaction of carbon fiber13). 

In this work the SRI technique was applied to the analysis of carbon-oxygen reaction to 
examine the reaction mechanism presented by the authors14), and to determine the rate 
constants of elementary reactions. 

EXPERIMENTAL 

A mineral-free carbon black (CB) was used in this study. It was provided by Mitsubishi 
Chemicals and had the designation CB-30. The ultimate analysis of CB is C: 99.1%, H 
0.88, and 0: 0.1% on weight basis . 
Figure 1 shows the apparatus used for the gasification experiments. About 3 to 12 mg of 
CB were embedded in a reactor made of quartz tube (4mm in ID and 30 cm in length). 
They were heated to 900 OC in a helium stream and held a t  this temperature for 10 
minutes. Then they were cooled to a constant temperatures of 550, 570, or 600°C. To start 
the gasification, the helium stream was changed to the 1% stream diluted by helium 
(22% conc.), whose flow rate was regulated by a mass flow controller a t  50 mumin. A 
part of the product gas was introduced to a presspre regulated section via a valve (V-2). 
The pressure of this section was kept a t  a few mmHg by regulating the opening of the 
valve V-2. Only a small amount of gas was introduced from this section t o  a mass 
spectrometer (MS; Nichiden Anerva, AGSPllR), where signals for mass numbers of 28, 
30, 32, 36, 44, 46, and 48 were continuously detected. To minimize the delay of the gas 
analysis from the gas formation, a small tubing (1/16 inch OD) was used and the gas flow 
in the pressure regulated section was designed as  shown in the bottom of Fig. 1. The 
main flow exiting the reactor was led to a gaschromatograph (GC), where it was analyzed 
in every 10 minutes to determine precisely the concentrations of CO, 02 ,  and C02. By 
referring to these concentrations the signals of the MS were calibrated in every 10 
minutes. Then the concentration of CO, 0 2 ,  and C 0 2  in the product gas could be 
measured continuously and precisely.' 

The pure l80 isotope (ISOTEC Inc.) containing 99.2 mol % 180  was used for the SIR 
experiment. The isotope diluted by helium (22% 1802 conc.) was stored in a sample loop of 
about 50 ml as shown in Figure 1. When the conversion of CB reached 10 %, the 6-way 
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valve (V-I) was switched. Then the helium stream containing l e 0 2  pushed out the l802 
containing gas in  the sample loop to the reactor. The 1802 containing stream was 
supplied for about 1 min, and then the stream returned again to the stream containing 
only W2. After the elapse of 20 min the temperature was raised to 900°C to combust the 
Sample, and the 180 retained in the sample was detected as Cleo, Cl8OO, and clack?. 
Using this technique, the exact 180 balance could be established after changing the '@2 
containing stream to the stream containing only 1602.  The experiments using 1:l 
mixture of 1602 and 1802 as the square-input were also performed to examine probable 
isotope exchange reactions. The experiments using pure He as the square-input were 
also performed. The experiments are performed to compare our results with those 
obtained by the so called TK experiments. 

RESULTS AND DISCUSSION 

Figures 2a and 2b show typical SIR results, where the formation rates of CQ28), CQ30). 
cO2(44), CO2(46), and Coz(48) and the flow rate of Oz(36) are shown against the reaction 
time. Hereinafter, the isotopes are represented by the molecular weights in the brackets 
following the molecular formula. Figures 2c and 3, respectively, show the results obtained 
using the square-inputs of the 1:l mixture of 1602 and 1802 and the pure He under the 
same experimental conditions as those in Fig. 2b. 

First, we consider CO formation in Figs. 2a and 2b. On the step change from the 1 6 0 2  
stream to the '802 (abbreviated to the 160#802-step) the CO(28) formation rate decreased 
rapidly t o  a half or so, and then decreased gradually. The CO(30) formation rate 
responded almost instantaneously to the step change to increase a certain level, and 
increased gradually. On the step change from the l8Oz stream to the 1% (the 180dl6qt 
step) almost reverse responses were observed. The CO(28) formation rate increased 
rapidly at  first, then increased gradually. The CO(30) formation ra te  decreased 
instantaneously on the step change to a small value, then decreased gradually. These 
results clearly show that CO is formed a t  least two reactions. The gradual formation of 
CO(28) and CO(30) without the corresponding oxygen isotopes in the gas phase indicates 
that these are produced from the chemisorbed oxygen. The rapid changes of the 
formation rates of both CO(28) and CO(30) on the step changes are associated with the 
reaction between the gas phase oxygen and the active site. 

The COz formation rates are considered next. On the 1602/1802-step the CO2(44) 
formation rate responded almost similarly as the CO(28) formation rate. The COd46) 
formation rate increased rapidly on the step change, but started to decrease gradually 
after reaching a maximum. The Coz(48) formation rate responded slowly to the step 
change, but it increased monotonously. On the 180d160rstep the COz(44) formation rate 
again responded almost similarly as the CO(28) formation rate. The Coz(46) formation 
rate decreased rapidly first, and then decreased gradually. The C02(48) formation rate 
decreased rapidly to a very small value, then decreased gradually. These results indicate 
that COz is formed by several reaction paths: both the reaction between gaseous oxygen 
and chemisorbed oxygen and the reaction between chemisorbed oxygens are judged to be 
significant. 

Both the total CO formation rate (the sum of the formation rates of CO(28) and CO(30)) and 
the total COz formation rate (the sum of the formation rates of C02(44), CO2(46), and 
coz(48) )change little during the SRI experiments as shown in Figs. 2a to 2c. This 
indicates that  the SIR experiment using 1 8 0  is powerful to examine the reaction 
mechanism without disturbing the steady state of reaction as expected. This conclusion 
is further substantiated when comparing Figs. 2b and 3. The response behavior of CO(28) 
and COz(44) in Fig. 3, which is the TK experiment, is significantly different from that in 
Fig. 2b. The gradual formations of both CO(28) and COz(44) observed in Fig.2b were not 
observed in Fig. 3. This means that the rate parameters determined by the TK method is 
different from those under the gasification of steady state for a t  least this reaction system. 

We presented the following gasification mechanism for carbon oxidation based on the 
pulse experiments using 1802 i~0tope14). 

2 C f + @  + c(O)+CO [I1 
2 C f + @  -) 2C(O) [21 

c(0) -) CO+Cf (*) 131 
141 

a01 + C(0) -) c o 2  + Cf ( 8 )  [51 
c(0) + C(0) -) C(0) + C(0) El 

Cf + C(0) + 0 2  -) C(0) + c o p  + Cf 

where Cf and C(0) represent the free active site and the chemisorbed oxygen, respectively., 
We assumed that these reactions proceed only when gaseous oxygen is present. The 
mechanism is close to that proposed by Ahmed et  aL4) One of the great differences is that 
we assume the amount of the short-lived oxygen is immeasurably small as Walker et d. 
assumed i n  the earlier pap$). In  other words, we assumed that the short-lived oxygen 
is formed through Eqs. 1, 2, 4 and 6 only when gaseous oxygen interacted with carbon 
surface and the oxygen complex. The reactions in which only the short-lived oxygen 
surface intermediate participates are marked by an asterisk (*). 

The validity of the proposed mechanism can be examined in more detail using the resulta 
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obtained in this work. The balance of the 180 after the 1802/1602-step is easily established 
as stated above, because we analyzed all the 180 containing species including the amount 
of 180 retained in the sample. Then the amount of chemisorbed oxygen, n0(18), a t  a 
certain time is estimated by summing up the 180 evolved as C0(30), COA46), and CO2(48) 
from the end of the reaction. Utilizing the no(18) values estimated, the formation rates Of 
CO(30) and COz(46)were plotted against no(18) in Figures 4a and 4b a t  three reaction 
temperatures. Both rates increased with the increase of n0(18) as  expected, but linear 
relationships did not hold. Since CO(30) is produced via Eq. 3, the CO(30) formation rate 
should be directly proportional to no(18) if CO(30) was produced from only the stable 
oxygen complex. However, this was not the case, indicating that the contribution of the 
short-lived oxygen must be taken into account to explain the CO(30) formation. The 
relationship between the COz(46) formation rate and n0(18) in Fig. 4b cannot be explained 
by only Eqs. 4 and 5 as far as we assume only single oxygen complex. 

Then the mechanism was rewritten assuming two active sites, CA and CB. and in  
consequence two oxygen complexes, CA(O) and CB(O), as follows: 

CA+@ -+ CA(o)+Co ;rlA [fl 
CB+@ -+ CB(o)+Co ; rlg [El 

2cA+o2  -+ 2cA(o) ; r2A [91 
2cB+@ -+ zcB(0)  ; r B  [lo1 

CA(0) -+ co+cf ; r3A [Ill 
CHO) -+ CO+Cf ; r s  [ E l  

CA+ CA(0) + 0 2  -+ c 0 2  + CA(0) ; r4A [I31 
CA + CB(0) + 0 2  -+ c o 2  + CA(0) ; r a  [I41 
CB + CA(0) + 0 2  -+ COP + CBO) ; r 4 c  [I51 
CB + CB(0) + 0 2  -+ COS + CBO) : rqD [I61 

CA(O)+CA(O) -+ CO2 : r5A [I71 
CA(O)+CB(O) -+ COz : r s 3  [I81 
CB(o)+CB(o) -+ c 0 2  ; r z  [I91 

where CA(O) and Cg(0) represent the short-lived oxygen complex and the stable oxygen 
complex, respectively. The contribution of Eq. 6 was neglected, because the amounts of 
CA(O) and CB(O) do not change through the reaction. r lA  to r z  represent the reaction 
rates. 

The validity of the reaction mechanism was tested using the change in the l80 containing 
species after the 189/1602-step. The mechanistic sequence for this case is simplified a s  
follows: 

cA(l80) -+ cl80 [ZOI 
cB(180) -+ c180 (211 

CA+CA(180)+@ -+ c1800+cA(o)  + c f  [221 
CA + cB( + 0 2  + c1800 + CA(0) + cf [231 

cA(l80) + CA(0) -+ Cl8oo + cf [%I 
CA(0) + c&%) -+ c1800 + cf [%I 
c&l80)+  CB(0) -+ C l 8 o o  + cf [%I 

cA(l80) + cA( l80) -+ 0% + cf [Wl 
c A (  + cB( l80) -+ cl% + cf [%I 
c&l80) + cB( '80) -+ cl% + cf [291 

Under the steady state gasification the total amount of chemisorbed oxygen, no,  is kept 
constant, and both nOA and noB Then the following 
relationships would hold: 

would be kept constant. 

nOA + nOB = n o  (constant) [301 
I311 
[321 

nO~(16)  + nOA(18) = nOA (constant) 
nOg(16) + nOg(18) = n0B (constant) 

Using the data for the changes in the l80 species after the 180d1602-step and the 
relationships of Eqs. 30 to 32, we could determine the reaction rate constants, k 3 ~ ,  k 3 ~ .  
~ ~ A [ C A ~ + ~ ~ B [ C A I ,  ~ ~ C [ C B I + ~ ~ D [ C B I ,  k w ,  km. and k x ,  and the values of nOA, nOB, and 
nowhich appear in rw,  r 3 ~ ,  r4.b r a ,  r c ,  r 4 ~ ,  r5.4, r 5 ~ ,  and r z .  Then the rate 
constants, klA+km, and ~ ~ A [ C A ~ + ~ ~ B [ C B I  could be estimated using the change in  the 
formation rate of CO(28), the relationship of Eq. 30 and the parameters determined above. 
Thus all the rate constants were estimated, although some can not be determined 
independently. The rate constants a t  570°C are shown in Table 2, and the calculated 
curves using these parameters are compared with the experimental data in Figure 5. 
Fairly good agreements were obtained between the calculated curves and the 
experimental data over the whole course of gasification, although most of the parameters 
were estimated using the changes in the species after the 1802/1602-step. We could 
estimate the amounts of both noA and nOB, and could clarify that nOA is much smaller 
than noB. These results seem to support the validity of the mechanistic sequence given 
inEqs.7to19. 

At 570°C the ratio of r a + r i B  : r a  : r3g for the CO formation was 4 : 3 : 3, and the ratio of 
r w + r m  : r c + r 4 ~  : r 5 ~  : r m  : r z  for the CO2 formation was 4 : 4 : 1 : 2 : 2. These values 
clearly indicate the importance of the direct reactions between the active site and the 
gaseous oxygen as well a s  the desorption and/or reaction of chemisorbed oxygen(s), 
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supporting the observations given in Figs. 2a to 2c. 

CONCLUSION 

A square-input response (SIR) technique was applied to analyze the carbon-oxygen 
reaction. Actual in situ transient behaviors of isotopes were successfully traced. Most 
significant findings are as follows: Existence of two oxygen complexes, one is short-lived 
and the other is rather stable, was clarified, and their amounts were estimated. The 
importance of the direct attack of the gaseous oxygen to the active site andor  the 
chemisorbed oxygen was clarified. In addition, the significant contributions of the 
desorption of the oxygen complex and the reaction between the complexes to the 
gasification reaction were notified. The TK method was found not to reflect in situ 
desorption behavior of the oxygen complex a t  least for the reaction system studied here. 
Relative importance of elementary reactions was cIarified. Further investigation is under 
way to examine the soundness of the proposed reaction mechanism and the determined 
rate parameters. 
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Table 1 The Rate Cnstanta at 610 OC 
k,+k, 1.58 min.'.kg.'-atm.' 

k,&2J+l+t[~] 1.78 min~'-kg"-atm~' 
k, 1.1 min" 

ka, 0.075 min" 
(k,+ka)[CAl 4.5 min".atm" 
(k,+k,)[C,I 0.35 rnid'satn.' 

kM 1.2 kg.mol.'.min.' 
kea 0.078 kg.mol-'.min-' 

prraw caow Udt 

Figure 1 Experimental Apparatus 
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