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1. Introduction 
A substantial portion of the world’s energy requirements is met directly 

or indirectly through the utilization of the gas reactions of carbon and car- 
bonaceous materials. To be particularly considered are the reactions of 
oxygen, steam, carbon dioxide, and hydrogen with carbon. The exothermic 
reaction of carbon with oxygen has been, and still is, the major source of 
energy in the world. The endothermic reaction of carbon with steam pro- 
duces carbon monoxide and hydrogen, which are used either directly as 
gaseous fuels or as synthesis gas can be converted catalytically to a series 
of hydrocarbon fuels or organic chemicals, Since carbon dioxide is a direct 
product of the carbon-oxygen reaction and an indirect product of the 
carbon-steam reaction through the water-gas shift reaction, the secondary 
reaction of carbon dioxide with carbon in fuel beds is closely tied to the 
former gas-carbon reactions. The reaction of hydrogen with carbon to 
produce methane is not of great industrial significance at the moment but 
appears to have an important future. 

The gas-carbon reactions have other major contributions besides those 
related directly to fulfilling our energy requirements. Active carbons are 
produced almost entirely through the activation of carbonaceous materials 
with steam and/or air. The regeneration of coked or spent catalysts by 
burning the coke with air is an essential part of the process involving the 
catalytic cracking of petroleum. The production of carbon monoxide and 
hydrogen, which serve as reducing agents for the direct processing of ores, 
shows considerable promise. 

Paradoxically, there is a necessity in many operations for retarding the 
gas-carbon reactions. When carbon is used as an electrode material, it is 
desired that the carbon not react with either the carbon dioxide produced 
by reduction of the ore or with the ambient atmosphere, Carbon has ex- 
cellent high-temperature strength properties which suggest its use for 
nozzles in rockets and nose cones in missiles, but again good oxidation re- 
sistance is a necessity. Graphite is being used to a considerable extent as a 
moderating material in atomic reactors; and when carbon dioxide is used 
as the coolant, its reaction with the graphite can be a problem. 

Even though the gas-carbon reactions have been an integral part of our 
industrial economy for many years, a fundamental understanding of their 
reaction mechanisms and kinetics has lagged far behind their practical use. 
This primarily has been caused by the lack of experimental techniques to 
define the properties of one of the reactants-the carbon. With the rela- 
tively recent ability to determine quantitatively such properties of solids 
as surface areas, pore distributions, crystallographic parameters, average 
crystallite sizes, chemisorption of gases, trace impurities, rates of internal 
gas transport, and electronic properties, the possibility of clearly under- 
standing the gas-carbon reactions is closer at hand. Certainly, workers in 
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the field of catalysis, who have employed many of the above experimental 
techniques to describe their catalysts, have, in recent years, made rapid 
strides at  understanding reactions occurring on solid surfaces. Conse- 
quently, many of the concepts developed by workers in the catalysis field 
have been used extensively by the authors and other workers studying the 
gas-carbon reactions. Even more extensive use of these connecting and re- 
lated concepts is to be encouraged. With this main purpose in mind, this 
article has been written. 

In this article, the authors have attempted to supply a reference to the 
majority of pertinent papers on gas-carbon reactions. Reasons for the 
large amount of apparently conflicting data on orders and activation 
energies for the reactions are advanced. A detailed quantitative discussion 
of the role which inherent chemical reactivity of the carbon and mass 
transport of the reactants and products can play in affecting the kinetics 
of gas-carbon reactions is presented. The possibilities of using bulk-density 
and surface-area profile data on reacted carbons for better understanding 
of reaction mechanisms is discussed. Finally, some factors, other than mass 
transport, affecting gas-carbon reactions are reviewed. 

It. Thermodynamics of Gas-Carbon Reactions 

A. HEATS OF REACTION 

Heats of reaction at 18" and 1 atm. for the important gas-carbon reac- 
tions are presented. When secondary and/or concurrent reactions are pos- 
sible, data on these reactions are included. In the equations, the carbon is 
taken to be in the form of &graphite. On the basis of @-graphite having a 
zero heat of formation, various types of amorphous carbons are reported 
(1) t o  have positive heats of formation (+AH) ranging from 1.7 to 2.6 
kcal./mole : 
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4 

-20.81 
-13.28 
-8.74 
-5.72 
-3.58 
-1.97 
-0.71 
$0.28 
$1.08 
+1.76 
+2.32 
+2.80 
- 

TABLE I 
Equilibrium Constants for Gas-Carbon and Associated Reactions 

5 

-15.86 
-10.11 
-6.63 
-4.29 
-2.62 
-1.36 
-0.37 

~~ 

+0.42 
+1.06 
S 1 . 6 0  
+2.06 
+2.44 
- 

Temperature, 
O K .  

300 
400 
500 
600 
700 
800 
900 

lo00 
1100 
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1300 
1400 
4000 

1 

+68.67 
+51.54 
+41.26 
+34.40 
+29.50 

-+25.83 
$22.97 
+20.68 
+18.80 
+17.24 
+15.92 
+14.78 
+5.14 

2 

+23.93 
+19.13 
+l6.26 
+14.34 
+12.96 
+11.93 
+ll .  13 
+10.48 
+9.94 
+9.50 
+9.12 
+8.79 
+5.84 

3 

+44.74 
+32.41 
$25.00 
S20.06 
+16.54 
+13.89 
+11.84 
+10.20 
+8.86 
+7.74 
+6.80 
$5.99 
-0.70 

6 

+4.95 
+3.17 
$2.11 
+1.43 
+0.96 
+O. 61 
+0.34 
+0.14 
-0.02 
-0.16 
-0.26 
-0.36 
- 

7 

+8.82 
+5.49 
+3.43 
+2.00 
+0.95 
+0.15 
-0.49 
-1.01 
-1.43 
-1.70 
-2.10 
-2.36 
- 

B. EQUILIBRIUM CONSTANTS AND PRODUCT-REACTANT RATIOS 
Equilibrium constants for the gas-carbon arid associated reactions ( 1 ) 

to  (7 ) ,  listed in the previous section, are presented in Table I. The indi- 
vidual concentrations of the species in the equilibrium constants are ex- 
pressed as partial pressures in atmospheres. From the data (see ref. 2 ) ,  
it is evident that the oxidation of carbon to carbon monoxide and carbon 
dioxide is not restricted significantly by equilibrium Considerations at  tem- 
peratures even up to 4000'K. 

Figures 1 to  3 present calculated equilibrium molar ratios of products to 
reactants as a function of temperature and total pressure of 1 and 100 atm. 
for the gas-carbon reactions (4), (7 ) ,  and (5) ,  ( G ) ,  (4), (7 ) ,  respectively. 
Up to  100 atm. over the temperature range involved, the fugacity coeffi- 
cients of the gases are close to 1; therefore, pressures can be calculated 
directly from the equilibrium constant. From Fig. 1, it is seen that a t  tem- 
peratures above 1200°K. and at  atmospheric pressure, the conversion of 
carbon dioxide to  carbon monoxide by the reaction C + COn F? 2CO 
essent ially is unrestricted by equilibrium considerations. At elevated pres- 
sures, the possible conversion markedly decreases; hence, high pressure has 
little utility for this reaction, since increased reaction rate can easily be 
obtained by increasing reaction temperature. On the other hand, for the 
reaction C + 2H2 S CHI , the production of mrthnne is srriously liniitcd 
a t  one atniosphcre pressure and practical opcrating temperatures, as see11 
in Fig. 2. Obviously, this reaction must be conducted a t  elevated pressures 
to  realize a satisfactory yield of methane. For the carbon-steam reaction, 
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TOTAL PRESSURE 

0 - I ATM. 

0 - 100 

FIG. 1. Equilibrium carbon monoxide-carbon dioxide ratio as a function of tem- 
perature and pressure for the reaction C + COz F? 2CO. Perfect gas law assumed. 

it is seen in Fig. 3 that the nniounts of carbon monoxide and hydrogen 
which can be produced above 1100" K. up to  100 atm. pressure are essen- 
tially equal, even when tJhe possible side reactions are considered. How- 
ever, as in the carbon-carbon dioxide reaction, the possible extent of con- 
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and 

version of the steam to carbon monoxide and hydrogen decreases with 
increasing total pressure. 

111. Review of General Mechanisms for the Gas-Carbon Reactions 

A. GENERAL REMARKS 
A large amount of evidence has been accumulated which shows that, one 

of the steps involved in a gas-carbon reaction is the chemisorption of the 
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FIG. 3. Equilibrium product-steam ratios as a function of temperature and pres- 
C o t  + Hz , C + COz F? sure for the reactions C + H20 & CO + HZ , CO + HzO 

2C0, and C + 2Hz F? CH4 . Perfect gas law assumed. 
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gas (in whole or in part) on the carbon surface. Further, it is known that 
some of the products of the gas-carbon reactions chemisorb on the carbon 
surface under certain conditions. Therefore, an understanding of the chemi- 
sorption of gases on carbon is essential to  the understanding of the gas- 
carbon reactions. The modern concepts of chemisorption of gases on solids, 
including carbon, are reviewed by Trapnell ( 3 ) .  

Briefly, workers are in agreement that the chemisorption of gases on 
carbon occurs on a relatively small fraction of the total surface. On four 
amorphous carbons, Loebenstein and Deitz ( 4 )  find oxygen to  chemisorb 
on less than G % of the total surface a t  200". Savage (6) reports that up to 
4 % of a freshly formed graphite "wear-dust" surface chemisorbs hydrogen 
and water vapor. Methane is chemisorbed on ca. 2 %  of the surface. Even 
nitrogen is cheniisorbed on ca. 0.4% of the surface. No chemisorption of 
helium or argon is found. Gadsby and co-workers ( 6 )  find that only ca. 
0.5 % of a charcoal surface chemisorbs carbon monoxide a t  850". Keier and 
Man'ko ('7) find that the rate of chemisorption of oxygen (at  182') and 
hydrogen (at  485") by carbons is markedly affected by the type and 
amount of mineral impurity present. 

Zelinski (8) finds that oxygen chemisorbed on artificial graphite imparts 
eithcr oxidizing or reducing power to  the surface, depending upon the ad- 
sorption temperature and oxygen pressure. Many workers find that the 
exposure of carbons to  oxygen or carbon dioxide at  different temperatures 
and pressures drastically changes the acid and base-adsorbing power of the 
surface. Studebaker and co-workers ( 9 ) ,  Garten and Wciss ( l o ) ,  and 
Graham (11) have looked a t  the nature of carbon-oxygen complexes on 
carbon Rurfaces in considerable detail. Probably the major conclusion to  he 
drawn from the numerous findings is that there is more than one type of 
carbon-oxygen complex which can form on a carbon surface. 

Workers find that the chemisorbed oxygen species never can be removed 
from the carbon surface as such. When the surface is degassed, the oxygen 
is removed as oxides of carbon. Upon outgassing carbons at  elevated tem- 
peratures, Anderson and Emmett ( l a ) ,  Carter and Greening ( I S ) ,  and 
Norton and Marshall (14) find that considerably more carbon monoxide 
than carbon dioxide is released. The majority of the carbon dioxide is re- 
leased at  temperatures below GOO", and the majority of the carbon monox- 
ide is released at higher temperatures. The workers do find that hydrogen 
can be desorbed from carbon as such, with the majority of it being released 
at  temperatures above 900". 

In chemisorption, i t  is known that the surface atoms must have free 
valence electrons in order to  form strong chemical bonds with gas mole- 
cules or atoms. Much recent work (16-18) using electron paramagnetic 
resonance absorption techniques has confirmed the presence of unpaired 
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electrons in various t,ypes of carbons. Observing the marked effect of ex- 
posure of carbon to  oxygen on the nature of the resonance absorption, 
Ingram and Austen ( 1 5 )  conclude that these unpaired electrons are located 
primarily at, or close to, the carbon surface. Ingram and Austen (16) and 
Winslow and co-workers (16) find that the number of unpaired electrons 
is a complex function of carbon heat-treatment temperature, apparently 
being affected primarily by the number and nature of imperfections in the 
carbon structure. 

It is not surprising that chemisorption experiment,s have shown the 
carbon surface to  be heterogeneous. In addition to the normal sources of 
heterogeneity (holes and dislocations in the lattice), carbon is a multi- 
crystalline material, which means that its surface, in most instances, will 
be composed of different crystallographic planes. The crystallites in carbon 
are also of widely varying size, ranging from 10 A. in some amorphous 
materials up to  thousands of angstroms in natural graphite. The degree of 
heterogeneity in carbon surfaces will vary depending upon the percentage 
of different crystallographic planes composing the surface and their size. 
More will be said about the possible relation between the surface hetero- 
geneity of carbon and its gas reactions later, but it is well t o  keep this 
heterogeneity in mind while discussing mechanisms and kinetics. 

B. MECHANISMS 

1. Carbon-Oxygen Reaction. The major question concerning the mech- 
anism of the carbon-oxygen reaction has been whether carbon dioxide is a 
primary product of the reaction of carbon with oxygen or a secondary prod- 
uct resulting from the gas-phase oxidation of carbon monoxide. The obvious 
experimental approach to  answering this question has been to  retard the 
gas-phase oxidation of carbon monoxide. Mainly, this has been done by 
three methods: (1) use of low pressures (19-23), (2) use of high gas veloci- 
ties (24-27)) and (3) addition of substances known to inhibit the oxida- 
tion of carbon monoxide (24, 28-31). Other workers (32, 33) have con- 
ducted the carbon-oxygen reaction at sufficiently low temperatures to  be 
able to  assume that the rate of carbon monoxide oxidation is negligible. 
Almost total agreement has been reached that both carbon monoxide and 
carbon dioxide are primary products of the oxidation of carbon, or that 

(1) 2 c /  + O d d  -+ 2C(O)  + 2CO(g) 

(2)  CI + OZ(6) + C ( 0 2 )  + C O d d  

where C, represents a carbon-free site capable of reaction and C(0)  and 
C(0Z) represent a chemisorbed oxygen atom and molecule. Likewise, it is 
agreed by most workers that the primary CO-C02 ratio increases with 
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increasing reaction temperature. Using a flow method and POC1, to  inhibit 
the gas-phase oxidation of carbon monoxide, Arthur (SO) determined the 
CO-CO2 ratio for two carbons of widely different reactivities a t  atmospheric 
pressure in the temperature range 460 to  900". For these two carbons, he 
finds that the CO-COa ratio can be expressed as  

(1) 
over the entire temperature range. Rossberg (Sf?), using two different 
carbons and thoroughly drying his oxygen to  prevent secondary oxidation 
of carbon monoxide, finds that the temperature dependence of the CO-COz 
ratio over the temperature range 520 t o  1420" is quite similar t o  that found 
by Arthur. Arthur and Rossberg feel that the reaction C + COZ + 2CO 
is not a factor in affecting the CO-COa ratio even at  the highest tempera- 
tures which they use. Arthur also states that CO-COa ratios predicted from 
Equation (1) over the temperature range 900 to  2000" are consistent with 
the relative rates of formation of these two species observed by other 
workers (20, 22, 23) in low-pressure experiments a t  these temperatures. 

Lewis and co-workers ($3) investigated the oxidation of carbon at  a total 
pressure of 1.1 atm. in a fluidized bed. They confirm that carbon dioxide is 
a primary product of carbon oxidation, but find that the CO-COz ratio is 
essentially constant below 520" and is equal to  ca. 0.3. According to  Equa- 
tion ( l ) ,  the CO-COz ratio a t  520" should be ca. 0.9. In agreement with 
Arthur's findings, Lewis and co-workers report that the CO-COz ratio is 
relatively independent of the carbon types which they used-hardwood 
charcoal, metallurgical coke, and natural graphite. 

Day (24), studying the carbon-oxygen reaction a t  atmospheric pressure 
and high gas velocities, finds the CO-CO2 ratio to  be independent of oxygen 
concentration in the range of 37 to  99.6 mole % a t  a total gas velocity of 
20,000 ft./min. over the temperature range 1300 to 1900". He also finds the 
CO-COz ratio to  be independent of gas velocities between 10,000 and 60,000 
ft./min. over the same temperature range. At somewhat lower gas veloci- 
ties (5,000 ft./min., for example), the products leaving the carbon surface 
are not removed rapidly enough, and gas-phase oxidation of the carbon 
monoxide is in evidence. Day finds that the type of carbon reacted does 
affect the CO-COa ratio under otherwise identical conditions. For example, 
graphitized lampblack-base electrodes have ca. a sevenfold smaller CO-COz 
ratio at comparable temperatures than do the corresponding ungraphitized 
electrodes. Day finds that the CO-COZ ratio increases exponentially with 
temperature between 1500 and 1900", but its magnitude is substantially 
less than that predicted by Equation (1 ). At 2100", the maximum CO-COP 
ratio found is ca. 28 compared with a predicted ratio of 123. Day concludes 
that carbon dioxide is a primary product of carbon oxidation. 

Arthur and co-workers (34) have made a study of a number of inhibitors 

CO/COz= 103.4~e-12-m/RoT 
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of the oxidation of carbon monoxide. They find that the best vapor in- 
hibitors are the phosphorus halides and suggest that their main purpose 
is to remove water molecules from the gas phase. Many workers, including 
Walker and Wright (36) ,  have shown that water increases the oxidation 
rate of carbon monoxide. Arthur and Bowring (36) also find that inorganic 
halides (particularly copper chloride) deposited on carbon markedly in- 
crease the CO-C02 ratio. 

In summary, it is found that 
1. Carbon dioxide, as well as carbon monoxide, is a primary product of 

carbon oxidation. 
2. The ratio of the primary products, CO/CO,, generally is found to 

increase sharply with increasing temperature. 
3. It is not well established that the magnitude of the ratio of the pri- 

mary products is solely a function of temperature and independent of the 
carbon reacted. Lack of agreement between workers could be caused either 
by the inability to prevent completely secondary reactions which will 
change the CO-C02 ratio or by actual variations in the primary CO-COa 
ratio coming from different carbon surfaces. 

2.  Carbon<arbon Dioxide Reaction. There is general agreement (6, 37- 
42) that experimental data on the rate of gasification of carbon by carbon 
dioxide fit an equation of the form 

where pcoq and pco are the partial pressures of carbon dioxide and carbon 
monoxide and the constants kl , k 2 ,  and k) are functions of one or more rate 
constants. There are several hypothetical mechanisms which give the re- 
quired form of rate Equation (2). A completely general expression is difficult 
to formulate, but the following steps may be postulated: 
(1) c, + C O d d  C(C02) 

(2) 

(3) c, + C ( 0 )  F? C(C0)B  

(4) 

c, + C(C02) Ft C ( 0 )  + C(C0)A 

C(C0)A Ft C O ( d  + c, 
(6) C ( c 0 ) B  F! cob) + c, 
(6) 

This is analogous to the general scheme used to represent a catalytic reac- 
tion : 
(1) S + R a S R  

(2) SR F! SP 

C O ( d  + c, * C(C0)C 

(3) S P F ! S + P  
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where S represents the catalytic surface, R represents the reactant( s), and 
P represents the product (8). 

To reduce to the simple rate Equation (2) ,  it is necessary that some of 
the steps in the general scheme occur at a negligible or an extremely fast 
rate. It has been observed (37) that carbon monoxide gas is an immediate 
product of the chemisorption of carbon dioxide on carbon and that the 
adsorption of carbon dioxide is not reversible to give immediate desorption 
of carbon dioxide. Therefore, it may be assumed that the lives of C(C02) 
and C( CO), are short. Consequently, the general expressions can be sim- 
plified to  

(1) CI + COdQ) @ C(0)  + CO(d 

(2) 

(3) 

c/ + c(0) @ C(C0)B 

C(C0)B ’# c o ( g )  f Cf 

(4) CO(I7) + c, ’# C(C0)C 

There is the further possibility that the transition Cj + C ( 0 )  4 C ( C O ) B  
is either slow (Case 1) or fast (Case 2) in comparison with C( CO) ---f 

CO(g) + Cf . The rate expression to be derived is the same in either case, 
but the interpretation of the individual rate constant, j ,  , in Equation (5)  
will be different. When Case 1 holds, j 8  represents the rate constant for the 
surface rearrangement; when Case 2 holds, j 8  represents the rate constant 
for the desorption of (CO)s. It is not possible, on the basis of present 
experimental evidence, to decide which case is operative. It is conceivable 
that each case will be operative but in different temperature ranges. Assum- 
ing for the moment that Case 1 holds, the general expressions given above 
can be simplified to 

(1) Cf + CO,(S) Ft C(0) + C0(!.7) 

Equation (2) can now be shown to be consistent with at least two mech- 
anisms where carbon monoxide retards the gasification reaction. Mechanism 
A applies where the rates of the back reactions of reaction ( 1  ) and (2) are 
negligible. 

Mechanism A :  

(1) c, + CO&) -% C(0)  + CO(I7) 

(2) C(0)  3 CO(g) 

(3) 
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in which il , j 3 ,  iz , and j z  are the rate constants for these reactions. At 
steady state, the rates of formation and removal of the surface complexes 
are equal. If el and e2 are the fractions of the active surface covered by 
oxygen atoms and by carbon monoxide molecules, respectively, then the 
relative number of active carbon free sites (C,) can be expressed as ( 1  - 
el - 02). Therefore, 

which gives 

ilPC0, 

i2 il 
Rate = j3el = 

1 + 32  7-  pc, + 3 3  T pco, 
( 5 )  

which is identical to Equation (2) ,  where kl = i~ , k2 = iz/j2, and k3 = 

i d j 3 .  
Mechanism R applies where the rate of the back reaction of reaction (2) 

Mechanism I?: 
is negligible and where reaction (3)  is not import:int,. 

(2) C ( 0 )  L CO(g) 

Equating the rates of formation and removal of C ( 0 )  and again letting 8, 
be the fraction of active surface covered by oxygen atoms, 

ilPC0, 

5 il 
1 + 7 pco + 7- pco, 

Rate = j361 = 

3 3  33 

which is again identical to  Equation (2),  where kl = il , kz = j 1 / j3 ,  and 

Mechanisms A and B both state that carbon monoxide retards the 
gasification of carbon by carbon dioxide by decreasing the fraction of the 
surface which is covered by oxygen atoms under steady state conditions. 
In  mechanism A ,  el is decreased by the chemisorption of carbon monoxide 
by a fraction of the active sites. In  mechanism B, is decreased by the 
reaction of a portion of the chemisorbed oxygen with gaseous carbon 
monoxide to  produce gaseous carbon dioxide. Reif (37) shows that only one 
of these reactions can control retardation at  one time. 

Gadsby and co-workers (6) support mechanism A for a t  least three 
reasons. First, experiments were performed in which mixtures of carbon 

k, = ' i l / j 3 .  
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dioxide and carbon monoxide in varying proportions were introduced to 
charcoal at  750" for a period of 20 min., after which the quantity of oxygen 
adsorbed on the surface was determined. They report that a wide variation 
in the final pressure of carbon dioxide was not accompanied by a cor- 
responding change in the amount of oxygen complex adsorbed but followed 
more closely the smaller variation in the final pressure of carbon monoxide. 
This led to the conclusion that a large part of the oxygen on the surface at 
the end of this time interval was probably due to the adsorption of carbon 
monoxide. 

Second, assuming mechanism B to' be correct, Gadsby and co-workers 
find an activation energy of - 16.8 kcal. for reaction (1)  reverse. This they 
conclude cannot be correct. Third, two of the above authors (43)  discuss 
at length their findings that both carbon monoxide and hydrogen retard the 
carbon-carbon dioxide reaction but only hydrogen retards the carbon-steam 
reaction. They argue that the carbon-steam reaction can take place on edge 
carbon atoms possessing only one unshared electron and that carbon mon- 
oxide, which would be expected to chemisorb only on carbon atoms con- 
taining two unshared electrons, would not be expected to poison the carbon- 
steam reaction. On the other hand, it is suggested that the carbon-carbon 
dioxide reaction takes place on edge carbon atoms containing two unshared 
electrons; hence, these reacting sites can be blocked by the chemisorption 
of either carbon monoxide or hydrogen. If retardation in the carbon-steam 
reaction were occurring by reduction of the surface-oxygen complex, carbon 
monoxide, as well as hydrogen, should inhibit the reaction. The conclusion 
is that retardation in both the carbon-steam and carbon-carbon dioxide 
reaction is by chemisorption. 

Reif (37), on the other hand, supports mechanism B.  He argues that 
Gadsby et al. incorrectly interpret their chemisorption experiments (reason 
one above) and further states that his own chemisorption experiments for 
carbon monoxide on a coke surface (37, 44) make mechanism A unlikely. 
Insofar as reason two offered above is concerned, Reif (37) counters with 
the fact that Wu (40) finds an activation energy of +21.4 kcal. for reac- 
tion (1) reverse under mechanism B. Reif does not comment on reason 
three given by Gadsby and co-workers but acknowledges that there is a 
possibility that the two retarding reactions may be operative far different 
types of carbon under different conditions of temperature and pressure. 

Ergun (46)  presents results which very strongly support mechanism B. 
Experiments were conducted in a fluidized bed using three different types 
of carbon (Ceylon graphite, activated carbon, and activated graphite). 
These samples had a considerable range of mineral content (from a trace 
to 0.5 %) ; and although not reported, it is certain that they also had a wide 
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range of specific surface area. In spite of this, as is shown in Fig. 4, Ergun 
finds the equilibrium constant for reaction ( 1 )  of mechanism €3 to be inde- 
pendent of the carbon used and the reaction to have an average AH of +23 
kcal./mole over the temperature range 800 to 1400". Because of its high 
temperature coefficient, Ergun feels that the equilibrium has a pronounced 
effect on the rate of gasification. If, for example, in the gas phase, the 
CO-CO, ratio equals 1, the fraction of the total active sites which are 

FIG. 4 .  Equilibrium constant of reaction (1) for mechanism B in the carbon-carbo 
dioxide reaction as a function of temperature. [After S. Ergun, J .  Phys.  Chem. 80 
480 (19561.1 
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occupied, C ( 0 )  in this case, increases from 0.0215 to  0.81 in going from 700 
t o  1400". Since the gasification rate is proportional t o  the number of occu- 
pied sites, the effect of the equilibrium constant on the rate is through its 
influence on the concentration of occupied sites. 

Key ( 4 6 )  and Strickland-Constable ( 4 7 )  also support mechanism B for 
the carbon-carbon dioxide reaction. Strickland-Constable concludes from 
earlier measurements (48)  that the rate of adsorption of carbon monoxide 
on carbon is too low to account for the retardation. 

At, 450" and a total pressure of 1.1 atm., Paxton (4.9) finds that for 
oxygen pressures between 0.21 and 0.5 atm. the reaction rate with carbon 
monoxide dilution is more than twice that with nitrogen dilution. This 
finding also appears to support indirectly mechanism B for the carbon- 
carbon dioxide reaction. If chemisorption of carbon monoxide were oc- 
curring a t  a significant rate in Paxton's work, blockage of additional car- 
bon-free sites would occur, which should retard the carbon-oxygen reaction. 
Instead, the carbon monoxide is presumably removing relatively stable 
carbon-oxygen complex, which is produced by the product carbon dioxide 
through the back reaction, as discussed shortly. 

Workers have used radioactive carbon, CI4, as a tracer to  study oxygen 
and carbon exchange reactions occurring during the over-all gasification of 
carbon with carbon dioxide. Bonner and Turkevich (50)  find that reaction 
( 1 ) of mechanism A and reaction ( 1 ) forward of mechanism B is rapid on 
charcoal a t  temperatures of 735 and 840" and initial carbon dioxide pres- 
sures of 180 and 330 mm. Hg. On the other hand, under these conditions 
they find reaction (2)  of both mechanisms to  be slow. They confirm that 
some carbon from the original carbon dioxide has also transferred to  the 
charcoal surface. Brown (51)  investigated carbon transfer to  the surface of 
graphite and sugar carbon during their reaction with carbon dioxide. He 
finds carbon transfer for both materials but states that it is much greater 
for the sugar carbon. He suggests that when carbon dioxide reacts with a 
small fraction of the active surface (perhaps 2% of the active surface for 
the sugar carbon), the carbon dioxide deposits its carbon atom on the 
surface and its oxygen atoms depart with two new carbon atoms. Orning 
and Sterling (52)  find that the rate of oxygen transfer to  a carbon surface 
depends upon the nature of the solid, presence of catalytic agents, and gas 
composition. Potassium carbonate, which is known to catalyze carbon 
gasification, also enhances oxygen transfer to  a high temperature coke. 
Orning and Sterling find the specific radioactivity of the product gas equal 
to  that of the entering gas as long as the temperature is low enough for 
gasification to  be negligible. This indicates that chemisorption of carbon 
monoxide is also negligible under these conditions. 

3. Carbon-Steam Reaction. There is general agreement (4 ,  43, 53-55) 
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that experimental data on the rate of gasification of carbon by steam fit an 
equation of the form 

(7) k l P H , O  Rate = 
1 + k 2 p H 2  + k 3 p H z O  

where pHzO and pH, are the partial pressures of steam and hydrogen and 
the constants k1 , k 2 ,  and k3 are functions of one or more rate constants. The 
form of this equation is identical to that for the carbon-carbon dioxide 
reaction.* The mechanism suggested by Gadsby et al. (53)  and Johnstone 
et al. ( 54 )  is as follows: 

Mechanism A : 
i l  

31 

3s 

(1) CI + HsO(g) C(Hz0) 

(2) C(Hn0) I C o b )  + Hz(g) 

(3) 

At steady state, the rates of formation and removal of the surface com- 
plexes are equal. If e3 and e4 are the fractions of the active surface covered 
by water and hydrogen molecules, respectively, then 

i l P H 2 O u  - e3 - 6,) = jle3 + j3e3 (8) 

(9) i l P H , ( i  - ea - e4> = j2e4 
which gives 

If the rate of evaporation of water molecules from the surface is negligible 
( j ,  is small), kl = il , kz = i 2 / j 2  , and k 3  = iJj3 . 

Mechanism A can be written in slightly more detailed form as 

* As in the carbon-carbon dioxide reaction, mechanisms A and B can be treated 
for the cases where either the surface rearrangement or desorption of the carbon- 
oxygen complex is the slow step. This has no effect on the discussion except that the 
significance of the rate constant j 3  in Equation (10) is altered, as previously dis- 
cussed. 
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(4) 

If j ,  << j ,  and jl is small, the correct rate equation may be derived. Alterna- 
tively, it is found that if j ,  << j ,  and js << j ,  , which implies that the surface 
reaction is fast compared with the desorption of C ( 0 )  as CO, a rate ex- 
pression identical to Equation (10) is obtained. Under these conditions 
the mechanism can be expressed more simply by equations similar to those 
for mechanism A of the carbon-carbon dioxide reaction as 

(1) CI + HzO(u) -% C(0) + Hdg) 

(2) C(0)  2 CO(g) 

in 
(3) Hi(g) + Cf C(&) 

3n 

The mechanism of the carbon-steam reaction is discussed in more detail 
by Long and Sykes (43) .  They propose that the steam molecule decomposes 
at the carbon surface into a hydrogen atom and hydroxyl radical both of 
which chemisorb rapidly on adjacent carbon sites. This is followed by the 
hydrogen atom on the chemisorbed hydroxyl radical joining the hydrogen 
atom on the adjacent carbon site and leaving as a hydrogen molecule. 
Therefore, a further breakdown of the steps in mechanism A may be written 
as 
(1) 2Cf + HaO(g) + C(H) + C(OH) 

(2) 

(3) C(0 )  -+ CO(g) 

(4) 

C(H) + c(OH) + C(Hd + C(0)  

c ( H J  Fr? CI + Hz(g) 

A second mechanism for the carbon-steam reaction, similar to mech- 

Mechanism B : 
anism B of the carbon-carbon dioxide reaction, may be operative. 

il 

31 

(1) CI + HP(g)  C(0) + HAg) 

(2) C ( 0 )  5 CO(g) 

This mechanism also gives Equation (7 )  directly. 
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Whereas there has been considerable discussion as to  the possibility that 
the retardation of the carbon-carbon dioxide reaction by carbon monoxide 
is caused by reduction of the amount of chemisorbed oxygen on the carbon 
surface, the like possibility for hydrogen retardation in the carbon-steam 
reaction generally has not been discussed. Reif (37), using Key's suggestion 
that the carbon-steam reaction follows an analogous reaction mechanism 
to the carbon-carbon dioxide reaction and noting that the attainment of 
equilibrium in the water-gas shift reaction is catalyzed by carbon (56 ,57 ) ,  
suggests the following equations as part of the carbon-steam reaction 

(1) 

(2) CO(g) + C(0)  F? CO&) + c, 
In addition to  these reactions causing the rapid attainment of equilibrium 
in the water-gas shift reaction, they should retard the rate of carbon 
gasification by reduction of the concentration of chemisorbed oxygen on the 
carbon surface. However, Gadsby and co-workers (53)  find that the addi- 
tion of carbon monoxide does not inhibit the gasification of carbon with 
steam other than its resulting in the production of more hydrogen which 
does inhibit the reaction. Recently, Ingles (58) concludes that a carbon 
surface accelerates the water-gas shift reaction by acting as a chain initiator 
to  the following reactions 

CI + HzO(g) F? C(O) + Hz(g) 

(1)  

(2) H(g) + H2O(g) F? O H b )  + Hdg) 

(3) O H b )  + F! CO&) + H(g) 

C(H) + C, + H(g) 

which means that the acceleration of the water-gas shift reaction by carbon 
and the lack of retardation of the gasification reaction by carbon monoxide 
(and possibly hydrogen) need not contradict each other. 

Strickland-Constable (47 ) ,  observing that hydrogen is not only strongly 
but very rapidly adsorbed on carbon, supports the view the hydrogen re- 
tardation in the carbon-steam reaction is caused by its chemisorption on 
active sites. 

3. Carbon-Hydrogen Reaction. Surprisingly little work has been published 
on the carbon-hydrogen reaction. Zielke and Gorin (69) investigated the 
gasification of a low-temperature char in a fluidized bed at temperatures 
between 810 and 928" and hydrogen pressures of 1 to  30 atm. They propose 
the following mechanism for the conversion of carbon and hydrogen to  
methane: 
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Zielke and Gorin suggest that edge groups -CH=CH- are always re- 
generated by resonance considerations. On the basis of the assumptions 
that (1) on the average, an equal number of new active sites represented by 
-CH=CH- are regenerated for each one consumed, (2) reaction 3 is rapid 
compared to  reactions 1 and 2, and (3)  a steady-state concentration of the 
product of the forward reaction 1 is established, they state that the rate of 
methane production is given as 
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where A represents the number of active groupings per unit of carbon. 
However, they do not find that this equation correlates the rate data a t  
870". They suggest that this is a result of a conglomeration of different 
types of carbon reacting at  different rates. At 9 2 8 O ,  they say that they 
would expect the carbon to  become more uniform and they indeed find that 
an equation similar t o  Equation ( 1 1 )  of the form 

does correlate the rate data a t  10 and 20 atm. hydrogen pressure at  different 
percentages of carbon gasified. The authors further confirm that methane 
does not retard the carbon-hydrogen reaction other than through equilib- 
rium considerations. 

It is obvious to  the writers that much more research must be done on the 
carbon-hydrogen reaction before it is well understood. 

IV. Review of Kinetics for the Gas-Carbon Reactions 

A. ORDERS OF REACTIONS 
When the rate of a gas-carbon reaction is being controlled solely by the 

inherent chemical reactivity of the solid (and not in part by mass transport 
of t,he reacting gas to  the surface of the solid), a relatively simple qualita- 
tive discussion of reaction order is possible. Icor simplicity, the rate of 
reaction (weight loss of carbon) for the carbon-carbon dioxide, carbon- 
oxygen, and carbon-steam reactions can be assumed to be determined by 
the rate of surface rearrangement of the carbon-oxygen complex to  a 
rapidly desorbable product. (The discussion would follow in a similar man- 
ner if the rate of reaction was determined by the rate of release of the 
desorbable product.) If the fraction of the surface covered by a carbon- 
oxygen complex is 8, the rate of reaction is proportional to  the product of 
0 and a rate constant. At a particular temperature, the order of reaction 
depends upon the relationship between the change in 0 with the change in 
pressure of the reacting gas. At one extreme, if 0 approaches one throughout 
the range of pressure change investigated, the reaction will be zero order. 
At the other extreme, if 0 is small, the change in 0 will be directly propor- 
tional to  the change in pressure, and the reaction will be first order. At inter- 
mediate values of 0, the order of the reaction will vary from zero to  one. 

The value of e is a function of the magnitude of the individual rate con- 
stants for the formation of the surface complex and its conversion to  a 
desorbable product and the pressure of the reacting gas. If the product of 
the rate constant for the formation of the surface-oxygen complex and the 
pressure of the reacting gas is large compared with the rate constant for 
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the conversion of the surface-oxygen complex to a rapidly desorbable prod- 
uct, 6 + 1. On the other hand, if the product of the rate constant for the 
formation of the surface-oxygen complex and the pressure of the reacting 
gas is small compared with the rate constant for the conversion of the 
surface-oxygen complex to a rapidly desorbable product, 0 + 0. 

It i8 apparent that at a particular temperature, where the values of the 
rate constants for the formation and conversion of the surface-oxygen com- 
plex are fixed, the pressure of the reacting gas can affect 0 and, hence, the 
order of the reaction. If the pressure is sufficiently low, the product of the 
rate constant for the formation of the surface-oxygen complex and the 
pressure will be small compared with the rate constant for the conversion 
of the surface-oxygen complex and 0 + 0. At sufficiently high pressures, 
0 + 1. Therefore, the order of the reaction at  a particular temperature can 
range from zero to one, as the pressure of the reacting gas is decreased over 
a wide range. 

Reaction temperature can also affect the order of a reaction. It is gen- 
erally agreed that the rate constant for the conversion (or desorption) of 
the surface-oxygen complex has a higher activation energy than the rate 
constant for the formation of the complex. Therefore, a reaction which is 
zero order at low temperatures and a given pressure can become first order 
at  the same pressure and a sufficiently high temperature. 

Unfortunately, insofar as a clear understanding of the true orders of gas- 
carbon reactions is concerned, the problem is made more difficult when the 
gasification rate is affected by product retardation and by the rate of mass 
transport of reactants to the surface of the solid. Product retardation can 
result in the obtaining of orders of reaction which are too low, while mass 
transport retardation can either raise or lower the apparent order depend- 
ing upon the true order of reaction and the nature of the mass transport 
control. In Secs. V and VI, these complicating factors will be discussed in 
more detail. In the remainder of this Section, pertinent references on the 
orders of gas-carbon reactions will be given. 

1. Carbm-Carbm Dioxide Reaction. It is seen from Equation (2) that 
the carbon-carbon dioxide reaction will be zero order when k2pco << 1 and 
k3pcon >> 1. At low temperatures, the production of carbon monoxide is 
small and the first inequality is satisfied. At high carbon dioxide pressures, 
the second inequality is satisfied. On the other hand, it is seen from Equa- 
tion (2) that the carbon-carbon dioxide reaction will be first order when 
k2pc0 << 1 and krpcoz << 1. These inequalities will be satisfied at  low tem- 
peratures and low carbon dioxide pressures, Workers have shown (6 ,39 ,40)  
that kZ and k0 decrease sharply with increasing temperature; therefore, at  
high temperatures and increasing pressures the inequalities kzpco << 1 and 
kspco << 1 still can be found to hold, resulting in a first-order reaction. 
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Workers reporting orders of reaction for the carbon-carbon dioxide reac- 
tion include Graham (41 ), Strickland-Constable (48 ) ,  Vulis and Vitman 
(SO), Thring and Price (61 ) , Armington (62), Vastola (63) ,  Duval (64 ) ,  
and Karzhavina (66). As expected, they find reaction orders which vary 
from zero to  one depending upon temperature, pressure, type of carbon 
reacted, purity of carbon, and geometric dimensions of the sample. 

2. Carbon-Steam Reaction. The analysis of the order of the carbon-steam 
reaction as deduced from Equation ( 7 )  is identical to  that for the carbon- 
carbon dioxide reaction. Orders ranging from 0 to  1 are expected. As for 
the carbon-carbon dioxide reaction, it has been shown that k2 and ka in 
Equation (7) decrease exponentially with temperature (41,63, 64) ,  result- 
ing in a first-order reaction a t  sufficiently high temperatures. Batchelder, 
Busche, and Armstrong (66) have taken the data of Johnstone et al. (64)  
for the variation of k2 and ka with temperature and have shown that at a 
total pressure of 1 atm., the carbon-steam reaction is expected to  be first 
order above 1370". Workers reporting on orders of reaction for the carbon- 
steam reaction include Graham (41 ), Strickland-Constable (@), Mayers 
(67) ,  Pilcher, Walker, and Wright (68), Key and Cobb (69) ,  James (70) ,  
Goring and co-workers (71 ), Tuddenham and Hill (72) ,  and Binford and 
Eyring (73) .  They find reaction orders varying from 0 to  1. 

3.  Carbon-Oxygen Reaction. Discussion on the reaction orders of the 
carbon-oxygen reaction was deliberately postponed until after presenting 
results for the carbon-carbon dioxide and carbon-steam reactions to  empha- 
size the considerable difference in experimental findings between these 
reactions. The majority of results under varied experimental conditions 
show the carbon-oxygen reaction to be first order, or close to  first order, 
only. The findings of Strickland-Constable (22), Day (24), Rossberg ( S 2 ) ,  
Lewis et al. (SS), Armington (62), Mayers (74) ,  Scott and Jones (76) ,  
Sihvonen (76 ) ,  and Chen et al. (77) substantiate this statement. From the 
previous discussion, the implication of the first-order reaction is that under 
all experimental conditions used by the above authors, the fraction of the 
total active carbon surface occupied by an oxygen complex at any given 
instant during the reaction approaches zero. 

Two notable exceptions to  the carbon-oxygen reaction being first order 
are found. Gulbransen and Andrew (78) ,  working with spectroscopic 
graphite, find that a t  reaction temperatures of 450 and 500" the order is 
nearly zero at  pressures below 0.15 cm. Hg. They do state further that a t  
pressures above 10 cm. Hg the reaction is first order. Blyholder and Eyring 
(79) reacted extremely thin coatings of graphite, which were supported on 
a ceramic base, with oxygen a t  800" and pressures less than 100 p Hg. From 
limited data (at least as presented in the paper), they conclude that the 
reaction is of zero order. These results are of extreme interest, since they 
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appear to contradict the reasoning behind the orders of heterogeneous reac- 
tions. As was discussed previously, a reaction should become zero order 
when 0 --+ 1. This state should be favored at  high reacting pressures, not a t  
the low pressures reported by the above authors. Further, Gulbransen and 
Andrew's statement that the reaction order increases with increasing pres- 
sure is difficult to  explain on theoretical grounds. Indeed, their data a t  450" 
over the entire pressure range could be better expressed as a half-order renc- 
tion, as pointed out by Blyholder and Eyring (79). The results of the above 
two groups of workers indicate the necessity of more experimental work 
being done before the reasons behind orders of reaction for the carbon- 
oxygen reaction are well understood. 
4. Carbon-Hydrogen Reaction. Limited data are available on the reaction 

orders of the carbon-hydrogen reaction. Equation ( 11 ) suggests that at low 
pressures a maximum order of two should be obtained; and at  high pres- 
sures, the order should go to  one. Zielke and Gorin (69) find that a t  928", 
a t  hydrogen pressures between 10 and 20 atm., and a t  20% carbon gasified, 
the reaction order is 1.60. Between 20 and 30 atm., the reaction order de- 
creases to 1.27. On some very limited data, Gilliland and Harriott (80) 
conclude that, a t  low hydrogen pressures and 540" the react,ion may be 0.5 
order. 

B. ACTIVATION ENERGIES OF REACTIONS 

It has been popular for workers to determine activation energies for the 
gas-carbon reactions. However, the correct interpretation of the meaning 
of the activation energies frequently has not been made. Primarily they 
have failed to  recognize the part which mass-transport resistance can play 
in affecting the activation energy values. In  Secs. V and VI the effect of 
varying degrees of mass transport control on activation energies will be 
discussed. At, the moment, we are concerned about the values for activ a t' ion 
energies of gas-carbon reactions when the rate of reaction is controlled 
solely by resistance to  chemical reactivity. 

Wicke and his school (3f, 32, 81, 82) have been particularly concerned 
about the true activation energies for the gas-carbon reactions. Rossberg 
(32) suggests that the slow step in these reactions is the separation of tin 
oxygen atom from the reactant species. Therefore, he suggests that the 
activation energies for the different reactions should be related to  the 
energy necessary to  dissociate the reacting species. Table I1 presents a 
comparison between the dissociation energies of the reactant gas and the 
true chemical activation energies of the'corresponding gas-carbon reactions, 
which, according to  Rossberg (32 ) ,  confirms the above hypothesis. It would 
appear inconsistent, however, in light of the previous discussion on orders 
of reaction, t o  say that the separation of an oxygen atom from the reac- 
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c + coz -+ 2 c o  
C + HZ0 -+ CO + Hz 
C + ~ O Z - + C O  
C + NzO -+ CO + Nz 

TABLE I1 
Comparison of True Activation Energies in  Reactaons of Carbon with Oxygen- 

Containing Gases and the Dissociation Energy of an 0 Atom 
from the Reactant (after Rossberg") 

86 COn * CO + 0,  AH = +I26 
HzO + HZ + 0, = +I16 

= +59 
= +39 

ca. 80 

40-50 
50-58 won -+ 0,  

NzO -+ NZ + 0, 

Dissociation reaction and 
energy, kcal ./mole 

True activation 
energies, I kcal./mole I Reaction 

Rossberg, M. ,  Z. Elektrochem. 60: 952 (1956). 

tant species need necessarily be the slow step in the over-all gasification 
reaction. Indeed, a t  least for the carbon-carbon dioxide and carbon-steam 
reactions at  low temperatures and a t  pressures not too far removed from 
atmospheric, the reaction is found to  be of zero order. As discussed, the 
implication of the zero order reaction is that the over-all gasification rate is 
being controlled by the rate of removal or rearrangement to  a desorbable 
product of the surface-oxygen complex and not by the rate of its formation. 
Therefore, the activation energy is that for the breakdown of the surface- 
oxygen complex to  release carbon oxides. 

Even for the carbon-oxygen reaction proceeding under first order con- 
ditions, it is doubtful whether Rossberg's concept has any significance, 
since i t  would appear unsound to  compare half the dissociation energy of 
oxygen with the activation energy of the reaction. Clearly, the activation 
energy will be the same whether the reaction rate is expressed in terms of 
moles of oxygen or atoms of oxygen reacting per unit time; therefore, the 
correct dissociation energy for comparison is 118 kcal./mole and not the 
value of 59 used by Rossberg (unless it is postulated that oxygen chemisorbs 
in the form of a peroxide structure). 

Perhaps a more reasonable explanation for the relative activation ener- 
gies for the reactions between carbon and the oxygen-containing gases 
(oxygen, carbon dioxide, and steam) is more in line with the following pic- 
ture, which has been indirectly suggested in a paper by Long and Sykes 
(43 ) .  For these reactions, the process of going from a reacting gas molecule 
and a carbon free site to  a surface-oxygen complex, C(O), is exothermic. 
The exothermicity of this process for the carbon-oxygen reaction is esti- 
mated to  be nearly twice that for the carbon-steam or carbon-carbon di- 
oxide reactions. The magnitude of this excess energy could determine the 
lifetime of the carbon-oxygen complex on the surface. For the carbon-oxy- 
gen reaction, this duration could be relatively small, the surface coverage 
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in turn small, and the over-all activation energy determined by the adsorp- 
tion step. For the carbon-steam and carbon-carbon dioxide reactions, this 
duration could be relatively long, the surface coverage in turn large, and 
the over-all activation energy determined by the desorption step.* Since 
it is generally agreed that the desorption of the carbon-oxygen complex has 
a higher activation energy than the initial adsorption of the complex, the 
carbon-steam and carbon-carbon dioxide reactions would be expected to  
have an over-all higher activation energy than the carbon-oxygen reaction. 
The same reasoning can be extended to  the carbon-nitrous oxide reaction 
if desired. In  any event, there appears to  be reasonable experimental evi- 
dence that the activation energy for the carbon-oxygen reaction is almost 
always less than that for the carbon-carbon dioxide and carbon-steam 
reactions. Some particular results on the different gas-carbon reactions can 
now be considered. 

1. Carbon-Carbon Dioxide Reaction. It is important to  realize that t,he 
activation energy determined for the carbon-carbon dioxide reaction need 
not refer to  the same rate-controlling step in every case. In Equation (5) ,  
it is seen that a t  low temperatures and pressures the rate of reaction is 
proportional t o  il , the rate constant for the formation of the surface-oxy- 
gen complex. At low temperatures and higher pressures, the rate constant 
is proportional to  j , ,  the rate constant for the removal of the surface- 
oxygen complex. Where none of the terms can be dropped from the de- 
nominator of Equation ( 5 ) ,  an understanding of the exact physical mean- 
ing of an over-all activation energy is made difficult. 

Rossberg (32) bases his recommended activation energy of 86 kcal./mole 
for all carbons undergoing gasification with carbon dioxide in the chemical 
control region on the experimental findings of Wicke (31) ,  who finds the 
same activation energy for a high-purity electrode carbon and a medium- 
purity activated charcoal. Since Wicke’s experiments were conducted in a 
flow sytitem close to  atmospheric pressure, the rate-determining step pre- 
sumably was the desorption of the surface-oxygen complex. Indeed, ob- 
serving that the frequency factors determined from the reaction rates are 
not consistent with the concept of activation energies produced by mole- 
cules impinging on the Burface, Wicke also concludes that desorption from 

* In support of the hypothesis regarding the relative lifetime of the carbon-oxygen 
complexes on the surface for the different reactions, Paxton (49) finds the carbon- 
oxygen reaction to be accelerated by carbon monoxide. The writers suggest that the 
addition of carbon monoxide to the incoming oxygen drives the reaction C ( 0 )  + 
CO(g) @ COp(g) + Cf in the forward direction and reduces the extent of Burface 
coveragc by the relatively stable carbon-oxygen complex, which is produced by the 
product carbon dioxide through the back reaction. Other workers who have shown 
that a stable surface-oxygen complex can retard the carbon-oxygen reaction are 
Arthur, Newitt, and Raftery (83) and Lambert (8.4). 
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the surface, energetically supported by thermal vibrations of the graphite 
lattice, probably is the rate-determining step. This is important for this 
means that Wicke’s activatioii energy probably represents the value be- 
longing to  j 3  in Equation ( 5 ) .  

Ergun (45) reports the activation energy for the product ( j 3 ) ( C t )  for 
three different types and purities of carbon (Ceylon graphite, activated 
carbon, and activated graphite), using a fluidizing bed operating close to  
atmospheric pressure. He finds the same activation energy in each case 
(59 kcal./mole), and assuming that C t  (the total number of active sites) 
does not change with temperature, concludes that this is the activation 
energy for the rate constant j 3 .  Within each set of results, both Wicke and 
Ergun have confirmed that different carbons can have the same activation 
energy for the carbon-carbon dioxide reaction, but obviously the lack of 
agreement of the two investigators on the same activation energy still 
leaves the issue unsettled. 

Armington (62) estimates the activation energy for the gasification of a 
series of graphitized carbon blacks and graphite ((wear-dust” a t  0.1 atm. 
carbon dioxide pressure. A zero-order reaction is found for all samples 
investigated, indicating that the over-all gasification rate is proportional 
to  j 3 .  For seven different samples, Armington finds the activation energies 
to  vary from about 73 t o  97 kcal./mole, with the arithmetic average being 
88 kcal./mole. These values are in considerably better agreement with 
Wicke’s value than with Ergun’s value. The range of activation energies 
found, however, does keep open the question, “In the region of chemical 
reactivity control, do all carbons have the same over-all activation energy 
for a given gas-carbon reaction?” 

Other workers (67, 85-89) have determined over-all activation energies 
for the carbon-carbon dioxide reaction, but the values have been affected 
to  some extent by mass-transport control. Workers (6, 39, 40, 41) have 
also determined activation energies for the individual rate constants in 
Equation (5) but do not agree on their magnitude. The values of activa- 
tion energy reported for rate constant il vary from 26.5 (41) to  61.5 kcal./ 
mole (40). 

2. Carbon-Steam Reaction. The discussion of activation energies for the 
carbon-steam reaction using Equation (10) is analogous to  the prior dis- 
cussion for the carbon-carbon dioxide reaction using Equation (5) .  It is 
not clear from which source Rossberg (32)  obtained his recommended 
activation energy of ca. 80 kcal./mole for the carbon-steam reaction. 
According to  Hedden (90), however, recent data on the carbon-steam reac- 
tion, using the same experimental arrangement and carbons as used by 
Wicke (31 ) on the carbon-carbon dioxide reaction, yield an activation 
energy of 71 kcal./mole for il in Equation (10). Recently, James (70), 
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using a flow system and reacting graphite rods with steam close to  at- 
mospheric pressure, determined an over-all activation energy of 69 kcal./ 
mole in the chemical control region. Since the reaction was also reported 
to  be of zero order, this should be the activation energy for the rate con- 
stant j ,  in Equation (10). Binford and Eyring (‘73), using a flow system 
and reacting graphite rods at pressures below 100 p Hg, report an activa- 
tion energy of 60 kcal./mole concurrent with a zero order reaction. Again, 
this activation energy should be for rate constant j 3  in Equation (10). 

Other workers (68, 91-93) have determined over-all activation energies 
for the carbon-steam reaction, which in most cases undoubtedly are low 
because of some mass-transport control. Again, workers ( 4 2 ,  43, 53, 54) 
have determined activation energies for the individual rate constants in 
Equation (10) but do not agree on their magnitude. This apparently is not 
surprising, for, as Johnstone, Chen, and Scott (64) show, the activation 
energies even vary with per cent burn-off of the carbon. Long and Sykes 
(94) investigated the effect of removal of impurities from coconut shell 
charcoal on the individual rate constants. They find that the activation 
energy for the step in which adsorbed oxygen atoms are converted to  
gaseous carbon monoxide is increased from 55 f 7 t o  83 f 5 kcal./mole 
upon purification of the charcoal. 

3. Curbon-Oxygen Reaction. Rossberg (32) apparently bases his recom- 
mended activation energy of 50 to  58 kcal./mole on two experiments. 
Wicke (31 ), working with the same experimental set-up as used for the 
carbon-carbon dioxide reaction, reports a value of 58 f 4 kcal./mole for 
crushed electrode carbon. Rossberg (32), using spectrographic carbon 
tubes of apparently the same source as those used by Wicke, finds an ac- 
tivation energy of 49.5 kcal./mole. Rossberg is certain that his lower value 
is not caused by partial mass-transport control. Actually, upon looking at 
Rossberg’s data, it is seen that his activation energy cannot be reported to  
an accuracy better than f 5  kcal./mole, which means that there is little, 
if any, significant difference between the two above results. 

Armington (M), reacting three graphitized carbon blacks and two 
graphite “wear-dust” samples in 0.1 atm. of oxygen between 550 and 600”, 
reports activation energies ranging from 46 t o  58 kcal./mole. He finds the 
reaction to be close to  first order. 

As in the case of the order of reaction, the results of Gulbransen and 
Andrew (‘78) and Blyholder and Eyring (79) again are difficult to  resolve 
on the basis of the above data. Both groups have determined activation 
energies under conditions where mass transport should not affect the re- 
sults. Gulbransen and Andrew, reacting thin spectroscopic graphite plates 
between 425 and 575” under 0.1 atm. of oxygen, report an activation 
energy of 36.7 kcal./mole. They base their value on reaction-rate data at 



QAS REACTIONS OF CARBON 161 

zero time. Armington (62) finds considerable difficulty in duplicating rate 
data at extremely low burnoffs ( t  ---f 0) but has little difficulty a t  burnoffs 
above 2%, using an apparatus quite similar to  that of Gulbransen and 
Andrew. Using Gulbransen and Andrew's rate data a t  425 and 575" after 
1-hr. reaction time, the writers calculate a somewhat higher activation 
energy, ca. 40 kcal./mole. Unfortunately, rate data are not available a t  
575" for longer periods of time. 

The writers have found in their laboratory that invariably after a certain 
burnoff (depending upon the reactor, temperature, and sample) , a subse- 
quent extended period of constant reaction rate, expressed in grams of 
carbon reacting per unit time, is attained. In this burnoff region, there ob- 
viously is equilibrium between the rate of formation of the surface-oxygen 
complex and its removal with a carbon atom. It is felt that this is the 
reaction rate most characteristic of a given temperature and should be used 
in kinetic calculations. In  principle, Wicke (31 ) concurs with this reasoning 
and reports reactivity data only after the sample has attained a total sur- 
face area which is virtually constant. 

Blyholder and Eyring (79) , reacting very thin coatings of spectroscopic 
graphite, report an activation energy of 80 kcal./mole at  pressures below 
100 p Hg and temperatures around 800". As discussed before, the reaction 
is reported to be zero order. While the writers do riot understand why the 
order of the reaction is zero, the activation energy is in line with such a 
value. The zero order is indicative of the building up of a more stable sur- 
fnce-oxygen complex in a manner similar to  the carbon-carbon dioxide and 
carbon-steam reactions. Therefore, the activation energy for Blyholder and 
Eyring's experiment should be, and is, comparable to  that for the gasifica- 
tion reactions. 

Other workers reporting activation energies for the carbon-oxygen reac- 
tion include Meyer (21 ) , Lewis et al. (33) , Chen et al. (77),  Lambert (95) , 
Letort and Magrone (96) , Golovina (97) , Klibanova and Frank-Kamenet- 
skii (98), and Earp and Hill (99). Activation energies are found to  vary 
from 17 (33)  to 100 f 30 kcal./mole (98). Some of the lower activation 
energies are influenced by mass transport resistance. Both sets of experi- 
menters who found high activation energies (21, 98) worked a t  low pres- 
sures, as did Blyholder and Eyring (79). 

4. Carbon-Hydrogen Reaction. Zielke and Gorin (59) determined the 
activation energy for the reaction of a low temperature char between 810 
and 928" at  a hydrogen pressure of 30 atm. They find that the activation 
energy increases from 15 to 48 kcal./mole as the per cent burnoff increases 
from 0 to 60. They attribute this increase to  the heterogeneous char struc- 
ture approaching that of graphite progressively more closely with increasing 
burnoff. The possibility that the lower activation energies are in part con- 
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trolled by mass transport resistance is considered but concluded not t o  be a 
factor. Unfortunately, insofar as understanding the activation energy data 
is concerned, the char had seen a maximum temperature of only 600", prior 
to  the above runs, which means that a material of different properties was 
reacted at  each temperature. 

Gilliland and Harriott (80) investigated the reactivity with hydrogen at  
one atm. pressure of carbons deposited from hydrocarbons on porous car- 
riers. The porous carrier usually consisted of 28 to  200 mesh silica gel im- 
pregnated with nickel. The carbon deposition and subsequent reactivity 
studies with hydrogen were both carried out in a batch fluidized reactor. 
In the temperature range 538 t o  660", the activation energy for the reaction 
of all carbons with hydrogen is found t o  be roughly the same, 36 f 6 kcal./ 
mole. The authors also conclude that mass transport resistance is not affect- 
ing the gasification rates and, hence, the activation energies. 

C. RELATIVE RATES OF GAS-CARBON REACTIONS 
Under fixed experimental conditions, the rate of a gas-carbon reaction 

(rate of removal of carbon atoms from the surface) is dependent upon the 
reacting gas and the nature of the carbon. A discussion of the effect of the 
nature of the carbon on particular gas-carbon reactions is postponed until 
Sec. VII. In this section, existing data on the relative rates of gas-carbon 
reactions, where an investigator has reacted the same carbon, is presented. 
Results of primary interest are those where the reaction rates are not 
affected by mass transport resistance. 

Obviously, since the gas-carbon reactions have different activation ener- 
gies and orders of reaction, the relative rates of these reactions will be a 
function of the temperature and pressure selected for the correlation. Un- 
fortunately, the authors can find no reactivity data for all four of the gas- 
carbon reactions using the same carbon. Furthermore, data for even two 
of the gas-carbon reactions on the same carbon are limited. The available 
data will be taken and extrapolated, where necessary, to  give at least a 
qualitative idea of relative rates of the gas-carbon reactions a t  800" and 0.1 
atm. gas pressure. Extrapolation of these relative reactivities to  other 
temperatures and pressures by the reader will require the assumption of 
activation energies and orders of reaction. 

Gadsby and co-workers (63) report that for a coal charcoal, the rate of 
the carbon-steam reaction is greater by a factor of about three than the 
carbon-carbon dioxide reaction ut 800" and a pressure range of 50 to  500 
mm. Hg. The rcsults of Pilcher et al. (68) and Walker et al. (M), using 
the same graphitized carbon rods and apparatus, essentially agree with this 
finding. At 1100", the former workers report a reaction rat#e of 1.6 g./hr. a t  
a steam partial pressure of 142 mm. Hg, which can be extrapolated to  4.8 
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g./hr. a t  1 atm. using their experimental order of reaction of 0.66. The 
latter authors report a reaction rate of 1.7 g./hr. for the carbon-carbon 
dioxide reaction a t  1100" and 1 atm. pressure, giving a ratio of reaction 
rates of 2.8. The important point to  be made from these results is that the 
rates of the carbon-steam and carbon-carbon dioxide reactions are quite 
similar. 

On the other hand, available data show the rates of the carbon-oxygen 
and carbon-carbon dioxide reactions to  be markedly different. Gulbransen 
and Andrew (78), reacting spectrographic graphite plates, find reaction 
rates of 2.5 x 10-8 g./cm.2/sec. a t  575" and 0.1 atm. of oxygen and 1.1 X 
lo-' g./cm.2/sec. a t  900" and 0.1 atm. of carbon dioxide. Using activa- 
tion energies of 36.7 kcal./mole for the carbon-oxygen reaction (78) and 
84 kcal./mole for the carbon-carbon dioxide reaction (6.2), the ratio of the 
rates of 800" and 0.1 atm. is calculated to  be 6 X lo4. 

Wicke ($1 ), reacting spectroscopic electrode carbon at  0.1 atm. reactant 
pressure, gives the following equations for the rates of the carbon-oxygen 
and carbon-carbon dioxide reactions 

Ratec-o, = 2.9 X 109e-58j=41R0T 

Iiatec-coz = 2.6 X 108e-85*3/R0T 

(13) 

(14) 

where the units are cc. of gas consumed per sq. cm. of surface per sec. If 
these rates are to  be on the basis of weight of carbon consumed and if 
carbon monoxide is assumed to be the primary product of the carbon- 
oxygen reaction, the ratio, ratec-ol/ratec.co, , should be multiplied by 2. 
At 800" and 0.1 atm. pressure, the ratio of the rates is calculated to  be 
6 X lo5. 

Armington (6.2) reports the reactivity of graphite "wear-dust" to  be 
4.9 X lo-" g./cm.2/sec. a t  600" and 0.1 atm. of oxygen and 6.2 X lo-'' 
g./cm.2/sec. at 900" and 0.1 atm. of carbon dioxide. Using his activation 
energies of 46 and 84 kcal./mole for the carbon-oxygen and carbon-carbon 
dioxide reactions, the ratio of the rates a t  800" and 0.1 atm. is calculated 
to  be 4 x lo4. For a graphitized carbon black (P-33), Armington also 
reports reaction rates of 1.1 X lo-'' g./cm"/sec. a t  600' and 0.1 atm. of 
oxygen and 7.3 X g./cm.a/sec. a t  900" and 0.1 atm. of carbon dioxide. 
Using his activation energies of 54 and 89 kcal./mole for the carbon-oxygen 
and carbon-carbon dioxide reactions, the ratio of the rates a t  800" and 0.1 
atm. is Calculated to  be 2 X 10'. 

No data have come to the authors' attention on a direct comparison of 
the reaction rates for the carbon-oxygen and carbon-steam reactions. 

To the authors' knowledge, the only data available which can relate the 
relative rate of the carbon-hydrogen reaction t o  the rates of the above gas- 
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TABLE I11 
Approzimate Relalive Rates of the Gas-Carbon Reactions at 800" and 

0.1 Atm. Pressure 

Reaction Relative rates 

c-02 
C-HnO 
c-co2 
C-HI 

1 x 106 
3 
1 
3 x 10-3 

carbon reactioiis are that of Goring and co-workers (71 ) .  They present 
data for the reactivity of a low-temperature char with hydrogen and hy- 
drogen-steam mixtures a t  870" and total pressures from 1 to 6 atm. after 
10 % carbon burnoff. Extrapolation of the data to  0.1 atm. and 870" gives 
rates of 5.5 X and 1.3 X lo-' g. carbon gasified per g. carbon in reactor 
per second for steam and hydrogen, respectively. Using activation energies 
of 69 and 27 kcal./mole for the carbon-steam (70) and carbon-hydrogen 
reactions (69) ,  the ratio of the rates a t  800" and 0.1 atm. is estimated to  be 

Table I11 presents relative rates for the gas-carbon reactions at  800" and 
0.1 atm. based on the experimental data discussed. It is to  be emphasized 
that these are approximate, relative rates. However, i t  is seen that there is 
a wide variation possible in the rates of gas-carbon reactions depending 
upon the reacting gas. 

V. Role of Mass Transport in Gas-Carbon Reactions 

A. GENERAL REMARKS 

1 x lo3. 

Heterogeneous reaction rates involving a porous solid and a gas may be 
controlled by one or more of three major steps: 

1.  Mass transport of reacting gas and product or products across a rela- 
tively stagnant gas film between the exterior surface of the solid and the 
main gas stream. 

2. Mass transport of the reacting gas from the exterior surface to  an ac- 
tive site beneath the surface and mass transport of the products in the op- 
posite direction. 

3. Chemisorption of reactant, wholly or in part; a rearrangement of 
chemisorbed species on the surface to  a desorbable product (s) ; and desorp- 
tion of product or products from the surface. 

It is imperative that anyone attempting to  understand the kinetics of 
the gas-carbon reactions also understand the role which the above steps 
(separately or in combination) can play in affecting values determined for 
orders of reaction, activation energies, and reaction rates. In  the field of 
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catalysis, Thiele ( loo) ,  Wheeler (101, 102), Weisz and Prater (I&?), and 
Frank-Kamenetskii (104) have made major contributions to the under- 
standing of the role which steps 2 and 3 jointly play in affecting the kinetics 
of reactions. In this section, their quantitative concepts will be used and 
extended in an attempt to  clarify the kinetics of gas-carbon reactions. 

B. THREE TEMPERATURE ZONES IN GAS-CARBON RE.4CTIONS 
Ideally, the variation of reaction rate with temperature for gas-carbon 

reactions can be divided into three main zones, as shown in Fig. 5 and as 
previously discussed by Wicke (31)  and Rossberg and Wicke (82). In  the 
low-temperature zone, Zone I, the reaction rate is controlled solely by the 
chemical reactivity of the solid (step 3) .  The measured or apparent activa- 

I 
T 

' ) = I  -- T << I 

Ea- 0 E,= 112 E, E,= E, 

FIG. 5. Ideally, the three zones representing the change of reaction rate of a porous 
carbon with temperature. 
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tion energy, E’. , is equal to  the true activation energy, E t  . Furthermore v, 
which is defined as the ratio of the experimental reaction rate to  the reac- 
tion rate which would be found if the gas concentration were equal to  C ,  
throughout the interior of the sample, virtually equals 1. (Obviously, there 
must be some concentration gradient of reactant through the sample, even 
in Zone I; but it is so small that a concentration of C, can be assumed.) 
In  the intermediate-temperature zone, Zone 11, the concentration of the 
reactant species goes t o  zero a t  a distance from the exterior surface less than 
the radius R.  The reaction rate is controlled jointly by steps 2 and 3. 
Wheeler (101) and Weisz and Prater (108) have shown that the apparent 
activation energy is one-half of the true activation energy in this zone. 
Further, q is less than one-half. In  the high-temperature zone, Zone 111, the 
concentration of the reactant species goes to  a small value at the exterior 
surface of the solid. (This does not necessarily mean that reaction penetra- 
tion into the porous carbon is zero.) The reaction rate is controlled by step 1. 
Increasing temperature affects the reaction rate by determining how much 
additional reactant can reach the exterior surface per unit time. Since bulk 
mass transport processes have low activation energies, the apparent activa- 
tion energies for the gas-carbon reactions in Zone I11 are also low. Obvi- 
ously, q is << 1. 

Before discussing in more detail the intermediate and high temperature 
zones under ideal conditions, it is well to  emphasize that in practice there 
are good reasons why the simplified picture presented in Fig. 5 is not neces- 
sarily obeyed : 

1. The reactant concentration gradient across the stagnant film thick- 
ness, 6 ,  can deviate significantly from zero before the reactant concentra- 
tion goes to  zero in the solid. This results in the disappearance of Zone I1 
and a longer transition region from Zones I to  111. This situation is most 
likely to  occur with low gas flow rates past the sample ( 6  becomes larger) 
and with small particle sized samples, where the external-surface-area-to- 
volume ratio becomes large and the possibility of the reactant concentration 
going to  zero in the particle becomes less. 

2. The rate controlling part of step 3 (the chemical step) can change 
with increasing temperature. If, for example, this rate-controlling part of 
step 3 changes from desorption in Zone I to  adsorption in Zone 11, the true 
activation energy for the over-all reaction will have changed. The apparent 
activation energy in Zone I1 will correspond to  one-half the true activation 
energy in this zone, which will be different from one-half the true activation 
energy for Zone I. 

3. I n  Zone I, the concentration of products within the porous solid is 
negligible and reaction retardation is likewise negligible. In  Zone 11, the 
concentration of products within the solid becomes comparable with that 
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of the reactant, and reaction retardation can become significant. The true 
activation energy for the over-all reaction rate then becomes a complex 
mixture of activation energies for different rate constants, as discussed in 
Sec. I11 and IV. 

C. GENERAL DISCUSSION OF ZONE I1 FOR THE 

GAS-CARBON REACTIONS 
1. Relation between True Activation Energy and Apparent Activation En- 

ergy Found in Zone ZZ. It has been shown (101, 103) that the rate of reac- 
tion in the diffusion controlled zone is given by 

where dw/dt is the rate of react,ion per unit area of exterior surface, CR is 
the reactant gas concentration at  the exterior surface of the reacting speci- 
men, k ,  is the specific rate constant per unit volume, m is the order of re- 
action, and D,rr is the effective diffusion coefficient through the material. 
It is of considerable importance to  be aware of the assumptions made in 
this derivation, especially when applied to  porous carbons, which have a 
complicated internal pore structure. It is assumed that all of the pore sur- 
face area at  a given penetration corresponding to  a gas concentration C, is 
available for reaction at the concentration C, . Also, the derivation implic- 
itly assumes that the penetration of gas into porous carbons takes place 
along a series of pores of varying dimensions and shapes (106), each pore 
joining into other pores, thus providing a tortuous path to  the interior. 
Statistically, it is assumed that the gas concentration at any depth of pene- 
tration into the specimen is constant over the specimen; that is, the gas 
concentration profile is the same in each series of pores reaching the center 
of the sample. This will be true if the pores are interconnected at relatively 
short distances. As discussed in Sec. VI, there is some experimental evidence 
that this assumption is not justified. The general Equation (15) still holds 
when applied to  any part of the reaction occurring in pores of constant ef- 
fective diffusion coefficient; but if a unit of exterior surface area is composed 
of elements of area dA, in which is found a range of effective diffusion co- 
efficients, determined by the pore size in element dA,  then Equation (15) 
becomes 

Experimental evidence, presented in Sec. VI and elsewhere (31,106), sug- 
gests that after a relatively small burnoff (ca. 5 %) the surface area available 
for reaction and the over-all reaction rate remains virtually constant over a 
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considerable burnoff range. Further, as discussed in Sec. VI, the specific 
surface area a t  any point in the carbon which has undergone the initial 
burnoff does not vary greatly with reaction temperature. These are addi- 
tional assumptions made in the derivation of Equation (15), in the case 
of gas-carbon reactions. 

Assuming the change in effective diffusion coefficient with temperature 
to  be small compared with the change of specific rate constant with tem- 
perature, Equation (15) may be re-expressed as 

Thus, the increase in the over-all reaction rate is proportional to  the square 
root of the specific or true rate constant. Since the apparent activation en- 
ergy for the reaction is defined by 

and the true activation energy by 

k = (constant) e-"lRuT (19) 

and since dw/dt  is proportional to  <k, 

where E, = E , / 2 .  
The physical meaning of Equation (17) is simply this: if the specific rate 

constant, goes up, say nine times, because of an increase of temperature, the 
concentration profile must be steeper in order to  diffuse in the extra amount 
of reactant gas. Consequently, the penetration into the carbon decreases. 
Obviously, equilibrium is reached when the concentration gradient increases 
threefold, the penetration distance decreases threefold, and the over-all re- 
action rate (proportional to  k times penetration distance) increases three- 
fold, where 3, in this example, is the square root of the factor of specific- 
rate-constant increase. For these conditions, the over-all reaction rate has 
increased threefold, but so has the diffusion gradient ; that is, equilibrium 
has been reached. 

2. Criteria for Ihe Prediction of Gas-Carbon Reactions Entering Zone II. 
Thiele (100) has derived equations to predict under what conditions plane 
or spherical specimens undergoing reaction will enter Zone 11. Aris (107) has 
discussed the effect of specimen shape on the Thiele equations. The au- 
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thors, using an approach similar to  Thiele, derive an equation to  be used 
to  determine when cylindrical (rod) specimens undergoing reaction will 
enter Zone 11. Equations pertaining to  all three geometric shapes are re- 
viewed and implications of the equations discussed. 

Let the reaction be first order, and assume that the specific rate constant 
and effective diffusion coefficient are constant throughout the rod. It can 
easily be shown that, for a cylindrical specimen, the differential equation 
to be solved is 

d2C 1 dC 
dr2 r dr 
- + - - +  - 2 r C = O  

where C is the reactant gas concentration at  a penetration r from the center 
axis of the specimen. This equation can be solved using Bessel functions (as 
shown in the Appendix). The over-all rate of reaction per unit area of ex- 
ternal surface of the rod, dw/dt ,  is given by 

Therefore, in Zone 11, when 4 > 4, (4 = R d k , , / D e f f )  

d w  
d t  - = C R d m i  

and 

q = 2/4 (24) 

where q is the Thiele utilization factor defined as the ratio of the actual rate 
of reaction to  that which would occur if the reacting gas concentration 
were uniform throughout the material. 

The criteria used for the prediction of gas-carbon reactions entering Zone 
11, for first order reactions, are presented in Table IV, with the results of 
Thiele (100) for plane and spherical specimens included. Zone I1 is entered 
when 4 > where dII is the value of 4 for the start of Zone I1 and is 2, 
4, or 6 for a plane, cylinder, or sphere, respectively. In  all cases, the speci- 
mens approach uniform internal reaction, that is chemical control, when 4 
is <ca. 0.2 or 0.3; and in this range, the true activation energy is obtained. 

Implications of the equations presented in Table IV can be summarized 
as follows: 

1. A reacting sample will be completely in Zone I1 when #I > I#Q~ . The 
rate of reaction per unit external surface area in Zone I1 is given by 

C R d K D Z  or C I t d i i T i ,  

irrespective of the geometric shape of the sample. 
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TABLE IV 
Criteria for the Prediction of Gas-Carbon Reactions Entering Zone for 

Varioue Geometrically Shaped Samples 

Geometric shape 

Plane: thickness R 

Cylinder: radius R 

Sphere: radius R 

4 

Rate of reaction 
per unit area of 
exterior surface 

concentration 

Rate of reaction per 
unit area of exterior 

surface when 4 > 

v for 4 
> A 4'1 

I 1 sample 

2. The transition region between Zones I and I1 will occur over a tem- 
perature range sufficient to increase 4 by ca. 20. Since 4 = RZ/k, /Derr  and 

where n = 1 for a plane 
= 2 for a cylinder 

= 3 for a sphere 

Thus, 4'7 a dw/dt ,  and since over the transition region t#~ increases by ca. 
20 while 7 goes from 1 to s, the over-all reaction rate, d w l d t ,  must in- 
crease by ca. 200 over the transition range. This implies, as discussed by 
Weisz and Prater (IOS), that the transition region between Zones I and I1 
can cover a considerable temperature range. 

3. Equation (25) can be used to determine whether a reaction is pro- 
ceeding in Zone I or 11. Since Zone I is closely approximated when4 < 0.3 
and 7 is close to  1, if 4 ' ~  is <ca. 0.1, the reaction is in Zone I.* On the other 
hand, it is easily shown that if 4'7 is >2n2, the reaction is in Zone 11. 

* This is a more stringent requirement than that  given by Weisz and Prater (103) 
who give 4% < 1.0 in the chemical control zone. Weisz (108) later gives the safe limit 
of Zone I as 441 < 0.8 for 8 2 0.95 (taking into account uncertainty in order of re- 
action). 
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4. If the order of the reaction is m, then the formulas given in Table IV 

4 = R d ( k v C F 1 ) / D e f f  (26) 

are modified as follows: 

and dw/dt  is given by Equation (15). 

D. COMPREHENSIVE RATE EQUATIONS COVERING THREE 
TEMPERATURE ZONES IN GAS-CARBON REACTIONS 

When a solid is reacting with a gas stream flowing over its surface and 
the reaction rate is dependent on the partial pressure of the reacting gas, 
the over-all picture of the process of reaction may be represented as shown 
in Fig. 6. The general over-all rate and mass transfer relations can be ex- 
pressed as follows: 

and 

where dwldt  is the rate of reaction per unit of external surface; L)rree is the 
diffusion coefficient of the reactant through the "stagnant film" of thick- 
ness 6 ;  k, is the rate constant per unit of reacting surface; S,  is the specific 
internal surface area expressed per unit volume; m is the true order of re- 
action; n = 1, 2, 3, for a plane, cylinder, or sphere, respectively; and f is 
the roughness factor for the external surface. 

The first term on the right-hand side of Equation (28) represents reac- 
tion occurring within the solid, while the second term represents reaction 
occurring on the exposed external face. Since carbons have internal surface 

IA 

0 
Z'I) 09 

0 

GAS STREAM WITH 
CONCENTRATION OF 
REACTING GAS' Cg I 

."STAGNANT FILM" OF 
EFFECTIVE THICKNESS 6 

I REACTING SOLID 
OF DEPTH R 

FIG. 6.  Illustration of general case of gas-solid reaction. 
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areas of the order of a t  least several m?/cc., while the second term involves 
an area of only a few cm.‘/cc. (unless the solid is in a very finely divided 
form), the second term can be neglected except a t  very high rates of reac- 
tion and almost zero penetration into the carbon. 

If the effect of volume change within the reacting specimen is small, the 
following formulas represent q to a sufficiently close approximation : 

Plane, 

tanh qi 

9 
v = -  

Rod, 

9 = Bessel function of q5 (see Appendix) (30) 

Sphere, 

Clearly, the elimination of the unknown concentration C R  between Equa- 
tions (27), (28), and (29-31) is difficult. However, since the effective diffu- 
sion coefficient within the pores of carbon is considerably smaller than the 
free diffusion coefficient in the stagnant film (109) and fiince the thickness 
of the stagnant film is usually much smaller than R, it can be assumed that 
for large specimens the reaction in the solid will be mainly in Zone I1 before 
( C ,  - C n )  becomes appreciable. Therefore, at low rates of reaction 

dw - = k,S,Crq 
dt n 

where 1 - 1 in Zone I and is given by Equations (29-31) in the transition 
region between Zones I and 11. 

= n/qi and Equations (27) and (28) 
can be expressed as 

When the reaction is in Zone 11, 

or 

Eliminating C n  from the three terms in Equation (34) gives 
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At thc high temperatures required to  enter the stagnant film-controlled 
zone (Zone 111), many reactions will tend to first order. Therefore, substi- 
tuting m = 1 in Equation (35) and rearranging, 

When reaction occurs a t  an appreciable penetration into the solid, ksf is 
negligible compared with d]c8svDeti and 

However, for very high rates of reaction, dk8svDeit is negligible compared 
with 1c j and 

dw - CO - -  
dt 1 . 6  -+ -  k s  f Dime 

Equation (38) will also apply when the carbon is nonporous, that is, 
Deli = 0. 

As k, becomes very large, Equations (37) and (38) will give 

(39) 
dw - CoDiree 
dt 6 

Equation (39) represents the reaction rate in Zone 111. The reaction is 
clearly first order with respect to  the reactant concentration in the main 
gas stream. This is clearly shown by Day (24) for the carbon-oxygen re- 
action, as shown in Fig. 7. 

Depending on the specific surface area of the carbon and the effective 
diffusion coefficient of the reactant through the carbon, it is not necessary 
for the reaction to  be represented by Equation (37) goingto Equation (36), 
Equation (36) going to  Equation (38), and Equation (38) going to  Equa- 
tion (39) as the rate of reaction increases. In  some cases, Equation (37) 
goes directly to  Equation (39) without reaction on the exterior surface area 
becoming an appreciable rate controlling factor. 

E. R.4TES OF GAS-CARBON REACTIONS IN ZONE 111 
Using heat transfer data, Rice (110) shows that the film thickness of a 

fluid flowing over an object can be expressed as 
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FIG. 7 .  Illuatratiori of first-order kinetics for the carbon-oxygen reaction in Zone 
111. [After R. J .  Day, Ph.D. Thesis, The Pennsylvania State University, 1949.1 

where p and p are the viscosity and density of the fluid, V is the linear flow 
velocity of fluid over the surface, and R is the radius of the solid. Using 
this relation and the additional relations, p a 1'.', p a Ti,', C ,  a T-'.", 
and Dlree a Ti.76 , Equation (39) can be expressed us 

d_W 0: (9)"" 
dt 

which states that the reaction rate is predicted to be independent of tem- 
perature. Actually, there is some doubt as to the variation of viscosity and 
diffusivity with temperature; but in any case, the reaction rate in Zone I11 
varies only slightly with temperature. 

Many workers have attempted to confirm the variation of reaction rate 
for the carbon-oxygen reaction with linear gas flow rate, as expressed by 
Equation (41). Parker and Hottel ( I l l ) ,  reacting brush carbon with air 
at 1227O, find the rate varies with the 0.37 power of velocity. Mayers (112) , 
using 40- by 60-mesh coke in l-in. high beds, obtains a value of 0.5 for the 
exponent; Chukhanov and Karahavina ( l l S ) ,  in their high-velocity experi- 
ments using beds of particles 3 by 5.5 mm. in diameter, find a value of 0.4; 
Kuchta and co-workers ( l l d ) ,  using carbon rods, report an exponent of 
0.45; Day (24), using carbon and graphite rods, reports a value of 0.5; 
and Tu et al. (116) report a value of 0.49. Graham et al. ( I I 6 ) ,  studying 
the variation in reaction rate of the carbon-steam reaction under high ve- 
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FIG. 8. Arrhenius plots for the carbon-oxygen reaction at different linear gas ve- 
locities in Zone 111. [After R. J. Day, Ph.D. Thesis, The Pennsylvania State Univer- 
sity, 1949.1 

locity conditions, find that the rate varies with the power of velocity rang- 
ing from 0.23 to 0.33. They conclude that when the power is less than 0.5, 
the reaction is not in Zone I11 but is in the transition region. 

Day (24 ) ,  who apparently is completely in Zone I11 for his studies on 
the carbon-oxygen reaction, confirms the small dependence of reaction rate 
on temperature, as shown in Fig. 8. Between 1227 and 2027", the activation 
energy is less than 8 kcal./mole at all flow velocities used. 

For a particular gas-carbon reaction, Equation (39), with one reservation, 
leads to the conclusion that under identical reaction conditions (i.e., C, , 
Dfree, and 6 are constant), the rate of reaction in Zone I11 is independent 
of the type of carbon reacted. The reservation is that in the carbon-oxygen 
reaction, the nature of the carbon may affect the CO-CO2 ratio leaving the 
surface and hence the reaction rate per unit of oxygen diffusing to the sur- 
face. Unfortunately, little data are available on reactivities of different car- 
bons where the reaction has been conducted completely in Zonc 111. Day 
(24)  reports that the reaction rates of petroleum coke, graphitized lamp- 
black, and graphitized anthracite rods agree within 12% at a temperature 
of 1827" and at a constant gas velocity. 
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For reaction at  the same temperature, it is of interest to predict the rela- 
tive rates of the different gas-carbon reactions in Zone 111, when using a 
sample of fixed dimensions, a constant linear gas velocity, and a fixed con- 
centration of reacting gas in the main stream.* Under these conditions, 
Equation (39) can be expressed as 

where n = 1 for the carbon-carbon dioxide and carbon-steam reactions 
and n = 2 for the carbon-oxygen reaction. The relative value of n is based 
on the assumption that at the high temperatures encountered in Zone 111, 
the CO-CO2 primary product ratio for the carbon-oxygen reaction becomes 
large (SO). Consequently, each molecule of oxygen reaching the surface will 
result in the gasification of ca. two carbon atoms, whereas each molecule of 
carbon dioxide or steam reaching the surface will result in the gasification 
of one carbon atom. 

To simplify the calculation of relative values of Dfrep , p, and p for the gas 
in the stagnant film, the following average gas compositions in the film are 
assumed : 

C-02 : 34% Oz,66% CO 

C-COI : 34% C02,66% CO 

C-Hz0: 34% Hz0,33% H2 , 33% CO 

Relative diffusivities for the mixtures are calculated assuming 

Dfree a M+"' 

Relative viscosities are calculated from viscosities for the individual com- 
ponents at 0' ( l l 7 ) ,  weighting them on a mole fraction basis. The change 
in diffusivities and viscosities with temperature and pressure is assumed to 
be independent of gas mixture. If desired, more accurate calculations of 
diffusivities and viscosities of gas mixtures can be made using the up- 
proaches of Wilke (118) and Bromley and Wilke (119), respectively. Ta- 
ble V presents relative values for Dfree, p, and p across the stagnant film 
for the gas-carbon reactions. Substituting these values in Equation (42), 
the relative reaction rates in Zone I11 for the gas-carbon reactions are calcu- 
lated and also presented in Table V. Qualitatively, the rates of the carbon- 
oxygen and carbon-steam reactions are predicted to be about twice the rate 

* The reaction C + 2H2 + CH, is not included in this consideration because, as 
discussed in Sec. 11, at high temperatures and atmospheric pressure, equilibrium 
greatly restricts this gasification reaction. That is, CR never approaches zero and, to 
the contrary, approaches C, closely. This means that the concentration gradient 
across the stagnant film is small and dw/dt is correspondingly small. 
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TABLE V 
Predicted Relative Rates of Carbon Gasification in Reaction Zone 111 for Similar Shapes 

of Carbon Specimens and Constant Linear Gas Flow Rate 

Relative physical data across Relative 
stagnant film reaction 

rate in 
DfW B P Zone I11 

Reaction 

c-0, 
c-co, 
C-H20 

1 1 1 
0.9 0.9 1.2 
1.9 0.6 0.6 

2 .o 
1 .o 
1 .Y  

of the carbon-carbon dioxide reaction. The rate of the carbon-oxygen reac- 
tion is high because of the removal of ca. two carbon atoms from the sur- 
face for each molecule of reacting gas. The rate of the carbon-steam reaction 
is high because of the relatively high dzusivity value for the steam molecule 
across the stagnant film. 

Figure 9 graphically shows the marked effect which temperature level is 
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A -  T 
FIQ. 9. Ideally, the predicted variation in the relative rates of the carbon-oxygen 

and carbon-steam reactions with temperature for a porous carbon. 
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expected to have on the relative rates of the carbon-oxygen and carbon- 
steam reactions. At low temperatures, in Zone I, as discussed in Sec. IV, 
the carbon-oxygen reaction is many times more rapid than the carbon- 
steam reaction. Because of the higher true activation energy of the carbon- 
steam reaction and the higher temperature at which this reaction enters 
the comparable temperature zones, this difference in reaction rates rapidly 
decreases. Finally in line with the prediction presented in Table V, the re- 
action rates for these two reactions should be quite comparable in Zone 111. 

VI. Use of Density and Area Profiles on Reacted Carbon Rods 
for Better Understanding of Gas-Carbon Reactions 

A. INTRODUCTION 
The availability of data on the change in physical structure of carbons 

after different degrees of burnoff at different temperatures can aid in the 
understanding of gas-carbon reactions. In the broadest sense, use of profile 
data after fractional burnoff enables a clear determination to be made of 
the temperature zone in which the reaction has occurred, as follows: 

1. If the density profile is uniform through the sample, the reaction oc- 
curred in Zone I. 

2. If the density at some depth into the sample equals the starting den- 
sity, the reaction occurred in Zone I1 or 111. 

Petersen (87, I&)) discusses the use of profile data to understand better 
the mechanism of the carbon-carbon dioxide reaction. He reacted >$-in. 
diameter rod samples in an apparatus previously described (86). Profile 
data were determined on the reacted rods as follows: A %-in. hole was 
drilled through the center of the rod prior to placing it on an ordinary screw- 
cutting engine lathe. Following incremental cuts of approximately 0.25 mm. 
from the exterior surface, the rod was removed from the lathe and weighed, 
and its diameter was determined by a micrometer caliper. For each cut, 
the apparent density of the material removed was calculated from the 
weight loss and volume of carbon removed. 

Profile data reported in this section were determined in a similar way, 
following reaction of spectroscopic carbon rods (National Carbon's 
L113SP) with carbon dioxide in the apparatus previously described (86). 
Briefly, the apparatus consisted of a vertical mullite reactor tube l>$-in. 
i.d. Carbon samples 2 in. long by W in. in diameter with a %-in. hole 
through their center (the rods weighing ca. 8.8 g.) were suspended in the 
reactor by connecting them through a %-in. mullite rod to a balance. Re- 
action at the top and bottom of the carbon rods was minimized by >$in. 
diameter mullite plates. Following reaction to ca. 11 % burnoff (1 g.) at  
temperatures of 925, 1O00, 1200, and 1305", density and surface area profile 
data were determined. The area data were determined in a conventional 
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B.E.T. apparatus ( l a l ) ,  using nitrogen as the adsorbate at liquid nitrogen 
temperatures. Reactivity data were also determined at a number of other 
temperatures between 900 and 1350°, but subsequent profile data are lack- 
ing. 

The experimental results obtained from the measurement of surface area 
remaining after each lathe cut can be plotted as cumulative surface area 
against radius. If S,' is the surface area per cm. of radial distance at  radius 
T ,  the cumulative surface area is given by 

72  

S,  = \ S,'dr (43) 
T I  

If S, is the specific surface area at T in cm.2/cc., S,' = S , ( r / R ) A ,  where A 
is the external surface area of the rod (excluding the ends) in cm.2 and R 
is the external radius. Therefore, 

or 

Thus, the specific surface area at  any radius in the rod can be estimated 
from the dimensions of the rod and the slopes of the cumulative surface 
area curve. 

In a similar manner, the porosity at any radius in the rod can be esti- 
mated from the corresponding slopes of the curve of cumulative weight vs. 
radius by the equation 

R 
Pr = 

where pr is the apparent density of the carbon at  T and w e  is the cumulative 
weight. Then 

where 8, is the porosity of the carbon at r and p t  is the true density of car- 
bon, which, in this case, equals 2.268 g./cc. 

B. USE OF DENSITY PROFILE DATA TO DETERMINE RATE OF REACTION 
AT ANY RADIUS IN THE CARBON ROD 

The most accurate way to  obtain the rate of reaction at  any radius in 
the rod would be to react a series of identical rods under identical conditions 
to different burnoffs, followed by the clitting of each rod as described. The 
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FIG. 10. Illustration of the porosity profile through a rod at two times, t~ and t 2  , 
when reaction is occurring at a constant rate in temperature Zone 11. 

rate of reaction, ( d n l d t ) ,  , at  any radius could then be estimated from the 
changes in porosity with time. This would be a tedious process. In  this 
study, ( d n l d l ) ,  is determined more simply and probably about as accuratcly 
by an alternative method. 

At sufficiently high temperatures, the reaction in t,he rod will proceed 
so fast that the carbon dioxide concentration will be zero a t  some point in 
the rod (Zone 11). After an initial burnoff, the porosity a t  the surface will 
reach a value at which the carbon no longer has sufficient structural strength 
to  remain attached to  the rod. Carbon then will be lost by particles blowing 
off in the reacting gas stream. When this point is reached, it is obvious by 
intuition that the rate of reaction will be constant for a small decrease in 
external radius; and the profile functions through the rod will be duplicated 
after a time interval At but moved in a radius AR (equilibrium burning). 
The condition of the rod a t  two different times is illustrated in Fig. 10. 
Clearly, the over-all rate of reaction per cm.2 of external surface b is given by 

AR 
At pu 

b = -  (48) 

where pu is the apparent density of the unreacted carbon and b is constant 
for a small change in external surface area. Considering I cm.' of ext r r rd  
rod surface, 

but 

Therefore, 
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Determination of ( d n l d t ) ,  is possible, since ( d 0 / d r ) ,  can be found from 
the slope of the 0 us. r plot and b can be found from the experimental re- 
activity curve. It should be noted that (&/&), is the rate of reaction per 
cm. thickness of section, whereas the actual rate of reaction in an infinitesi- 
mal section of thickness dr is ( d n l d t ) ,  dr. 

From profile data to  be discussed shortly, it was found that Zone I1 was 
approximated only at reaction temperatures of 1305" and higher. The over- 
all rate of reaction curve for this temperature is given in Fig. 11. If it is 
assumed that the abrupt change in reaction rate after 4-min. reaction time 
occurs at the onset of equilibrium burning, the measured decrease in exter- 
nal radius of the rod can be assumed to have occurred between 4 and 8 min., 
and b can be calculated. The value of b is found to agree well with the rate 
calculated from Fig. 11. 

It is of interest to note that several workers (99, 116) have assumed 
AR/At  to represent the rate of reaction of a carbon specimen only when the 
reaction is proceeding entirely on the external surface. The above reasoning 
shows that AR/At  can be a constant and represent the over-all rate of re- 
action when the reaction is occurring internally and the utilized surface 
area is far greater than the external surface area. Graham and co-workers 
(116), studying the carbon-steam reaction under high-velocity conditions, 

REACTION TIME, minutes 

FIG. 11. Plot of weight loss vs .  time for reaction of spectroscopic carbon rod with 
carbon dioxide at 1305" (Zone 11) to 11% burnoff. 
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I-&+& 
REACTION TIME- 

FIG. 12. Typical plot of weight loss us. time for reaction of spectroscopic carbon 
rod with carbon dioxide at  temperatures below Zone 11. 

determine reaction rates from the change in external sample radius with 
time, using Equation (48). On the assumption that Equation (48) holds 
only when reaction takes place solely on the exterior surface, they calculate 
reaction probabilities, which they acknowledge to be about a thousandfold 
too high on the basis of other workers’ findings. Since they report that their 
reactant concentration at the exterior surface of the carbon does not go to 
zero but only to ca. C,/2, there is no doubt that some internal reaction is 
occurring. Using the formulas developed in Sec. V to estimate the degree 
of internal reaction and the true surface area undergoing reaction, reaction 
probabilities some thousandfold lower are calculated, in agreement with 
accepted values. 

At temperatures below Zone 11, equilibrium burning (as illustrated in 
Fig. 10) obviously is not obtained. It is found, however, that after some 
burnoff (usually less than 5 %) the reaction rate is essentially constant over 
a wide burnoff range. A typical reactivity plot is shown in Fig. 12. If it is 
assumed that the porosity measured at the close of the run is derived from 
uniform burning over time At, then 

where Aer is the increase in porosity above the unreacted porosity at r .  
This estimation can only be used where the rate of reaction has been con- 
stant over most of the reaction time. 

C. MASS TRANSPORT AND REACTANT CONCENTRATION 
PROFILES THROUGH THE ROD 

From a knowledge of the rates of reaction through the rod and the effec- 
tive diffusion coefficient at any radius, it is possible to  determine the con- 
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centration profile through the rod without making any assumptions regard- 
ing the order of the reaction or the surface areas taking part in the reaction. 
Three limiting cases are possible depending on the manner in which mass 
transport is occurring through the rod. Equations for the three cases for 
the carbon-carbon dioxide reaction are derived in the Appendix and pre- 
sented below. 

1. Knudsen diffusion only is occurring (Case 1 )  : 

where 

At high rates of reaction, the reactant concentration in the center of the 
specimen, Co , approaches zero closely. 

2. Bulk diffusion occurring but pores too fine to  allow Poiseuille flow 
(Case 2) : 

where Co/CR = L, p = C R  + CR’ in g. of carbon per cc. of gas, and 

[see Appendix for definition of (D:ff)r]. CR‘ is the concentration of carbon 
monoxide at  the surface. When the reaction is not in the stagnant film- 
controlled zone, C R  = p ;  and a t  sufficiently high reaction rates, L ‘v 0. 
Therefore, Equation (53) can be simplified to  

cr = 2CR(1 - e - F ( ‘ ) ’ C R )  (54) 

3. Bulk diffusion occurring with a maximum of Poiseuille flow under 
conditions where Co ‘v 0 and p = C R  (Case 3 ) : 

1 )  (55) 
F ( r ) / C R  - Cr = C R ( e  

where 
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D. DISCUSSION OF EXPERIMENTAL RESULTS 
1. Density and Area Projiles. Figure 13 presents porosity profiles for the 

original carbon rod and for the carbon rods after reaction to  ca. 11 % burn- 
off at four different temperatures. The samples could only be cut down to a 
radius of ca. 0.35 cm. Attempts a t  cutting to  a smaller radius resulted in 
breaking through the thin carbon wall. The porosity point a t  ca. 0.25 cni. 
represents the mean porosity of the carbon remaining after the last cut. 
At 1305", reaction occurred a t  a considerable penetration into the rod, even 
though equilibrium burning was obtained. Reaction was effectively zero 

- 
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PIG. 13. Porosity profiles through spectroscopic carbon rods before and after ra. 
11% burnoff at different temperatures. 
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towards the center of the rod. Extrapolation indicates that the porosity 
a t  the external surface is ca. 0.7 to  0.8. Since the external radius was de- 
creased significantly during reaction, this suggests that the maximum po- 
rosity reached a t  the surface before carbon particles dropped from the rod 
ranged from 0.7 to  0.8. In this experiment, carbon deposits were found in 
the top of the reaction tube. Apparently only about 70 % of the total weight 
loss a t  this temperature was a direct result of carbon gasification. 

At 1200", no decrease in external radius occurred, with the surface po- 
rosity reaching a value of only 0.56. At this temperature, there wasa signifi- 
cant increase in porosity even near the center hole in the rod; consequently, 
it may be assumed that the carbon dioxide concentration was not zero in 
this part of the rod. Therefore, reaction was in the transition region be- 
tween Zones I and 11. The reaction should be in Zone I1 when 4'7 = 

(R/CRD,rf)dw/dt > 4, as previously discussed. Since R is ca. 0.48 cm., 
and a t  1200", CR is 1 X lo-' g. of carbon per cc., dw/dt is 0.22 X lo-' g. 
of carbon/min./cm.' and the mean Deff (as discussed shortly) is ca. 0.1 
cm.'/sec., ~ + ~ q  = 1.7. Thus, the reaction should be near, but not in, Zone 11, 
in agreement with the interpretation of the porosity profile. 

It is seen that a t  1000" the reaction is much more uniform through the 
rod but is still not in the chemical control zone. At this low rate of reaction, 
it appears that carbon dioxide is diffusing sufficiently rapidly between the 
inner wall of the carbon rod and the ceramic support rod to  maintain : ~ n  
apprcciable concentration of reactant at the inner exposed surface of the 
rod. As expected, the minimum porosity (smallest amount of reaction) is 
found about half-way between the inner and outer radius, that is, a t  0.4-cm. 
radius. 

Even at  925", the reaction is not uniform through the rod. This is diffi- 
cult t o  explain because the criterion for chemical control indicates that for 
the reaction rate a t  this temperature, the reaction should be well within 
Zone I. It can hardly be ascribed to  a temperature gradient within the rod, 
since heat-transfer calculations show that the gradient through the rod to  
supply the necessary heat of reaction at  this low reaction rate is negligible 
(85 ) .  Furthermore, since heat is being supplied to  the sample from the out- 
side, a minimum in temperature a t  an intermediate radius ( to  explain the 
minimum in reaction rate a t  a radius of ca. 0.4 cm.) is not conceivable. 
Possibily, the assumption of a complete interconnection of the pores within 
carbon rods is not correct. If the interior of the carbon rod was being sup- 
plied with reactant gas through both large and small pores which are not 
greatly interconnected, the nonuniformity of the profile a t  925" could be 
caused by the reaction still being in Zone I1 in the small pore system. The 
experimental Deff used to estimate the reaction zone would be determined 
almost entirely by diffusion through the large pores in the system and would 
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be considerably too high to be used to  calculate the temperature zone op- 
erative for the small pore system. If it is postulated that the gas-carrying 
pore system within the rod behaves as a series of pores with effective diffu- 
sion radii ranging over a complete distribution from small to large, with 
effective diffusion coefficients for the smallest radii group of diffusing pores 
being, perhaps, one-hundredth of that for the largest, then the nonuni- 
form porosity found at low rates of reaction is clearly explained. Much of 
the work described in the following pages would need to be recalculated 
using distributions of surface area and porosity with diffusion coefficients 
and integrating the effects of the systems. It should be emphasized, how- 

0 1  I I I I 
0.2 0.3 0.4 0.5 0.6 

external 
radius int rrna I RADIUS, cm. 

radius 
FIG. 14. Specific surface area profiles through spectroscopic carbon rods before and 

after ca. 11% burnoff at different temperatures. 
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ever, that it is difficult on the basis of our present understanding of the phys- 
ical structure of carbon rods (106) to envision anything but an intercon- 
nected pore system. 

Figure 14 presents specific surface area profiles on the same carbon rods 
on which porosity profile data were determined. Aa expected, the specific 
surface areas of the samples reacted at 1305 and 1200" decrease markedly 
as the radius decreases. For the rod reacted a t  1305", it is seen that a negli- 
gible increase in porosity at  the internal radius results in a 60% increase 
in specific surface area at  the same radius. This can be attributed to a sig- 
nificant amount of closed pore volume being opened up at small burnoffs 
(122, 123). The additional volume is negligible, but the additional surface 
area provided by the micropores is comparatively large. Again, looking at  
the profile for the rod reacted at 1305", it is seen that the specific surface 
area goes through a maximum at a radius of cu. 0.5 cm. This is in line with 
the findings of Walker and Raats (106) and Wicke (31) that the specific 
surface area goes through a maximum as a function of burnoff or sample 
porosity. The area profiles for the rods reacted at 925 and 1000" are, in gen- 
eral, as expected. They show relatively little variation in area with radius. 

By cross-plotting the data in Figs. 13 and 14, the relation between the 
specific surface area and the porosity of the carbon rods after reaction at 
different temperatures can be presented, as in Fig. 15. It is seen that the 
surface area developed in the rods is not only a function of the porosity 
developed but also a function of the reaction temperature. The development 

POROSITY, 

FIQ. 15. Relation between specific surface area and porosity for spectroscopic car- 
bon rods after ca. 11% burnoff at different temperatures. 



188 P. L. WALKER, JR., FRANK RUSINKO, JR., AND L. G. 

01 I I I 
0.3 0.4 0.5 0.6 ( 

POROSITY, g, 

AUSTIN 

7 

FIQ. 16. Variation of effective diffusion coefficient of carbon dioxide through 
carbon monoxide at N.T.P. with porosity of spectrosropic rarbon rods. PoroHit y de- 
veloped by reaction with carbon dioxide at 950". 

of an increasing surface area after constant burnoff as the reaction tempera- 
ture is increased in the range of about 900 to  1200" has been previously dis- 
cussed (106,124). It has been shown that variation in the over-all specific 
surface area developed in rods after reaction at  different temperatures can- 
not be attributed only to  variations in porosity, as again shown in Fig. 15. 

2. Variation of Doff with Porosity of Carbon Rods. Before being able to  
calculate reactant concentrations through the rods at different reaction 
temperatures, it was necessary to  determine experimentally values for Dell 
in the rods as a function of porosity. It has not been established that Dell 
is only a function of porosity for a given carbon material and independent 
of the temperature a t  which this porosity is produced, but for simplicity 
this has been assumed to  be the case. Carbon rods % in. in diameter and 

in. long were cut from the original rods (the axis of the small rods being 
perpendicular to  the axis of the original rods, since Detf perpendicular to  
the axis is the value desired) and reacted at  950" to  various degrees of 
burnoff. The samples were then mounted in the diffusion apparatus de- 
scribed by Weisz and Prater (103) and Deff for hydrogen through nitrogen 
were determined at  room temperature.* Deff values for three samples a t  
each burnoff were determined, and the values agreed within f 3  % at burn- 

* The writers are indebted to P. B. Weisz of the Socony-Mobil Laboratories for 
determining the D.,r data. 
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FIG. 17. Relation between effective diffusion coefficient of carbon dioxide through 
carbon monoxide at N.T.P. and square of porosity for spectroscopic carbon rods. 

offs below 33%. At higher burnoffs, the agreement between values was 
within *lo%. 

The diffusion coefficients, corrected to  carbon dioxide through carbon 
monoxide by multiplying by m 4 ,  are presented in Fig. 16 as a function 
of porosity. At porosities greater than 65 %, the pellets become too fragile 
to  handle. Contrary t o  expectations, it is found that initial, small amounts 
of burnoff do not greatly increase Deft. This indicates that the marked in- 
crease in surface area for small amounts of burnoff occurs primarily by un- 
blocking of pores which are not part of the main system of macropores 
through which the majority of diffusion is occurring. Apart from the data 
a t  very low burnoffs, it is found that Defr is directly proportional t o  the 
square of the porosity, as shown in Pig. 17, or 

Deff = AB2 (56) 

where A = 0.0'35 crn.'/sec. a t  N.T.P. This can be compared with the well- 
known formula 

(57) 
Dfree 

Deff = - 
Y 

where is the tortuosity factor.* Possibly after a small initial burnoff, 
* It is relevant to note that tortuosity defined by Equation (57) is by no means 

the same as that defined by (L , /L ) ,  where L, is the effective tortuous pat,h length 
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y = l / e ( y  = 1 when8 = 1) and 

Deff = Dfreeez (58) 

From Equation (58), D f r e e  has the value of 0.095 cm.2/sec. at N.T.P., com- 
pared to  the value of 0.14 cm.'/sec. found from free-diffusion experiments 
(126). As discussed, the values of Doff were obtained from diffusion of hy- 
drogen through nitrogen converted to  carbon dioxide through carbon mon- 
oxide by multiplying by m 4 .  Since hydrogen is much smaller than nitro- 
gen, carbon dioxide, or carbon monoxide, it is probably more accurate to  
correct Deff using the factor 

When this conversion factor is used, Dfme calculated from Equation (58) 
is 0.147 cm.*/sec., in good agreement with the experimental value. 

Since porosity-radius curves have been obtained, it is possible to  plot 
curves of Dell against radius for the reacted rods. To  correct to  the tempera- 
ture of reaction, it is assumed that D,ff is proportional to  T',* (128). 

3. Reactant Concentration ProJile through Rod during Reaction at 1200". 
Equations (52), (54), and (55) are used to  calculate the reactant concen- 
tration profile through the rod during reaction at  1200". Co is initially as- 
sumed 4, but as will be seen later, its value can be approximated. The 
most significant conclusion that can be drawn from the concentration data 
in Table VI is that there is no major difference in the decrease of concentra- 
tion through the rod for the three different cases, even at  high rates of re- 
action. At low rates of reaction, Equations (52), (54), and (55) all give 
the same result, since there is little pressure build-up or forced flow in the 
rod. As would be expected, Cases 2 and 3 require that the concentration 
gradient be somewhat steeper to  diffuse in the required amount of carbon 
dioxide for reaction. In  Table VI, the concentration through the rods also 
is expressed as a percentage of the surface concentration. 

It is probable that the actual mass-transport process is a combination of 
all three cases. However, since the percentage falloff of concentration in the 
rod is not much different in the three cases, the results may be used on a 
and L the measured thickness of the sample. As discussed by Carman ( I d b ) ,  it is diffi- 
cult to justify theoretically values of ( L J L )  which depart much from G. The value 
of tortuosity defined by Equation (57) must be considered as a correction factor which 
includes ( L J L ) ,  but it is also a function of how the various-sized pores in a solid 
are interconnected. The tortuosity factor equals (L./L) only when the pores avail- 
able for diffusion are not of widely different size and the interconnections between 
them are not constrictions. This can best be seen by noting that as the pore inter- 
connections becomc small, Dell tends to zero; therefore, y tends to infinity even 
though the diffusion path and the porosity do not necessarily change very much. 
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comparative basis as long as it is remembered that the absolute magnitude 
of the concentrations is in doubt. It will be noted that the predicted concen- 
trations of carbon dioxide at the surface of the rod ((2,) are 0.35,0.56, and 
0.39 X g. of carbon per cc. for Cases 1, 2, and 3, respectively. Under 
the conditions of the reaction, C, is about 1.0 X lo-*. From Equation (27) 
(where 6 is calculated using Equation (40) with y5 = 2.0), it is estimated 
that C, - CR = 0.04 X lod4 g. of carbon per cc. Therefore, 

C R  N 1.0 x 
indicating that the discrepancy between the values of carbon dioxide con- 
centration calculated from concentration profiles and Equation (27 ) can- 
not be attributed to significant control of the reaction by mass transport 
resistance across the "stagnant film." A minor part of the difference can 
be attributed to CO not being zero, which can be seen by extrapolating the 
original rate-concentration curves to  zero concentration, as discussed 
shortly. The major part of the discrepancy is almost certainly caused by 
the assumed variation between Dell and temperature (D.ff a If 
Delf were to vary with temperature to about the 0.9 power, the correct 
carbon dioxide concentration at the outside of the rod would be calculated. 
Unfortunately, no data are available for this relation for these particulai 
carbon samples. 

4. Variation of Reaction Rate with Temperature for Spectroscopic Carbon 
Reacting with Carbon Dioxide. Figure 18 presents the Arrhenius plot show- 
ing the variation in reaction rate with temperature for the spectroscopic 
carbon reacting with carbon dioxide. At temperatures below 950°, an ac- 
tivation energy of 93 kcal./mole is obtained, the value probably approach- 
ing E l  reasonably closely (32, 68).  Between 950 and lOOO", there is an 
abrupt change in apparent activation energy, which might be interpreted 
as the entire transition region between Zones I and 11. However, this inter- 
pretation is not valid. The porosity profile for the carbon reacted at 1200" 
(Fig. 13) indicates that the reaction is still in the transition region. Further, 
using Equation (25), the start of Zone I1 is calculated to occur when dwldt 
is ca. 6 g. of carbon reacting per hour. Although this value is approximate, 
it is over 50 times the value of dwldt at 1000". 

Also presented in Fig. 18 is the ideal change in reaction rate of the spec- 
troscopic carbon with temperature, assuming a true activation energy of 
93 kcal./mole. Zone I1 should start at a reaction rate of ca. 6 g. of carbon 
per hour and knowing that 7 'v 0.5 at thestart of Zone 11, the temperature 
can be approximated. It is of interest to note that the ideal activation en- 
ergy in Zone 11, 46.5 kcal./mole, is closely approximated by the change in 
experimental reaction rate with temperature above ca. 1250". 

It might be expected that the smaller values of experimental reaction 
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FIG. 18. Arrhenius plot for reaction of spectroscopic carbon rods with carbon diox- 
ide at 1 atm. pressure. 

rate which are observed in the transition region between Zones I and I1 are 
a result of forced flow or pressure buildup in the rod opposing the entry of 
carbon dioxide. However, the concentrations listed in Table VI indicate 
that these factors cannot account for such a marked discrepancy in reac- 
tion rate. It is probable that the buildup of carbon monoxide concentration 
in the rod at  temperatures above 10oO" results in retardation of the reaction. 
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5 .  T r u e  and Apparent  Order of Reaction. From a knowledge of ( d n l d t ) ,  
through the rod, the over-all rate of reaction can be determined by graphical 
integration. When this is done for the rod reacted at  1200", it is found that 
the integrated rate of reaction in the rod (0.127 g. of carbon reacting per 
hour per cm.' of external area) agrees well with the total rate of reaction 
determined from the experimental rate curve (0.131 ), The corresponding 
values for the rod reacted at  1305" are 0.30 and 0.41, which indicates that 
28 % of the over-all reaction is a result of carbon blowing from the external 
surface. This agrees well with the extent of mechanical loss of carbon pre- 
dicted from the 1305" porosity profile (Fig. 13). 

At any radius r ,  the rate of reaction per unit area can be calculated from 
the quotient, ( d n / d t ) , / S ,  . Consequently, the specific rate of reaction and 
calculated carbon dioxide concentration (both taken at  the same value of 
r )  can be plotted to determine the true order of reaction, independent of 
diffusion control. Figure 19 presents such data for the carbon rod reacted 
at 1200", assuming the relative concentrations for Case 3 in Table VI to  be 
applicable. From an auxiliary plot similar to  Fig. 19, a finite reaction rate 
a t  zero carbon dioxide concentration is found. Since the concentrations of 
carbon dioxide were calculated assuming CO to  be zero, it is clear that this 
reaction rate is due t80 a finite Co concentration at  the center of the rod. The 
actual values of concentmtion at  values of r were estimated by extrapolat- 

0. of carbon x 10' 
C C  C02 CONCENTRATION, 

FIG. 19. Relation between specific reaction rate and carbon dioxide concentration 
in rod undergoing reaction at 1200". 
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TABLE VI 
Concentrations of Carbon Diozide through Spectroscopic Carbon Rod Reacting at 1600" 

Baaed on Denaity Profile and Deft Data 

C, as % of CR 
C, , (9. of carbon in 

C O * ) / ~ ~ .  x 104 Radius, cm. 

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

0.35 0.06 0.09 0.05 14 13 16 
0.40 0.08 0.15 0.08 23 20 26 
0.45 0.12 0.22 0.13 36 32 40 
0.60 0.18 0.31 0.19 57 47 55 
0.55 0.24 0.41 0.26 69 66 73 
0.60 0.31 0.51 0.35 89 88 91 

R = 0.6225 0.36 0.56 0.39 100 100 100 

ing the rate vs. concentration plot to zero rate, taking the negative inter- 
cept on the concentration ordinate as CO , and adding this constant concen- 
tration term to the concentrations in Table VI, thereby arriving at  Fig. 19. 
By this method, Co is estimated as 0.14 X lo-' g. of carbon per cc. at 1200". 
A similar plot for the rod reacted at 1305" is given in Fig. 20. Clearly, the 
reaction is not first order at either temperature, nor do the data fit a Lang- 
muir expression of the form dn/d t  = aC/( 1 + bC) .  The data fit an expres- 
sion of the form l/(dn/dt) = (a /C)  - ( l / b ) ,  as seen in Fig. 21. Such an 
expression is consistent with the idea of carbon monoxide inhibition, as 
discussed below. 

Figure 22 presents the change of over-all reaction rate with change in 
partial pressure of carbon dioxide in the main gas stream. Nitrogen was 
used as the diluent, and the total flow rate was maintained constant. The 
over-all order of reaction is found to be ca. 0.5 from 950 to 1200". An over- 
all order of reaction of cu. 0.5 close to the start of Zone I1 has been inter- 
preted to mean a true reaction order of zero (70,79). In this case, however, 
as has been shown in Fig. 19, the true order is not zero at 1200". Therefore, 
the above reasoning is not valid. An over-all order of 0.5 would be expected 
(for reactionin Zone 11) if the mechanism of the reaction is represented by 

as suggested by Ergun (46). Both a and b vary exponentially with tempera- 
ture, a increasing and b decreasing with increase in temperature. By similar 
reasoning to that used to derive Equation (A18), it can be shown that for 
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FIG. 20. Relation between specific reaction rate and carbon dioxide concentration 
in rod undergoing reaction a t  1305". 

reaction through a specimen, 

cco = r ( p  - cco,> (60) 

with r varying between 1 and 2 depending upon the pressure buildup which 
occurs in the material. Assuming I' = 1, for simplicity, 

- - 1  (61) 

The carbon dioxide concentration can be expressed as a fraction 'of the 
exterior gas concentration; that is, Cco,/p = f, with f varying from 1 to 0 
from the exterior to the interior of the carbon. For any given value off, 
Cco/Cc,, is fixed, and therefore, dn/dt is a function off and not of CcOp 
alone, or 

c c o  

cco, G o ,  
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FIG. 21. Relation between reciprocal of specific reaction rate and reciprocal of 
carbon dioxide concentration in rods undergoing reaction at  1200 and 1305". 

Consider now a plane specimen of carbon (of uniform specific internal 
surface area and uniform D,ff) reacted in Zone I1 at two exterior carbon 
dioxide concentrations p1 and pz . For a given temperature, Equation (62) 
shows that the specific reaction rate a t  a given value of Cco,/p is fixed. 
Therefore, in the two cases, since Cco,/p covers the same range of values, 
the specific reaction rates will cover the same range of values. However, in 
going from one fixed value of Cco,/p to another fixed value, the change in 
concentration and, therefore, the diffusional mass transport, will not be 
the samc in both cases even though the specific reaction rate covers the 
same range of values. Clearly, for the higher concentration case, penetra- 
tion will occur deeper into the specimen and the given specific reaction rate 
range will apply over a larger section of carbon. The fall in Ccoz/p through 
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FIG. 22. Apparent order of reaction for whole rod at reaction temperatures be- 
tween 950 and 1200". 

the material is as illustrated in Fig. 23, where the curves are of the same 
shape, but the penetration scale at the higher external concentration is 
expanded uniformly. Consider the two infinitesimal sections AL and SL 
a t  the same Cc,,/p value. Let SL = M L ,  then from Equation (62): 

Reaction in volume element SL = S,  (dn/d t )  SL (63) 

where 8, is the internal surface area per unit volume and the specimen is 
considered to be of unit cross sectional area. Also 

Reaction in volume element AL = S, (dn/d t )  AL = l/X (reaction in 6L) (64) 

Therefore, 
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FIQ. 23. 
specimen, 
P l  > P I .  

That is, 

0 AL 8L L 
R ADlU S -+ 

Illustrations of fractional carbon dioxide concentrations through reacting 
when exterior face is exposed to reacting gas of concentration PI or p~ , 

Considering the gradient of Cco,/p at the external reacting face 

d(Cco,lPi)  1 d ( C  / ) [ dx =x[ "d"," p2 1 2  

That is, 

Now the overall rate of reaction is equal to Deff 

therefore 

Eliminating X from Equations (69) and (66) and rearranging 
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Thus, the over-all rate should be proportional to  the gas concentration in 
the main gas stream to  the half power. 

The above derivation applies to  reaction completely in Zone 11. From 
Equation (59) it is seen that in Zone I, where Cco is small, the reaction 
should be zero order. Hence, over the transition region the apparent order 
of the over-all reaction should range from 0 to  0.5. This is not the case in 
the present work, as shown in Fig. 21, where the order is approximately 0.5 
from 950 t o  1200". The discrepancy may be due to  Equation (59) not being 
the correct equation for small values of carbon monoxide concentration. 

As was discussed in Sec. 111, the rate of the carbon-carbon dioxide reac- 
tion can be expressed as 

dt 
1 + + c,, + il ' cco, 

3 3  3 3  

which can be written in the form 

by substituting for the Cco, Equation (60) with I' = 1. Equation (72) is 
of the form found to  correlate the reaction rate us. concentration data pre- 
sented in Fig. 21. When the pressure of carbon monoxide becomes appreci- 
able, Equation (71) can take the form 

which is of the form of Equation (59). Substituting for Cco Equation (60) 
with r = 1, 

d n  - i l C C 0 ,  x - .  e P + cco,  [($> - (91 
3 3  

(74) 

which again can be arranged in a form to satisfy the reaction rate versus 
concentration correlation presented in Fig. 21. Substituting K = i J j1  and 
simplifying 
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COO CONCENTRATION 
WITHIN ROD - 

Fro. 21. EfTcrt. of K [Eq. (75)j on the relation between the specific reaction rate m d  
carbon dioxide concentration in a rod. K < 1 (order > first) ; K = 1 (order = first) ; 
K > 1 (order < first). 

The order of the reaction through the rod will depend on the value of K 
with respect t o  1, the various cases being illustrated in Fig. 24. In  all ciises 
the order is approximately first when the carbon dioxide concentration is 
small. It should be kept in mind that all cases are derived from Equation 
(73),  where the over-all order of reaction in the rod has been shown to be 
0.5 when reaction is proceeding in Zone 11. 

At 1200 and 1305", K is found to be less than 1, whereas Ergun ( 4 6 )  
quotes values of 1.8 and 2.4 (see Fig. 4) for reaction at  1200 and 130Oo, 
respectively. 

E. SUMMARY 

The primary purpose of this section has been to  show the possibilities 
for using density and area profile data to  aid in the better understanding 
of gas-carbon reactions. In  order to determine specific reaction rates and 
carbon dioxide concentrations a t  given penetrations, it has been necessiiry 
to make assuinpt#ions which can only be approximations to  the truth. Sev- 
eral major anomalies in the results have been found, however. The calcu- 
lated concentrations of carbon dioxide a t  the external surface of rods rc- 
acted a t  1200 (Table VI) and 1305" are not in agreement with the known 
carbon dioxide concentrations. Clearly, more information is required on 
the variation of Deff with temperature and its variation with porosity pro- 
duced a t  different reaction temperatures. It is feasible that a t  high tem- 
peratures, considerable porosity may be produced without increasing D e f f  
to  such a marked extent as found a t  900". Ariot,her anomaly is the non- 
uniformity of reaction found at  925O, when it, would be expected that the 
reaction should be in Zone I. The preliminary assumption of a completely 
interconnecting pore system may not be valid. It should also be noted that 
neither the value of K in Equation (75) nor the low-temperature activa- 
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tion energy of 93 kcal./mole agree with the values found by Ergun ( 4 5 ) .  
The activation energy value agrees much better with that suggested by 
Rossberg (32)  and those found by Armington (62 ) .  

VII. Some Factors, Other than Mass Transport, Which Affect 
the Rate of Gas-Carbon Reactions 

The hope of attaining a quantitative understanding of the factors affect- 
ing the reactivity of carbons to  gases has been the stimulus behind much 
work on gas-carbon reactions. At present, however, there is no clear under- 
standing of why a given carbon reacts a t  a particular rate with a given gas 
under a fixed set of operating conditions. In this section, the possible ef- 
fects on carbon reactivity of crystallite orientation, crystallite size, surface 
area, impurities in the carbon, heat treatment of the carbon, addition of 
halogens to the reacting gas, and irradiation are discussed briefly. 

A. CRYSTALLITE ORIENTATION 

In  catalysis, one does not expect the activity of a catalyst t o  be propor- 
tional to  its surface area, since there is good evidence that in many in- 
starices cat,alytic action is limited to  certain active regions which may con- 
stitute only a small fraction of the total surface area (129). As would be 
expected, the same reasoning holds true for gas-carbon reactions. Carbon 
is a multicrystallirie material, which can present varying degrees of surface 
heterogeneity depending upon the size and orientation of the crystallites. 
In the broadest sense, two main orientations of crystallites in the carbon 
surface need be considered-( 1) crystallites with their basal planes parallel 
to  the surface and (2) crystallites with their basal planes perpendicular to  
the surface. 

According to Grisdale ( I S O ) ,  the rate of oxidation of carbon crystallites 
is ca. 17 times faster in the direction parallel to  the basal planes (along their 
edges) than perpendicular to  them. Therefore, it would be expected that 
the specific reactivity of a carbon would be at  a minimum when its surface 
contains a maximum of crystallites with their basal planes parallel to the 
surface. Smith and Polley (131 ) showed this to  be the case. They compared 
the oxidation rates of original and graphitized* (2700”) samples of Sterling 
FT carbon black, which have very close to  the same surface areas (15.4 
and 16.6 m.’/g.) and particle sizes (2,094 and 1,940 A. from electron mi- 
crographs). Figure 25 shows what they envision the orientation of the crys- 

* It is to  be emphasized that “graphitized” is used in this section to mean “heated 
to an elevated temperature above ca. 2200”.” This is in line with the popular usage 
of the word, and should not be interpreted to mean that after graphitization the car- 
bon has a 100% graphitic structure. As discussed by Walker and Imperial (I%), arti- 
ficial “graphite” approaches closely but does not have a 100% graphitic structure 
even after heat treatment to 3600”. 
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CARBON BLACK CARBON BLACK 

FIG. 25. Arrangement of crystallites in an original and graphitized (2700") particle 
of Sterling FT carbon black. [After W. R. Smith, and M. H. Polley, J .  phy8. Chem. 
80, 689 (1956).] 

tallites in the two samples to  be. In the original carbon black, there are a 
number of exposed edges in the surface for reaction to  occur at  a relatively 
high rate. On the other hand, they picture the graphitized carbon black 
as being in the shape of a polyhedron with its entire surface composed of 
crystallites with their basal planes parallel to the surface.* Smith and Polley 
find comparable rates of oxidation for the original and graphitized carbon 
blacks at temperatures of ca. 600 and BOO", respectively. If an activation 
energy of 50 kcal./mole (3) is assumed for the oxidation of both carbons, 
the ratio of reaction rates at  the same temperature is ca. 200. 

Walker and co-workers (194) investigated the reactivity of a series of 
graphitized carbon plates to carbon dioxide in the apparatus previously 
described (86). The majority of the plates were fabricated from mixtures 
of 65 % petroleum coke (produced by delayed coking) and 35 % coal tar 
pitch, using standard techniques (136). Using X-ray diffraction, they de- 
termined the relative tendency of the different petroleum cokes to orient 
with their basal planes parallel to the surface of the carbon plates. A quali- 
tative correlation is found showing that the reactivity of the plates de- 
creases as the percentage of basal plane structure in the surface increases. 
Plates produced from a fluid coke (136, IS?') are found to have a gas re- 
activity lower than all plates produced from the delayed cokes, which is 
attributed to the fluid coke particles graphitizing in a manner similar to the 
Sterling FT carbon black, as previously discussed. 

* The authors (131) and Kmetko (133) have confirmed definitely, from electron 
micrographs, that graphitization of carbon blacks of low surface area produces poly- 
hedral particles. 
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B. IMPURITIES IN THE CARBON 
Much work has been done on the effect of the addition of impurities 

(salts and metals, chiefly) on the reactivity of carbon. Quantitatively, the 
effects are difficult to  understand, since they are functions of the location 
of the impurity in the carbon matrix and the extent of interaction of the 
impurity with the matrix. Long and Sykes (94) suggest that impurities af- 
fect carbon reactivity by interaction with the r-electrons of the carbon basal 
plane. This interaction is thought t o  change the bond order of surface car- 
bon atoms, which affects the ease with which they can leave the surface 
with a chemisorbed species. Since the ?r-electrons in carbon are known to 
have high mobility in the basal plane, it is not necessary that the impurity 
be adjacent t o  the reacting carbon atom. Indeed, it is thought that the pres- 
ence of the impurity a t  any location on the basal plane is sufficient for it t o  
affect the reaction. 

Impurities can either accelerate or retard carbon reactivity. Day (138) 
studied the effect of impurities on the oxidation of acetylene black by mix- 
ing equal weights of black and metallic oxides. He finds that a number of 
the impurities, including boron, titanium, and tungsten, inhibit oxidation, 
whereas iron, cobalt, nickel, copper, and manganese, among other metals, 
accelerate oxidation. Perhaps of greater significance is the finding that dif- 
ferent methods of adding the impurity can affect markedly the degree of 
oxidation acceleration or retardation. For example, the addition of nickel 
originally as the nitrate is more effective than the addition of nickel origi- 
nally as the hydroxide. 

Earp and Hill (99) find that the addition of salts t o  graphite usually ac- 
celerates oxidation markedly; the notable exceptions being most of the 
borates and phosphates. 

Sat0 and Akamatu (139) report that alkali metals enhance the chemi- 
sorption of oxygen on carbon and weaken the carbon-carbon bonds a t  the 
surface so as to  accelerate combustion. On the other hand, they report that 
phosphorus, while catalyzing the adsorption of oxygen on carbon, has a 
retarding effect on the release of the surface oxide. 

Nebel and Cramer (140) show that the addition of a series of lead com- 
pounds to  carbon at  a concentration of ca. 5 wt. % lowers the ignition tem- 
perature (raises the combustion rate) of the carbon. Of importance is the 
finding that the extent of the catalytic effect depends on the particular salt. 
Lead acetate is the most effective, lowering the ignition temperature 293"; 
lead sulfate is the least effective, lowering the ignition temperature only 
39". Lead pyrophosphate and lend orthophosphate are found not to  lower 
the ignition temperature. 

Tuddenham and Hill (72) investigated the effect of addition of cobalt, 
iron, nickel, and vanadium to spectroscopic graphite on its gasification with 
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steam at  1100". They added the impurities as the nitrate. They report that 
relative gasification rates increase from 19-fold for nickel to 32-fold for iron. 

Gulbransen and Andrew (141) investigated the effect of iron on the re- 
activity of spectroscopic graphite to  carbon dioxide. The porous graphite 
was impregnated with an iron nitrate solution and then heated to a rela- 
tively low temperature t o  convert the iron nitrate to  iron oxide. In  one run, 
they then pretreated the sample by holding it at 850" for 1 hr. at mm. 
Hg, prior to  reacting the sample at  700" in 76 mm. Hg carbon dioxide pres- 
sure. Over the 10 min. of reaction time, the impregnated sample (contnin- 
ing 0.078% iron) is reported to  have a reaction ratc 530 times that of the 
original graphite. In another run, they pretreated under similar vacuum 
conditions but a t  a temperature of 700" for 16 hrs. They find negligible 
change in gasification rate following this pretreatment. Gulbransen and 
Andrew conclude that the iron impurity must be present as either the re- 
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FIQ. 26. Arrhenius plots for reaction of raw and heat-treated rods of Ceylon graph- 
ite with carbon dioxide at 1 atm. pressure. [After F. Rnsinko, Jr., Ph.D. Thesis, 
The Pennsylvania State University, 1968.1 
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duced metal or as the carbide to  catalyze the carbon dioxide reaction. They 
suggest that their vacuum pretreatment a t  700" did not effectively reduce 
the iron oxides. 

Rusinko (89) investigated the reactivity of pelletized natural graphite rods, 
before and after heat treatment a t  2600", with carbon dioxide at  a series of 
temperatures from 800 to 1100". On heat treatment, the ash content is found 
to decrease from ca. 2 % to  less than 0.1 %. The crystallite size and specific 
surface area are found to  undergo negligible change. Figure 2G correlates 
reactivity data on rods of various densities with temperature using an 
Arrhenius plot. Heat treatment is seen to reduce the specific reactivity of 
the rods by a factor of ca. 10 but not to change the activation energy (42 
kcal./mole). The implication in  this case is that the removal of impurities 
decreases the number of carbon sites able to  participate in the reaction, 
but the removal does not change the mechanism by which the active sites 
react. It is known that the activation energy obtained is less than E c ,  
since the specific reactivity of the rods increases as the diameter of the rods 
reacted is decreased. It appears that reaction is proceeding in the transition 
region between Zone I and Zone 11. 

C. CRYSTALLITE SIZE 
Usually it is difficult to  separate the effect of crystallite size on carbon 

reactivity from the effects of crystallite orientation and impurity content. 
However, Armington (62)  attempted t o  do so by reacting a series of graphi- 
tized carbon blacks with oxygen and carbon dioxide, as discussed earlier 
in this article. Assuming that upon graphitization all the carbon blacks are 
converted to  polyhedral particles with the surface composed almost com- 
pletely of basal plane structure, it is possible to  eliminate crystallite orienta- 
tion as a variable. Spectroscopically, the total impurity content of all the 
graphitized carbon blacks is quite low; and to a first approximation, the 
analyses of the individual constituents are similar. 

By selecting carbon blacks of a wide range of particle size, Armington 
was able to  control the extent of crystallite growth upon graphitization, 
since crystallites only grow to  a fraction (usually from $6 to  > i o )  of the 
carbon particle size. The graphitized carbon blacks range in crystallite size 
from ca. 20 to  130 A. and in particle size from ca. 130 to  2000 A. Particle 
sizes calculated from B.E.T. surface areas (assuming no internal porosity) 
agree well with particle sizes approximated from electron micrographs. 

Figure 27 presents data on the specific reactivity of the series of carbon 
blacks in 0.1 atm. of oxygen at  600" vs.  the specific surface area of the blacks. 
Since the crystallite size is an inverse function of surface area, the conclusion 
to  be drawn from Fig. 27 is that the specific reactivity of carbons increases 
with increase in crystallite size. Armington reports similar results for the 
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FIG. 27. Relation between specific reactivity to oxygen and specific surface urea 
of a series of graphitized carbon blacks. [After A .  F. Armington, P1i.D. Thesis, The 
Pennsylvania State University, 1980.1 
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reaction of the same graphitized carbon blacks with carbon dioxide. He 
suggests that catalysis of the reaction by the impurities still present in the 
blacks is responsible for this effect of crystallite size on reactivity. That is, 
assuming the same quantitative and qualitiative impurity content in all 
blacks, the larger the crystallite size the greater the number of edge carbon 
atoms which can be affected by a given impurity atom by ?r-electron trans- 
fer through the basal plane. Edges of crystallites will serve as zones of high 
resistance to electron flow. Consequently, an impurity atom associated with 
one crystallite will have little effect on the reaction rate of edge carbon 
atoms on other crystallites in the matrix. 

D. EFFECT OF HEAT TREATMENT OF CARBONS ON THEIR SUBSEQUENT 
REACTIVITY TO GASES 

Several cases of the effect of heat treatment on the subsequent reactivity 
of carbon have already been discussed. In both the work of Rusinko (89) 
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FIG. 28. Effect of heat treatment on the reactivity of carbon derived from petro- 
leum pitch. Reaction of 2 g. of 6 X 8-mesh carbon with carbon dioxide at 1100". 
[After P. L. Walker, Jr., and J. R. Nichols, "Industrial Carbon and Graphite," 
Society of Chemical Industry, p. 334. London, 1957.1 
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and Smith and Polley (lSI), heat treatment at  elevated temperatures pro- 
duces a marked decrease in reactivity of the carbon. It is to be emphasized, 
however, that heat treatment to elevated temperatures also can increase 
the subsequent reactivity of carbon. Walker and Nichols (142) investigated 
the reactivity of cokes produced from coal tar pitch and petroleum pitch. 
Particle samples (2 g. of 6 X 8-mesh material) having seen maximum tem- 
peratures of either 1100 or ca. 2750" were reacted with carbon dioxide at 
1100" in the apparatus previously described (86). Figure 28 presents the 
reaction rate curves for the samples derived from the petroleum pitch. The 
graphitized sample has a reaction rate some fivefold higher than the sample 
which has not seen a temperature above 1100". Similar results are found for 
the samples produced from the coal tar pitch with the graphitized sample 
having a reactivity over threefold higher than the ungraphitized sample. 
For both materials, graphitization produced a marked increase in crystallite 
size, a marked decrease in impurity content, and only a minor change in 
surface area. 

As a follow-up to this work, Walker and Baumbach (143) investigated 
the effect of heat treatment on the reactivities of carbons produced from 20 
different coal tar pitches and one delayed petroleum coke. Heat treatment 
again produced a marked increase in crystallite size, a marked decrease in 
impurity content, and only a minor change in surface area. They use the 
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FIQ. 29. Effect of heat treatment on the reactivity of carbons derived from coal 
tar pitch and delayed petroleum coke. Reaction with carbon dioxide at 1150'. [After 
P. L. Walker, Jr., and D. 0. Baumbach, unpublished results 1969.1 

same apparatus and procedure as that used by Walker and Nichols ( I @ ) ,  
while studying reactivities in carbon dioxide at 1150". Of the 20 samples 
derived from coal tar pitch, in 19 cases the graphitized sample (2660') has 
a considerably higher reactivity than the samples which have seen a maxi- 
mum temperature of only 1150'. On the other hand, the reactivity of the 
graphitized petroleum coke is about one-half that of the coke having fieen 
a maximum temperature of 1150". Of even more interest is the effect of heat 
treatment to different elevated maximum temperatures on subsequent re- 
activity to carbon dioxide. In Fig. 29, results on a typical sample produced 
from coal tar pitch and a sample produced from delayed petroleum coke 
are given. Pronounced effects of graphitization temperatures in the range 
2570 to 2680" are found. As noted, two separate heat treatment runs at  
temperatures of ca. 2655" were made on the sample from coal tar pitch to 
confirm the maximum in the reactivity. There is no doubt that the maxi- 
mum exists. The relative values of temperatures reported agree well with 
the temperatures estimated from electrical resistivity data on the heat- 
tJreated samples. That is, room temperature electrical resistivities of carbons 
heated in this temperature range are known to increase with increasing heat 
treatment temperature. 
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The authors feel that these preliminary results of Walker and Baumbach 
on the effect of heat treatment of carbon on subsequent gas reactivity serve 
to  indicate the complexity of the problem. At the same time, the results 
indicate the necessity of much additional work in this area if an understand- 
ing of the factors dect ing the rate of gas-carbon reactions are to  be under- 
stood. These results emphasize that total impurity content in carbons is not 
the decisive factor determining gas reactivities. Of more importance is the 
location of the impurity in the carbon matrix and its particular chemical 
form. It is suggested that heat treatment can bring the impurity into more 
intimate contact with the carbon matrix through high-temperature reac- 
tions so that a small amount of impurity can serve as a more efficient cata- 
lyst. Also to  be kept in mind is the fact that the crystallite size of the carbon 
can increase with increasing temperature-at least up to a point. As dis- 
cussed previously, the size of the crystallite determines, in part, how effec- 
tively the catalytic impurities are used. 

I t  is suggested that a detailed cxaminat,ion of the effect of heat-treatment 
temperature on the gas reactivity of the carbons studied by Walker and 
Bauinbach (143)  might show a series of reactivity maxima which corre- 
spond to  temperatures a t  which different catalytic impurities first begin to  
show sigiiificant solid state diffusion and reaction with the carbon matrix 
followed a t  higher temperatures by their complete volatilization from the 
sample. The advent of significmt diffusion and reaction of the impurity 
with the carbon could result in a subsequent increase in gas reactivity. 
Complete volatilization of the impurity from the sample could result in a 
subsequent decrease in gas reactivity. 

E. ADDITION OF HALOGENS TO THE REACTING GAS 

The role which halogens play in raising the CO-CO2 ratio of the product 
gas in the carbon-oxygen reaction has been discussed in Sec. 111. Halogens 
can also affect markedly the rate of carbon burnoff. Day (24), for example, 
investigated the effect of chlorine on the carbon-oxygen reaction under high 
velocity conditions. The carbon was heated solely by the energy supplied 
by the reaction, and a t  20,000 ft./min. in pure oxygen, a surface tempera- 
ture of lGG0" was maintained. The introduction of 0.15% chlorine to  the 
oxygen stream lowers the surface temperature by 280"; 0.25 % chlorine 
immediately extinguishes the reaction. The chlorine is thought to be dis- 
sociating and chemisorbing on the carbon sites preventing the formation of 
a carbon-oxygen complex. If the chlorine has not extinguished the reaction, 
subsequent removal of the chlorine from the oxygen stream results in the 
surface returning to  its original temperature. However, the return t o  normal 
does not occur as rapidly as the poisoning, which is almost instantaneous. 

Wicke (31)  investigated the effect of POCL on the carbon-oxygen reac- 
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tion. He finds a normal ignition temperature of 650" in dry air. With 1 % 
by volume of POC1, added to the air, there is no reaction a t  650"; and it 
proves impossible to remove the inhibiting material from the carbon by 
subsequently passing in pure air. Even a t  900", the removal is found to take 
several minutes. The ignition temperature of the carbon is raised 200". 

Hedden (144) investigated the effect of the addition of POCla and chlo- 
rine on the rate of the carbon-carbon dioxide reaction at a temperature of 
1100". After achieving a constant rate for the reaction in the absence of 
halogen-containing gas, he finds upon addition of impurity gas that there 
is an initial sharp increase in reaction rate. This is followed by a decrease 
in reaction rate. For POCL , the rate falls below the normal rate; for chlo- 
rine it remains above this rate. When the halogen-containing gas is stopped, 
the reaction rate in both cases increases sharply above the normal rate, fol- 
lowed by a continuing decrease back to the same value as that when no 
halogen-containing gas is added. The initial increase in reaction rate follow- 
ing halogen treatment to  a value greater than the normal value is ascribed 
to excessive surface roughening while the halogen is present in the reacting 
gas. The degree of surface roughening gradually decreases after the halogen 
gas flow is stopped until reaching the normal value. 

It can be concluded that the halogen-containing gases offer unusual pos- 
sibilities for affecting the rate of attack of carbon surfaces by oxygen-con- 
taining gases. 

F. IRRADIATION 
With the use of graphite as a moderator in nuclear reactors becoming of 

increasing importance, there is concern about the effects of irradiation on 
the rate of reaction of the graphite with gases. Aside from the practical im- 
portance of irradiation effects, high-energy irradiation of carbons provides 
a powerful tool for studying the relation between imperfections in the car- 
bon lattice and rates of gas-carbon reactions. Relatively large and controlled 
concentrations of imperfections can be introduced into graphite by high 
energy particle bombardment, 

Kosiba and Dienes (146) investigated the effects of neutron irradiation 
on the rate of reaction of spectroscopic graphite rods with air. Figure 30 
shows the effects of exposure of the graphite to  ca. 4 X 10" neutrons/cm.' 
at temperatures under 50" on its subsequent reaction rate over the tempera- 
ture range 250 to 450". Prior irradiation increases the oxidation rate by a 
factor of ca. 5 to 6 at reaction temperatures of 300 to 350". The effect of 
irradiation decreases with further increase in reaction temperature, as evi- 
denced by a larger activation energy of oxidation for the unirradiated graph- 
ite. Kosiba and Dienes estimate that at the reaction temperatures studied 
there is at most about 1% displaced carbon atoms remaining from the 
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FIG. 30. Arrhenius plots for the rate of oxidation in air of both unirradiated and 
previously irradiated spectroscopic graphite. [After W. L. Kosiba, and G. J. Dienes, 
Advances in Calalysis 9, 398 (1957) .] 

previous irradiation with neutrons. On the other hand, they observe that 
at W", for example, the higher oxidation rate of the irradiated sample 
persists even when 20 to 25% of the sample has been oxidized. They con- 
clude, therefore, that the displaced carbon atoms are not themselves being 
oxidized preferentially but facilitate in some way the over-all oxidation. 
They further observe that this increase in reaction rate on irradiation is 
not brought about by an increase in surface area, since it is known from 
the recent work of Spalaris (1%') that the surface area decreases signifi- 
cantly upon irradiation at room temperature. 

Kosiba and Dienes (1.46) also investigated the effect of exposure of the 
graphite to gamma-irradiation during reaction on oxidation rates. On the 
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unirradiated graphite, they find that the reactivity at 300" is hardly a1- 
tered at a gamma-flux of 2 X 10' r./hr., whereas a significant increase in 
reactivity is observed at a flux of G X 10' r./hr. On an irradiated graphite, 
a flux of 2 X 10' r./hr, increases the reactivity at  300" by a factor of three 
over the irradiated graphite not reacted in a gamma-field. This means that 
the irradiated graphite subsequently reacted in a gamma-flux of 2 X 10' 
r./hr. at 300" had an over-all oxidation rate some 18-fold higher than the 
unirradiated graphite whether or not the unirradiated graphite was exposed 
to the above gamma-flux during reaction. Kosiba and Dienes conclude that 
the gamma-ray effect is probably due to the ionization of oxygen molecules, 
since gamma-rays have not been observed to have any effect on the proper- 
ties of graphite at the exposures used. 
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Appendix 

A. SOLUTION OF DIFFERENTIAL EQUATION (21) 

Equation (21) is a Bessel equation of the general solution 

However, the function Yo tends to infinity as r tends to zero, while the func- 
tion Jo remains finite; and as C must be finite at r = 0, B must be zero. 
Thus 

or 

By computation or by using tables of Bessel functions, values of CIA can 
be found for a range of (r/2)4- values. Let 

Then, by plotting loglo ( C / A  ) us. 9/2, it was found that for values of + > 4 

loglo ( C I A )  = 0.84(+/2) - 0.75 (A5) 
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Hence, 

loglo [5.62(C/A)l = 2(4/2) loglo e (A61 

5.62(C/A) = e' (A7) 

or 

When C = CR , 4 = R d m i  and, therefore, 

A = 5.62CR exp - R d m i  

C, = CH exp r d m  exp - R d m f  (A91 

From the plot of log ( C / A  ) against 4/2, it is found that C, is approximately 
constant throughout the rod for 4 < 0.2. (At 4 = 0.2, the concentration 
at  the center of the rod is ca. 20% less than CI1 .) 

B. DERIVATION OF EQUATIONS FOR REACTANT CONCENTRATION PROFILE 
THROUQH CARBON RODS DEPENDING UPON TYPE OF MASS TRANSPORT 

1. Knudsen Di$usion Only I s  Occurring. For a very fine pore material 
in which the effective pore diameter is less than the mean free path of the 
molecules, bulk diffusion and Poiseuille flow do not occur. For this case, 
the change in volume given when C + COz - 2CO has no influence on the 
rate of diffusion of carbon dioxide into the rod, and Dpff is not dependent 
on the total pressure in the pores. Considering a wedge of carbon (Fig. Al) ,  
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FIG. A l .  Section of rod of radius R undergoing reaction. 
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the amount of C02 which diffuses through a plane at r must equal the C02 
reacted from 0 to r. That is, 

From the values of (dn ld t ) ,  obtained experimentally, 

can be obtained by graphical integration. Then 

and integrating, 

where C, is the concentration of COZ at r in g. of carbon per cc. and CO is 
the concentration of COS in the center of the rod. At high reaction rates, 
Co N 0. F ( r )  can be determined by graphical integration. 

2. Bulk Di$USion Occurring But Pores Too Fine to Allow Poiseuille Flow. 
For bulk diffusion, Doff a (1/P) , where P is the total pressure. If Poiseuille 
Row is negligible, then the concentration profiles of COz and CO through 
the rod can be shown as in Fig. A2. For the reaction C + COZ + 2C0, the 
increase in volume of CO over COZ is two; and at any point, the diffusion 
gradient for CO must be double that for Cot.  If C' is the concentration 
of CO at a point where the concentration of COz is C, 

dC' dC - = -2- 
dr dr 

a 
v) 
u) 
W 

RADIUS -e 

FIQ. A2. Illustration of the pressure profiles through a rod when substantial bulk 
diffusion and negligible Poiseuille flow are occurring. 
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or 
C' = -2C + A 

At the external surface, let the total pressure P R  be made up of q inerts, 
Cg carbon dioxide and CfR carbon monoxide. Then 

P R  = C R  + C ' R  + q 

C R  + C ' R  = p = P R  - q 

p - CR = -2cR + A 

(A151 

(A161 

(A171 

(A181 

(A191 

Therefore, 

where p is in g. of carbon per cc. WhenC = CR ) C' = CIR = p - C R  and 

or 

c' = p + C R  - 2c 

At any point in the carbon, the total pressure P r  is given by 

P r  = q + C + C' = q + p + C R  - C 

Now the diffusion coefficient Doif at this point under a pressure of P, is 
obtained from the diffusion coefficient Deli at the same point but  measured 
n t  P R  by the relation 

If q = 0) 

or 

or 

If CO/C, = L, where L is clearly < 1, 
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FIG. A3. Representation of flow conditions at a plane in a rod when bulk diffusion 
and a maximum of Poiseuille flow are occurring. 

When the reaction is not in the stagnant film-controlled zone, C R  = p and 
at high rates of reaction, L N 0. Therefore, 

( A25 1 C, = 2cR(1  - e - P ‘ r ) ’ C R )  

3. Bulk Diflusion Occurring with a Maximum of Poiseuille Flow. The 
third limiting case is where the pores are so large that negligible absolute 
pressure differential builds up within the pores and Poiseuille flow carries 
the extra volume of CO to the exterior. Under these conditions, CO will 
diffuse out a t  the same rate as CO, diffuses in (that is, dC/dr = -dC’/dr), 
while CO is carried out by forced flow. It is clear, however, that the forced 
flow will also carry out some of the COz which diffuses in. This situation is 
represented by Pig. A3, where A A  is a plane in the solid (after Thiele 
(100)). The total mass flow outwards in cc./sec. is given as 

Q = X - 2 2  + Z = X - 2 ( A26 1 
But Z = Q X C” where C” equals the concentration of COz in gas in cc. per 
cc. Therefore, 

If c”x z = ( X  - Z ) C  = ~ 

1 + Cff 

If 1 cc. of C o n  weighs p g. of carbon a t  the temperature and pressure apply- 
ing, then considering 1 om.* of external surface of rod, the rate of reaction 
in g. of carbon per sec. is given by 

i’g dr = ( X  - Z ) p  

= (x - - - ) p  C”X 
1 + C” 

= ( - ) X P  1 
1 + C” 
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Now 

Theref ore, 

As C is in g. of carbon per cc., C” = C/p. Substituting from this and 

f ( r )  = 1‘ (dn/dt),dr, 

That is, 

or 

-dr = [‘-”-dC 
0 P + C  

( A33 

(A34) 

For high rates of reaction, Co ‘v 0. If there is 100 % CO, in the reacting gas 
stream 

1) (A35) P ( r ) I C R  - c, = C, (e  
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