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Macropore distributions in six carbon rods before and after different degrees of gasification have been determined over the 
It was found that the majority of the macropore volume is concentrated within a nar- 

Indications of pore constric- 
Corrected diffusion coefficients of hydrogen through the unreacted rods are seen to be 

No correlation was found between the macropore struc- 

pore-radius range 350 to 130,000 A. 
row pore-radius range, probably produced by the voids between particles composing the rods. 
tions in the carbon rods were found. 
significantly lower than the comparable bulk diffusion coefficient. 
ture of the carbons and their gasification rates. 

Introduction 
Wheeler2 and Weisz and Prater3 have made an 

important contribution toward the understanding 
of gas-solid reactions by emphasizing the impor- 
tance of the physical structure of porous catalysts 
in determining reaction rates. They show that in 
the case of very fast reactions the small pores most 
remote from the surface of the particle play small 
part in catalysis of the reaction. In  general, the 
faster the reaction and the smaller the average 
pore size the smaller the fraction of the internal sur- 
face of the catalyst which participates in the cata- 
lytic reaction. This is due to the fact that the 
rate of internal diffusion of a gas decreases with de- 
creasing pore size. 

The concepts of Wheeler and Weisz and Prater 
apply equally to the heterogeneous gas reactions of 
carbons. Since in this case the solid is continually 
reacting with the gas, the physical structure of the 
carbon should not only be important in determin- 
ing gasification rates but in determining the mag- 
nitude and uniformity of the internal development 
of the carbon with regard to surface area and poros- 
ity. 

Petersen4 showed the increasing non-uniformity 
of gasification of l/n-inch graphite rods with in- 
creasing temperatures by determining bulk-density 
profile data, after a fixed carbon weight loss. At 
900°, the profile, from the surface to the center of 
the rod, was uniform indicating a uniformity of 
reaction; but as the gasification temperature 
was increased in increments to  1200°, the profiles 
became continually more uneven, with the smallest 
bulk density being found a t  the carbon surface. 
Data in an accompanying paper6 indicate that the 
over-all surface area and porosity development in six 
different carbons are in many cases not the same, 
which again may, in part, be attributed to  differ- 
ences in pore size and pore distribution in the car- 
bons. 

With these facts in mind, the nature of the in- 
ternal pore structure of the six different carbons was 

(1) Presented before the Division of Gas and Fuel Chemistry at the 
126th meeting of the American Chemical Society in New York, N. Y., 
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(2) A. Wheeler, “Advances in Catalysis,” Vol. 3, Academic Press 
Inc., New York, N. Y.. 1951, pp. 249-327. 

(3) P. B. Weisz and C. D. Prater, “Interpretation of Measurements 
in Experimental Catalysis.” proposed chapter for “Advances in Cataly- 
sis,” Vol. 6, contribution from the Socony-Vacuum Laboratories. 

(4) E. E. Petersen, Ph.D.  thesis, The Pennsylvania State Univer- 
sity. 

(5) P. L. Walker, Jr., and F. Rusinko, Jr., THIS JOURNAL, 59, 241 
(1955). 

determined in an attempt to further explain their 
gasification rates, internal structure development, 
and effective diffusion coefficients to hydrogen. 

Experimental 
Mercury Porosimeter.-Pore size distributions in the car- 

bon rods were determined with a mercury porosimeter similar 
to that described by Ritter and Drake.6 The main part of 
the apparatus was a precision bore Pyrex dilatometer tube. 
A carbon rod was placed in the bottom of the tube through 
a ground-glass joint and it in turn was placed in a lucite 
casing. The lucite head was screwed on the casing and the 
platinum-iridium wires, running through the dilatometer, 
were connected to the lucite head. The dilatometer, in the 
casing, was placed in a 24-inch long by 1.5-inch diameter 
mercury filling tube, and two electrical leads of the head 
were connected to two tungsten leads fused through the 
top of the filling tube. The top was placed on the filling 
tube and the system evacuated to  1 fi  pressure. Mercury 
was allowed to fill the tube and spill into the dilatometer, 
filling it completely. By stepwise release of the vacuum 
back to atmospheric pressure, a series of readings of voltage 
drop, through the platinum-iridium wire circuit in the dila- 
tometer, as a function of pressure was taken. Prior cali- 
bration of the dilatometer tube made possible the conver- 
sion of voltage increase to volume of mercury entering the 
carbon rod. 

Upon reaching atmospheric pressure, the lucite casing 
was removed from the filling tube and placed into a pressure 
vessel where the leads were reconnected. By bleeding 
nitrogen into the system from a cylinder, corresponding 
readings were again taken of pressure and voltage drop 
across the platinum-iridium wires up to the top gas pressure 
of approximately 2500 p.s.i. 

Using the relation between pressure and pore size, dis- 
cussed by Ritter and Drake,O and assuming an average 
contact angle between mercury and carbon of 130’’ and a 
surface tension for mercury of 480 dynes/cm.,6 the results 
were converted into cumulative pore volume as a function of 
pore radius. Total pore volumes were taken from the ac- 
com anying paper.6 With the above pressure limitation, 
the !&vest pore radius into which mercury could be forced 
was 350 A.  Therefore, even though the usual dividing line 
between micro- and macropore size is arbitrarily taken a t  a 
pore radius of 100 in the present case the dividing line 
is taken as 350 A .  

Results and Discussion 
Macropore Distributions.-Figures 1 through 6 

present the macropore distribution data for the six 
carbon rods before and after gasification a t  differ- 
ent conditions. As the original weight of the carbon 
rods was approximately 10 g., (this weight var- 
ied slightly with the apparent density of the differ- 
ent carbons), 1 and 2 g. weight losses represent ap- 
proximately 10 and 20% burn-off , respectively. 

(6) H. L. Ritter and C. L. Drake, I n d .  Eng.  Chem., A d .  Ed . ,  17, 

(7) Leslie G. Joyner. Elliott P. Barrett and Ronald Skold, J .  Ana. 

( 8 )  S. Brunauer, “Adsorption of Gases and Vapors,” Vol. 1, Prince- 

782 (1945). 

Chem. Soc., 73, 3155 (1951). 

ton University Press, Princeton, N. J., 1943, p. 376. 
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Fig. 1 .-Change in macropore volume of graphitized carbon 

“A” rods upon gasification. 
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Fig. 4.-Change in macropore volume of carbon “D” rods 
upon gasification. 
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upon gasification. 

For all the rods, both reacted and unreacted, it is 
seen that the majority of the macropore volume is 
concentrated in a relatively narrow range of pore 
size. An understanding of the manufacture of 
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Fig, 5.-Change in macropore volume of carbon “E” rods 
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carbon electrodes makes the interpretation of the 
above fact obvious. The original rods were a mix- 
ture of roughly 25% coal tar pitch (binder) and 
75% petroleum coke flour or lampblack (filler), 
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TABLE I 
PORE VOLUMES AND SURFACE AREAS IN MACRO- AND MICROPORES OF CARBONS 

Carbon rod 

Graphitized carbon “A” 

Graphitized carbon “B” 

Carbon “C” 

Carbon “D” 

Carbon “E” 

Lampblack 

Unreac. 
900” 

1100” 
Unreac. 
900” 

1100” 
Unreac. 
gooo 

llooo 
Unreac. 
900 

llooo 
Unreac. 
900 O 

1100 
Unreac. 
gooo 

1100” 

All pores 
Vol., cc. 

1.889 
2.364 
2.897 
1.937 
2.243 
2.498 
1.664 
2 .07  
1.854 
1.916 
1.957 
2.150 
1.734 
2.162 
2.257 
2.311 
2.761 
2.983 

Area, m.2 

5 . 7  
24 .7  
49.5 

3.94 
6 . 0  
9 . 2  

36.83 
205.6 
116.0 

5 . 4  
10.9 
26.8 
4.49 
5.52 

14.1 
27.3 
63.8 

111.8 

Upon baking of these rods a t  950”, a considerable 
portion of the pitch binder was volatilized away 
and the residue formed into a coke. The particles 
of the petroleum coke were in turn coated with a 
thin layer of the pitch coke thereby giving strength 
to  the carbon rod. The concentration of a large 
percentage of the macro-porosity in a small pore- 
radius increment undoubtedly represents the void 
volume between the particulate system. The ex- 
tent of the pore radius increment over which the 
void volume is concentrated should be primarily 
determined by the range of particle size present in 
the carbon rods. , I t  is seen for the rods which used 
petroleum coke as the filler that this large void vol- 
ume is concentrated in the pore-radius range of 
roughly 8,000 to 20,000 A. On the other hand, lamp- 
black with its much smaller average particle size 
than petroleum coke flour, has i$s void volume con- 
centrated in the region of 1,300 A. 

Figures 1 through 6 can be converted to  the 
normal or modified Gaussian distribution 
if desirable. However, the present plots are ade- 
quate for both qualitative and quantitative discus- 
sion. Qualitatively, several points should be 
made about the macropore distributions. 

It is seen that 4 of the 6 unreacted carbons 
have a normal Gaussian (or uni-modal) macro- 
pore-volume distribution over the pore range 
studied. Carbon “C” and lampblack are the ex- 
ceptions, showing bimodal distributions. The mac- 
ropore volume of carbon “C” is chiefly concen- 
trated a t  a pore radius of 15,000 A,, but i t  also 
has a smaller, peak concentration of pore volume 
a t  45,000 A. The macropore volume of lampblack 
is chiefly concentrated a t  a pore radius of 1,300 4.) 
but a second distribution peak is found a t  7,000 A. 
Probably the bimodal pore-volume distribution is 
caused by bimodal particle-size distributions in 
these two rods. It is further seen that gasifica- 
tion of these two carbons a t  the two specific condi- 
tions did not remove their bimodal pore-volume 
distribution. 

1. 

Pores over 350 A. 
Vol., GO. Area, m.2 

1.626 
2.088 
2.683 
1.356 
1.829 
2.019 
1.073 
1 .44  
1.22 
1.460 
1.764 
1.605 
1.395 
1.881 
1.914 
1.733 
2.077 
2.185 

4.80 
13.0 
18.72 
3.63 
7.43 
5.49 
2.87 
4 .20  
3.91 
2.58 
6.34 
4.42 
3.97 
5.89 
6.10 

22.15 
29.92 
24.71 

Pores under 350 A. 
Vol., OC. Area, m.* Av. radius, A. 
0.263 

.276 
,214 

0.581 
.414 
.479 

0.591 
,630 
.634 

0.456 
.193 
.545 

0 I 339 
.281 
.343 

0.578 
.684 
.798 

0 .90  
11.7 
30.78 
0.31 

3 .71  
33.96 

. . . .  

201.4 
112.1 

2.82 
4.54 

0 .52  

8 . 0  
5.15 

33.88 
87.1 

22 .4  

. . . .  

5,840 
472 
139 

37,500 

2,580 
348 

113 
3,230 

850 
487 

13,000 

857 
2,245 

403 
183 

. . . .  

62.6  

. . . .  

2. It is seen from Fig. 1 that gasification of 
graphitized carbon “A” to 2 grams weight loss a t  
1100 ” produced a marked bimodal pore-volume 
distribution; whereas, the unreacted rod showed a 
normal distribution. Aside from the concentr3tion 
of macropore volume a t  a pore size of 15,000 A., as 
in the unreacted rod, a secon4 concentration of 
pore volume is found a t  1,700 A. Gasification of 
graphitized carbon “A” and graphitized carbon 
(‘B’) to  one gram weight loss a t  900” and carbon 
“D” to two grams weight loss a t  1100”, also pro- 
duced a slight bimodal distribution of the macro- 
pore volume. 

It is seen that the total pore volume devel- 
oped upon gasification of two grams a t  1100” is 
greater than that developed after one gram gasified 
at 900”, for five of the carbons. Carbon “C” is an 
exception. 

Pore Volumes and Surface Areas in Macro- and 
Micropores of Carbon Rods.-Considerable in- 
formation can be obtained about the internal pore 
structure of the carbon rods, before and after gasi- 
fication, if the surface area contributions in the 
micro- and macropore range are estimated. Total 
surface areas of the carbons were reported in an 
accompanying paper.6 By assuming cylindrical 
pores,g the expression ? = 2V/A can be used to  
calculate the total surface area in the macropore 
range. That is, for each volume increment, shown 
in Figs. 1 through 6, a corresponding surface area 
increment can be calculated by taking the arith- 
metic average pore radius over the increment. 
Since the pore radius increments are small, this 
assumption of an arithmetic average pore radius is 
reasonably good. Table I then lists the total pore 
volumes and surface areas along with the ore vol- 

carbon samples. It is seen that the fraction of the 
total surface area in pores greater than 350 A. 
varies considerably with the carbon studied. 

3. 

umes and surface areas in pores over 350 1 . for all 

(9) P. H. Emmett and Thomas W. DeWitt, J .  Am. Chem. Soc., 66, 
1253 (19431, 
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It is well to consider what should constitute the 
surface areas in the micro- and macropore regions 
of carbon rods before continuing with the discus- 
sion. The surface area in the macropore region 
would be expected to be provided by the macro- 
scopic, geometrical shape of the particles and by 
the major portion of their surface roughness. 
The surface area in the micropore region can be en- 
visioned as being supplied primarily by internal 
particle porosity and by the remainder of the par- 
ticle surface roughness. The internal particle poros- 
ity can be thought of as the void volume between 
carbon crystallites and imperfections in crystal- 
lites. lo 

It is seen for all the unreacted carbon samples, 
except carbon “C,” that the surface area in the 
macropore region is an important contribution to 
the over-all surface area. For carbon “C,” ap- 
parently due to  considerable internal pariicle po- 
rosity, the surfa e area in pores over 350 A. is less 
than 10% of the otal surface area. 

It is further seen that upon gasification there was 
a relatively small change of the surface-area contri- 
bution in the macropore range, graphitized carbon 
((A” being the exception, The indication is that a 
large portion of the surface area increase for five of 
the carbons was due to the formation of new micro- 
pores or unblocking of previously existing ones. 

An idea of the extent of pore constrictions and/or 
bottle-neck pores in the carbon rods can be obtained 
by calculating the average pore size of pores under 
350 8. by knowing the pore volume and surface 
area under this radius. Table I also includes these 
data. It is seen that for all of the unreacted car- 
bon rods, except carbon “C,” the average pore 
radii calculated are considerably above 350 8. 
At least one explanation for this fact exists. With 
mercury penetration, the pore volume reported to 
be between 130,000 and 350 A. will only be cor- 
rect if there are np pore ‘constrictions within the 
solid less than 350 A. If mercury is unable to  pene- 
trate into a fraction of the pores in the above size 
range because they are connected to the external 
surface through pores less than 350 8., the reported 
pore volume will be less than the correct pore vol- 
ume. Furthermore, if there are only por: con- 
strictions in the size range of 130,000 to  350 A., the 
pore volume distribution will be in error, even 
though the total pore volume will be correct. In  
this case, more of the pore volume would belong 
in larger pores than reported. The effect of pore 
constrictions onothe calculations of an average pore 
size below 350 A, is then twofold-too large a pore 
volume reported under 350 A. and too large a sur- 
face area reported over 350 8. Therefore, when the 
average pore radius below 350 A. is estimated by 
the expression ? = 2V/A ,  the value could well be 
above 350 A., its deviation depending upon the 
frequency of the pore constrictions and the pore 
volume blocked off beyond these constrictions. 

A further understanding of the nature of the 
pore constrictions in the carbon rods can be ob- 

(10) W. D. Schaeffer, W. R. Smith and W. H. Polley, Paper Pll 
presented before the Division of Gas and Fuel Chemistry at the 14th 
meeting of the American Chemical Society in Chicago, Ill., Sept. 6-11, 
1963. 

tained by observing the change in calculated, aver- 
age pore radius upon gasification, as also shown in 
Table I. It is seen in each case, except graphitized 
carbon “B” and carbon “C,” that the calculated, 
average pore radius decreased upon gasification. 
For these two samples, a radius could not be calcu- 
lated since &he calculated, surface area in pores 
above 350 A. was greater than the total, experi- 
mental surface area. Previously it wa? noted that 
the calculated area in pores above 350 A. for a sam- 
ple containing pore constrictions would be greater 
than its true area. Furthermore, i t  is seen that the 
greater the ratio of blocked-off pore radius to  pore 
constriction radius the more in error the calculated 
surface area will be. The case could welLexist where 
the calculated area in pores over 350 A. could ex- 
ceed the total experimental surface area. In  es- 
sence, the above results appear to  imply that graph- 
itized carbon ((B” and carbon “C” have the largest 
ratio of these two radii. Apparently the reason the 
calculated surface area did not exceed the total area 
for these two unreacted carbons was that a large 
portion of the blocked-off volume was originally 
behind pores of less than 350 8. 

Relation between Pore Structure and Gas Dif- 
fusion Rate in Carbon Rods.-Experimental dif- 
fusion rates of hydrogen through the carbon rods 
have been reported in an accompanying paper.5 
Logically the mass transport of gas through the in- 
terior of the carbon rods should take place within 
the macro-void volume. To  test this premise, the 
void volume in the particulate system has arbitrar- 
ily been taken as the volume between inflection 
points of the curves in Figs. 1 through 6. These 
data are shown in column 1 of Table 11. In  column 
2 of Table 11, the surface areas, calculated as pre- 
viously discussed, between the inflection points 
are presented. Column 3 gives the average pore 
radius between the inflection points, obtained by 
dividing the pore radius increment in half. Column 
4 shows the average pore radius in the void volume 
range, calculated from the expression F = 2V/A. 
Good agreement between columns 3 and 4 is noted. 

The expression given by Wheeler,2 L = A2/41V, 
has been used to  estimate the total length of the 
pores in the macro-void-volume region, and these 
data are presented in column 5 of Table 11. It is 
seen that  lampblack, because of its high surface 
area, has a considerably greater pore length in this 
range than the other carbons. 

Column 6 presents the experimental data for the 
diffusion coefficient of hydrogen in the carbon rods. 
A relation between the diffusion coefficient and 
pore volume between the inflection points is found. 
The smaller the void volume, the smaller the dif- 
fusion coefficients, in the case of the unreacted car- 
bon rods. It is noteworthy that this volume is ap- 
parently of more importance in determining diff u- 
sion rates than the average pore radius over which 
this void volume is concentrated. For example, 
lampblack has the largest void volume and the high- 
est diffusion coefficient and yet the average pore 
radius over which its void volume is concentrated 
is from 5- to  13-fold less than the other carbons. 

The diffusion coefficient of hydrogen was also 
determined through graphitized carbon “A” after 

. 
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TABLE I1 
RELATION BETWEEN PORE STRUCTURE AND GAS DIFFUSION RATES IN CARBON RODS 

Structure of pores between inflection points of distribution plots 

V ,  cc. A ,  m.2 r, A. TT b. cm. cm.~/sdc. crn.a/sec. r D ,  b L X 10-7, Deff. 1.41 Deff./B, 

Graphitized carbon “A” 1.43 1.739 16,500 16,270 1.72 0.0460 0.209 374 
Graphitized carbon “A”, 10% re- 

acted a t  900” 1.46 1.564 18,500 18,670 1.33 .0779 .288 562 
Graphitized carbon “B” 1.23 1.664 15,000 14,787 1.79 .0315 .145 244 
Carbon “C” 0.80 1.169 13,700 13,G80 1.3G ,0275 ,139 232 
Carbon “D” 1.31 1.347 20,000 19,450 1.10 .0350 ,159 275 
Carbon “E” 
Lampblack 

1.36 3.515 
1.72 21.94 

one gram was gasified a t  900”. It is seen that even 
though the void volume has been increased only 
slightly over the unreacted sample the diffusion co- 
efficient has been markedly increased. Further- 
more, the above trend no longer holds, with this 
sample having a larger diffusion coefficient but a 
smaller void volume than the lampblack. 

It is next of interest to  compare the experimental 
hydrogen diffusion coefficients in the carbon rods 
with the bulk diffusion coefficient. In  order to do 
this, the experimental, effective diffusion coeffi- 
cients were corrected for the fact that they were ori- 
ginally calculated on the basis of the external, geo- 
metrical length and diameter of the carbon pellet 
(1/8-in. by 1/8-in.). In  solids, Wheeler2 has shown 
that the internal path length, on the average, is 
expected to be 1.41 times the external, geometric 
length of the solid. Furthermore, he shows that the 
pore area which admits gas internally is approxi- 
mately given as the external, geometrical area of the 
sample times its porosity. Column 7 then shows the 
corrected diffusion coefficients a t  STP conditions. 
These are to be compared with the bulk diffusion 
coefficient of hydrogen through nitrogen of 0.674 
cm.2/sec. 

AccorcJing to Wheeler,2 for pores larger than 
10,000 A. in radius, a molecule within the pore 
structure will collide with other molecules far more 
often than with the pore wall. Hence, the diffusion 
coefficient will be independent of pore radius and 
will reach the ordinary bulk value of the diffusion 
coefficient. Such is seen to  not be the case in the 
present work, with the diffusion coefficients being 
3- to &fold less than the bulk values. It is, of 
course, possible that pore constrictions make the 
“deviousness factor,” 1.41, too low and the effec- 
tive porosity value too high. For example, gasifi- 
cation of graphitized carbon “A” to only a 10% 
weight loss a t  900” increwed the corrected diffusion 
coefficient by almost 50%. 

An indication of the avernge pore size which is 
controlling the internal diffusion rate of gases within 

8,800 7,738 7.22 .0392 ,199 356 
1,500 1,568 222.3 ,0480 ,184 321 

the carbon rods can be obtained by use of the 
Wheeler expression2 

where 
D = corrected diffusion coefficient, as given in col. 7 of 

Tab!e 11. . 
DE = bulk diffusion coefficient, taken as 0.674 cm.2/sec. 

a t  STP conditions 
‘D = effective pore radius 
v = av. mol. velocity, taken as lo6 cm./sec. 

Column 8 of Table I1 lists the calculated values of 
RD. It is seen that they are considerably less than 
the values of the average pore radius in the void- 
volume range. 

Relation between Carbon Gasification Rates and 
Macropore Structure.-No apparent relationships 
exist between the macropore structure of the car- 
bons and their gasification rates, as presented in an 
accompanying paper.6 The only inkling of a cor- 
relation that can be seen is the fact that the gasifi- 
cation rate of lampblack a t  1300” (where mass 
transport would be expected to  play a prominent 
part in controlling the gasification rate2) was con- 
siderably lower than the other carbons, as was its 
average pore radius in the macro-void-volume range. 
However, this comparison stops when it is noted 
that carbon “E” has the next smallest, average pore 
radius in the macro-void-volume range but yet not 
the next smallest gasification rate a t  1300”. 

It is realized that the only way to  systematically 
study the possible effect of pore structure on gasifi- 
cation rate is to  take a given carbon and vary its 
pore structure by particle size variation, etc. In 
the present case, there were too many variables, 
other than pore structure variations, which could 
well have affected gasification rates. Future work 
along the above line is planned. 
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D = DB(l - e -ZTD~/~DB)  (1) 


