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Kinetic Smdy of the Steam-Carbon

Reaction

INFLUENCE OF TEMPERATURE, PARTIAL PRESSURE OF WATER VAPOR,
AND NATURE OF CARBON ON GASIFICATION RATES

Factors that influence the rate of resction befween
carbon and steam were studied with emphasis on efiects
of temperature, partial pressure of water vapor, and nature
of the earbon.

Renctivities of seven samples of earbon rod were deter-
mined by two independent methods based on loss of weight
of earbon with time, and composition and flow rate of the
product gas. Reactivity of the carbons decreased as the

.degree of graphitization incresséd afid ag elgetiienl Tesativ.

)jg@fa_se__f. Trom 1060° to 1100° C. the over-all
energy of activation for reaction of a graphitized carbon
was found fo be 41 keal. per mole. At 1100° C. from 30
to 360 mm. of mercury {(water vapor), the apparent order
of the reaction for a graphitized carbon with respect fo
steam was 0.86.

The results of this research emphasize the important
part played by the nature of the carbon in determining the

rate of gasification of carbon with steam.

J. M. PILCHER!, P. L. WALKER, J&., aND C, C. WRIGHT"

The Pennsylvania State University, University Park, Pa.

N ORDER to improve methods for the gasification of solid

fuels, fundsmentsl information is needed concerning the
rate and mechanism of the steam-carbon reactions. The litera-
ture containe o number of papers (1, 6~7, 8, 10, 12, 13, 15, 21, 22)
concerned with the kineties of these renctions, but the reports
by various investigators are in many respects contradictory and
wnfusing. For example, the order of the reaction with respect
to steam has been reported by different authors as negative,

t Prosont address, Battello Memorial Institute, Columbus, Chio.
? Deceased.

zero, fractionsl, first, second, or unknown. Gadsby, Hinshel-
wood, and Sykes (5} account for much of the disagreement on the
basie that the retarding effect of hydrogen is often overlooked in
determining the reaction order. A wide variation in the type
of carbon studied, ranging from conl to graphite, undoubtedly
also has had o major effect on the inconsistencies of the results.
Regarding the mechanism of the resction, i has been shown
rather conclusively in two recent papers, one by Long and Sykes
(13) and one by Johnstone, Chen, and Secott (), that the pri-
mary product of the reaction between carbon and steam is carbon
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monoxide. The authors, as well as Coring and others (8),
have shown that the gasification rate is strongly inhibited by
hydrogen and net inhibited by carbon monoxide.

The purpose of the present work was to study the influence of
temperature, partial pressure of water vapor, and nature of
carhon on the rate of the steam-carbon reactions. Most of the
prier publications on this reaction have failed to give a definitive
description of the carbon samples used. In general, samples
were deseribed only by such terins ss “charcoal,” “'coke,” “carbon
electrodes,” and “graphite electrodes”—deseriptions that have
little meaning unless additional information on physical proper-
ties and the previous history of the carbons iz included. For each
experiment of this investigation, a carbon or graphite rod of
known physical properties was used, end the rate of resction
with steam was caleulated by two independent methods based
either on the rate of weight loss experienced by the sample or on
the composition and flow rate of the effluent gases.

APPARATUS

Figure 1 is p How sheet of the apparatus, which consisted of
equipment for reaction of the carbon specimen with steam, with
close eontrol of tempernture, partial pressure of water vapor, and
rate of gas flow. Nitrogen gas was purified by passage through
an anhydrous magnesium perchlorate drying tube to remove
traces of water vapor and by pasaage over copper gauze heated to
800" C. to remaove traces of oxygen. A rotameter indicated the
flow rate of the dry nitrogen,

Figure 2 shows the saturator (designed and built by R. D.
Hinkel) in which the dry nitrogen was saturated with water
vapor. {(During the preliminary hesating of the earbon prior to
resction, the dry nitrogen was allowed to bypass the saturator.)
The water level in the saturator wns maintained constant by
means of the side-arm device shown at the left of Figure 2.
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When the water level dropped below the sloped opening to the
10-m1n. tubing, a bubble of nitrogen passed up into the waier-
jacketed buret and nliowed an equel volume of water to enter the
saturater, The saturator operated well and made it possible to
measure the amount of water vaporized with an rccuracy within
about 2%,

Test runs made over & wide range of saturation terperatures
showed that the gas was 959, satursted with water vapor. The
saturator unit was immersed in a water bath heated by two 750-
watt copper-sheathed flexible-type immersion heaters each 4
feet long. A stirrer 3 inches in dinmeter provided ample ngitation
throughout the bath,

T'o malee sure that no condensation of water vapor took place
while the gas was flowing through the tubing from the saturator
to the reactor, the ouiside tube wall was wound with Chromel
resistance wire and meintained at o temperature slightly above
100° C.

Figure 3 is a detniled section drawing of the reactor ready for a
test. The reactor was essentially the smme as that deseribed
fully in recent studies of the earhon-carbon dioxide reaction (13).

NATURE OF CARBOMN USED

...is an overlooked facior in steam-
carbon reactions

Studias presented here wil aid in im-
proving processes for gasifying solid
fuels
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tion, and slf seven samples were tested under
similar conditions to determine the influence of
the nature of the carbon on resction rates. Al
the samples except G were made hy extruding
s mixture of about 709, petroleum coke flour
(60% through 200-mesh) and 30% coal-tar pitch
binder and heating to the appropriate tempera-
ture. Somple G was & special graphitized car-
bon prepared by substituting enthracite for the
petroleum coke. The test specimen consisted
of & solid rod of carbon, 0.5 inch in dizsmeter
and 2 inches long.

PROCEDURE

The test procedure consisted essentinlly of de-
termining reaction rates by taking weight resd-
inga of the carbon sample at 5- to 15-minute
intervals, while providing accurate control of
tempercture, partinl pressure of water vaper,
andrate of gas flow. The three variables studied
were: tempernture over the range 1000° to
1450° C., partial pressure of water vapor over
the range 30 to 360 mm. of mercury, and nature
of the carbon, particularly the degree of crys-
tallinity or graphitization, as determined by
x~-ray difiraction.

The total rate of gas flow {nitrogen plus water
vapor) was 1250 cc. per minute, measured ot
70° F. and 760 mmn. of mergury pressure. The
flow past the earbon rod was laminar, ag the
Reynoids number was always under 20. The
contaet time between the steam sod the carbon
rod was about 0.25 second.

Reaction rates were also determined by
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analyzing samples of the product gus with »
Burrell laboratory model apparstus, Samples
were obteined by drawing the gas directly into
the water-jaclketed huret at a rate approximating
one tenth of the total gas-Aow rate. Thesampling
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tube and manifeld had previously been flushed
with gps, The semple was collected after about
25 to 309 weight loss of the specimen had oc-
curred, at which time the rate of reaction was

Briefly, a porcelain “top plate” and “bettom cone” were ce-
mented to the top and bottom, respectively, of the earbor rod to
restrict reaction to its sides. The sample was suspended from a
balanee so that frequent weight readings could be talen during the
run. (It wos not necessary to interrupt the mas flow when
resding the weight of the sample, because the gas veloeity was so
low that weight readings were not mensurably affected.) A
platinum-platinum~109%, rhodium thermacouple, with hot junc-
tion located at a point level with the top of the sample, indieated
reaction temperature, which eould he maintained within 2° C.
of the desired value. ({Preliminary tests at 1100° C. showed that
a thermocouple located in the center of the carbon sample in-
dicated the same temperature within 2° C. aa the thermocouple
pinced in the gas stream.} The effluent grses wers sampled
through o tube passing through the steel eap located on top of
the porcelain combustion tube.

CARBON SAMPLES

Seven different samples of carbon (supplied through the
courtesy of Fl. W, Abbott and G. P. Mc¢Knight, Speer Curben
:Co.) were used in the investigation. Table I summarizes the
properties of these artificial carbons and graphites. Sample A
was used for all test runs made to determine the infiuence of
temperature and partial pressure of water vapor on rate of rese-

found to be very uniform.
RESULTS AND DISCUSSION

Typical Run. Figure 4 shows how the weight-loss datn were
plotted sgainst reaction time to obfain a reaction rate curve.
The rate of reaction for this particular run was practieally con-
stant for the first hour, during which time the sample lost 4
grams, or 40%, of its original weight. Test runs were usually
stopped at this stege of reaction, but this run was continued until
the sample was completely consumed as indicated by the fact
that no further loss of weight eccurred. The rate of reaction on
the straight part of the curve was 4.03 grams per hour based on

Table I, Description of Carbons and Graphites
Apparent Resistivity,
Density, Chm/Inch %
Sampla Treatment® G./Ce, Cube Aaht
A Graphitized twice at approx, 2500° C. 1.57 0.00037 .07
B Gas baked at 535°% C. 1.88 0.00130 D45
G Superbaked ot 1095° C. 1.58 0.60115 0.75
D Graphitized onee ad approx. 2560° C. 1.58 04.0004F Q.09
E  Graphitized twice at approx. 2500° C.  1.57 a.00038  0.10
¥ Graphitized thrice nt approx. 2500°C.  1.568 0.00038 0.:i§
G Graphitized onco at approx, 2380° C. 1.72 0.00064  0.37

2 Bamples B, G, D, E, and ¥ were all prepared from the same batzh of raw
material gut given different treatments as indicated.. Sample A was prepared
from g separate batch, but given samo treatment as E,

5 Ash from gos-baired carbon B was very dark in color, ash from super
baked carbon C wns medinm brewn, and pah from graphitized earbona wna
vary light tan or light groy.

-
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Figure 3. Section drawing of earbon sample in
combustion tube

weight-loss data and 4.10 grams per hour based on gas-enalysis
data. The accurney of weight measurements was considerably
better than the sccuracy of ges analyses, so the rates determined
from weight data were used for the kinetic calculstions.

The general shape of the weight-loss time curves was similar
to those previously reported for the carbon-carhon dioxide resc-
tion {19). At temperntures below 1100° C., an initial induction
period, during which the gasification rate increased with time, was
in evidence, whereas, at higher temperatures, no induction period
was detectable on the time seale employed. For the carbon—
carbon dioxide reaction, it was shown that the induction period
eould be directly related to inereasing surface aren of the sample.
With the attainment of constancy of surface area, the reaction
rate became constant. The same general pattern is expected to
be followed by the steam-carbon reaction, An induction period
is to be expected for reaction temperatures above 1100° C.,
as well 88 ut the lower temperatures; however, ity duration should
be short for two reasons. TFirst, a3 shown by Walker, Foresti,
and Wright (19) and more recently by Petersen, Wallker, and
Wright (16}, for the carbon-carbon dioxide reaction, the maxi-
mum equilibrium surface ares is attsined at a temperature of
roughly 1200° C.; and second, because resction rate increases
rapidly with temperature, less time is required to echieve the
weight loss necessary to produce the equilibrium surface area.
If similar reasoning ean be used for the present steam-carbon
reaction (nnd there is every reason to believe it can), there would
be some temperature, apparently again around 1208° C., where
the induction period is of the order of several minutes, or less, in
duration, .

Reproducibility of Test Method. In order to determine the
reproducibility of this test method, six duplicate runs were made
on sample A at 1100° C. The highest reaction rate observed on
the straight portion of the curve was 1.35 grams per hour; the
lowest was 1.25 grams per hour. The rate wng determined after

INDUSTRIAL AND ENGINEERING CHEMISTRY 1745

the sample was about 25% reacted, at which time the rate of
reaction was substantially constant,

Influence of Temperature. The first complete series of runa
wes made on sample A ai temperatures varying from 1000° to
1450° C., while the inlet partinl pressure of water vapor was
maintained essentinlly constant at 142 mm. of mercury.

Figures 5 and 6 present the reaction rate curves. Figure 7
shows the samples as they appeared immediately after testing,
and ngoin as they appeared after removal of the porous layer
that had formed. The upper pictures show that the specimena
reacted at 1050° and 1100° C. experienced no change in external
dimensions, which indicates that the reaction was highly ‘“se-
lective” in nature—that is, the more reactive particles of carbon
were removed by gasifieation with steam and the less reactive
carbon particles remained in place as & fregile, porous layer,
which could easily be removed by scraping with a knife blade.
Similar results have been reported by Walker, Foresti, and Wright
(19) for the carbon-carbon dioxide reaction. The specimen
reacting at 1200° €. showed & gight reduction in diameter near
she bottom, and, as the temperature of reaction was incressed,
the decrease in diameter was more pronounced,

The weights of the porous layers removed from the specimens
are tabulated at the bottom of Figure 7. Those specimens react~
ing at the two highest temperatures had almost no porous layer,
which shows that the resction at the higher temperatures was
much less selective than at lower temperatures, This porous
Inyer is believed to be responsible for the majority of the ineresse
in surface area of a ecathon. Therefore, the maximum surfece
area would be expected between 1050° and 1100° C,, in the present
case. Thus, as previously reasoned, the time for the develop-
ment of this layer, even disregarding for the moment increase
in resction rate, should be less at temperatures above 1100° C.,
resulting in the atiainment of a constant reaction rate more
quickly at the higher temperatures,
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Figure 4. Reaction rate eurve for sample A completely
gasified at 1300° C.

The rate of reaction was more rapid near the bottom of 2 sample
than near the top, especially at the higher temperatures. This
was attributed to two factors: The steam was being decomposed
so rapidly that the partial pressure of water vapor was greater
toward the bottom of the specimen, and hydrogen was being
formed as o product and tended to retard the rate of resetion of
the upper portion of the sample.

Activation Energy. Figure 8 shows the Arrhenius plot from
which the energy of activation was caleulated for sample A, In
making this plot, it was assumed that the over-all reaction rate
is given by the expression

R = L(H.0)C)m

where & is the specific reaction constant, (H:0} is the average con-
centration of the water vapor flowing along the exterior of the
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Figure 6. Reaction rate curves for sample A at various
high temperatures

sample, and (C} is the concentration of the carbon reasting. It
was then assumed that the concentrations of water vapor and
earbon were constants, independent of temperature. As long
83 experimental conditions were sueh that these assumptions
were velid, the Arrhenius equation could be used directly by
plotting log of reaction rate, expressed as weight
loss per unif time, against the reciprocal of the
absolute temperature. Figure 8 shows that the
above-stipulated conditions appeared to be rela-
tively well sntisfied over the temperature range
1000° to 1100° C,, giving an activation energy of
40.7 keal, per mole. Mayers {15}, working with a
graphite, found the energy of activation to be 40.7
keal, per mole over the temperature range 850°
te 1000° C. and 35.1 keal. per mole over the
range 1000° to 1160° C. TFleer and White (3),
working with coke, reported a value of 26.8
keal. per mole for the temperature range 900° to
1000° C.

The decrease in activation energy for the reac-
tion above 1100° C. is attributed to two main
cauges. At temperatures above 1100° C., the
partial pressure of the products aleng the exterior
of the sample becomes significant, invalidating
the sssumption that the water vapor concentra-
tion is a constunt, independent of temperature,
Secondly, resistance of mass transport of tha

seam to the carbon anctive sites is known to be-
come a significant factor at higher temperatures
and to have o lower activation energy than the
chemical resistance term {23).
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Influence of Partial Pressure of Water Vapor. In order to
defermine the influence of partinl pressure of water VE&POr on
rezction rote and to obtain date for caleulating the apparent
order of reaction with respect to steam, runs were made with
sample A, employing a partial pressure of water ranging from
30.7 to 358 mm. of mereury at o eonstant reaction temperature
of 1100° C. The rate of reaction, over the constant-rate portion
of the runs, incrensed from 0.44 gram per hour at 30.7 mm. water-
vapor pressure to 2.23 grams per hour at 358 mm.

Figure 9 is a plot of the data showing that n straight line is ob-
tained giving an apparent order of reaction of 0.66, under the
conditions specified. The term “apparent order of reaction”
is used to refer to the experimentally determined velue of n in
the rate equation, B = aP", where R is the rate of resciion in
grams per hour, a is an empirieal constant depending upon the
experimental method, and P is the partial pressure of water
vapor in millimeters of mercury. The equation is identiecal to
the ciassic Freundlich equation (4) for predieting the adsorption
of gases on solids at intermediate pressures, a fact that again in-
dicates (9) the eclose connection between chemisorption of the
reaction gas on the carbon surface and the actual gasification of
the carbon. Zeldowiteh {24) points out thet the Freundlich iso-
therm describes the chemisorption process if the active sites are
distributed exponentially with respect to the energy of adsorp-
tion. Apparently, agreement with the Freundiich equation in
the present ease nlso implies the above. The fuet that the ap-
parent order of the renction with respect to steam did not change
noticeably over this pressure range indicates that the steam sat-
uration pressure discussed by Weorner (21, 22) wrs not closely
approached,

Influence of Nature of Carbon, Most investigators agres that
the reactivity of carbonaceous fuels is strongly influenced hy
degree of graphitization (74). In order to determine the in-
fluence of the pature of the carbon, expressed in terms of graphi-
tization or “erystallinity,” tests were made on all seven sumples
of earbon with the reaction temperature at 1100° C., the partial
pressure of water vepor at 142 mm. of mercury, and the gas-
flow rate at 1250 ce. per minute. The eryatallinity of the carbons
was determined by x-ray diffiraction techniques, using the in-
tensiby of the (002) diffraction peck of the earben, as previously
discussed by Day, Wallcer, and Wright (2}
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Figure 7. Specificity of rexction of sample A graphite with steam as

a function of temperature
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Table 11 shows the correlation obtained between reaction
rate and crystallinity. The second line of the teble shows that
the crystallinity of the porous layer scraped from sample A,
after resction at 1100° C., was 199 greater than that of the
unrescted material, The increase is attributed to selective reae-
tion, which removed the more reactive carbon and left in place
the less reactive (more crysialline} material, This is similar to

the findings of Walker, McKinstry, and Pustinger (20), who ex~ -

amined graphitized carbon rods by x-ray diffraction after varying
degress of gasification with carbon diexide.

The results obtained on samples B, C, D, E, and F, all of which
were prepared from the same batch of raw material, indicate that
reactivity decreases as erystaliinity increases and that graphi-
tization for n second and third time at the same temperature has
no apprecisbie influence on renctivity or on crystaHinity. Ap-
parently the temperature of graphitization is the important factor,
and time, beyond the first period of graphitization, is unimpor-
tant. This is in agreement with the findings of Schaeffer, Smith,
and Polley (17), who report from rough rate measurements that
equilibrium growth during graphitization of carbon blacks at
temperatures around 2700° C. may be attained within a matier
of 10 minutes. In the presen$ case, during the first graphitiza-
tion step, the carbon was held at the wmaximum graphitization
temperature, of roughly 2600° C., for considerably fonger than
this period.

The result of the test on anthracite-base sumple G indicates
that other properties besides carbon erystallinity infiuence the

Table II. Correlation between Reaction Rate at 1100° C.
and Crystallinity of Carbon Samples
{Partial pressure of water vapor, 142 mm. Hg)
Reaction Rato,
G./Hr.

Sample Crystallinity
A 1.27 100
A (porous outer layer ‘s 119
after reaction)

B 2.18 39
G 1.7 70
8] 1.59 100
F 1 .G; 331
I 1.6

G 1.81 7" 84

@ Renction rate for superbaked snmple C tended to inerease gradaelly as
test proceeded; consequently, messuremeant of rate was fess precisg,
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reactivity of the steam-carbon reaction. Referring to Table EX
again, sample G is between the gas-baked and superbaked ma-
terinls with respect to reactivity, but is between the superbaked
and graphitized materials with respect to ecrystallinity. Ref-
crence to Table I shows that the graphitized anthracite is also
intermediate between the superbaked and graphitized materiala
in 8o far as resistivity and per cent ash are concerned. The ap-
parent density is considerably higher for the graphitized anthra-
cite than for any of the other carbons and this may account for
its higher reactivity. However, the high density of the graphi-
tized anthracite fmplies a smaller pore velume which, if apything,
should cause a decrense in reactivity owing to the smaller amount
of interior surface available for reaction.

Further evidence that crystallinity of the carbons is not the
only parameter affecting their reactivity is grined by comparing
sample A with sample E. Both have been graphitized twice
and both have essentinily the same crystallinity, and yet sample
A has o reactivity 309 lower than sample B. It is further seen
that the resistivity and total nsh content of samples A and B
are the same, within experimental error, and wouid not be ex-
pected to explain the differences in reactivity. Further study
of more carbons having a wider range of properties such as
surface nren, porosity, and pore size distribution is necessary
before the differences in reactivities can be completely explained.

Per Cent Steam Decomposition. Table 11T presents the analy-
ses of the produet gas and the per cent stearmn decomposition for
the various tests. The gns samples were collected after the carbon
samples had lest ahout 25 to 309 of their weight, at which time
the rate of reaction was substantially constant. TFrom the
pnalyses and the knowledge of the nmount of water vapor in the
inlet nitrogen, the amocunt of water vapor decomposed could be
determined.

Figure 10 shows the effect of temperafure on percentage
steam decomposition for sample A, The amount of steam de-
composed increased with incrensing temperature continucusly
to 1450° C., the highest reaction temperature investigated. It is
also seen from Teble ITT that the percentage steam decomposi-
tion decreased with incrense in the amount of entering steam.
Tn essence, this is an outgrowth of the fact that the gasifieation
rate varied with the steamn partial pressure to some power la
than one. Table ITT also shows that the percentage steam de-
composition at 1100° C, and as o fixed steam inlet coneentration
ia a funetion of the type of carbon gasified. The gas-baked carbon,
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Table III, Analyses of Product Gas (Dry Basis) and Per
Cent Steam Decomposition after Gasification under
Different Conditions

Partial

2
Temp,, Press. HaQ, 9 b b7 T Steam
Sample © C. Mm. Hg CS: Huz CGO Nyf Decomp.
Effeet of Tempernature

A 1000 134 6.3 1.5 1.2 67.6 1.9
1060 141 0.4 2.5 2.1 95,0 12.8
1100 141 1.1 4.8 2.7 91.8 22,4
1200 142 1.8 9.4 6.1 82.4 47.9
1360 143 1.8 11,4 8.3 78.5 §2.8
1400 142 1.0 13.7 11.8 73,5 78.0
1450 143 1.1 13.7 11.9 73.3 79.0

Lifect of Partial Pressure of Steam
A 1100 30.7 a.1 1.3 1.2 7.4 33.1
43.8 2.3 2.4 1,4 $5.9 26.6
89,1 0.3 2.8 2.6 4.3 24.4
216 1.1 6.2 4.4 88.3 17.4
358 2.8 11.7 6.7 78.8 16.1

Effect of Carbon

B £100 142 2.1 7.9 4.4 85.8 41.6
c 142 1.2 5.8 3.8 40.4 8.6
D 145 1.8 6.4 3.3 88.7 20.4
B 144 2.1 6.8 3.0 83,1 32.7
B 143 2.1 8.7 2.0 8.3 2.8
] 142 1.9 7.3 3.1 87.7 32.4

B, gave the highest percentage steam decomposition. No
significant differences were observed for the other carbona tested
under the same conditions.

Equilibrium in Water-Gas Shift Reaction. The extent to
which equilibritm waa approached for the water-gas shift reaction
was determined for sample A at various temperatures by caleuliat-
ing an “‘apparent equilibrium constant,” Kap, from the composi-
tion of the effluent gases by the relation

i (%C0(% Hy)
* = (% COX% H:0)

The K, was then compared with the true equilibrium constant
reported by Wagmen and ethers (18).

Figure 11 shows the ratio of Kap to Keq, 83 o function of tem-
perature. Af temperatures above 1300° C., the ratio ia greater
than one. Asnospecial effort was made to guench the gas sample,
this is probably due to reaction of the product gases as they peas
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Figure 10. ILffect of reaction temperature
on per cent steam decomposition
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the 2.28-inch distance from the carbon sample to the sampling
tube. Therefore, since the equilibrium ratie is, if anything,
higher than that oppesite the graphite sumple, this figure serves
to show primarily that e temperature of af least 1300° C. i
required fo reach equilibrium conditions at the fow rate used.

Mechanism. The results of this research are in agreement with
the generally sccepted adsorption coneept (17) used to explain
the chemical mechanism of heterogeneous reactions in which the
rate is determined by the concentration of gas adsorbed on the
solid surface rather than by the pressure of the gas in the homo-
geneous phase.

A possible explanation of the physical mechaniam that caused
the porous Inyer to be formed on the surface of specimens tested
at 1100° C. was goined from a study of electron micrographs of
the unreacted sample A and of the porous layer. The micro-
graphs of the unreacted graphitized carbon showed large cotton-
fike areas that sppeared to consist of a number of thin platelike
srystals in very disordered arrangement, whereas the material
comprising the porous layer contained a high concentration of
spherical shapes that tended to flocculnte or collect in short
chains and may have been oriented aggregates of platelike erys-
tals whieh, because of their more ordered arrangement and
reduced effective srea, were apparently less resctive. The con-
centration of “‘active enrbon centers” wng probably less for the
spherical shapes in the urreactive porous layer than for the
cottonlike masses in the original graphitized carbon.
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