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ABSTRACT -

A thermally produced beam of atomic hydrogen was reacted
on a carbon target at temperatures between 30-950°C. The
reaction products were isolated on a liquid helium cold finger
and subsequently analyzed by gas chromatography. Over the
temperature range examined the major reaction products were:
CH¢a9l%, C2H6g8.4Z, C3H8m0.6%. C2H4, C3H6 and C4 hydrocarbons
were minor constituents, if formed at all. Hydrocarbon
formation increased with temperature, no maximum in the
yield occurring at about 770°K as reported in previous
studies. The methane yield-temperatﬁre dependence showed

three distinct phases and activation energies were obtained.

4 At 30° and 950°C, about 1% and 3% respectively, of the avail-
/ able H atoms reacted with carbon to form hydrocarbons.
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INTRODUCTION

The discovery that H atoms react with carbon was made by
Avramenko (1) in 1946. To date the results of ten other
étudies have been reported (2)-(11). In all but one investi-
gation, H atoms were produced by electric discharge techniques;
the one exception (7) using thermal methods. Chemical
analyses of the reaction products were attempted with varying
degrees of sophistication in all except one study (5).
Agreement between the different investigations as to the
hydrocarbons formed in the H atom-carbon reaction is not
good, some or all the following have been reported: CH4’
CZHZ’ C2H4, CZH6’ C3H8 and various butanes and butenes.
Several authors believe that methane is the primary reaction
product, with higher hydrocarbons resulting from hydrogen
abstraction reactions and free radical recombination processes;
There is some indication that the formation of
acetylene and ethylene may be associated with ionic species
formed in the'electric discharge used to produce the atomic
hydrogen. 1In some of the experimental studies the products
reported as being formed in the H atom-carbon reaction could
also have arisen by H atom attack on organic materials,
vacuum grease and O-rings, which were part of the system.
Most investigations of the H atom-carbon reaction were made
at ambient temperatures, but in two cases (8,9) where an

extensive temperature range was investigated, a maximum in
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the hydrocarbon yield was reported at 770 + 50°K. 1In two
kinetic studies (6,9) on the reaction, data were obtained
for the rate of carbon removal as a function of temperature
and H atom concentration, but no effort was made to correlate
these data with the hydrocarbon production.

In this investigation, the H atom-carbon reaction has
been re-examined in an effort to determine; 1) the nature of
the hydrocarbon products, 2) the yields of hydrocarbon products

as a function of temperature and, 3) the efficiency of con-

version of atomic hydrogen to hydrocarbons.

EXPERIMENTAL

In designing the experimental arrangement for studying
the H atom-carbon reaction, an effort was made to avoid some
of the features which may have vitiated the results obtained
in previous studies. E.g. Possible pyrolysis of the reaction
products, reaction between H atoms and O-rings or vacuum
grease, and reaction between hydrogen ions and carbon. To
attain these goals, a low pressure atomic hydrogen beam
carbon reactor was constructed utilizing é liquid helium
cold finger to remove reaction products. This is shown
schematically in Figure 1. All materials used in the con-
struction of the reactor were either metal, (copper, brass,
Kovar and stainless steel) or glass. Deﬁountable joints were
soft soldered using an inorganic flux and all surfaces were

acid cleaned prior to assembly. A mechanical vacuum pump
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and oil diffusion pump were used to evacuate the system,
and pressures in the 10'6 mm range were routinely achieved.
Hydrogen atoms were formed by thermal low pressure
(10-7-10_5) atm. dissociation of molecular hydrogen in a
tungsten effusion tube. The effusion tube, 0.067" 0.D. and
0.030" I.D. was heated over 2" of its length
to a temperature of 2600 + 50°K by electrical induction.
The temperature was measured with a Leads Northrop optical
pyrometer with emissivity corrections being made. To increase
the probability of equilibrium being attained within the
tungsten effusion tube for ﬁhe chemical reaction H, Tgigh 2H,
three tungsﬁen wires about 1" long and 0.010" diameterezg}e
inserted into the_bore of the tube to help increase residence
times. Matheson Research Grade hydrogen was used in the
study and was stored in a glass vacuum line prior to use.
The flow rate of hydrogen to the effusion tube was controlled
by varying the gas pressure across a fixed leak. Hydrogen
flow rates to the effusion tube varied from 0.5 to 9 x 10—5
moles hour-l. In most experiments a rate of 2 x 10-5 moles
hour'1 was used. The amounts of gas being fed to the reactar
were determined from P.V.T. data using standard vacuum line
techniques. These hydrogen flow rates correspond to pressures
of the order 5x 107/ to 2 x 10" atm at the lowest and
highest flow rates, respectively. At the most commonly used

hydrogen feed rate (2 x 10-5 moles hour-l) the pressure in

the effusion tube was approximately &4 x 10_6 atm. Using data
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given in the JANAF Tables, (12) it may be shown that at this

pressure the resulting effusate 1is essentially pure atomic

hydrogen. At the highest experimentally used effusion tube

pressure (2 x 10_5 atm.) the effusate was -98% atomic hydrogen.
The carbon used in the H atom-carbon reaction was

obtained from the Ultra Carbon Corp., Michigan. It had a

-3 and

certified purity of 99.99957% and a density of 1.72 g. cm.
was in the form of a solid cylinder, 1" long x 1'" diameter.
In the reactor, the carbon was mounted in a steel holder on
the same axis as the tungsten effusion tube and 2-5/8" from
it, presenting the H atoms with a flat target surface of
1" diameter. The carbon target, was heated by four Waltow
cartridge heaters of 100 watts each, and the temperature
controlled by varying the applied voltage across the heaters.
A chromel-alumel thermocouple, inserted into the carbon
target with the temperature sensing junction about 1/16"
from the reaction face, was used to measure the target
temperature. The thermocouple output was measured against
that of an ice junction using a Leeds Northrop potentiometer.
Target temperatures were constant to + 2°C in experiments
which usually lasted one hour. A maximum target temperature
of about 1000°C was possible and prior to use in the H atom-
carbon reaction, the carbon was outgassed at 950°C for three
days under vacuum,

The glass liquid helium cold finger used to freeze out

reaction products was about 2" diameter and had a capacity of
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1 liter. To ﬁinimize heat leakage it was surrounded by a
liquid nitrogen heat shield. All surfaces in the Dewar
system were silvered. After an experiment the cryogenic
fluids were removed from the cold finger and the system
warmed to room temperature. The reaction products were then
removed by a Toepler pump and their total volume measured.
During this process the temperature of the carbon target
was maintained at 200 + 20°C to help minimize adsorption of
gas. Provision was made in the collection section of the
vacuum line to raise the pressure of the collected sample to
slightly above ambient. This was done to help improve the
reliability of the gas sampling for chromatographic analysis.
Gas samples from the H atom-carbon reaction were analyzed
on a Varian-Aerograph gas chromatograph, Model 1800. A
6 ft. long 1/4'" diameter stainless steel column packed with
216 grams of a 'Poropak' Q stationary phase was used for
separating the various hydrocarbons. The column was used
isothermally (60°C) for the analysis of CH,, CoH, and CoHg -
For higher hydrocarbons the column: temperature was programmed

at 10°C min-1

for six minutes and the column then kept
isothermal at 120°C. With this chromatograph, the detection
of 10'11 moles of a éimple hydrocarbon was attainable. Prior
to every analysis, the calibration of the chromatograph was
¢hecked against injections of known volumes of methane and

ethylene. 1In a typical experiment, 0.15 cc of the collected

gas from the atomic hydrogen-carbon reactor was injected
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into the chromatograph resulting in hydrocarbon yields of

the following magnitude; CH, = 4-18 x 1078 moles, CyH, =
1-2 x 10"9 moles, C2H6 = 3-7 x 10“9 moles, C3H6 = 0.5 -2x

-10 10 moles. The over-all

10 moles, and CyHg = 2-5 x 107
accuracy of the measured hydrocarbon yields is believed to
be about *+ 7%.

RESULTS AND DISCUSSION

Operating Characteristics of the Reactor, Without the Carbon

Target

The reactor, without the carbon target in place, was

exposed to H atom attack using a hydrogen flow rate to the
reactor of ~2 x 1072 moles hour L. The resulting product
gases were analyzed chromatographically. The following
species were found; CH4, C2H4, C2H6’ C3H6, C3H8 and traces
of butanes and butenes. These findings were surprising
since great efforts were made to remove organic materials
from all reactor surfaces prior to assembly. The reactor
was disassembled and all surfaces inspected and recleaned. On
reassembly and subjection to H atom attack, hydrocarbons
were again produced. The effect of exposing the reactor to
H atom attack over prolonged periods of time was therefore
studied., Samples of the reaction products were analyzed
periodically.

Data obtained from these experiments are given in Table
I; To permit comparisonlbetween different experiments,

reaction product yields are all quoted in terms of moles of
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hydrocarbon formed per mole of molecular hydrogen fed to

the reactor at the stated molecular hydrogen feed rate to
the reactor. Quantitative yields for the C4 hydrocarbons are
not given in Table I since their amounts were too.small for
meaningful analysis. 1In Figure 2 the methane yield as a
function of time is presented from the data given in Table I
with a hydrogen feed rate to the reactor of 2 x 1077 moles
hour-l. It is at once apparent that the yield of methane
decreases quite markedly with the number of hours of H atom
attack,(conditioning) and after some 60-80 hours appears to
reach a constant minimum. The production of C2H4, C2H6’

C3H6 and C3H8 all showed the same type of behavior as methane
with respect to yields as a function of H atom conditioning
time. After some 60-80 hours a stable minimum was attained
for all species. The reactor was disassembled, inspected,

and surfaces cleaned, and re-assembled. The hydrocarbon
yield as a function of H atom conditioning time was re-investi-
gated. The same type of behavior resulted as in the prior
experiments, a moderate initial hydrocarbon yield,decreasing
with time after some 60-80 hours to the same value as
obtained previously. Conditioning was continued for a total
of 150 hours without any further change in the hydrocarbon
yield occurring. 1In Table II the stable hydrocarbon yields
obtained after prolonged H atom coﬁditioning of the reactor

are given.
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From these data it is necessary to conclude that despite

all efforts to maintain reactor cleanliness, the system was
contaminated with carbon or organic material. The initial
relatively large production of hydrocarbons obtained directly
after assembling the reactor could have resulted from hydrogen
atom attack on freshly adsorbed carbon species, CO, CO2 and
possibly some hydrocarbons, on the inside of the reactor

after exposure to the laboratory atmosphere. The apparently
smaller constant yield of hydrocarbons obtained after prolonged
hydrogen atom attack suggests the presence of a fairly large
though not particularly accessible supply of organic material.
There are twd possible sources: 1) carbon in the steel used

in fabricating some parts of the reactor, and 2) organic
material trapped during the formation of the silver reflective
coating on the liquid helium Dewar. (The latter coatings

are prepared by the reduction of ammonical siiver solutions
with sugar). In view of the large silvered surface area of
the liquid helium dewar 5000 cm2, a small amount of trapped
organic material in the silver coating could well be the

major source of organic contamination in the reactor.

After establishing that a small constant yield of
hydrocarbons could be obtained from the reactor on hydrogen
atom attack, a few experiments were tried in which the hydro-
gen feed rate to the reactor was varied from 0.25-9.75 x 107°
moles hour-1 and the reaction products analyzed. These data

are recorded in Table I. In Figure 3, the methane yield as a
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function of the hydrogen feed rate is presented based on

data given in Table I. Similar curves also resulted for the
other hydrocarbons and for” this reason they are not presented
individually. From these data it appears that hydrocarbon
yields vary by a factor of about eight with respect to hydrogen
feed rate, increasing at the lower feed rates and decreasing
at the higher feed rateé. As noted in the experimental
section, over this range of feed rates the hydrogen species
leaving the effusing tube are essentially pure atomic hydrogen,
with at most a 1 to 2% variation occurring between the lowest
and highest flows. Such small changes in the H atom concen-
tration cannot explain the observed variation in hydrocarbon
yield as a function of feed rate. At lower hydrogen feed
rates, H atom recombination reactions will occur at a lower
rate than at higher hydrogen feed rates. It is possible that-
the decreased H atom recombination rates at the lower feed
rates, and hence longer H atom life time increases the
probability for H atom surface reactions producing hydro-
carbons. A more detailed study of the effect was not under-
taken.

A few experiments were tried to determine if significant
cracking of hydrocarbons occurred in the reactor on the hot
effusion tube. To this end small quantities of methane were
introduced into the reactor and allowed to impinge on the
carbon target before being frozen out on the liquid helium

" cold finger. The products were subsequently analyzed.
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Within the sensitivity of the chromatographic detection, no
noticable cracking of the methane occurred.

The above experiments served to characterized the opera-
tion of the H atom reactor. The apparent inability to remove
all traces of organic material from reactor surfaces exposed
to H atoms was not expected. It is interesting to note that
in all previous experimental studies on the H atom-carbon
reaction in which hydrocarbon reaction products were analyzed,

no reports were made of tests to determine possible hydro-

- carbon yields in the absence of the carbon target. Sufficient

experimental details were given in some of these studies
to indicate that H atom attack on O-rings and vacuum greases
in the reactor system probably occurred.

H-Atom-Carbon Reaction

The carbon target was placed in the reactor which was
then conditioned to H atom attack for some 100 hours.
Experiments were then conducted to determine the hydrocarbon
yield from the H atom-carbon reaction as a function of temper-
ature, over the range.30°-950°C. Hydrogen flow rates of
2 x 1072 moles hour ™} were used in all experiments. The
following hydrocarbons were detected, CH4, C2H4, C2H6, and
C3H8’ with possibly minute traces of some C4 species. The
amounts of the latter were similar to those detected in the
background yield without the carbon target present and
reliable quantitative measurements were not possible.

Qualitatively, C4 hydrocarbon yields were estimated at <10-3
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of the methane. For the C;, Cy and C3 hydrocarbons, yields
for the hydrogen atom reaction with the carbon target were
calculated by subtracting the background yield from the total
in the sample. This method of calculating the hydrocarbon {

yield assumes that the background level of hydrocarbons is

not affected by the presence of the competing process at the
carbon target. This subject will be discussed later.

The data obtained from 25 experiments are shown in
Table III. The hydrocarbon yields are presented in terms of
moles of hydrocarbon formed per mole of molecular hydrogen
fed into the reactor at the stated temperature. 1In Figures
4, 5 and 6 the data are shown graphically for methane, ethane
and propane. The scatter of the individual points on the
methane curve shown in Figure 4 may be considered as acceptable
in terms of the expected experimental errors, but the scatter
of fhe points on the ethane and propane curves is considerably
larger. The reason for the increased scatter in these data
points is not certain. It was observed that yields of ethane

and propane obtained in a low temperature experiment performed

g

directly after a high temperature experiment appeared to be
significantly higher than the yield obtained when performing
two low temperature experiments consecutively. This behavior '
suggests some type of hysteresis effect is occurring which

results in these hydrocarbons being more slowly released

during sample collection, than the methane. It is probable ‘

that these two hydrocarbons are more strongly adsorbed by

112

PV SR SN




Pal

the surfaces in the reactor than the methane, and this might
account for the rather poor precision of the data. Unfortun-
l ately it was not possible to examine this problem in more

detail.

: The data presented in Table III for yields of ethylene

) and propene in’the H atom-carbon reaction shows in many cases
‘ negative values. This situation arises from the mode of
calculations of the yield which was explained earlier. The
negative values indicate that smaller quantities of ethylene
and propylene are being formed in the presence of the carbon
target than in its absence, suggesting that the interaction
of the H atoms with the carbon target reduces the background
yield of these hydrocarbons. From the data presented in
Table III for CZH4 and CBH6’ it appears that their respective
yields are not noticably temperature dependent. Assuming
this to be true, the average yield of CZH4 = -(0.009 + 0.039)
: x 1073, and of C,H, = -(0.0014 + 0.0035) x 107> moles per mole

376
of H, fed to the reactor over the temperature range investi-

gated. The error limits associated with these values are

quite large, consequently it cannot be unequivocally stated

———

that no ethylene or propene is formed during the H atom-carbon
reaction. However the data do suggest values close to, if

not zero, for yields of these two unsaturated hydrocarbons.

..y g . ———

A To add further credence to this conclusion, at the end of -the
series of experiments the carbon target was removed from the

reactor and the background yield of hydrocarbons again determined.
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After some 80 hours of conditioning the yields of hydrocarbons
were all found to agree, within the experimental error, with
the values obtained previously.

Finally in Figure 7 an Arrhenius plot of the H atom-carbon
reaction data is presented, based on the methane yields
given in Table III. Three distinct reaction regions are
indicated. A least squares fit on the data resulted in
activation energies for the production of methane of, 4.5 +
1.2 keal mole™l, 0.15 + 0.05 kcal mole™! and 0.94 + 0.20
kecal mole-1 in the high, medium and low temperature regions
respectively. The precision limits are the standard deviations
calculated from the experimental data. No attempt was made
to fit the data obtained from the ethane and propane yields
to an Arrhenius type curve due their poor precision.

Hydrocarbon Product Distribution

The present investigation has established that the
reaction of hydrogen atoms, at an initial temperature of
about 2600°K, with a carbon surface at approximately 30°C
produces the following saturated hydrocarbons, CH4N91 mole 7%
C2H6~8.6 mole % and CBHsmO.A mole %. These ratios do not
appear to vary significantly over the temperature range
studied. There is a possibility that very minor amounts
of C2H4, C3H6 and C4 species may also be formed. 1In earlier
studies on the atomic hydrogen-carbon reaction, Wood and Wise(9)

(1969) reported hydrocarbon yields of CH4m91% with C, through
C8“9%; Harris and Tickner (2) (1947) have reported CH4N91% and
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Cy through C5m9%. In both these studies low pressure electric
discharges were used to produce hydrogen atoms. In the

former study, sufficient expefimental details were given to
indicate that ionic species from the electric discharge probably
did not take part in the reaction. The possibility that some
H atom attack on O-rings in the system occurred cannot Be
ruled out. The reported presence, though presumably small,

of hydrocarbons in the C4 through C8 range suggests, based on
the results obtained in this study, that H atom attack on

some material other than the carbon target occurred. Lack of
experimental details does not allow an assessment of the
validity of the results obtained in the Harris and Tickner
study to be made. 1In the study by Gill, Toomey and Moser (7)
(1967) low pressure thermally produced hydrogen atoms react-
ing with various carbons were reported to produce methane
yields from 89.4 to 49.8%, with higher hydrocarbins, C2--C4
making up the balance. In this study hydrogen atom attack

on organic material within the reaction vessel undoubtedly
occurred, and these results must therefore be discounted.

It is not possible to compare the values obtained for the
relative yields of the individual_higher hydrocarbons deter-
mined in this study, with those of earlier investigations,
since either no specific data were given, or in those

cases where they were (9), the experimental procedures were

obviously unreliable.



It has been suggested that CH4 is the primary
product in the H atom-carbon reaction and that higher
hydrocarbons are the result of secondary processes. The latter
could be surface or gas phase interactions between H atoms and
CH4 or between radical species, CH3, CH2 or CH. 1In the present
invéstigation, significant quantities of both CoH, and C,Hg
were formed in addition to CHA’ and although the experimental
conditions probably eliminated secondary gas phase reactions,
secondary surface processes could certainly have occurred.
The possible primary or secondary nature of C2H6 and C3H8
in the H atom-carbon reaction cannot be determined frocm data
obtained in this study. Had the precision of the yield data
for_both CZH6 and C3H8 béen comparable to that for CHq, and
reaction studies made with different H atom flux rates,
more definite conclusions with respect to this questicon might
have been obtained. Further clarification of this point
could probably also have been derived from electron spin
resonance and matrix isolation investigations.

The finding that methane comprises 91% of the tcral
hydrocarbon yield in the H atom-carbon reaction in this
study and those of Wise (9) and Harris (2) is interesting
in that different reaction conditions were used. 1In this
study the initial hydrogen atom temperature before interact-
ing with the carbon target was 2600°K, whereas in the earlier

studies hydrogen atom temperatures in the range 300° - 373°K

were used. Despite these differences the relative yield of
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of methane with respect to the other hydrocarbons remained

unchanged, implying that the factors responsible for the
observed product distribution are independent of the H atom
temperature. Surface controlled phenomena appear to be domi-
nant. The effective hydrogen atom pressure at the carbon
target in this study was at least a factor of 103 lower than
that used by Wise (9) and Harris (2). 1If gas phase reactions
were important in determining the product distribution a
noticeable variation between the different investigatidns
might be expected. That this was not the case again suggests
that the carbon surface reactions largely control the product
distribution.

H Atom-Carbon Reaction as a Function of Temperature

The investigation of the hydrogen atom-carbon reaction
as a function of temperature was followed by measuring
hydrocarbon yields over the temperature range 300-1220°K.
The best data were obtained for methane and showed that the
reaction rate increased continuously with temperature over
the entire range. Similar trends were found for ethane
and propane. In two earlier studies a maximum in the
reaction rate at about 720°K (9) and 820°K (8) was reported.
The former study was based on the carbon removal rate after
H atom attack, while in the latter, the methane yield was
used as the rate indicator. These results are in obvious
disagreement with those obtained in this study. The maximum

was justified in terms of the thermodynamic instability of
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methane at about 850°K (8,9) at which temperature its free

energy of formation changes from negative to positive. ‘

These arguements must be regarded as specious since the

thermodynamic instability predicted for methane at 850°K
requires Hy and CH4 to be at unit fugacity and for carbon to
be in its standard state, with a state of thermodynamic

equilibrium existing between the three species. Obviously

e N T,

in the H atom-carbon reaction, these criteria for the
application of thermodynamic reasoning do not apply, and in
fact, the conditions are deliberately chosen so that the
results are kinetically controlled. 1f thermodynamic reason-
ing in any form could be applied to the reaction, and have A
any meaning, the system 4H + C = CH4 should have been conside-
red. It is easily determined that for this process the
reacﬁion at 850°K has a free energy changes of abcut -160 kcati,
Simply, a maximum in the H atom-carbon reaction rate cam:t
be justified on a thermodynamic basis. It is probable that
in the earlier studies pyrolysis of the hydrocarbon reacticn
products on the high temperature carbon target was respcasible
for the observed maximum product yield temperature. In the
experimental design used in the present study pyrolysis of
this type was kept to a minimum by virtue of the high pumping
rate of the liquid helium cold finger.

From the Arrhenius plot of the experimental data for
methane shown in Figure 7, three fairly well defined different

reaction regimes were found; 300 to 500°K, E = 0.94 + 0.20
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keal mole™!, 500 to 1,000°K, E, = 0.15 + 0.05 keal mole
and 1,000 to 1,200°K, E_ = 4.50 + 1.20 keal mole™l. It
should be noted that the data shown in Figure 7 must be
considered as a pseudo-Arrhenius plot since the temperatures
of the H atoms and the carbon target were considerably
different from each other, whereas the simple reaction rate
theory assumes equal temperatures for all reactants.
Justification for the occurrence of three different reaction
rate regions might be possible if data were available on the
adsorption characteristics of H atoms on a carbon surface;
unfortunately this is not the case. Data on the adsorption
characteristics of molecular hydrogen on carbon (13,14) are
known. Below 100°K hydrogen is physically adsorbed; between
100 and 550°K, it is only very weakly adsorbed; between 550
and 950°K, slow changes in the adsorption characteristics
occur and above 950°K strong adsorption occurs with the
equilibrium being rapidly attained. A heat of adsorption of
~50 kcal mole“1 was obtained indicating strong chemisorption
ir: this latter region. It is interesting to note that the
three different temperature regions for the adsorption of
molecular hydrogen on carbon roughly parallel the three
different reaction rate temperature regimes for the atomic
hydrogen-carbon reaction. It appears highly probable that
above 1,000°K the rapid chemisorption of molecular hydrogen

and possibly atomic H could be responsible for the increased

reaction rate observed in this region.



Although activation energies for the H atom-carbon
reaction have been reported (6,9), the values were based on
the rate of carbon removal, not on the yield of methane as
in this study. Since ephane and propane are produced in
significant quantities in addition to the methane, the two
sets of activation energies are not strictly comparable.
However, in this study the yield of both ethane and propane
followed similar trends with temperature as that of methane,

and it is possible that the activation energies based on

methane yields and carbon removal rates are not too different.

Wise (6) has reported activation energies based on carbon
removal rates of 9.2 and 7.1 kecal mole-l, in the temperature
range 365 to 500°K, and 5.15 kcal mole ! in the 450-715°K
region. These values are all considerably larger than those
obtained in this study. Hydrégen atom temperatures below
370°K were used in the carbon removal rate method of deter-
mining activation energies, (6,9) whilst in this study
hydrogen atom temperatures of 2600°K were used. The latter
have a thermal energy (translational) a5 kcal mole'1 whereas
the former have about 0.7 kcals mole—l. If the hydrogen
atom translational energy is ihportant energetically in the
H atom-carbon reaction, then the activation energies
obtained in this study should be increased by about 4 kecal

1

mole = to be comparable with those of the earlier studies.

This improves somewhat the agreement between the two different

sets of experimental activation energies.

120

P S U

NP SV

ek ke DD A gl



s

AN

T S N

T T T, T ™ 7

Hydrogen Atom-Hydrocarbon Conversion Efficiency

The data obtained in the present study allow some limits
to be placed on the efficiency with which hydrocarbons are
produced in the H atom-carbon reaction. In the following
calculations it is assumed that all hydrogen fed to the
reactor leaves the effusion tube entirely as atoms, From
data in Table III’calculations shows that 1 mole of hydrogen
atoms formed in the reactor result in the production of about
1.25 x 107 moles of CH,, 1.2 x 107 moles of C,H, and
7.5 x 107 moles of C4Hg at 30°C. If it is assumed that all
hydrogen atoms effusing into the reactor can potentially
react with the carbon target to producé hydrocarbons then
0.6%, 0.07% and 0.06% of the atoms are utilized to form
respectively CH4, C2H6 and C3H8. These figures imply that
one out of every 140 hydrogen atoms entering the system is
involved in the formation of hydrocarbons.

Of course, not all of the hydrogen atoms formed in
the reactor have an opportunity to interact with the carbon
target. Using molecular beam properties and the geometry of
the reactor system, (15,16,17 & 18) it may be shown that
between 60-70% of all atoms leaving the effusion tube will
interact directly with the carbon target. It is possible
that some H atoms interact with the carbon target after
undergoing reactor wall collisions. The number of such

secondary target collisions is likely to be small since the
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target surface area <« than the total internal surface area

of the reactor. Assuming that only those H atoms interacting
with the target directly after leaving the effusion tube are
likely to produce hydrocarbons, the fraction of atomic
hydrogen collision leading to CH4, C2H6, and C3H8 is calcu-
lated at approximately 1.0%, 0.1% and 0.1% respectively.
These numbers imply that about one out of eighty three

H atoms colliding with the target produces hydrocarbons.

At about 950°C, the hydrocarbon yield values are increased
by about a factor of three and hence the collision efficiency
of Hatoms to produce hydrocarbons becomes about one out of

twenty eight H atoms.

It is not possible to compare directly the H atom-hydro-
carbon conversion efficiencies 6btained in this study with
those of other workers, since the data are either not reported,
or the experimental conditions are not analogous to those
used in the present study. 1In two studies (9,11),where the
latter condition holds, H atom conversion efficiencies were
reported of between one and two orders of magnitude lower
than obtained in this investigation. 1t appears prcbable
that the higher hydrogen pressures used in the earlier
studies, resulted in experimental conditions in which H atom
recombination rates.were substantially greater.than in the
present study with the corresponding dimunition in hydro-

carbon forming processes.
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CONCLUSIONS

1. The reaction of atomic hydrogen with carbon at 30°C
results in the production of CH4m91%, C2H6k8.4%, and C3H8m
0.6%. The formation of C,H,, CqHg and C, species in the
reaction is zero or close to zero.

2. About 1.2% of the atomic hydrogen interacting with the
cafbon target is converted to hydrocarbonsat 30°C. At 950°C
this fraction increases to about 3.6%.

3. Over the temperature range 30-950°C the hydrocarbon
product distribution remains essentially unchanged

4. Previous reports of a maximum in the hydrocarbon yield at
720-820°K were not substantiated. The previously reported
maximum is believed to be a function of the experimental
arrangements.

5. The H atom-carbon reaction rate to produce methune has
three distinct phases. Activation energies were determined-
300 to 500°K,Ea = 0.94 + 0.20 kecal mole-l; 500 to 1000°K,

B, = 0.15 + 0.05 keal mole”'; and 1000 to 1200°K, E_ = 4.5
+ 1.2 keal mole™?
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TABLE I1I

HYDROCARBON YIELD AFTER CONDITIONING THE REACTOR FOR A
PROLONGED PERIOD OF TIME (~80 HOURS) AT A H\fDROGEN FEED
RATE OF 2 x 10”2 MOLES/HR™ '

Hydrocarbon Moles of Hydrocarbon per Mole of
H2 Fed to the Reactor
_a(a)
CH, (1.69:0.21) x 1073
C,H, (1.1840.27) x 1074
C,H, (1.4240.20) x 107
CqH (7.5 + 1.6) x 1070
C4Hg (2.55+0.34) x 107
(a)

Reported error limits are the standard deviations of the
observed experimental values.
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