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SYNTHESIS OF HYDROCARBONS BY THE HIGH INTENSITY ARC
Charles Sheer and Samuel Korman

Columbia University, Chemical
Engineering Research Laboratories
New York, New York 10027

This report summarizes some of the results of an investi-
gation into the use of a novel type of arc applied to hydro-
carbon synthesis. The principal reacting system was carbon and
hydrogen. Later substitutions for the hydrcgen were employed
in a limited way. These included, in turn, a 50-50 volume per-
cent mixture of CO and H2’ steam, and a solid petroleum residue
essentially (CHZ)x'

The type of arc is one which was developed in our labora-
tory and whose properties for applications of the type reported
here we have studied intensively for several years. It is a
type of high intensity arc discharge characterized by a number
of unique‘features, of which an important one is the fact that
a relatively high rate of continuous through-put of feed material
can be achieved. The feed is a fluid, is raised to high temper-
atures, and itself comprises the plésma environment of the dis-
charge, particularly the electric conduction column maintained
between the electrodes. As result it will be appreciated that
thé composition of the plasma is derived from that of the feed;
however, the atomic, molecular, or free radical species compris-
ing the plasma may differ significantly from the molecular com-
position of the feed.

Distinctive features of the High Intensity Arc

Conventional arcs, consisting of a gaseous electrically
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conducting column joining two electrodes, a positive anode and
a negative cathode, are used as a source of heat, as for ex-~
ample in electric'smelting processes. The mechanism by which
heat is uséfully transferred to feed materials occurs by radia-
tion and conduction from the hot column. The column is the
zone of primary energy dissipation in which the input electrical
energy is converted into radiant energy and sensible heat, both
of which flow out in all directions through the intervening
layer of atmosphere. The maximum temperature which may there-
by be achieved and maintained in the surrounding charge is
limited by practical considerations to about 2500°C.

In such arcs little if any of the material to be treated
enters the energy dissipating region within the arc conduction
column itself. The opportuhity for successfully accomplishing
this became available with the discovery in 1910 by Beckl of
the type of discharge now known as the "high intensity arc”.
The usé of this type of arc to treat materials to temperatures
higher than‘2500°c in a continuous and practical manner is one
of the central themes of this paper. 2-6

In the high intensity arc, significant amounts of feed
material can penetrate and pass through the conduction column,
and are thereby heated with high energy transfer efficiency to
very high temperafures; i.e., up to 10,000°K or more. In the
eariy forms of fhé high intensity arc this was accdhplished by
incorporating the feed into the anode and allowing the anode
to vaporize continuously into the arc. This is suitable however

only for the treatment of normally solid feed materials.
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Recently a means was developed in this Laboratory whereby

the injection of large quantities of gases into the arc column
can be made to operate in a practical manner, even for reactive
gases. In this modification, the gas is injected from the
cathode end rather than through the anode of the discharge, by
means of a specially designed annular nozzle surrounding the
cathode. This device has been termed the "fluid convection
cathode".

Basis of the Fluid Convection Cathode

Referring to Figure 1, the arc column at the cathode is
13

characterized by a converging shape to a small tip ét the ca-
thode surface. This convergence, representing an inhomogeneous
electric current flux, therefore defines a zone of inhomogenetiity
in the accompanying magnetic field. This in turn has the effect
of producing a fluid mechanical thrust aWay from the cathode in
the direction of the anode, thus giving rise to a pressure gra-
dient away from the cathode tip. To stabilize this gradient,
ambient gas is éspirated into the arc column in the region of
inhomogeneity. This region represents the only portion of the
arc other than the anode crater through which appreciable quan-
titiés of gas may be injected without disturbing the stability
and maintenance of the arc discharge.

The FCC was developed during an investigation7'of the in-
fluence of gas convection into the base of the arc column near
the cathode of a high intensity arc. The technique consists
essentially in surrounding the conical tip of the cathode with
an annular nozzle which terminates upstream of the tip and

which directs the gas in a converging high speed layer into the
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column of the arc very close to the point where it originates

on the cathode. It was found that if this were done in a man-
ner which causes the gas to impinge on the arc column in the
region just in front of the cathode where the column is con-
verging from the broader discharge column, then the gas will
preferentially enter the column and can be injected at>10 to
20 times the aspiration rate, whereas, if an attempt were made
in the classical manner, to force the gas into the arc column
proper in order to energize the gas, such impingement is fruit-
less and tends to u§stabilize and blow out the arc.

Again, with conventional confined arcs, where stability
is sought by enclosing the arc discharge within a water-cooled
chamber, and forcing the gas into the chamber with the intention
of imparting arc energy to it, both theoretical and experimental
results have proven that over 70% of the'injected gas never
enters the columng, and does not obtain any significant amount
of activation energy from the arc.

Experimental Method

Figure 2 is a diagram of the D.C. high intensity arc ap-
paratus, showing an FCC cathode through which the hydrogen gas
is injected into the conduction column and a 1" diametef cylin-
drical carbon anode. The anode has a 1/4" diameter hole along
its longitudinal axis. The anode is connected at its back end
by 3/16" I.D. metal tubing to a 1-1/6" diameter Type 304 stain-
less steel tube surrounded by an electrically heated laboratory
tube furnace. Leaving the furnace is a water-cooled heat ex-
changer following a tee-connection valved to permit the gas

stream to go in either of two directions: (1) to a flowmeter
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and laboratory pump, or (2) to a manifold of a large-dialled
mechénical vacuum gauge and several valved 500 cc gas sampling
bottles. These aré evacuated prior to use. The carbon anode

can thus serve as a combination source of solid carbon, and of
carbon vapor issuing from the anodic arc terminus into the plasma
column, as well as an arc crater'gas sampling probe.

Depending upon the puﬁping flow rate or timed pressure rise
in the sampling branch, it is thus possible to draw an arc flame
effiuent gas stream from the reaction zone through the tube
furnace to vary the residence time at any temperature up to
about 1000°C, and thence through the heat exchanger and into
;he sample bottles in sequence.

In operation with diametrically opposed electrodes the FCC
arc column bears directly on the carbon anode, which is complete-
ly covered by the arc crater at a currenﬁ of 150 amperes or more.
The pump valve is opened sufficiently to meter the plasma down
through the anode hole, to purge and equilibrate the effluent
hot zone in the tube furnace, and then to meter samples into
the gas sampling bottles in sequence at timed rates, measuring
the rise periocd of the vacuum gauge pressure.

Analysis of the samples was carried out by gas chromatog-
réphy, using helium carrier gas and an air-hydrogen flame in a
model 609 F and M Scientific Corporation flame ionization chro-
matograph with a Poropak Q column. A test gas mixture cqntain—
ing the aliphatic compounds CH4, C2H2, C2H4, C2H6' C3 6" and
C4H8 was used to calibrate the analytical procedure.

Results

Since the early objectives of the program were primarily
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exploratory, the results reported here are essentially qualita-

tive, although within é given test series weight can be given to
concentration ratios of components of a test sample~mixture for

purpose of comparison.

Series I. Hydrogen Flow Rate Through the FCC

This was effected by operating the arc at standard condi-
tions of 150 amperes, maintaining the effluent hot zone at 800°C,
sampling at about 30 - 60 seconds per sample, and varyind the
hydrogen flow rate into the FCC. Comparison of hydrocarbon com-
position is shown in Table 1, in terms of the relative distribu-
tion of the volume concéntration of the products found. The dis-
tribution was obtained by calculating the percentage contribution
which each chromatograph amplitude recording made to the sum of
all, in arbitrary scale divisions. There appears to be a signif-
icant dependence of effluent hydrocarbon composition upon the
amount of hydrogen fed into the FCC. .

Series II. Time Factor

In this series, standard conditions of 150 amperes and 8.5
‘mols per minute of hydrogen were used,ﬁwith varying sampling
rates through the 800°C effluent hot zone. Results are tabulated
in Table 2. No other hydrocarbons were observed. These data
suggest that methane and acetylene are produced and disappear at
different rates.

Series III., Hot Zone Temperature

In this series, standard conditions included 150 amperes,
8.5 mols H, per minute through the FCC, sampling rate through
the effluent hot zone at 2 1/2 minutes, &ith variation of the

hot zone temperature. Results are shown in Table 3. It is
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evident that the hot zone temperature has a significant effect
on the hydrocarbon composition of the effluent.

Series IV. Hot Zone Surface Area

Noting the result of increased time of flow in the sampling
rate shown above in Series II, and assuming that 8.5 mols H2 per
minute through the FCC creates a steady state for carbon + hydro-
gen in the plasma at the arc crater, the sampling source, then
the time of exposure to the hot zone wall of Type 304 stainless
steel was observed. This was accomplished at 150 amperes, 8.5
mols H2 per minute, and 800°C hot zone temperature, in two di-
ameters of hot zone tubes, 1-1/6" and 9/16", -- a cross-sectional
area ratio of 4:1. To equate the sample residence times, the
sample flow periods were adjusted to this ratio. Results are
shown in Table 4. No acetylene was found in the 9/16" diameter
samples, while the small amounts in the 1-1/6" samples were con-
sistent with the distribution for 20 and 30 seconds checked with
similar times observed in the earlier Series II above.

Series V. Further Effect of Hot Zone Area

The result of Series IV was followed by further observations
comparing hydrocarbon yields and ratios in £wo cases and at two
temperatures, as follows:

A, 1-1/16" diameter at 800° and at 500°C

B. 1-1/16" diameter, into which tube a section of stainless

steel wool was added, also at 800° and 500°cC.
These conditions were compared, since any effect due to exposure
to large surface of stainless steel would not require comparably

rapid sampling flow. 1In other words, the effect of increased
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surface area alone could be observed. The hydrocarbon aistribu—
tion at each temperature with and without added stainless steel
wool is shown in Table 5. Table 5 indicates that the prepon-
derance of methane and absence of acetylene is not affected at
800°C. To interpret the apparent shift, however, at 500°C, it

is necessary to compare the relative concentrations of all
samples. This is shown, in terms of their ratios, in Table 6.

It will be noted that the effect of stainless steel hot zone is
relatively constant and appreciable for the times and temperatures
of exposure. At 800°C, no acetylene is present, as expected, for
reasons of temperature, as shown in Table 3 above, while atv500°c,
the time-related suppression of acetylene previously observed in
Table 2 above is also seen to be more strongly enhanced by the
increased stainless steel surface area. We interpret this to
mean that acetylene disappears much more-rapidly than methane
under these conditions, and that the disappearance i§ related to
the surface area of the stainless steel hot zone.

Series VI. Effect of Hot Zone Surface Composition

Noting that the time~related suppression of methane and
acetylene appeared to suggest a hot zone surface effect when
stainless steel was used, this material was replaced by several
others, using tubes of 1-1/16" diameter. Arc crater gas samples
taken under otherwise identical conditions (viz., 150 amperes,
8.5 mols H2 per minute, hot zone temperature 800°C, parallel
.sampling flow rates) produced hydrocarbon compositions as
shown in Figures 3 through 6.

In the case of fused silica, it is seen in Fiqure 3 that
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the time of exposure in.the 800°C hot zone has roughly parallel
effects upon the presence and disappearance of both methane and
acetylene. ¥

This is in contrast with iron (Figure 4) and'Type 304
stainless steel (Figure 5), where acetylene disappears rapidly
while methane persists.

Increasing the nickel content by the use of Incoloy 800
(32% Ni, 46% Fe) and Nickel-200 (99.5% Ni) appears to produce
further suppression of both acetylene and methane, -- an effect
which does not appear to be especially time-sensitive.

Some Results with Other FCC Gas Feeds

Preliminary tests were carried out in which substitution
was made for hydrogen as the FCC-injected gas. The first sub-
stitute was a_H2 - CO 50-50 volume percent mixture. The usual
standard test conditions were employed, exéept that the gas
volume flow rate was set to a value which included a relatively
small amount of hydrogen (0.6 mol per minute). The results
shown in Table 7 compares the (interpolated) analog distribu-
tion resulting from the same amount. of pure hydrogen alone with
the distribution using the mixture with CO. The absolute amount
of acetylene in the CO = H2 mixture tests also increased with
time whereas the acetylene in the low rate pure hydrogen analog
diminishes rapidly and no hydrocarbon was found after 10 seconds.

The next FCC gas used was steam, with corresponding results
shown in Table 8. In comparing absclute concentrations by meas-
uring chromatograph deflection amplitudes, the total product

yield of hydrocarbon was found to have increased with increasing
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flow rate of steam. As with the water gas tests, short time
intervals with steam produced appreciable methane under‘éondi-
tions which would have yielded only a small amount of acetylene
or no hydrocarbons, if the same amount of contained hydrogen
were fed as pure HZ in equivalent rates to the FCC arc. |

Solid Carbonaceous Feed

Finally, preliminary tests were carried out in which a
powdered solid was entrained in argon and injected into the FCC
arc. - The solid was a petroleum refinery "bottom" having a soft-
ening point of 327°F and an approximate composition of (CHZ)X'
The argon was chosen as a neutral carrier to avoid ambiguity
concerning the source of hydrogen in the product. For simpli-
city, no effluent hot zone was used, and so the sample gas was
considered as being quenched to room temperature. As expected,
in every instance thé hydrocarbon product was preponderantly
acetylene, although there were traces of methane also.

Discussion

Based upon the results of the teiﬁs described above, it is
suggested that two distinct sets of processes are operative.
One involves the phenomena within the arc and the other relates
to the conditions to which arc-generated gases are exposed in
the effluent stream.

Exploratory as this investigation is to this poin;, it af-
fords no evide;ce which discloses the qndoubtedly compiex mech-~
anisms underlying the observed effects. However it seems reas-
onable to assume that a time-related catalytic effect exists

which is related to the composition and temperature of the hot
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zone surface to which the arc sample effluent was exposed. The
rapid transition in hydrocarbon composition from ateleene to
methane in the preéence of iron or stainless steel is one indi-
cation. Thermal effects and increased residence time in the
presence of hydrogen were shown to lead to progressive diminu-
tion and disappearance of hydrocarbons, suggesting another slower
process which may be pyrol&tic or possibly inhibitory.

It is submitted, also, that effects which occur within the
hot.éone are not necessarily independent of the arc reactions.
The composition of the effluent which leaves the arc crater and
enters the hot zone has an important effect upon the ultimate
product composition. For example, the contrast, under other-
Qise identical test conditions, which is evident as substitution
was made for pure hydrogen as the FCC gas feed produced a note-
worthy change. With a mixture of CO and HZ’ or H combined with
O as steam, hydrocarbons were produced with appreciable or major
fractions of methane, where pure hydrogen yielded only small
amounts of acetylene or no hydrocarbons at all. One may infer
that the presence of CO or O within the plasma possibly alters
the course of the reaction, and hence the effluent composition.

From our basic studies of FCC gas injection8 into the arc
conduction column, together with concurrent temperature meas-
urements, it is fairly certain that upwards of 80% of the in-
jected gas penetrates the column and uniformly reaches tempera-
tures in the range of 10,000° - 20,000°K. Our current investi-
gations of this arc, using hydrogen as FCC gas feed and a carbon

anode, indicates clearly that the hydrogen in the arc conduction
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column approaching the anode is monatomic. We are presently
studying the plasma composition in front of the anode crater,
where this monatomié hydrogen is mixing with or impinging ugzn
carbon at its sublimation temperature. lThe objective of idenfi—
fying the plasma species in this zone, with hydrogen and ultima-

tely with H, + CO or with steam, offers the possibility of deter-

2
mining how the ultimate quenched effluent composition, as well
as the function of the secondary species, such as CO or 0, in
altering the process, may be predicted.

Additionally the exposure of a carbonaceous solid into this
plasma, producing acetylene in accordance with expectation, in-
dicates in a preliminary way the probability of employing these
arcs effectively for gasification involving coal or other carbon-
. aceous feeds.

Summary

A novel type of arc discharge, the FCC high intensity arc,
employing a carbon anode and a cathode designed.ﬁo afford ef-
fective enhanced introduction of hydrogen-bearing gas feeds into

>
the arc conduction column, was employed to study the synthesis
of hydrocarbons. 1In the temperaturé range of this arc, -- that
is, 10,000° - 20,000°K -- in the cathode conduction column, the
hydrogen is monatomic and impinges on the carbon anode at its
sublimation temperature (about 4000°K) in the arc crater.

Gas samples, drawn from this region during standard arc
operation, were found by gas chromatography to contain hydro-
carbons. The composition of these depended upon the flow rate

of hydrogen fed into the arc column, the temperature and resi-
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dence time of the arc effluent in a downstream hot zone, and
the wall composition of the hot zone. Hydrogen, though always
in excess of stoichiometry, caused a transition in the hydro-
carbon product ranging from 100% acetylene, at low flow rate
(3.4 mols Hz/min) to mixtures of methane and acetylene with
occasional presence of propylene, becoming predominantly meth-
ane at high flow rates (14.1 mols Hz/min) for intermediate
residence times (about 30 seconds) at 800°C in a Type 304
stainless steel hot zone. Shorter re§idence times (about 10
seconds) with adequate hydrogen (8.5 mols/min) at 800°C in
stainless steel hot zone produced hydrocarbon mixtures which
were predominantly acetylene. The effect of residence time
thus also showea a transition in hydrocarbon composition from
100% acetylene at 10 seconds to 100% methane in from 30 seconds
to 2-1/2 minutes.

Under the same test conditions, a similar transition was
observed when the hot zone wall was iron instead of Type 304
stainless steel. When the wall was Incoloy 800 (32% Ni, 46%
Fe) and Nickel-200 (99.5% Ni) both hydrocarbons were substan-
tially suppressed regardless of residence time. With a fused
silica wall, mixtures of acetylene and methane appeared in all
time intervals.

In the transitional cases, acetylene diminished from the
product time samples, dropping rapidly from 10 seconds and
disappearing in 2-1/2 minutes, while methane rose to a maximum
in 30 seconds and slowly diminished. No hydrocarbons were

‘found after 4 minutes. With silica, both acetylene and methane
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rose and dim%nished in parallel manner to constant low levels
after 2-1/2 minutes, persisting after 6 minutes.

The effect of temperature in the hot zone was studied with
the stainless steel wall at a residence time of 2-1/2 minutes.
At 800°C, the only hydrocarbon produced was methane. At 25°C
the product contained acetylene with a tface of methane. Inter-
mediate temperatures prgduced mixtures of the two in transi-
tional proportions.

Substitution of 50-50 volume perqent hixture of CO and H,
for pure H, for FCC-injection produced hydrocarbons which were
mixtures of methane and acetylene (with a small amount of propy-
lene in one l0-second sample), whereas the same fractional
&olume flow rate of contained hydrogen, if fed as pure hydrogen
alone, would have produced only a small amount of acetylene or
no hydrocarbons at all.

When steam was substituted for hydrogen into the FCC arc
the principal hydrocarbon component was methane, increasing in
proportion‘to acetylene with increasing steam flow, whereas,
again, the equivalent H, if fed as pure hydrogen, would have
shown a small amount of acetylene or no hydrocarbons.

A solid pulverized petroleum residue corresponding to
.(CH2)x’ fed entrained in argon into the FCC, produced acetylene
predictably under conditions corresponding to the analogous H2
feed. .

Two processes are believed to participate in determining

the hydrocarbon composition of the effluent product. One pro-

cess is thought of as interaction of the feed materials within
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the arc colupn at the anode crater, transformed into high tem-
perature plasma species. The resultant composition is.believed
t6 influence the course of the second process which is a time-
and temperature-related catalysis occurring in a downstream hot
zone, leading to the final effluent composition. Upon furthér
exposure to the hot zone, the over-all quantity of hydrocarbons
in the effluent diminishes. This is believeé to be related
principally to the temperature of the hot zone, as evidenced
by the collateral diminution of acety%ene and methane at 800°C‘
in a fused silica hot zone. Differential transition from ace-
tflene to methane occurred‘ih the cases of iron and Type 304
stainless steel, and a time-independent constant suppression
of both methane and acetylene was obtained when the hot zone
wall at 800°C was either Ipcoloy 800 (32% Ni, 46% Fe) or Nickel-
200 (99.5% Ni).

Preliminary tests with pulverized solid (CH2)¥ entrained
in argon and fed into the FCC arc, as well as the alteration
in favor of methane in the steam cases, lend support to the
belief that these results with the FCC high intensity arc may
lead to practical applications in the gasification of coal and
other carbonaceous feeds.
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