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Distribution of Reaction Products in the KOH Initiated Low Temperature
Steam Gasification of Graphlite

By F. Delannay*, W.T. Tysoe, H. Heinemarn and G.A. Somorjai

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and '
Department of Chemistry, University of California, Berkeley, CA 94720

Abstract

Powdered graphite samples loaded with various amounts of KOH have been
reacted with atmospheric pressure of steam in the temperature range
T700-900K. Significant amounts of Cj to Cg hydrocarbons are found in the
gaseous products of this reaction. Both the abundance of these hydrocarbons
with respect to hydrogen and their relative distribution varies as a function
of reaction time, KOH loading and temperature. A model for their production
is proposed according to which C-H groups are stabilized by the formation
of a potassium phenolate type compound at the prismatic edge of graphite.
Hydrocarbon would then be produced from the direct hydrogenation of surface
carbon atoms. The hydrocarbon distribution shows large deviations fram the
ideal Schulz~-Flory distribution, giving little support to a chain growth type
mechanism. : ‘ o

#On leave fram the Groupe de Physico-Chimie Minefale et de Catalyse,
Universite’ Catholique de Louvain, Belgium
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1. INTRODUCTION

The production of hydrogen and cé.rbon monoxide from the reaction of =
carbon with water vapor is léndothermicv and thus requires high temperatures.
In contrast, the synthesis of hydrocarbons. from carbon monoxide and hydrogen
is exothermic and is thus favored at lower" tanperatureé. Our research aims
at mvestigating possible catalytic routes for the direct production of
hydrocarbons fram the reaction of carbon and steam. As ‘most hydrocarbons
are unstable at high temperature, this reaction requires a relatively low .
reaction temperature.

It has been known for many years that alkall metals catalyse the
steam gasification of carbon [e.g. 1]. In most studies reported in the
literature, alkalls are deposited over carbon in the form of a salt,
usually a carbonate [2]. We have found that, in the temperature range
700-900K, ’tﬁe gasification of graphite powder under atmospheric pressure
of steam 1s more efficlently pramoted by potassium hydroxide than by
potassium carbonate.[3] The only gaseous products from the reaction are then
hydrogen and hydrocarbons. This hydrogen is produced from the splitting of H20;
the corresponding amount of oxygen remains in the sample to form a compound
with potassium. As a consequence, the reaction rate decreases drastically when |
all potassium hydroxide has been corverted into this canpounld. CO evolves when
the latter 1s decamposed thermally by heating up to 1300K in an inert aunosphere. The -~
original reactivity 1s partially recovered after this heat treatment. This v
suggests that the decomposition of this campound consisting of COK groups
may be the rate limiting step in the catalytic reaction conducted at higher
temperatures.
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Few studies havelbeen concerned with the product distribuiion obtained
during gasification reactions. Only the evolution of Hp, CO and a few percent
of CO> and CHy has been reported [e.g. 4]; The CHy formed is usually»thought
to arise fram the hydrogenation of CObe Hp, this reaction also being
catalyzed by potassium carbonate [5]. However, Cabrera et al. [6] have
shown that KOH may directly catalyse the production of CHy from the reaction
of steam with graphite in the temperature range 500-800K. In this case, a

reaction of the type
2C + 2H 00— CHy + COp

was postulated.

In this paper, we discuss the distribution of gaseous products collected
during the reaction of a KOH loaded graphite powder under atmospheric pressure
of steam in the temperature range 700-900K. It will be shown that significant
amounts of Cp to Cg hydrocarbons are formed in addition to hydrogen and
methane. Such a production of higher hydrocarbons has not been reported
previously in the literature. Possible reaction mechanisms will be discussed.

2. EXPERIMENTAL

A diagfam of the experlmental setup is shown in Figure 1. The
reactor consisted of an 3.7 mm ID alumina tube containing 0.5 g of KOH
loaded graphite powder. Either pure argon or pure steam could be flowed

through the reactor. Steam was produced by forcing water from a reservoir
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into a copper tube heated to above 400K. At the outlet of the reactor, an
open ended U-Shaped tube immersed in water condensed the steam and allowed

the gaseous products to be collected in a graduated burette. This enabled

the volume of gas pmducts to be measured accurately. The volume of cooling
water was kept as small as possible to minimize solution of products. However,
it should be borne in mind that a variation in solubility of outlet gases

may slightly affect the product distribution. A septum was attached to the
top of thé burette for the extt'actidn of gas samples during thé reaction.

Gas fromv the burette was periodically transferred to a vacumﬁ container for
analysis after the reaction was completed.

The products were analysed by gas chramatography and mass spectrometry.
A thermal co_nductivity detector with column consisting of six feet Chromosorb
102 + six féet Chromosorb 101 with argon as carrier gas was used for the |
measurement of the relative proportions of Hy, CO, COp and. CHJ_[‘. The
hydrocarbon distribution was more conveniently deteimined using flame
ionization detection with a six foot long Chromosorb 102 colum. This

experimental apparatus 1s discussed in greater detall in reference 3.

3. RESULIS

The experiments discussed in this paper were all performed under o W
isothermal conditions. After exposing the sample to steam at 400K, the
reactor temperature was quickly raised (at~ 160K min—1) to that chosen
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for the reaction. Figure 2 shows a plot of the volume of gas produced

as a function of time during the reaction at 800K for a sample having

a KOH/C molecular ratiq of 0.043 (which corresponds to a C/KOH ratio of 24).

The shape of this plot is typical for a reaction in the temperature range 700-900K
for KOH/C ratios between 0.01 to 0.065 (corresponding to C/KCH ratios of 100 and 16
respectively). After a short initial burst, the gas evolved at a fairly constant
rate during a period of a few hours. (This first steady-state will be referred
toxin the following as reaction I). The reactivity of the sample then changed,

and the gas production proceeded at a much reduced rate (reaction II).

During reaction I, the products were almost exclusively hydrogen
and hydrocarbons, whereas during'reaction IT, CO was also produced. In
"~ this case the CO/Hp ratio was approximately unity. Fig. 3 presents a
- typlcal flame 1onization detection (FID) chramatogram Qf a gas sample
extracted via the-septum during the reaction. Hydrocarbons up to Cg can be
detected. Alkenes are more abundant than alkanes. The major Cpo and Cy peaks on
this chromatogram are ethene and butene respectively. (The three C3 campounds
are not separated on this chramatogram. Operation of the GC at lower oven tempeéature
indicated that propene was the daminant C3 product). No acetylene was detected.

Figure 4 gives the variation of the volume concentration of CHy in Hp
for the same reaction 1llustrated in Figure 2. The amount of CHy exceeded 2% of
the amount of Hp during the initial burst. However, the proportion of methane
then decreased steeply during reaction I and once again Increased slowly during
reaction II. The average concentration CHy in Hy in the products after 7 hours
was 0.4%.



The corresponding variation of the distribution of the hydrocarbons
is shown in Figure 5 as weight % of total hydrocarbon. The proportion of
methane ranged between more than 80% at the start and about 50% at the
end of reaction I. The proportion of higher hydrocarbons increased |
progressively during reaction I, with Cj becoming the most abundant.
Little change in the hydrocarbon distribution occurred during.reaction II.

Figure 6 and 7 present the variations of the volume concentration of
CHy in H and the weight distribution of hydrocarbons respectively for the
reaction at 800K for a sample having a KOH/C loading equal to 0.01. As discussed
in (3], the gas production rate decreased drastically as the loading was decreased.
In this case, reaction I lasted about 20 hours. The transition between reactions
I and IT 1is gradual. Decreasing the KOH loading by a factor of 4 significantly
increased the CHy/Ho concentration rétio. This ratio again exhiblts a decrease
during reaction I. Furthermore, the results displayed in Figure 7 indicate that
the proportion of higher hydrocarbons decreased with respect to methane when the
KOH loading 1s decreased. The trends also differ from the previous case (ie.
with KOH/C¥0.043) as a continuous increase of‘thé proportion of CHy with respect
to the higher hydrocarbons is now observed. Figure 8 summarizes the dependence
of the mean CHy/Hp concentration ratio of the products of reaction I on the KOH/C

loading of the samples.

The temperature dependence of the product distribution was investigated
in the temperature range 700-900K for samples with K/C ratio=0.043. The
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experimental points in Figure 9 are for an analysis of gas samples which

were extracted via the septum when the amount of hydrogen produced equalled

20% of the potassium.loading in each case. The results have been plotted on

a semllog scale aé a function of the inverse of the absolute temperature.

The solid points refer to the volume concentration of CHy in Hp, and' the

open circles ratio to the (Cp + C3)/CHy weight ratlo. As the temperature was
increased, the proportion of CHy was found to decrease both with respect to
hydrogen and higher hydrocarbons. The reproducibilipy of these measurements was
not very high, owing probabiy to the strong dependence of the product distribution
oni the extent of reaction. No accurate activation energy differences between
products may thus be extracted fram these data. An order of magnitude estimate
may be made, however, and indicates that the activaﬁion energy for CHy formation
1s about 5 to 10 kcal/mole lower than for Hy production.

4, DISCUSSION

Whereas the production of a few percent of methane during steam
gasification of carbon 1s not a new phenamenon, the production of higher
hydrocarbons has not been reported before. The high rate observed during reaction
"I cannot be sustained because of the formation of an oxygen containing (K~-O-C)
.Intermediate which is stable at the reaction temperature.[3] However, Figures 5
and 7 indicate that hydrocarbons are produced during both reactions I and II.

This supports the suggestion that these two stages of the reaction essentially
operate via identical mechanisms, the difference merely being due to a change

in the rate controlling step. [3].
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According to the model developed [3], under reaction
conditions, the prismatic edges of graphite would be covered, as indicated
in Figure 10, by K-0-C and H-C groups. The binding within the K-O-C
_entities may be sufficlently strong to induce C-C bond sci_ssion. | Hydrogen

molecules can desorb as a result of the recambination of two C-H groups.

According to this picture, | the simplest mechanism that may bé ‘
proposed fbr the production of hydrocarbons would be the formation of multipie
C-Hp groups by sequential addition of hydrogen and simultaneous scission
of C-C bonds. The formation of such groups on neighboring surface atoms
would eventually result in the desorption of hydrocarbon molecules heavier
than CHy. According to this mechanism, the r'ol_e of potassium would be to
effectively increase the number of avallable hydrogen atoms (by preventing the back-
reaction C-H + C-OH———>2C + Hx0). Potassium would have little influence

on the subsequent formation of the C-Hy groups.

However, our experiments indicate that the pr'odﬁct distribution does
vary with potassium loading. Although this may merely be due to a dependence
of product distribution on gasification rate, this behaviour is somewhat
analogous to the role of alkalls in Fischer-Tropsch reactions. Indeed, it -
is well known that, for example, iron or nickel catalyzed Fischer-Tropsch y
reactions are Influenced by the presence of alkalis in three ways:
it (1) decreases the overall rate of hydrogenation, (ii) increases the
rate of chain growth and (iii) increases the proportion of alkenes with

respect to the alkanes [7.8]. In a similar way, the present results show

that increasing the amount of potassium (1) decreases the ratio CHy/H,, and
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(11) increases the proportion of higher hydrocarbons with respect
to methane. Also, the proportion of alkenes remains falrly high in

all cases.

This analogy suggésts an alternative possible mechanism for the
hydrocarbon formation that would involve, as in Fischer-Tropsch reactions,
as shown in [12] the hydrogenation of a cafbidic carbon at an active site of
the catalyst surface (potassium in the present case) and the subsequent growth of
a hydrocarbon chain by sequential addition to the initial C-H; group of
carbon atoms diffusing to this active site. In such a case, the formation
of hydrocarbons would be}directly catalyzed by potassium.

It is known that potassium has same activity as a catalyst for
hydrogenation reactions. It has been reported that, at elevated pressures, a
mixture of KpCO3 and coal 1is a good catalyst for the methanation of CO by Hp[5]. .
Also, Bonzel and Krebs [9] have shown that, after depositing potassium onto
an iron foill, Fischer-Tropsh activity was still maintained even though the
surface of the catalyst was completely covered by more than ten monolayers
of carbon. Auger analysis indicate that, in this case, potassium still lays

on top of the carbon deposit.

The distribution of Fischer-Tropsh products can be described by means of
a chain growth polymerization mechanism, ie. the so-called Schulz-Flory (SF)
distribution [10]. If W, is the weight fraction of hydrocarbons containing
n carbon atoms, thils formalism implies that the logaritim of the ratio W,/n
Should vary linearly with n. Figure 11 shows such a plot for a typical product
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distribution for the reaction of a KOH loaded graphite sample at 800K.

The dependence of 1n(W,/n) on n is obviously not linear. In general, this
non-linearity is due either to a larger CHy and Cy yleld that expected
theoretically or alternatively to a samewhat diminished Cp and C3 yield.

However, deviations of Fischer-Tropsch product distribution from
the ideal SF model have often been reported in the literature. Various
possible reasons for these deviations have been proposed, for example
mass transfer limitations, coexlstence of different types of active sites,
or shape/size selectivity of the support [11]. The fact that the product
distributions in this work do not obey the ideal SF dependence on h is
thus not a very strong argument for ruling out the existence of a chain

growth polymerization mechanism. The first mechanism proposed (namely.
| the direct hydrogenation of the carbon surface) wpuld, however appear

more likely.

Previous papers have studied the influence of KOH on the production

of CHy iﬁ the temperature range 500-800K fram the reaction of 20 Torr of water
vapor with a plece of highly oriented pyrolytic graphite (HOPG, Union Carbide)
in a recirculation type reactor (6,12]. The product gas was not analysed for
hydrogen and hydrocarbons other than CHy in these studies. However, their
production using a flow reactor has been reported more recently [13] and the
present results are thus in qualitative agreement with these previous ones.
Owing to the low water pressure and temperature of these previous measurements,

only a few percent of the KOH reacted and hence only the so-called reaction I



=11~

was studied since the transition to reaction II would have required excessively

long times (several days).

Assuming that all carbon atomé exposed on the gecmetric surface
area of thé‘HOPG sample have an identiéal activity, a turnover frequency
of about 5x10‘3CH4 molecule per carbon surface atom per second was calculated
for the reaction with 20 Torr of water vapor at 800K [12]. The production
of methane was also found to be first order with respect to water pressure
up to 600 Torr [13]. The rates of CHy production measured in the present
work (ie. in the flow reéctor) are several orders of magnitude lower than
the rate that can be calculated by extrapolation from the data of these
earlier works. The origin of this discrepancy is unknown. Invoking
differences_in KOH loadings is obviously not sufficient to justify such
a difference in activity. We hope that further work will allow us to clarify

this problem.
5. CONCLUSION

This study shows for the first time that hydrocarbons heavier than
CHy can be directly produced fram the reaction of carbon with steam. This
production appears to be promoted by the presence of KOH which allows a
high rate of gasification at relatively low temperature. Two possible
mechanisms for the formation of the hydrocarbon have been discussed: a
chain growth polymerization mechanism and a sequentialvhydrogen addition
to the prismatic planes of graphite. ‘

The obvious limitation of this process is the fact that the high rate

of gasification induced by KOH is not a catalytic reaction, owing to the
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formation of a highly stable oxygen containing intermediate. The present
results open however new prospects for a possible alternate route to the
production of valuable hydrocarbons framn carbonaceous materials. Future

work will aim at studying other'a.lkalis and transition metal hydroxides that |

might play a simlar role to KOH without involving deactivation.
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FIGURE LEGENDS

Figure 1: Diagram of experimental apparatus.

Flgure 2: Plot of the gas production as a function of reaction time at
: 800K for a KOH/C loading equal to 0.043 (KOH/C molecular ratio).

Figure 3: Typical gas chromatogram for hydrocarbon products.

Figure 4: Plot of dependence on reaction time of the CHy concentration in Hp
the gas products for a KOH/C loading equal to 0.043 (mol).

Figure 5: Plot of dependence on reaction time of the proportion (wt %) of
hydrocarbons for a KOH/C loading equal to 0.043 (mol).

Figure 6: Plot of dependence on reaction time of the CHy concentration in Hp
the products for a KOH/C loading equal to 0.01 (mol)

Flgure 7: Plot of dependence on reaction time of the wt % proportion of
hydrocarbons for a KOH/C loading equal to 0.01 (mol)

Flgure 8: Plot of dependence of the CHu concentration in H? in the products on the KOH/C
loading.

Figure 9: Semllog plot of the (Cp+C3)/CHy weight ratio (0) and CHy/Hp volume
ratlo (e ) as a function of the inverse of the absolute



Figure 10:

Figure 11:
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temperature of the reaction.

Schematic diagram of the various species present on the prismatic
edges of graphite during reaction.

Schulz-Flory plot of a typical hydrocarbon distribution in the
products. n is the number of carbon atoms in the molecule and
W, 1s the total weight percent of the G, hydrocarbons.
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