¢
& 4

-
<

LBL-15859
o~

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA RECEIVED
iR

LAWRENCE

Materials & Molecular AY 17 1983
Research Division
DOCUMENTSs secTion

To be presented at the 1983 International Conference
on Coal Science, Pittsburg, PA, August 15-19, 1983

CATALYSED LOW TEMPERATURE PRODUCTION OF METHANE
FROM WATER AND GRAPHITE

F. Delannay, W.T. Tysoe, H. Heinemann, and
G.A. Somorjai

March 1983

TWO-WEEK LOAN COPY
This is a Library Circulating Copy

‘which may be borrowed for two weeks. h
" For a personal retention copy, call
Tech. Info. Division, Ext. 6782.

PR E N e

oy Er.

R L Al 5 ’
SN e Ty A

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

LSSSI—147

>



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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Introduction.

Previous work in this laboratory has demonstrated the production of
methane at low temperature (500-800K) from the reaction between water
vapor and an alkali-loaded highly oriented pyrolytic graphite crystal
(1,2). The water vapor pressure during these experiments was limited

to 20torr (i.e. the vapor vressure of water at room temperature), which
inevitably restricts the range of kinetic investigations and the product
yield. 1In order to operate at higher water pressures (up to 1
atmosvhere), a fixed bed flow reactor was designed in which reaction
products could be accumulated enabling product distributions to be
measured more accurately.

This paner nresents a more detailed analysis of the conditions of
formation of the reaction products, including Hy and higher hydrocarbons
together with methane, from the reaction between water and graphite in
the nresence of KOH. The reaction, that eventually deactivates, can

be thermally regenerated.

Exverimental.

Two different avnparatuses were used during the course of these
experiments. A schematic diagram of the high nressure/low pressure
apparatus is shown in figure 1. 1Its design and oneration have been
described in detail im prev- : : :
ious publications (1,2). It

consists of an UHV chamber -

equipned with Auger and x-ray
photoelectron spectroscopies

and a quadrunole mass

spectrometer for residual gas

analysis and thermal desorn-

tion experiments. The sample .
manipulator can be effectively . WO ...
isolated from UHV by enclosing
it within a cell in order to
carry out reactions under high
pressure.. A gas chromatogranrh
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gas mixture during reaction.
A diagram of the second CIRCULATION
apparatus, a flow reactor,
is shown in figure 2. It
con8ists of a steam

generation section, a heated alumlna tube contalnlng the samnle and

a gas collection system.

Figure 1: Diapram of the high
pressure/low pressure apparatus.

Figure 2: Dlagram of the
flow reactor.

The pressure of argon over
the water reservoir forces
water through a heated
vanorisation tube so that the
inlet steam pressure equals
the argon pressure. 5 to 20
wt.% KOH is denosited onto
graphite nowder (Ultra carbon,
ultra "F" purity, 30m¢/gm) by

impregnation from an aqueous | Steamer

3 : . 8 2 Reactor
solution. After drying, the. 3 Burette
sample is nacked into the 4 Septum
tube and held in nlace by 5 Vacuum Confoiner



nlugs of alumina wool.

Steam issuing from the flow reactor is condensed in a water-cooled
U-tube, and gaseous oroducts collect in a graduated burette. The

cooling water. volume is keot as small as possible to minimize dissolution
of the gas products. The burette is equipped with a septum to allow

sampling of the nroduct gases during reaction for GC analysis.- The v
accumulated gases are veriodically transferred to an evacuated bottle. -
After complet:lon of the experiment, the bottle can be attached to the : w
sas-handling line of the high pressure/low pressure  apparatus so that

the product distribution can be measured either by gas chromatogravhy
(Hewlett-Packard, HP 5880A) using both flame lonlsatlon and thermal
conductivity detection with argon as carrier gas or by mass
spectrometry. ' o

Result and Discussion.

A typical plot of gas production as a function of time obtained from the

flow reactor is shown in figure 3. 1In these experiments, the sample N
contained 20 wt.% KOH and was exposed to 1 atmosphere of steam at 800K.

The gas production is normal- : ' :
ized to the number of KOH

molecules in the sample. An ‘ Graphite+20%KO0H
initial ravid rate is observed, 00
that decreases to a steady rate " 075+ 800K

which is maintained for a few
hours. This initial burst and -
subsequent steady state
production correspond to the
previously reported behavior for
methane formation (1) | over
HOPG graphite in the high ’
pressure/low pressure apparatus.
Analysis of the product gas
shows it to be composed almost

Gas production
(Molecules/KOH)

exclusively of hydrogen and

hydrocarbons. The precise - Reaction hme(hours)
nroduct distribution depends Flnure 3: Plot of gas production as a
on the temperature, extent of functlon of time.

reaction and alkali loading.

For example, in the case of a sample w1th 20 wt.% KOH at a reaction
temperature of 800K, the volume ratio CH4/H ranges between 0.001 and
0.02. : : - -

Temperoﬁue(%ﬂ o The activation energy for
: - hydrogen and methane formation
500 490 390 200 during the steady state has been
measured between 600 and 800K in

14 the high pressure cell.” The

Hy results of these experiments are
shown in figure 4, which
indicate that the proportion of

107} | Figure 4: Arrhenius plots for

’ hydrogen and methane formation
during the first steady state ofx
the reaction.

Rate {mol./sec.)
.

LN r“";‘,

10— ' . CH,; in the products may be
' N v increased by lowering the reac-
N tion temperature.

so N 'The dependence of the rate of
10+ ' N - methane formation on water vavpor
' ~Q pressure has been measured both

~ in the high pressure cell and
> the flow reactor. Figure 5
1.4 1.6 1.8 2.0 2.2 shows that the dependence on

1/T (x103K™) _ water pressure remains first
order in the range 5 to 600 torr




o e

b

.}

- production rate

“figure 3 by a
: dashed line.

- also detected, -
~ but amounted to

"~ COo.

Analysis of the hydrocarbons that are produced indicates the presence of
hydrocarbons un to C,. Fiqure 6 shows a typical chromatograph trace
obtained using the flame ionisation detector. In a similar way to its
behavior during the catalyzed hydrocenation of carbon monoxide (Fischer-
Tropsch reactions), it appears that increasing alkali loading shifts the
hydrocarbon product distribution to higher molecular weights. It also
decreases the proportion of hydrocarbons in the products.

Figure 3 shows that the activity of the sample decreases substantially
after the production of 1 Hy for every 2 KOH in the sample. This may be
due to the saturation of the surface with an oxidized species since no
oxygen containing products were collected up to this stage of the
reaction. In the case of reactions carried out in the high pressure
cell, the low water pressure would have required exceedingly long times
before such a saturation could have been observed. The H2/CHy ratio
could imply that the reaction merely involves the dehydrogenation of KOH.
However, the first order steam pressure dependence (figure 5) indicates
that water is also required for the reaction.

-During the first steady state (t<2.5 hours in figure 3), no CO was

detected in the
products. I T T T T

However, in the . ' :
High Pressure Cell ‘ Flow Reactor

T T
second steady
state period
(t<2.5 hours)
the ratio CO/H)p
~]1. The CO :

is indicated in

Some COp was

only a few
percent of the

CH, Production Rate (orb. units)

Heating the
sample under
argon from the i 1 L 1 L i 1

reaction 0 10 20 0 200 400 600

Eggg;§aggfe . Water Pressure (Torr)

1300K evolves Figure 5: Plot of methane formation rate as a
almost function of water nressure. -
exclusively CO.

' . ' Figure 7 shows the rate of
o desorption of gas when the
) ’ furnace temperature is
CH, Graph]fe+20 70KOH increased linearly with time at
800 K a heating rate of 15K/min. The
: maximum CO desorption rate
coincides with the beginning of
the constant temperature regime.
As continuing heating may have

C

no data on the CO desorption
energy may be obtained from the
peak position. However, the
leading edge region may be
analysed to yield the CO
desorption activation energy
(assuming that the coverage of

4

: : ' the surface species giving rise
REfenhQn hme _to CO desorption remains :
Figure 6: A typical gas chromatogram of ngsgggziég g?i? §§§i7ggie.

Characterization by XPS and
x-ray diffraction which
should be performed shortly, should help to identify the oxygen

the hydrocarbons products. (FID detection)

yielded a higher peak temperature,



containing species responsible for deactivation of the low temperature
gasification process.

The total volume of CO collected during this high temperature treatment

amounts to 1.5 to 2 times the volume of Hp and hydrocarbons produced during

reaction with steam. This indicates that the potassium ends up in a
more reduced state after this treatment than it was before reaction.

When the sample is then reexposed to steam at 800K, hydrogen and
hydrocarbons are apgain produced. The activity is however much lower than
it was during the initial reaction. This shows that the regeneration
nrocedure does not completely restore the sample to its original state.
It is also possible that high temperature treatment causes some
potassium intercalation (3) which does not completely disintercalate on
exposure to steam.

Conclusion.

Graphite+20%K0H - The reaction of wafer vapor +
KOH at 800K is first order in
water pressure and produce pre-
dominantly hydrogen along with
methane and other hydrocarbons
up to Cg. This reaction even-
tually deactivates. Heating the
sample to 1300K evolves CO and
hence it is probable that the
'species responsible for deactiv-
ation contains an oxidized
900H —11 carbon. At higher temperature,
) ,alkalis are known to be catalysts
800 . | 0 for the reaction between water
1 . 2 ‘and carbon. Since thermal
(decomposition of the oxidized
Time (hours) . rspecies results in restoring
‘ part of the activity of the
Ficure 7: Plot of CO desorotion during sample, this species is
heat treatment. . " probably also an intermediate
: for the reaction at high
temperature. In such conditions, this intermediate presumably decomposes
so as to maintain the catalyst activity whereas below 800K this
intermediate merely accumulates on the graphite surface.

1300
1200
1100 : =

]
§
N w £~ (9]
(sfiun Auedyigquy)
3jed uoiyonpoud seg

1000

Furnace temperature(K)

Acknowledﬂements.'

This work was jointly supported by the Director, Office of Energy
Research, Office of Basic Enerpgy Sciences, Chemical Sciences Division,
and the Assistant Secretary for Fossil Energy, under Contract Number
DE-AC03-76SF00093, through the Pittsburgh Energy Technology Center,
Pittsburgh, PA. :

The authors acknowledge the experimental assistance of G.T. Yee.

#*F.D. is a NATO and Fulbright research fellow on leave from the Groupe
de Physico-Chimie Mindrale et de Catalyse, Universite Catholique de
Louvain, Belgium. -

References. _

1. A.L. Cabrera, H. Heinemann and G.A. Somorjai, J. Catalysis 75, 7
(1982).

2. R. Casanova, A. Cabrera, H. Heinemann and G.A. Somorjai. Fuel,
in press.

3. F. Kapteijn, J. Jurrians and J.A. Moulijn, Fuel 62, 249 (1983).

-

™



,u,\
Lo’

™
SRS

2 o

i
P

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



