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\ CIEANUP METHANATION FOR HYDROGASIFICATION PROCESS

D. G. Taihl. H.T.. Feldlkirchnan and A, L. Lee
| Institute of Gas Technology, Chicago, I1liriois.

L | ‘INTRODUC*HON

Catalytic methanation is the final gas cleanup step in the pro-
cess for producing a high-Btu plpellne gas from coal being developed at
fthe Institute of Gas Technology. . The development. project is sponsored
Jo"ntlv by the American Gas A33001atlon, Inc., and the U. S. Department
Pf the Interior, Office of Coal Research. .

The coal hydrogasification process produces 600- 800 Btu/SCF gas
onsisting primarily of methane, hydrogen, carbon monoxide, and carbon
ioxide. . Smaller amounts of ethane, hydrogen sulfide, nitrogen, ammonia,

d other constituents are also present. Carbon. dioxide, sulfur compounds,

d nitrozen compounds can be removed rather simply by conventional gas
purification methods. However, the final gas should ideally contaln less .
han 0.1 mole percent of carbon monoxide and have a heating value of at
east 900 Btu/SCF. Because the raw gas contains rather large amounts of
ydrogen, it is not of value to merely shift and scrub to remove carbon
nonoxide. It seems preferable to first scrub out most of the carbon
iioxide and then to methanate the remaining carbon oxides.

Methanation has not been well studied at the pressures (approxi-

ately 1000 psig) and feed gas compositions (2 to 10 mole percent CO, 2

ole percent COz, and 53 to 87 mole percent CH,) expected to enter thls
cleanup step in the IGT process. Based on thermodynamic equilibrium calcu-

ations, carbon deposition may be a problem with these feed gases. More-
over, the extent to which CQ> will be methanated is not definitely known.
TGT is therefore obtaining information needed to design large-scale cata-
hytlc methanation reactors. Effects of temperature, pressure, and catalyst
bompOQ1tlon on the process operation are main 1aboratory study areas.

The first step in the overall methanation study is to flnd the
ibest commercial catalyst for this cleanup step. The catalyst used must
first of all be able to actively catalyze the methanation reaction with-
out catalyzing carbon.deposition reactions. It must also be highly active
‘and long-lived at high temperatures. These properties of the catalyst are.
directly related to chemical évents occurring on its surface.

‘ Instead of the commonly used packed-tube reactor, IGT is using

a continuous stirred tank catalytic reactor (CSTCR)® which permits study-
ing these chemical events without any complicating control of the reaction
rate by gas-sollid mass or heat transfer. This reactor has several other
\advantages

i.' The STCR operates at conditions where' 'perfect mixing" prevails, and

bulk gas temperature and concentration gradlents are eliminated.

With sufficient gas veloclty at the catalyct surface, temperature and
concentration "radlents between the bulk gas and the catalyst surface
can ‘be r-nlmﬁzed

£11 wuv the fastest and most erothermic reactions can be studied at
nesrly *eotnermel conaltlonq and nearly complete converelon

e N
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4, Because all the catalyst surface "sees" gas of the same comp031tlon-
and temperature, the reaction rate can be calculated by a slmple
algebraic eguation:

R _ FiCi ; FoCo _ ' : (1) ‘

This procedure is, in general,,simpler'and moré accurate than rate :
calculation from data obtained with packed-tube reactors :

5. Finally, studles can be .made using catalyst pellets of commercial
size and shape.

This type of reactor has been used in the past to study solid-
catalyzed saseous reactions. Tajbl, Simons, and Carberry® used a CSTCR
to study the highly exothermic oxidation of carbon monoxide on a commer-
cial palladium catalyst. Ford and Perlmutter?® used a CSTCR with a cata~
lytic wall to study sec-butyl alcohol dehydrogenation. In both studies,
the authors found data were obtained more easily and accurately with a
CSTCR. . (

This paper deals with: '
1. Defining the operating range for ”perfeet mixing" in the IGT reactor

2. Determining whether gas- -solid heat or mass transfer effects were- pre
sent at the conditions of operation.

N

Preliminary screening of commercial methanation catalysts.

N

" APPARATHS

Figure 1 is a flow diagram of the catalyst testing unit. The
oas ‘inlet system and the components operating at elevated temperatures
ar.d pressures are stainless steel. Feed gas, stored in high pressure
cvlinders, 1s metered by an orifice. Orifice pressure, pressure drop, -
and temperature are recorded. The feed gas is preheated before it en-
ters the bottom of the reactor. Both the reactor and the preheater are
electrically heated.

Exit gas leaves the top of the reactor and passes through a !
heated line (to avoid condensation of liquids) to a cooler-condenser. -
Liquid products are collected in a knockout pot and are drained through
a solenoid valve actuated by a sonic liquid level controller. A dome-
loaced back-pressure regulator controls the reactor pressure and reduces
the pressure of the exit gas. The exit gas rate is measured by a wet-
‘test meter. Carbon monoxide and carbon dioxide concentrations in the
feed and exit rases are measured by two continuocus infrared analyzers i
anc¢ are recorded. Aliocuct samples of feed and exit gases are taken /
.durins each test period for analysis of all components by mass spec-
trometer (Consolidated Engineerin; lodel 21-105 .

Figure 2 shows the construction of the reactor, built by Autol
clave Engineers, Inc. It was constructed of Pype 316 stainless steel so
that it could be used in the future to test the effects of elevated tem
neratures cn catalyst stability. A masnetic drive rotates the stirrer /
shef{t. The react-r hes an insids <i<pta of 12 in. -and an inside
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diameter of 3 in.' For CSTCR operatlon, twe-inserts are installed Which
reduce the inside depth to 2- 1;/16 in. : Lo .

Two methods: of catalyst mountlng are employed _ Catalyst can ,
be placed in an annular basket or in a paddle-basket arrangement as shor
in Figure 3. When the paddle basket is used 1t replaces the radial im-
peller which is used. only with the annular ‘basket. For either arrange-
renc tre propellers remain in place. The eylindrical wall and the top
and bottom of the reactor each have four 1/8-in.-wide baffles. The wall
baffles extend along the total height of the stirred chamber; the top ar
bcttom baffles extend radially to the cylindrical wall.

Catalyst temperatures are measured eas1ly in the annular baske

Since the catalyst is stationary, a thermocouple:is s1mply inserted in :

hole drilled into the center of a catalyst pellet )

A

For either basket arrangement, the gas temperature 1s measure

with a 0.025-in.-0D magnesium-oxide-insulated thermocouple made of Chro
mel-Alumel with a swaged stainless steel sheath.

‘DISCUSSION

Mixing Theory .

Several tracer technlques can be used to check for perfect mi -
ing. These consist of measurlng the response in the reactor effluent t
either: .

1. The injection of a very‘small amount of tracer into the reactor ove;
a very short time (pulse test)

2. The instantaneous sw1tch1ng ‘from a steady flow of 1nert gas to a
steady flow of tracer (step test) or vice versa (purge test).

After the. tracer concentration reaches a maximum value, the

response for any of these tests 1s an exponential decay of tracer concen
tration with time. For the pulse test the respiénse is:

%M _ o tF/V B : .- (2j

where Cy is the gas concentration in the reactor at the instant the puls
enters, and — in actual tests — the maximum gas concentration measured
the effluent.

Fer thevstep test the response is:

- e:—tF/V ‘ | C (3)

Qo
&)

where Cg 1s the steady-state_tracer concentration. For the purge test
the response 1s -the same as Equation.2 except that Cg = Cy. A plot of
line C/Ci versus tF/V yielding a straizht line of slope —1 indicates 1
"verfect mlzing."
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ixing Test

All of these technigues were used in our mixing studies. Because
f the difficulty of injecting a perfect pulse of tracer, the step or purge
ests were easier to.carry out. In spite of this, the pulse tests have an’
‘dvantage because of the small amount of tracer used. In step or purge
ests an allowance must be made for transfer of tracer (or purge) contained
n the reactor dead volume before switching, i.e., in the lines to the pres-
Sure gages, etc. This, in effect, increases the volume to be purged and
\ffects the slope of the line C/CM versus tF/V plot.
»
4 Of the three tracer tests, then, the pulse test is most accurate
n systems with extensive dead volumes. :

CO or CO- was used as tracer with nitrogen as the inert gas in
hese tests. A switching valve served to inject the pulse of tracer or
% change from tracer to inert.. Flow rates ranged from 1 to 40 SCF/hr.
ieasured at flowing conditions, this flow range is about that used in the
2 jbl-Simons-Carberry reactor. Shaft speed was varied from O to 2500 rpm.
Faber response was measured by the in-line infrared analyzers. A typi-
al response to a pulse test is shown in Figure 4 ' ‘

Typical test results are plotted in Figure 5. The data at 200
pm indicate imperfect mixing. As the shaft velocity is iricreased, per-
'ect mixing 1s realized for high and low flows and at high and low pres-
ures. Above 1500 rpm perfect mixing is ensured for the range of flows.
tudied. Changing temperature or tracer gas had no effect. The purge and

ep tests also gave linear semilog plots of C/Cg versus tF/V, but the
lope was not —1 because of the reactor dead volume previously noted.

ymerphase Transport
3

Transport phenomens between the catalyst surface and the bulk
ras may control the reaction rate for very fast — or very exothermic or
‘Indothermic — reactions. - To study chemical events on the catalyst sur-
‘ace these transport effects must be minimized. It is simple to check
or the influence of transport effects in a CSTCR. In the case of cata-
st mounted in a stationary basket, the stirrer speed is varied while T
111 -other variables are held constant. Changes in conversion with vary-
.ng stirrer speeds indicate the presence of transport effects. A tem-
erature gradient between the gas and the catalyst will exist if the
caction is heat-transfer limited. Both gas and catalyst temperatures
:an be easily measured with the stationary catalyst mounting.

Mass transfer was found not to control above about 750 rpm at
1159F with a 10.2% C0-31.2% H= feed, and nickel catalyst in the annular
yasket. Of course,. a check should be made for mass transfer at each run
.emperature. Since the rate constant increases with increased tempera-
ure, mass transfer should be more important at higher temperatures.

‘ommercial Catalyst Comparison

: A variety of products can be produced catalytically from hy-
kogen and carbon oxides. The type of products depend upon the catalyst
‘omposition, temperature, pressure, and the hydrogen/carbon oxides ratio.
[ickel catalysts produce mainly methane at almost all useful operating
onditions. Iron, ruthenium, and cobalt catalyze the Fischer-Tropsch
ymthesis, producing higher hydrocarbons. Iron and ruthenilm catalysts
ere nevertheless considered since higher hydrocarbon formation would
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reé the final gas a higher heating value. Cobalt catalysts were not con-
lered because they operate best at lower pressures (1-10 atm).*

Catalysts were compared by measuring their rate of carbon monox-
? conversion. Test variagbles were temperature, feed gas composition,
i the feed rate/catalyst weight ratio. All tests were made at 1000 psig.
ree feed gases, covering a range of. compositions typical of projected
thanation feeds, were selected. :

Table 1. COMPOSITIONS OF FEED GASES

ad o ~ High €O - Intermediate CO " . Low CO
nposition, mole % ’ .

arbon Monoxide 10.0 7.0 2.4

arbon Dioxide 2.1 " 2.1 2.0,
Ydrogen 34,5 . : T 26,1 1%.5

ethane - _53.4 64.8 82.1

. Total 100.0 ©100.0 100.0

Nickel Catalysts

The nickel catalysts studied were:

Catalyst A: Nickel on kieselguhr
Catalyst B: Nickel on alumina
Catalyst C: Nickel on alumina

talyst A is more active than catalysts B and C. For comparable feed
¢e/cata1yst weight ratios and the same low-CO feed gas, catalyst A~
snverts more carbon monoxide at 560°F than catalyst B at 700°F (Figure

This also holds true for other feed gases. Figure 7 shows typical
te for catalyst A in isothermal runs with low-CO feed gas.

Iron Catalyst

: An ammonia—synthesis catalyst was studied. Much lower feed rate/
.talyst weight ratios must be used with this catalyst to obtain conver-
ons approzching those of catalyst A (Table 2).

Table 2. RESULTS WITH TRON CATALYST

N Fi/, _ ) Dry Prod Gas Content,
5, SCF/hr-g . : mole %
mp, °OF catalvst Feed Gas CO Conv,% CHy - - . Cot
509 0.036° Int. CO 13.0 68.2 0.8
GOk - 0.027 Int. CO 55.7 734 1.3
V700 0.026 Int. CO 62.2 4.7 1.2

1.

200 0.026 Int. CO 66.3 76.2

Akwer—chained hydrocarbon formation is much lower than expected. This

ﬁresumably because of the high hydrogen/carbon monoxide ratio of the
ed rcas and the high pressure. Bond? cites both these conditions as
Yorins hydrogsenclysis. : . : |

—\yw
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Ruthenium Catalyst.

The ruthenium catglyst studied was 0.5% ruthenium on alumina.
Data in Table 3 show that at low temperatures and low feed rate/catalyst
weight ratios. this catalyst is an effective methanation catalyst. High
er hydrocarbon formation 1s, again, lower than expected, possibly due to
hiydrogenolysis. Trace yields of oils containing paraffins, olefins, and
aromatics were obtained.

Table 3. RESULTS WITH RUTHENIUM CATALYST

Pi/w Dry Prod Gas Content,

: SCP/hr-g : mole % /.
Temp, °F Catalyst Feed Gas ‘CO Conv,% CHa Cat

210 0.059 Int. CO 5.5 66.6 10.9
290 0.058 - Int. CO . 6.0 67.7 0.9
347 0.058 . Int. CO - ° 20.3 69.5 1.1
Los 0.056 Int. CO 27.7 71.1 0.7
470 0.056 Int. CO 86.2 84.1 1.6
547 0.055 High 'CO 90.0 85.2 1.3
600 0.503 °~ Int. CO . 44,0 76.7 0.8

670 0.50% Int. CO - . 89.3 89.2 0.7 *

CONCLUSIONS

Conditions for "perfect mixing" were determined in a continu-:
ous stirred tank catalytic reactor operated at 1000 psig. "Perfect mix-
ing" was obtained at stirring speeds above 1500 rpm over the flow range
used in this study. _ . ‘

Neither gas-solid heat nor mass transfer effects were found
" in this methanation study of typical feed gases produced from coal hy-
drogasification. : .

Evaluation of commercial catalysts showéd that nickel-on-
kieselguhr catalyst is more active than nickel-on-alumina, iron, and g
ruthenium catalysts for cleanup of CO in IGT's hydrogasification pro- °
cess. Longer-chained hydrocarbon formation is much less than expected -
for tests with iron and ruthenium catalysts.

[
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NOMENCLATURE

C = concentration, 1b moles/cu ft
l‘CM = maximum concentration of tracer in pulse test, 1b moles/cu ft

1Cg = steady-state tracer concentration in purge or step test, 1b moles/
cu ft )

. F = flow rate, SCF/hr

~ R = reaction raﬁe, 1b moles/hr-g
i t = time; hr

4
v
\Subscripts
|

U

reactor volume, cu ft

"

catalyst weight, g

i refers to gas entering reactor

E o0 refers to gas leaving réacfor
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MEMBERSHIP IN THE DIVIS‘ION OF FUEL CHEMISTRY

The Fuel Chemistry Division of the American Chemical Society is an internation-
ally recognized forum for scientists, engineers and technical economists con-
cerned with the conversion of fuels to energy, chemicals, or other forms of fuel,
Its interests center on the chemical problems, but definitely include the
engineering and economic aspects as well.

Any chemist, chemical engineer, geologist, technical economist, or other
scientists concerned with either the conventional fossil fuels, or the new high-
energy fuels--whether he be in govermnment, industry or independent professional
organizations--would benefit greatly from participation in the program of the
Fuel Chemistry Division.

The Fuel Chemistry Division offers at least two annual programs of symposia and
general papers, extending over several days, usually at National Meetings of the
American Chemical Society. These include the results of research, development,
and analysis in the many fields relating to fuels which are so vital in today's
energy-dependent economy. Members of the Division have the opportunity to present
papers of their own, or participate in discussions with experts in their field.
Most important, the Fuel Chemistry Division provides a permanent record of all of.
this material in the form of complete preprints.

Starting in September 1959, the biennial Fuel Cell Symposia of the Division have
been the most important technical meetings for chemists and chemical engineers
active in this field. These symposia have all been published in book form. The
recent landmark -symposium on Advanced Propellant Chemistry is to. be published in
book form also. Further, the Division is strengthening its coverage of areas of
air and water pollution, gasification, and related areas.

In addition to receiving several volumes of preprints, each year, as well as
regular news of Division activities, benefits of membership include: (1) Reduced
subscription rates for "Fuel" and "Combustion and Flame," (2) Reduced rates for
volumes in the "Advances in Chemistry Series" based on Division symposia, and

(3) The receipt card sent in acknowledgment of Division dues is good for $1.00
toward a complete set of abstracts of all papers presented at each of the National
Meetings. — ' : :

To join the Fuel Chemistry Division as a reguler member, one must also be or
become a member of the American Chemical Society. Those not eligible for ACS
membership because they are not practicing scientists, englineers or technical
economists in areas related to chemistry, can become Division Affiliates., They
receive all benefits of a regular member except that they cannot vote, hold office
or present other than invited papers. Affiliate membership is of particular value
to those in the informational and library sciences who must maintain awareness of
the fuel area. Non ACS scientists active in the fuel area and living outside of
the United States are invited also to become Division Affiliates,

Membership in the Fuel Chemistry Division costs oniy $4 per year, or $11 for three
years, in addition to ACS membership. The cost for a Division Affiliate, without
Joining ACS, is $10 per year. For further information, write to:

Dr. Frank Rusinko, Jr., Secretary-Treasurer
ACS Division of Fuel Chemistry

¢/o Speer Carbon Company

St. Marys, Pennsylvania 15857

Telephone: 814-834-2801
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RECENT FUEL DIVISION SYMPOSIA

Title

Presented At

Symposium on Gas Generation
General Papers

Symposium on Chemical Phenomens in Plasmas
Symposium on Kinetics and Mechanisms of
High Temperature Reactions

Symposium on Pyrolysis and Carbonization of Coal
Symposium on Mineral Matter in Coal

Symposium on Advanced Propellant Chemistry*

Symposium on Fuel and Energy Economics
General Papers

Symposium on Hydrocarbon-Air Fuel Cells*¥*

Symposium on Coatings Based on Bituminous
Materials
General Papers

Symposium on Fossil Fuels and Environmental
Pollution

Joint with the Division of Water, Air, and
Waste Chemistry

Wol 10, No. 2 Symposium on Pyrolysis Reactions of Fossil Fuels

Joint with the Division of Petroleum Chemistry

* To be published by Advances in Chemistry.

j .. %% Published by Academic Press, Inc.

PROJECTED PROGRAMS

fSymp051um on Chemical Reactions in Electrical Discharges

W%

7 Joint with Division of Physical Chemistry
ernard D. Blaustein, Chairman

' ymposium on Electrochemical Reactions in Solution

“neral Papers
Joint with Divisions of Physical Chemistry and Analytical
Chemistry and in cooperation with Electrochemical Society

£ 'Ernest Yeager, Chairman

yﬁp051um on Detonations and Reactions in Shock Waves
*J01nt with Division of Physical Chemistry
R. W. Van Dolah, Chairman

<‘§ymp051um on Advances in Spectrometry of Fuels and
_\IRelated Materials
» Joint with Division of Analytical Chemistry

x@. A, Friedel, Chairman
o N

,.Symposium on Fuel Cell Technology

«B. S. Baker, Chairman

ki
¥ 3

jmposium on 0il Shale

ﬂhmes H. Gary, Chairman (Tentative; may be Spring 1968)

Philadelphia, Pa.
April, 1964

Philadelphia, Pa.
April, 196h4
Chicago, Illinois
August, 1964

Detroit, Michigan
April, 1965

Detroit, Mlchlgan
April 1555

Atlantic City, N.
September, 1965

Atlantic City, N.
September, 1965

Pittsburgh, Pa.
March, 1966

Pittsburgh, Pa.
March, 1966

Miami Beach, Fla.
April, 1967

Miami Beach, Fla.
April, 1967

Chicago, Illinois
September, 1967

Chicago, Illinois
September, 1967

Chicago, Illinois
September, 1967

Chicago, Illinois
September, 1967

Chicago, Illinois
September, 1967




