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RECENT DEVELOPMENTS IN FLUIDIZED-BEL METHANATION RESEARCH
by

Robert C. Streatert

INTRODUGTION

The evolution of the BCR dry (vaper-phase) fluidized-bed methanatiorn
process hre been deseribed in three earlier papers presented at these
symposiums.!+2»3 Development of the Eluidized-bed methanation process has
been necessarlly tailored to meet the requirements of the BI-GAS coal gasi-
fication process. Thus, to avaid the cost of final pipeline gas compressien,
the merhanator was designed to operate at a pressure af 1000 psig. In addi-
tion, it is desirable to operate the methanator at as high a temperature as
practicable to recover the hear of reacrion as nseful steam for the process.
These rather severe operating conditions impose some difficult requirements
relative to the temperature stability of the catalyst as well as the heat
removal capabllity in the methanator.

Early in the formulation oF the BI-GAS program, BCR elected to proceed
with the development of the £luid-bed methanation concept because of the
following potential advantages over the existing fixed-bed methanatlon tech-
nology:

1. Tewmperature gradients are minimized and hot spots are less likely
to oceur due to the turbulence within the catalyst bed.

2., Higher heat-transfer coefficients are possible because of the
motion of catalyst particles past internal heat-transfer surfaces. Thus,
control of exothermic reactions 1s much easier.

3., The superior heat removal capability of the fluid-bed system per-
mits the use of higher partial pressures of reactant gases and eliminates
the need for product gas recycle for temperature contraol.

4, Continusus addition and removal of catalyst is possible, eliminat-
ing the need to shut down the methanator to replace the catalyst charge.

Because of the high reactant concentrations {e.g., approximately 20 per-
cent carbon monoxide in the feed) anticipated in the fluid-bed methanator,
it was foreseen that conventional fixed-bed zethanatien catalysts, such as
the CRG-types, would not be suitable for fluld-bed operation due to their
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_higher metal loadings; these catalysts, designed for treating synthesis
guses with carbon monoxide contents on the order of S5 percent or less,
would simply have been too active for our Eluid-bed applizaction. -Conse-
quently, a major emphasis in the BCR program has been to evaluate fluidTbed
methanation catalysts, developed by commexcial catalyst suppliers, specifi-
cally designed to provide the desired levels of activity and thermal sta~-
bility under the process conditions outlined earlier.

Fluid-bed methanation tests ara carrxied out in the Process and Equipment
Development Unit (PEDU) at BCR. The PEDU reactor bas been described in de-
tail in earlier publiuatinns.l!3 In our presentation at the Eighth Symposium
last year,? we noted that the dry fluidized-hed methanation procasgs had heen
proven feasible for methanating, with high conversions, synthesis gases con-
taining up to 25 percent carbon monoxide without reesyele, and with very ac-~
ceptable heat removal capability using internal heat-transfer surface immersed
in the catalyst bed.

This paper will discuss the results of several PEDU tests using the

BI-GAS pllot-plant methanation catalyst, including recent data on catalyst
attrition and reactor heat-transfer characteristies.

FEDU OPERATION

We are still actively evaluating new catalyst samples at the bench-
scele level. BHowever, with rhe advent of BI-GAS pilot plant startup opera=
tions at Homer City, Pa., attention in the PEDU test propram was logically
turned toward a more thorough evaluaticn of the methanation catalyst origi-
nally selected for use at Homer City. This is a Harshaw catalyst, containing
nickel, copper, and molybdenum on an alumina support.

Durinp the past year, five PEDU tests have been conducted using Eour
separate splits of the Homer City wethanatlon catalyst. These tests have
resulted in a combined 30 days of operating experience with the catalyst
under a wide variety of conditions.

The first PEDU test was designed as a factorial experiment to investi=-
gate the effects of temperature, pressure, feed-gas flow rate, and carbon
dioxide addition to the feed on conversions. The data showed thatr tempera-
ture was the most important variable, with conversions increasinp by about
12 percent (absolute) for ar lncrease in bed temperature of 100 F. Succeed=
ing PEDU tests have been designed to more closely duplicate the actual con-
ditions being tncountered during startup operations at Homer City, as illus-
trated by the following examples:

1. Preliminary tests of the gasifier operation are being conducted at
a pressure of 750 psig, rather than the normal design pressure of 1000 psig.
Accordingly, several data periods ian recent methanation PEDU tests have been
conducted at this lower pressure to establish whether this would affect the



behavior of the cata” 'st. HResults to date indicate that operation of the
methanator at the reduced pressure is feasible, with no substantisl de-
creases in the conversions obtained.

2. In the PEDU reactor system at BGR, catalysts are normally acri-
vated (reduced) in a hydrogen-rich synthesis gas (hydcogen/carbon monoxide
~ 9/1), At Homer City, however, there ls no provision fer generating and
blending supplemental hydrogen into the marhanator feed~gas stream. There—
fure, it became impertant to determine whether the catalyst could be acti-
vated using {1) normal syathesis gas at design opurating conditionms, and
(2) & synthesis gas predicted from actual gasifier operation, under the
nonideal conditions obtained in preliminary startup tests. .

in the [irst instance, the catalyst was successfully activated using
a feed pas of 60 percent hydrogen, 20 percvent carbon monoxide, and 20 per-—
cent methane at 1000 psig with a Eeed-gas vemperature of 750 F. In the
second instance, catalyst reduction was accomplished using a feed gas of
47 percent hydrogen, 16 percent carbon wonoxide, 14 percent carbon dioxide,
B percent methane, and 15 percent nitregen (the basis for this feed composi-
tion will be discussed below) at 730 psig and a feed-gas temperature of 520 F.
In both cases, catalyst bed temperature was found to be a critical variable,
and catalyst activity was very low until a "lighc-off" temperature of about
60D F was exceceded. Thereafter, the catalyst reduction proceeded smoothly
without any sudden temperature excursions, and the catalyst appeared to
reach its maximum activicy witl in a few hours under both sets of conditions.

3. Gasifier rests were initlated before the Selexol acid gas removal
system was completely operational. Consequently. some consideration was
given to the pessibility of either parcially or completely bypassing the
Selexol system, onr an interim basis, with the result that the mechanator
feed would have an abnormally high carbon dioxide content. TIn addition.
initial gasifier tests have required the use of nitropen as purge gas for
the coal spray-drying system. Althcugh this is only a temporary situation,
it will lead to higher than normal nitropen concentrations in the methanator
until integrated plant operations can be achieved. In view of these consid-
erations, it was decided to attempt operdtion of the PEDU methanator under
somewhat unconventional conditions, using a feed gas based on preliminary
BI-GAS plant analyses (47 percent hydrogen, 16 percent carbon monoxide,

14 percent carbon divxide, 8 percent methane, and 15 percemt nitrougen).

During the last two PEDU tests, several data periods have bein completed
while operating with this unconventional feed aag (as well as some variations
uf it). Again, reactor temperature was found to be an important wvariable,
and achieving the desired bed temperatures was slightly more difficult be-—
cause of the abnormally high concentration of inerts (nitrogen, methane,
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carbon dioxide)} in the feed. Nevertheless, with bed temperatures close to
500 F, useful conversions® cn the order of 90 percent were obtained and
product carbon monoxide concentrations were about L.5 percent.

CATALYST ATTRITION

One of the most frequent concerns expressed about the reliability of
che Fluid-bed methanation process is whether destruction of the catalyst
through attrition will be a serious problem. Throughout the BCR catalyst
evaluation program, we have tested the attrition resistance of the more
promiging catalysts in a small laboratory-scale unit. Although these tests
are useful for comparing the attrition resistance of different caralyst
cypes, it is difficult to translate the results to actual methanatox opera-
tion since the lab-scale test is a short-tirm, accelerated attrition test,
conducted with air at ambient pressure aund temperature on a sample of the
catalys:t from which the fin=s have been reugpved.

We have also routinely measured the particle size distribution of cata-
lyst samples befoxe and after each PEDU test. Fipure 1 shows typical results
of these measurements for the Homer City catalyst before and after an 8-day
PEDU test, and it is evident that the fines (minus 325 mesh fracticn) ia-
creased and the relative amounts of all other size fractions decreased during
the tesr. Again, however, this informatiorn tells nothing about how the size
changes occurrad throughout the course of the test.

Near the end of 1976, & caralyst sampling system was added to the PEDU
yeactor, as shown in Figure 2. It consists of two l1-inch graphite-seated
ball valves with pneumatic actuators separated by a heavy-walled pipe nipple
approximztely 3/4-inch I.D. and 11 inches long. The internal volume of the
sample chamber is roughly 4 ‘cu in., permitting the withdrawal of about 100
grams of catalyst at each sampling. The sampling system is located near the
mid—-poinc of the caralyst bed.

Not surprisingly, after a short period of aperation, abrasion of cata=-
lyst in the valve seats caused slow leakage through the valves. This was
overcome by pressurizing the sampling system with nitrogen to slightly above
reactor pressure, so that any leakage would be nitrogen irto the reactor.

- W
(Co + Bp), - K(CO + Hp) . - 100
tCo + Hp) .

®
Useful Conversion (%) =

where (CO + Hp), = moles/hr of CO and Hz in the Feed
(0 +Hp) . = moles/hr of CO and Hy in the product

K= cin,cou:’ carbon ratio
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Figure 2. Methanation PEDU Catalyst
Sampling System



After the catalyst sampling system was installed, it was aperated at
frequent intervals during two succeeding PEDU tests with the Homer City
catalyst, The samples were sieved, and the results of the sieve analyses
are shown in Figure 3. Once again, it can be seen that the fines content
of the catalyst increased with time while the amoumts in the coarser size
fractions decreased (although in one instance, the amount of the 230 x 325
mesh fraction remained reasonably constant)}. However, the most notable
feature of the data shown by Figure 3 is cthat the size changes took place
within the first few hours of fluidization; the catalyst appeared to reach
a limiting size distribution which then remained essentially unchanged
throughout the duration of the test. These results are consistent with
data reported by Fersythe and Hertwig on attrition characteristics of fluid-
bed cracking catalysts.® These earlier investigators observed marked de-
creases in the attrition rate with time during laboratory accelerated
attrition tests. This behavior was attributed to the early buildup of fines
in the catalyst bed as the weaker particles broke apart and rough edges were
smoothed off the coarser particles. These authors concluded that the fines
tend to reduce the severity of attrition in two ways; by a cushioning effect
which lessens the force of impact betwesn coarser particles, and by dilutiom-
which reduces the number of coarse particles available for attrition.

Initially, there was some question as ro the validity of the data shown
in Figure 3, since it is possible that there ls some stratification of par-
ticle gizes in the catalyst bed, raising doubt as to whether samples with-
drawvn from the center of the bed are representative of the bulk catalyst.
This was checked prior to the last PEDU test. The reactor was charged with
fresh catalyst and a sample was withdrawn before the bed was fluidized. The
bed was then fluidized with nitrogen and additional catalyst samples were
withdrawn after 5~ ang 40-minute intervals, The size distributiocas of the
S5-minute sample and the sample before fluidization were not significantly
different from that of the bulk fresh catalyst. On the cther hand, the size
distribution of the 40-minute sample had definitely changed in the same fash-
ion as shown by Figure 3 (increased fines, pgenerally decreasing amounts of
coarser size fractioms).

In sumnary, the evidence available toc date for this catalyst indicates
that attrition is not a significant problem after the first few hours of
methanator operation. However, it should be recalled that the PEDU reactor
is not designed for catalyst makeup and recycle; fines are trapped out on
sintered metal filters. No attempt has been made yet to estimate the poten—
tial losses of fines through the cyclone in the BI-GAS pilot-plant methana-
tor.

REACTION PROFILES

As an added bonus with the catalyst sampling system, described above,
we now have the capability to withdraw batch samples of gas from the middle
zone of the reactor. Full use has been made of this capability during the
three most recent PEDU tests, and analyses of these mid-zone gas samples
have led to some inicresting conclusions as to what is happening inside the
reachor.
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To interpret these results, it is useful to consider the reactor as a
series of two fluid beds. Tha intermediate “product" Flow from the lower’
catalyst bed can be estimated from the nid-zone gas composition using a
forced carbon balance and the knawn feed flow and compesition at the bottom
of the reactor. This intermediate "product” is then also the feed to the
upper catalyst bed; or, in cases where the feed is split, it is added to the
middle-zone feed (which is measured separately) to cbtain a composite upper-
zone feed gas. With these data, plus the known flow and composition of the
final product gas, it is possible to calculare materizl balances for both
the upper and lower parts of the catalyst bed. .

Results aof these caleulations for four selected data periods are shown
in Table 1. The hydrogen/carbon momoxide ratio of the feed was approximately
3/1 in each of these data periods., In the first case, where a2ll of the feed
was introduced at the bottom of the reactor, practically all of the reaction
was taking place in the lower part of the catalyst bed. Of the amcunt of
carbon monoxide available for reactiom at the middle of the bed, nearly 80
percent passed through the upper part of the bed unreacted, with the result
that the useful conversion in the upper zone of the reactor was practically
nil. In the last three cases, increasing proportions of the feed were intro-
duced at the middle part of the bed. As shown in Table 1, conversions in the
upper part of the bed irncreased progresslvely with the amount of synthesis
gas introduced. 1In addition, from the relative amounts of carbon dioxide
produced an the upper zone, it appears that the shift reaction predominates
originally when the proportion of the feed gas ivtroduced to the upper zone
of the reactor is small; as the percentape of the feed to the upper zone in-
creases, the methanation reaction becomes more pronounced.

Regardless of the amount of synthesis gas fed to the middle part of the
reactor, most of the methanation evidently takes place in the lower {(hotter)
part of the catalyst bad. This was always suspected, but never cenfirmed
until the collection of middle-zone gas samples became possible. Based on
‘- this finding, we reasoned that it should be possible to cperate with less
than tne normal catalyst charge and still obtain acceptable conversions. To
verify this, approximacely 40 percent of the original catalyst charge was in-
tentionally remaved from the reacroy near the end of PEDU Test No. 23. As
a result, the space velocity in the following data period was higher than
that normally achieved by a factor of 1.6. 1In spite of this, a high useful
conversion (8l percent) was still obtained and only 1 percent carbon monoxide
remained in the product (i.e., 95 percent oi the feed carbon monoxide reacted).

The available PEDU data on reaction profiles suggest that it would be
desirable to utilize the intermediate feed spargers on the Homer City metha-—
nator. Splitting the feed appears te offer the advantages of more efficient
utilization of the catalyst, poteniially higher throughputs, and nore nearly
isothermal temperatures in the catalyst bed.
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HEAT-TRANSFER DATA

Ie pur status report Lor 1976,3 we discussed attempts to fit our heat-
transfer data to a correlation originally developed by Wender and Cooper®
for fluid-bed reactors. At that time, we acknowledged that although a cor-
relation was apparent, it did not Eit the ene predicted based on the Wender
and Cooper approach. In essence, the discrepancy arose from the fact that
the predicted bedside heat-transfer coefficients were from 2 to 10 times
higher than those actually measured. Teo explain this discrepancy, we specu-
lated that the cause was due to one (or possibly a combination) of three
Teasons:

1. The close spacing of the vertical-finned heat exchanger tubes in
the PEDU reactor may have been interfering with geod solids mixing.

2. The non-axial location of some of the tubes might have reduced the
overall efficiency of the heat-transfer system.

3. The fins themselves may have been preventiag good catalyst contact
at the tube surface.

In an effort to resolve these discrepancies in the hear-ctransfer data,
some of rhe finned tubes were removed from the reactor prior to PEDU Test
No. 23, resulting in more free space between the remaining finned tubes.
However, the data from PEDU Test No. 23 showed that there was no significant
change in the heat-transfer coefficients due to cthe wider spacing of the
tehes.,

The next step was to install a bare (unfinned) heat—-transfer tube in
the lower zone of the PEDU reactor. This baze tube was [abricated from the
same material, and had the same dimeasions, as the fioned tube remajning in
the teactor lower zone. The two tubes were mounted adjacent to each other
in the methanator.

Both the bare and Finned tube loops were in use during PEDU Tests No.
24 and 25, and a dramatic difference was observed in the heat-transfer
characteristics of the system. Overall heat-transfer coefficients for the
finned tube remsined at about 25 Btu/(hr){sq ££){°F) uviereas the overall
coefficient for the bare tube was higher by a factor of four at about
300 Btu/(hr)(sq £t){°F). MNoreover, as shown in Figure 4, the data for the
bare tube show = much better fit to the predictive correlation of Wender
and Cooper than do the data for the finned tube.

The large difference in the heact-transfer characteristics of the bare
and fioned heat exchanger tubes confirms that in the PEDU reactor, the ver-—
tical fins are not necessary to achieve adequate heat transfer. To the con-
trary, the advantage of greater heat-transfer surface from the addition of
the fins ic offset by rhe close spacing (approximately 1/8-inch) between
the fins, which presumably restricts the rapid exchange of cataivst particles
with the tube surface. This finding has significant Iimplications relative to
the scale-up design of fluid bed heat-transfer systems.

1i.
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CARBON DEPQSITION

As noted earlier, recent PEDU tests have involved operation of the
methanator with some unconventional feed gases. These gas compositcions
can be represented graphically on a triaapular diagram in cterms of the
atom~percentages of carbon, hydrogen, and oxnygen present in the mixture,?
as shown by Figure 5. The isctherm on the graph is a boundary above which
carbon deposition is thermodynamically possible at the designated tempera-
ture and pressure.

Among the four gas compositivos shown on Figure 5, only the third one
{i.e., "normal" synthesis gas) is beiow the carbon deposition boundary at
S00 F and 1015 psia. MNevertheless, the PEDU fiuid-bed methanator has been
operated for extended periods of time with all the feed pases listed cn
Figure 5, and no serious carbon deposition prcblems were encountered. This
simply indicates that the rates of competing reactions {(i.e., methanation

and shifr) were greaat enaugh to prevent tbe carbon-forming reactions from
appreaching equilibrium.

On the other hand, a phenomenon has been encountered during several
recent PEDU tests which did, in fact, result in some carbon buildup in the
methanator. These upsets lnvariably cccurred between steady-state operating
periods, while changes were being made in veastor conditions and/or feed gas
conpositie:. In every instanece, the upset was initiated by a drop in cata-
lyst bed texperature to below 600 F {i.e., below the catalyst "light-off"
temperature). It should be emphasized that these temperature losses resulted
from difficulry in controlling reaction conditioens as changes were being
made to the system, rather than from prior carbon deposition on the catalyst.

After bed temperatures had dropped, most of the feed gas passed through
the catalyst bed unreacted. Subsequently, localized hat spots developed in
the dieengaging zone of the reactor, notably at the catalyst filters, as the
raw synthesis gas came into contact with cataliyst fines collected on the
filters. We are nor certain as to what temperatures might have been reached.
However, in one ianstance, sintered copper filters were being used which had
been reinforced at the seams by silver soldering. At the conclusion of the
test, the filters were examined, and it was found that the silver solder had
completely melted at some of the seams. Since silver solder melts at about
1300 ¥, it is evident that this temperature had been exceeded during the
thermal upset.

Residues remaining on the catalyst filters were found to contain ab-
normally high carbon contents———up to nearly 70 percent in one case. In

. addition, carbon contents of the bulk spent catalyst samples were on the
aorder of 2 to 3 percent. This is nor oxceedingly high, although it is
about twice the amount normally observed in the spent catalyst.

Generally, there was ak least a temporary decline in catalyst activity
following these temperature upsets, although in most cases it was difficult
to determine whether this was due to catalyst deactivation (coking) or the
fact that the reactor was being operated under rather adverse conditions.

13.
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In situations where the upset was followed by a return to normal operating
conditions, the catalyst appeared to return eventually to its original
activity lewvel.

Because the available evidence indicates that the formation of carbon
ié associated with the occurrence of hot spots near the reactor outlet (i.e.,
in the presence of high methane concentrations), there Is a strong possibil-
ity that the carbon-forming reactien iavolves thermal decomposition of mechane

CH, +C + 2 Hp 1)
rather then disproportionation of carbon monoxide

2 CO > C +Cop (2)

The equilibrium constants of reactions 1 and 2 ar 1000 X {1340 F) are 10.3
ang 0.6, respectively.B

COMBINED SHIFT AND METHANATION

As far ag the BCR methanation research program is concerned, the pos—
gibility of simultaneously carrying out water-gas shift and methanation in
a single reactor is certainly not a novel concept. Almost exactly 4 years
ago, in October 1973, BCR filed a patent application™ on a combined shift
and me%hanation process based on the vapor-phase, fluid-bed caralytic re-
actor.

Nearly all of our methanation PEDU tests to date have involved periods
of operation at hydrogen/carbon monoxide ratios below 3, with synthesis gasas
simulating the feed to the shift converter in the BI~GAS process. Until re-
cently, however, we were unable to operate below a hydrogen{c¢arbon monoxide
ratio of 1.6 because of design limitations on the natural gas reformer.

In the latest PEDU test with the Homer City methanatien catalyst, ar-
rangements were made to add supplemental carbon monoxide to the feed from
compressed gas cylinders.. Because of the limited capacity of the cylinders,
pcperating time was restricted to one data period at a hydrogen/carbon mon-
oxide ratio of 1.4 and a second, very short datn period at a hydrogen/carbon
monoxide ratio of 1.1. The first of these data periods (hydrogen/carbon
monoxide = 1.4) was especially significant, since the synthesis gas exactly
reproduced the feed to the BI-GAS shift converter on a dry, Steam-free basis
(41 percent hydrogen, 29 percent carbon monoxida, 21 percent carbon dioxide,
9 percent methane). Under these conditions, at an hourly pas space velocity
of about 2500 and a catalyst bed temperature of 900 F, a useful conversion
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of 97 percent was obtained. Analysis of the material balance data ghowed
thnt about 60 percent of the feed carbon monoxide was methanated and about
37 percent wac shifted. (of the balance, 1 percent was comverted to ethane
and 2 percent remained unrezcted)}. Hydrogen genexated via the shifr re-
acrion accounted for 20 percent of that consumed in mechanation. No carbon
deposition problems were apparent throughout a 4-hour, steady-state period
of operation, even though the feed composition was well into the region of

potential carbon formation (point 4, Figuxe 5).

In view of these encouraging preliminary results, we are planning to
convert part of the prasent nitrogen storage facility to carbon monowide
storage, to enable us to cenduct further, more extended tests on combined
shift and methanation. So far, no tests have been conducted with the adéi-

tion of steam to the feed gas. However, this capability also exists through
the availability of a high pressure steam boiler at the PEDU site.

SMMARY

During the past year, a valuable data base has been established for the
methanation catalyst to be employed as the initial charge in the BI-GAS
pilot—plant macthanator. Five PEDU tests have resulted in a total of 30 days
of operating experience with the catalyst. The behavior of the catalyst has
Leen characcerized both at normal design operating conditions and at sub-

normal conditions that could be encountered during startup operations at
Howmer City.

Data have been obtained on catalyst attritiom rates, heat transier, and
reaction patterns within the catalyst bed that should be useful in beth op—
eration and scale-up of the pilot—-plant methanator.

In the coming year, bench— and PEDU-scale tests will be continued with
the objective of finding other catalysts acceptable for use in the vapor-
phase, fluidized-bed me_Lanation process. Additicnal emphasis will be
placed on studies of the combined shift/methamation process, as well as the
sulfur tolerance of the more promising catalysts. With regard to the latter,
BCR initiated a joint research program with Dr. Calvin Bartholemew of Brigham
Young University in July, 1977. The cbjectives of this $-menth progran will
be to determine (1) the maxiwum hydrogen sulfide concentrations to which these
catalysts can be exposed beFore undergoing irreversible deactivation, {2) the
effects of reactor operating variables on the sulfur tolerance level, and
(3) which catalyst types show the highest resistance to hydrogen sulfide
poisoning. The BYU group has developed considerable experrise in this area

as a result of over 2 year's involvement in a separate research program cn
the deactivation of nickel and ruthenium alloy catalysts.
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