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FOREWORD

Thic report summarizes technical progress curing the third
quarter perisd {October 23, 1075 to Jenuary 22, 1976) of a two-ysar
study conducted for the Energy Research and Development Administration
(ERDA) under Contract No. E(49-18)-17¢0. The principel investigater
for this work is Dr. Calvin H. Barcholomew; Dr. Paul Scott is the
technical representative for ZRDA.

The following students contributed to the technical accomplishments
ané to this report: Gredumtes - Biaine Barton, Do Stowell, and Richard
Turper and Undergraduates - Neorman Shipp, and Scott Engstram. Karen Weis
ard Scott Folster provided typing and drafting services.
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ABSTRACT

This report presents work accomplished during the third guarter
of investigation of new peliet~ and monolithic-supported alloy catalysts
for methanation of coal synthesis gas. Hydrogen and carbon monoxide ad-
sorption data for atumina~supported alloys of nickel with iron, cobalt,
and platinum were obtained before and after samples had been exposed to
25 ppm HoS. Hydrogen adsorption uptakes were measured for several mono-
lithic-supported Ni/A1203 catalysts. In addition, chemical analysis and
x-ray diffraction measurements were continued. Reconstruction of a lab-
oratory reactor to enable high pressure operation was ninety percent com-
pleted. The princigal investigator attended three meetings, a short
course, presented one paper, and chaired a symposium on fuels, at which
Mr. Blaine Barton also presented a paper.



I. _OBJECTIVES AND SCOPE

A. Background

Natural gas is a highly desirable fuel because of its high
heating value and nonpolluting combustion products. In view of the
expanding demend for and depletion of domestic supplies of clean fuels,
economical production of synthetic naturzl gas (SNG) from coal ranks
high on the list of national priurities.

Presently there are several gasification processes under develop-
ment cirected toward the production of methane or SNG. Although catalytic
methanation of coal synthesis gas is an important cost item in the
process, basic technological and design principles for this step are
not well advanced. Extensive research and development are needed before
the process can realize econcmical, reliable operation. Specifically,
there appears to be important economiczl advantages in the development
of more efficient, stable catalysts.

An extensive general review of the pertinent literature dealing
with methanation catalysts was reported in the proposal, including
reviews by Greyson(1) and Miils and Steffgen(2). From the literatwre,
three major catalyst problems azre appzrent which relate to stability:
(1) sulfur poisoning, {2) carbon deposition with associated plugging,
and (3) sintering. These problems have received at best only modest
attention. There has been very little research dealing with alloy
catalysts for methanation, and there zre no published investigations of
the effects of catzlyst support geometiry on catalyst performance. This
studv deals specificaily with sulfur poisoning, carbon deposition,
and the effects of support (monolith and pellet) gemetry on the per-
formance of alloy methenation catalysts.

B. Objectives

The general objectives of this research program are (1) to study
nickel and ruthenium alloy catalysts in the search for catalysts resistant
to poisoning and carbon deposition and (2) to investigate the effects
on catalytic efficiency of support (monolith and pellet) geametry. The
work has been divided into five taslis to be completed over 2 period of
two years:

Task 1. Prepare pellet- and monolithic-supported nickel and
ruthenium alloy methanation catalysts by impregnation with metal salts
of nmickel, ruthenium, iron, platimum, etc. followed by reduction in
hydrogen. Hydrogen and carbon monoxide chemisorption uptakes will be
measured before and after erposure to hydrogen sulfide. Metallic
phases of these catalysts will be examined by x-ray diffraction for
chemical camposition and particie size.

Task 2. Design and ccn%truct a continucus flow laboratory
reactor system capable of 25-1000 C and 1-25 atm. to be used for screening
methanation catalysts and investigating effects of sulfur poisoning
on methanation activity.



Task 3. Screen catalycsts prepared in Task 1 using a reacj:qr*
system constructed in Task 2 to determine methanation catalyst activity
at various time exposures to 10 ppm HES

Task 4. The most promising catalysts based on the results of
Tasks 1 and 3 will be compared for steady-state catalytic activity on
different pellet and monolith supports of different hole sizes znd
georetries under various opereting conditions, i.e., temperature,
pressure, HZ/CO ratio and HZS level.

Task 5. Close liaison shall be mainteined with organizaticons
doing similar research such as the Bureau of Mines, Bituminous Cozl
Rasearch, Institute of Gas Technology, and others.

C. Technical Aporozch

The technicszl zpproach whick will be used to aceomplish the
tasks outlined above is presentad in the revised proposzl dated May
17, 1574. The main features of that approach are reviewed here zlong
with more specific details and modifications which have evolved as a
result of progress in related research over the past year. It is
expected that various other aspscts of this approach will be modified
and improved as the project develops and as mew data are made available.
Nevertheless, the objectives, tasks and principle features of the
approach will remain substentizlly the same.

Jask 1: Catalvst prevaration and characterization. Alumina
pellets 2nd extruded monolithic ceramic supports (provided by Corning
Glass Works) coated with high surface area alumina will be impregnated
with nickel nivrate aud an zlloying metsl salt. Metals which will be
alloyed with nickel include eohalt, iron, molybdemum, rhodium, ruthenium,
platinum, and palladium. Ruthenium will be used in cocmbination with
nickel, cobalt and palladium. Approximately equimolar quantities of
base metals will be used in combination with nickel. Only very small
amounts of novle metal will be used in combination with nickel or other
bass metals. Catalyst samples will be dried in vacaum at 70-160°C,
reduced at 500°C in flowing hydrogen, and carefully passivated with
1% air in preparation for further testing. 4 dedicated reduction
apparatus will be used to reduce and passivate large batches of pellets
and monolitnic catalysts. Alloy catalysts will be initially prepared
in pellet form for chemisorption, x=-ray diffraction, and reactor screening
measiregents. Only the more promising catalysts will be prepared in
monolithic form.

Hydrogen and carbon monoxide chemisorption uptakes will be
measured using a conventional volumetric apparatus before and after
exposure of each catalyst to hydrogen sulfide. Catalysts will be
exposed to 10 ppm st over 2 period of several hours in a dedicated
poisoning apparatus. X-ray diffraction measurements will be carried
out to determine the active metallic phases and metal crystallite size
where possible. Selected “aged" semples from Task & will be analyzed
(by x-ray and perhaps ESCA) to determine carbon content and possible
changes in phase composition or particle size. More extensive study of



catalyst sintering or thermal degradation will be undertaken as part of
a separate study supported by NSF and perhaps as an extension of this
work, but is not intended to be within the scope of this two-year study.

Task 2: laboratorv reactor construction. It was initially
proposed to construct a combination pulse-continuous flow reactor
system for catalyst screening and testing. This apparatus was in fact
constructed during the past year as part of a previous methanation study
supported by Corning Glass Works and Brigham Young University. The
cambination was found to be unwerkable—-unsatisfactory for pulse operation
because of pulse broadening in the reactor and for continuous-fiow
operation due to high flcw resistance in the small diameter tubing and
sample valve. The reactor system was later modified for continuous-
flow operation and collection of steady-state activity data, which were
found to be more usefui, realistic indicators of catalyst performance
than the unsteady-state pulse measurements. Our continuous-flow reactor
system, presently capable of 0-60 psig, will be modified for operation
to 400 psig and significantly upgradec to enable conveniznt study of
activity as a function of temperature, pressure, and feed composition.

Task 3: Reactor screenine of allov catzlvsts. Catalyst samples
will be sereened on the basis of steady-state methanation activity
(reaction rate based upon catalyst surface area) measured in a differen-
tial flow reactor at atmospheric pressure and 225 or 250°C at a fixed

/CO ratio of 3.5-4.0. Samples to be screened will include freshly-reduced .
talysts and catalyst samples exposed ia a separate pmsom.ng system to ’
1G ppm ﬂZS over a period of 6-18 hours.

Task 4: Catalvst geometry testing and design. The most promising
catalysts based on the results of screening will be tested for activity
and conversion as a function of pressure, temperature, H,/CO ratio, and
?‘E: concentration. The conversion of carbon monoxide to methane as a

ction of temperature will be determined for various pellet and monolith
geometries at both high and low pressures. The effects of water addition
to the feed stream will also be investigated. Conversion of carbon
monoxide to methane during in situ exposure tc low lzvels of hydrogen
sulfide and at low H./CO ratios will te used as a measure of stability
toward sulfur poiso an? carbon deposition. A comparison of steady-
state conversions at given temperature and pressure conditions for
monclithic supports of different hole sizes and geometries will be used
to optimize the geometry of the catalyst support.

Task 5: Technicald visits and communieation. Visits to other
methanation laboratories such as the Bureau of Mines and the Institute
of Gas Technology are planned. Close communication with other researchers
working in methanation catalysis both in industrial and academic
locations is also planned. The principal investigator will attend coal
and catalysis meetings regulariv to commmicate with other workers
regarding methanation catalysis.




II. SUMMARY OF PROGRESS

A project progress summary is presented in Figure 1 and accom-
plishmants during the past quarter are summarized below. Figure 1
shows that task accomplishments are eithar on or ahead of schedule.
Particularly Tasik 2, Construction of Rezctor System, and Task 3, Cata-
lyst Screening, are well azhead of schedule.

Accomplishments during the last quarter are best summarized
according to task:

Task 1. Alumina-supported Ru-Pt was prepared in pellet form
by impregnation, drying, and reduction in hydrogen. Hydrpgen adsorption
uptakes were measuraed for several monolithic-supported Ni/A1503 catalysts.
Hydrogen and carbon monoxide adsorption uptakes were measureg befare and
after expcsure to 25 ppm HpS for alumina-supported Ni-Fe, Ni-Co, and Ni-Pt.
The precedures for poisoning catalysts with HpS were refined and the concen-
tration of HpS/Hp was determined amalytically. Chemical analysis, x-ray
diffraction and x-ray fluorescence measurements for Ni/Alplz catalysts were
contixued.

Task 2. Reconstruction of the Tow pressure laboratory reactor to
allow for operation to 400 psi was continued. Mass flow meters were in-
stalled and calibrated; a new temperature programmer-controller was in-

stalled and tested. System upgrading and modifications are about 90%
complete.

Task 3. No screening of catalysts was accompiished because the
reactor was down. Hork will continue however, during the next querter.

Task 4. Work is scheduied to begin October 22, 1976.

Task 5. The principal investigator attended the California Catalysis
Society meeting held November 7-8, presented a paper at the 68th annual
AIChE meating in Los Anceles (Nov. 16-22), attended a short course on
Catalyst Deactivation {Nov. 17-18}, and chaired The First Rocky Mountain
Fuel Symposium held at BYU on dJanuary 30. Mr. Blaine Barton presented
3 paper on methanation at the Rocky Mountain Fuel Symposium.

Miscellaneous. Mr. Kyung Sup Chung completed his master’s thesis
dealing with "The Eifects of HpS Poisoning on Hp and CO Chemisorptica on
Nickel and Nickel Alloys."
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III. DETAILED DESCRIPTION OF TECHNICAL PROGRESS

A. Task 1: Catalyst Prepcration and Characterization

1. Catalyst preparation. Alumina pellet-supported Ru-Pt was
prepared according to the genaral procedure outlined in the first quarterly
progress report (QPR-1, Ref. 3). Ruthenium trichloride and chloroplatinic
acid salts were used in the impregnation; the nominal composition was cal-
culated to be 0.5 wt.% Ru and 0.5 wt.% Pt. The purpose in preparing this
catalyst was to determine the result of alleying the most selective metal
Tor methanation (platinum) with the least selective but probably most
active metal (ruthenium).

This work tentatively concludes our preparation of pellet-supported
alloy catalysts to be screened for the methanation reaction. Altogether,
eleven different pellet-supported alloys of nickel and ruthenium have
been prepared in this study. Approximately 20 different Ni/fAlp03 catalysts
{pellet form) have been prepared in this and other studies (3-6), several
of which have beer or will be screened for methanation activity. In
addition, several commercial nickel and ruthenium catalysts have been
characterized and tested. During this past quarter, research samples of
NiCoMo, NiMo, and NiMoDj supported on Al303 or Alp03-5102 have been ob-
tained from the Climax Molybdenum Company for characterization and
methanation screening.

2. Hydrogen chemisorption uptakes for monolithic supported nickel.
An outline of the standard procedure used to measure chemisorptive uptakes
of monolithic-supported nickel catalysts is presented in Table 1. This
procedure for measuring upiakes differs from the one given previously in
QPR-1 (3) 1in that reductions of previously reduced samples are done for
5 hours at 500°C (rather than 2 hours at 450°C) and subsequent svacuations
are carried out 8-10 hours {rather than 1-2 hours}. The change in reduction
schedule is based on data from QPR-2 (4) and is designed to insure that
all samples are uniformly and completely reduced. The change in evacuation
time was necessitated by the difficulty in adequately evacuating large
monolithic-supported catalyst sampies.

In order to do chemisorptive work on monolithic-supported catalysts,
- @ special chemisorption sample cell had to be designed and built. The
monoiithic sample cell is shown in Fig. 2. The purpose of the sealed

glass bulb is to minimize the cell dead volume; the short uncoated mono-
lith and the glass wool packing insure uniform flow through the monolithic-
supported catalyst.

A summary of the hydrogen uptake data for the five monoiithic-
supported nickel catalysts is shown in Table 2, along with the data for
Ni-A-116 (a pelletized alumina-cupported 15 wt.% nickel catalyst). The
Ni-N-102 catalyst was not tested due to its poor mickel loading {see

QPR-2). A typical isotherm for the monclithic-supported catalysts {that
of Ni-M-103) is shown in Figure 3.



TABLE 1

tandard Procedure for Measuring Uptake of
of Monolithic-supported Nickel Catalysts

Step Procedure

Reduction A11 samples reduced 12-16 hrs. at 450-500°C
GHSV=1000 hr-1. Reduce previously reduced catalysts
5 hrs. at 500°C, GHSV=1500 hr-1.

Evacuation Evacuate 8-10 hrs. {overnight) at 400-450°C and usually
to about 2 x 10~ torr.

Adsorption 1. Expose evacuated sample to measured amount aof

hy -ogen at 25°C and 400 torr for 45 min. (if more than

a v 'gle buret of gas is needed, time is measurad from the
mome. - the final measured buret of gas admitted).

2. Me-zure moles of hydrogen as a function of pressure
from Q 00 torr.

Calculation Plot hydrogen uptake versus pressure and extrapolate
t6 zero pressure to determine uptake due to chemisorption.
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Catalyst
‘Ni-M-101

.N1-M-103

Ni-1-104

Ni-M-105

Ni-M-106

Ni-A-116

Nominal Composition

TABLE 2

Nominal Composition and Hydrogen Chemisorptive
Uptake Data for Monolithic-supported Nickel Catalysts

% Dispersion

Surface Area

15,7 wt% Ni
13.5 wt% Al,04

13.7 wt% N1

13.2 wt¥ A1,04

15.9 wt® Ni
19,9 wt¥ N1A1204

16wtz M
12,6 wt® NiA1,0,

18.5 wt% Ni
14.1 ut% Aly04

15 wt® Ni

* the number of metal applications or support washcoats is given in parentheses

H2 Uptake

Preparation® (umoles/g-catalyst)
Nickel - nickel melt (6) 45,2
Hashcoat - Dispal A1203 slurry (8)
Nickel - Aqueous nickel soln., 96.5

ppt. with NH, (11)
Washcoat ~ SA Medium A1,04 sturry (3)
Nickel - nickel melt (3) - 97.6
Washcoat - SA Medium A1204 slurry

plus Ni Nitrate go form

NiA1,0, (6)

274

Nickel - Aqueous nickel soln. (15) 70.2
Washcoat - Ni & Al Nitrate .

slurry to give N1A1204(8)
Nickel - Aqueous nickel soln. (5) 83.3
Washcoat - SA Medium A1203

slurry (3)
Alumina pellets 187.8

3.38

8.27

7.21

5.15

5.29

14.7

3.69

7.87

7.96

5.72

6.79

15.39
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A comparison of the hydrogen uptake data for the different mono-
Yithic-supported catalysts shows Ni-M-103 and Ni-M-104 to have the high-
est uptakes, Ni-M-103 has the highest dispersion, whiie the Ni-M-104
catalyst, by virtue of its higher loading, has the highest surface area.
Though these two catalysts are nearly equal in terms of uptake cdata, the
Ni-M-104 catalyst requires far fewer impregnations to reach a reasonable
nickel loading. This may be considered a significant advantage. as each
impregnatior requires several hours of additional preparation time. Ni-M-
106 21so requires few impregnations and has an uptake nearly as great as
that of Ni-M-104. Therefore, the techniques used to prepare Ni-M-104
and Ni-M-106 {or some combination of these techniques) appear to be the
most promising methods of monolithic-supporied catalyst prepar&tion thus
far investigated. Details of these preparations are given in QPR-2 (3).

A comparison of the dispersions of the monolithic-supported cat-
alysts with that of Ni-A-116 shows that the monoliths have roughly one-
half the dispersicn. This is to be expected as the monolithic catalysts
have anproximataly a 50% loading of nickel on the alumina coating, as
compared to 15% for Ni-A-116 (5?.

3. Effect of HpS on hydrogen and carbon moroxide chemisorption on
peliet-supported alloy catalysts. Toward the end oT the iast quarter
some of the nickel and nickel alloy catalysts were showing unexpectedly small
decreases in Hy chemisorption after HoS poisoning. The results for Ni-Pt-
A-109 (in Fig. 4), show that a decrease in Hy uptake of only 3.2% was
observed after 6 hours exposure to 10 ppm HoS; earlier s uns on rickel and
nickel-iron catalysts showed larger decreases in Hp uplake of 30-40% after
6 hours exposure to 10 ppm HyS. The Hp uptakes for Ni-Co-A-100 discussed
in the last report also show less of a decrease in Hp uptake after poi-
soning than expected, but this effect may be attributed in part to the
higher metal loading on the catalyst compound (20%) to nickel catalysts
of 3%. Since Ni-Pt-A-100 was the last catalyst to be tested and showed
the lowest percentage decrease in Hy uptake after § hours of H2S exposure,
it was suspected that something might be wrong with either the catalyst
poisoning system or poisoning procedure. Because of the high reactivity
of HyS, it was thought that HoS might react on the storage tank walls and
over a period of time the actual concentration in the storage cylinder
might be decreased significantly below the vaiue originaliy certified by
Matheson {109 ppm). To test the above hypothesis, an analytical method
similar to the one used by Matheson was developed to determine the actual
tank concentration.

Fig. 5 shows the experimentdl apparatus used to determine H.S concen-
tration. The wet test meter measures the volume of the gas passed f?'om

the system during a given amount of time. The procedure consists of
bubbling a known volume of the HpS/Ho mixture threugh a fritted bubbler
corntaining 25 m1 of 0.1 M I3 solution and then passing the same gas through
a second bubbler containing 10 m1 of 0.1 M Sp03 solution. The thiosulfate
in the second bubbler reacts with any Io (g) carried over from the I3
bubbler, and absorbs any HpS not picked by the I3 bubbler. After the

known volume of gas has been passed through the bubblers the solfutions

12
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in the bubblers are mixed together and the remaining I3 is titrated

with standard thiosulfate to determine the unreacted I13. The standard
thiosulfate solution is standardized with NBS quality potassium dichromate.
Knowing the amount of I3 that reacts with the H,S, it is then possible

te calculate the concentration of HpS in the stdndard volume of gas passed
through the bubblers.

Two consecutive runs yielded 120.7 and 120.9 ppm for the concen-
tration of HyS in the tank. In discussing the results with Matheson,
it was found that the previous owner of our tank used a more concen~
trated mixture of HyS some of which presumably adsorbed on the walls ano
then later desorbed, afier the partial pressure of HpS was lowered to meet
our requirements. This additional information still didn't explain the
recently observed and smaller than expected decreases in Hp adsorption after
HoS poisoning. To determine whether the poisoning system was actually
delivering the calculated concentrations of HpS, another experiment was
performed using the same apparatus as described above; however, in this
case a calculated mixture of 30 ppm HoS in Hp was used, produced by mixing
the tank mixture (120 ppm HpS in Hy) with pure nydrogen. The results
from this analytical method showed the concentration to be 32 ppm; hence,
it appears the poisoning system does deliver the correct concentration
of Hp based on the bubble {low meter prediction.

To eliminate any other possible mechanical imperfections which
might result in analytical errors, several modifications were made in
the poisoning system: {1) the line (pressure) regulators were balanzad
using a differential watar manometer, (2) the rotameters for both streams
were matched and adjusted to give the same maximum flow readings, and
(3) 2 new high capacity, bubble flow meter was fabricated and installed
to give more accurate flow rates.

Even though, the above experimentation did not explain thes smaller
than expected effects observed in recent poisoning studies, it is felt
the poicening system is not the cause of the anomalies:; the modificatinns
and calculations increase our confidence in the zpparatus.

The problem was finally resolved when some rougn calculations

were made which showed that the amount of HpS passed through the catalyst
is small compared to the amount of catalyst present on 2 molzr basis.
. Hence, space velocity and catalyst lToading coupled with dispersion are very

important considerations which cannot be ignored in comparing catalyst
poisoning rates. The high 1oadings of Ni-Pt and Ni-Co catalysts also
explain why smaller than expected decreases in surface area were observed
after HpS exposure. A1l subsequent work will be done with a HoS con-
centration of 25 ppm, a GHSV of 2000 hr~1, and at a temperaturé of 450°C
{as before). Space velocities will be based on the bulk specific volume

of the catalyst as measured with a 1" diameter cylinder filled with 50
ml of catalyst.
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The correct space velocity for poisoning is now obtained by first
running Hy through the sample cell until the desired space velocity has
been obtained, then channeling the flow through the bubble flow meter and
determining the flow rate at the lower pressure drop. After the new
flow rate has been obtained, the Hz flow is cut back and the HpS flow
increased until the same total flow has been obtained and the corcentra-
tion of HoS is 25 ppm. The mixture is then channeled back through the
sample cell and the flow rate rechecked.

Several runs have been made with the new procedure and modified
poisoning system discussed previously. Figures 6 through 8 show the
decreases in Ho adsorption for Ni-Fe-A-100, Ni-Co-A-100, and Ni-Pt-A-100
after 6 hours and 12 hours of exposure to 25 ppm HpS in Hp. Table 3
summarizes the hydrogen adsorption data obtained for these catalysts
after exposure to 10 and 25 ppm H,S/H2. Measurements of chemisorbed
CO after 12 hours exposure to 25 ppm HpS are almost complete, except for
support corrections, so that CO chemisorption results on the above cata-
lysts will be covered in the next veport.

It is interesting to note that for Ni-Fe-A-100, the percentage
decrease in hydrogen uptake is larger for the catalyst poisoned in 10
ppm HpS than for the run with 25 ppm; however, in view of the earlier
discussion on space velocity and loading effects this result is reason-
able because the 25 ppm run started with a catalyst with a considerably
higner surface area. Because the space velocity was the same for each
run, the amount of HoS which passed through thc cattlyst was the sames
and since the initial surface area was larger for the 25 ppm run, not
as much surface could be poisoned with a given amount of HpS.

The data for Ni-Pt-A-100 indicate that, for a given initial
surface area, a catalyst poisoned with 25 ppm shows a larger decrease in
surface area than the same catalyst poisoned with 10 ppm. However, the
decrease in surface area is considerably less than corresponding decrease
for an equivaient nickel catalyst of the same initial surface area.

The data for Ni-Co-A-100 indicate that this catalyst is also
quite resistent to HsS exposure. Because no experimental upsets were
observed during the 25 ppm run, it is difficult to explain why this
catalyst would be more resistant to a 25 ppm HpS stream than a 10 ppm
HoS stream. Unless the reactor data show the same trends for this
catalyst, the 25 ppm run will have to be repeated.

4. Discussion of effects of HoS on carbon monoxide chemisorption.
In the last quarteriy report (QPR-2, Ref 4) measurements of carbon mono-
xide uptakes at -83°C were reported for a number of nickel alloy catalysts
before exposure, after 6 hours, ard 12 hours exposure with 10 ppm HpS
at 450°C. Uptakes of carbon monoxide for ali catalysts containing nickel
and its ailoys increasad rather than decreased after H2S poisoning. This
surprising result was not discussed or explained in the last report (3).
In order to understand this unexpected phenomenon and to evaluate the
effect of poisoned alumina support on carbon monoxide uptake, carbon
monoxide chemisorption uptakes on the alumina support were also measured
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|
\
Table 3, Effect of 10 and 25 ppm #,S on Hydrogen Adsorption i
|
|
|

10_ppm_H2S 25 ppm HoS
Catalyst Initial 6 hrs. 12 hrs. Initial 6 hrs, 12 hrs.
Ni-Fe-A-100 80.6 49,6(38)* 42,7(8.5) 118 80.0(32) 72.5(6.35)
N{-Pt-A-100 116.2 112.5(3.2) - 121.5 107.6(11.4) 100.0(6.2)

Ni-Co-A-100 114.93 109.63(4.6) 102.04(11.2) 116.0  114.6(1.2) 100.5(13.4)

0e

* Percent decreases 1n adsorption are indicated in parenthesis.




before and after exposure to HoS under the same conditions as the nickel
catalysts. After 6 hours of poisoning with 10 ppm HS, carbon monoxide
uptake on alur’na increased from 26.3 to 31.11 pmoles/g, and after 12
hours uptake increased to 38.9 umoles/g. This increase in carbon
monoxide uptake on alumina after poisoning can be explained by con-
sidering HZS adsorption mechanisms on alumina.

Dalla Lana et al. (7) studied adsorption of HpS, S0 and their
mixtures on aluminas and zeolites using infrared spectroscopy. Their
proposed surface structure of adsorbed HpS on Y-alumina is shown below:

H
?——H a.oS(H
Al

However, this structure is inadequate to explain the color change &f the
catalyst on HpS adsorption they cbserved. They also proposed the foilowing
surface structure of adsorbed HoS on NaOH doped y-alumina which indicates
reaction with the oxide ions of the alumina lattice:

N

/9;3 Q‘t‘\\
C["/
A" M1 AV O\m

Massoth (8) presented tne following medel for the surface structure
of suifated-alumina:

N
O’f/"\\\ﬂ

l ]
A1 Al

“which is analogous to a molybdena catalyst where S is replaced by Mo.

It has been also veported (9) that the effect of sulfate incorporation
is to appreciably lower the surface OH concentration and raise the Lewis
acid site concentration from that of the pure alumina. Thus, the new
Lewis acid sites produced by suifidation can adsorb an amount of carbon
monoxide which depends on their concentration.

In order to correctly determine the amount of carbor monoxide
chemisorbed on the metal components of each catalyst, carbon monoxide
uptakes after poisoning were corrected by subtracting the corresponding
amount adsorbed on the alumina support for the same length of exposure.
However, in spite of the suppurt correction carbon monoxide uptakes

[\
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increased by the factor of 2-3 after 12 hours of poisoning with 10 ppm HpS
in the foliowing decreasing order: Ni>Ni-Mo0a>Ni-Ru>Ni-Rh (see QPR-2).
This is almost the same decreasing order for the loss of surface area
measured by hydrogen chemisorption after 12 hours of poisoning with 10 ppm
HoS, except that Ni and Ni-MoO3 are in reverse order. This suggests a
correlation between the decrease ir hydrogen uptake after poisoning and
the increase in carbon monoxide uptake after poisoning.

Unland (10) observed a decreasing adsorption of carbon monoxide
uptake on alumina-supported ruthenium and rhodium poisoned with S0,.
Bayer et al, (11) studied the effect of preadsorbed sulfur compoungs at
~195°C and 1 atm. or carbon monoxide adsorption on iron catalysts and
observed a decrease in adsorption as sulfur content was increased.
However, for catalysts promoted with magnesia the uptake decreased
s1ightly with increasing HpS, then increased, passed through a maximum,
and decreased. Several expianations were proposed for this maximum:
{1) the penetration of sulfur atoms intc the iron crystallites after
a certain concentration of sulfur on the surface has been achieved. (2)
polysuifide nucleation of iron crystals with migration of suifur atoms
to the nuclei occurring after a critical concentration of sulfur has
been achieved, and (3) migration of the alkali promotor or mixtures
thereof with alkali sulfides at -195°C uncovering fresh iron surface.

In comparing the resuits of Bayer et al. (11) with those of
this study, it should be emphasized that Bayer et al. exposed their
samples to concentrated (i aum; .5 at 25°C; such conditions are likely
to result in formation of bulk as well as surface sulfides. Since the
catalysts in this study were exposed to very dilute H2S (10 ppm) at 450°C
to ensure only formation of surface suaifides, a comparison of resulis
from this s*udy and Bayer et al. may not be meaningful.

In our experiment a reversible color change from black and grey
to 1light blue and grey for poisoned Ni-A-111 and poisoned Ni-MoO3-A-101
was observed upon admission of carbon monoxide. The original color was
recovered upon evacuation of the carbon monoxide. However, the inten-
sity of color change was greater &t 25°C than -83°C. No color change
was observed for all fresh catalysts and for poisoned ruthenium, poisoned
molybdate, and poisoned Kaiser alumina. Thus, tnis color change was
mainly due to interaction hetween adsorbed sulfur on nickel and carbon
monoxide providing evidence that some kind of weakly adsorbed surface
complex of carbon monoxide with preadsorbed sulfur is formed on the nickel
surface which could possibly migrate to the alumina support. The most
1ikely complex of adsorbed sulfur with carbon monoxide is the well known
carbonyl sulfide (COS) or possibly a related compiex such as (C0)4S. An
alternative explanation is that the adsorbed sulfur changes the surface
structure and promotes carbon menoxide spillover to the alumina support.
It is also possible that adsorbed sulfur on nickel acts as an electron
donor adsorbing carbon monoxide, but preventing hydrogen adsorption.

5. - Chemical analysis, x-ray fluoresence and diffraction experiments.
Two alumina-supported nickel catalysts, Ni-A-113 and Ni-A-114, havirg
nominal compositions of 9 and 15 wt.% respectively, were submitted to
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Gulf Research for chemical analysis. The analysis revealed 7.55 and
13.53 wt.% nickel. Thus, these nickel catalysts actually contain 10-15%
Tess nickel than expected by assuming that all of the nickel nitrate
originally present in the impregnating solution had been transferred to
the alumina pellets. This assumption is clearly approximate since in
each preparation a small portion of the nickel nitrate is left on the
bettom and walls of the breaker after impregnation and drying; indeed,
this small portion might account for the 10-15% nickel Tost in the
preparation.

X-ray fluorescence measurements were initiated during the past
quarter for the purpose of running routine chemical analysis on each of
our catalysts. The spectrometer at BYU is capabie of analyzing for Tow
as weli as high atomic numbered elements. Thus, we can determine the
relative percentages of metals and Alo03 support. Several man~days
effort was spent in learning the method, sample preparation techniques,
and determining a calibration curve for nickel and alumina. The calibra-
tion is necessary because of interaction between nickel and alumina
fluorescence causing non-linear response of the instrument. A calibra-
tion curve for known compcsitions of nickel and alumina powders is Shown
in Figure 9. This curve will be used in determining the composition of
alumina-supported nickel and nickel alloy cataiysts.

X-ray diffraction measurements are needed for (i) estimation of
metal crystallite size and (2) determination of metallic phases for
selected catalysis. It is especially important to be able to show if
our bimetallic catalystscontain alloys rather than separate metals or
oxide phases. X-ray camera measurements for a Ni/Al,0, catalyst were
reported in QPR-2 (4). The results showed both Al,03 and nickel metal
to be present,but because of diffuse broadlines thg photograph was not
suitable for estimating particle size. It was hoped thct other diffracto-
meters at the University could be used to obtain better resclution.

X-ray diffraction measurements weres carried out during the third
quarter using a General Electric diffractometer located in Geology and a
PhiTlips diffractometer 1ocated in Metallurgy. Both instruments are
equipped with goniometers, counting electronics, and chart output.
Unfortunately the G.E. instrument is somewhat dated and the detector is
simply not sensitive enough for our purposes. In fact, we were unable
to separate alumina or nickel peaks from the unstable background. Our
experience with the newer Phillips instrument was better. Although the
principal (111) peak of nickel was obscured by a broad (400) alumina
peak we were able to observe the secondary {200) peak for nickel metal.
The background-to-noise ratio was nevertheless poor for the 2°C/min
scan, but it was apparent from this experiment that we would be able
to improve our signal-to-noise ratic by decreasing the scan rate to 0.12%/
min or by counting over long period of time at fixed angles. In other
words, the experiment demonstrated that it is feasible to use the Phillips
instrument to determine phase composition and particle size for nickel-
alumina catalysts. Unfortunately the Phillips instrument will be dedica-
ted soley for metallurgical work during the next few months. We are

presently negotiating with the University of Utah for part-time use of
. one of their diffractometers.
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6. Mork forecast. Hydrogen chemisorption uptakes will be measured
for Ni-Cu, Ru-Pd, Ru-Pt, and Ru-Cc catalysts. WNeasurements of CO chemi-
sorption before and after exposure to 25 ppm Hp3 will be completed for
NKi-Co, Ni-Fe, and Ni-Pt catalysts. In additicen, x-ray diffraction amd
fluoresence measurements will continue for NifA1503 and two Or three
nickel allcy catalysts to determine phase and chemical composition as
well as metal crystallite size.

B. Task 2: Laberatory Reactor Construction

During the gast quarter, ail but three of the proposed modifications
discussed in OPR-1 and QFR-2 have been compieted. The following is 2
discussion of the statuys of these modificaticns and an explanation of one
further change to be made during the first morth of this quarter.

The Matheson r3ss flow meters and flow controller which enable
flow measurement at kigh pressures have been installed. Presently the
calibration of thase instriments is being investigated by examining four
parameters: absolute accuracy, reproducibility, pressure effects, and
time dependent stability. A temperature controller-programmer constructed
by the Chemistry Instrument Shop at EYU for the reac*or furmace is opera-
tional and is currently being monitored to assure its dependability. Con-
struction of a steam generator is compiete but the unit has not been 1in-
serted into the reactor system. A column switching apparatus Tor the g2s
chromatcgraph has alss arrived and will soon be installed to make possible
analysis of HpS, €Oz and Cp* hydrocarbons in the product gas stream.

The farthar modification to be made early in this quarter is to
alter the method of sampling the gas streams before and after passing over
the catalyst bed in the reactor. Presentiy 2 bypass line shown in Figure
19, page 45, QPR-2 is being used to route the gas stream around the reactor
to the gas chromatograph Tor analysis. The difference in pressure drop
between the reactor and bypass lines causes flow rate flucuations of the
various reactant gases. Thus, the actual reactant gas stream is not
analyzed in the hypass mode, but rather a perturbation thereof.

To rectify this situation smail 1/8 or 1/16 in. 0D sampling tubes
with rotometer controls will be attached just befors tne entrance and just
following the exit of the reactor {Figure ). A constant flow of 30-50
-ml/min will be maintained in both these tubes during experimental runs.
Appropriate valves will allow either of these two bleed streams tc be
shunted to the gas chromatograph for analysis. Cnntinuous operation and
sampling before and after the reactor without perturbation of the system
will then be possible.

These modifications are scheduled to be completed within the first
month of the fourth quarter. High pressure testing of the systam is aiso
scheduied for this next quarter.

. Task 3: Reactor Scraening of Alloy Latalysts

No scresning of alloy catalysts been performed during this quarter
due to fairly extensive modifications of the reactor system and several




systematic failures of the gas chromatograph. The gas chromatograph has
been serviced and the cause of systematic failures, a bad thermocouple, dis-
covered and repaired. It is expected that catalyst screening will be in full
progress by the middle of the upcoming quarter. During the next quarter,
screening tests for alumina-supported Ru, Ru-Pt, Ru-Pd, Ru-Co, and Ni-Cu
will be carried out at 225 and 250°C. Alumina-supported Ni-MoO3, Ni-Ru,
Ni-Ri, Ni-Fe, Ni-Uo, Ni-Pt, Ni-Pd, and selected industiial methanation
catalysts will be screened after exposure to either 10 ppm or 25 ppm HZS'

D. Task 4: Catalyst Geometry Testing and Design

This task is scheduled to begin 18 months after initiation of
the project or in other words October 22, 1976. No experimental work
was completed during the past quarter nor is any work scheduled for the .
next quarter in connection with this task. Arrangements were made with
technical and sales representatives of Corning 6lass Works to send us
pure A1203 monolithic supports of various geometries and these were re-
ceived approximately 2 months ago. The performance of these pure alumina-
supports will be compared with that of coated cordiarita monoliths in the
geometry studies.

E. Task 5: Technical Visits and Communication

1. Accomplishments. During the past quarter the principal inves-
tigator has continued technical communications with other workers active
in methanation catalysis, many of whom are iisted on the Report Distribu-
tion List in Appendix B. Private communications in the form of letters,
phone calls, exchange of preprints, and informal discussions at meetings
have been very helpful in keeping up-to-date and comparing important
results while avoiding unnecessary duplication of other's research.

The principal investigator is presentiy Secretary-Treasurer of
the California Catalysis Socisty and the Task Force Leader for Metal
Surface Areas on the ASTM D-32 Committee. - These professional duties
bring the principal investigator directly in contact with others working .
in catalyst characterization, surface area measurement, and methanation
catalysis, all pertinent to this present investigation.

The principal investigator attended the California Catalysis
Society Meeting held November 7-8 in Pasadena where he engaged in fruit-
ful discussions with other investigators in regard to hydrogen and
carbon monoxide chemisorption on nickel. The PI also presented a paper
"Chemistry &f Nickel-Alumina" catalysts at the 68th Annual AIChE meeting
in Los Angeles held November 16-22 and attended a short course dealing
witn "Catalyst Deactivation." The short course was rigorous, informa-
tive and very pertinent to our present poisoning work.

Dr. Bartholomew was symposium chairman for the First Rocky Moun-

tain Fuel Symposium held January 30 at Brigham Young University. Approx-
imately 170 professionals and students attended the all-day meeting
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which was split into two technicai sessions for most of the day. The
symposium featured 24 different speakers in discussions of coal gasifica-
tion, oil shale, and tar sand research and development. Mr. Blaine Barton
presented some of Qur recent kinetic data in a talk entitled “Alloy
Catalysts for Methanation of Coai Synthesis Gas.™ Our Tuncheon speaker,
Serator Frank Moss of Utah, discussed the political aspects of fuel
development in the West. Feedback in regard to the symposium has been
quite favorable and the prospects ars very good for a Znd Rocky Mountain
Fuel Symposium next year.

F. New Publications and Perscnnel

Mr. Kyung Sup Chung completed work on his master's thesis entitled,
“The Effects of HoS Poisoning on Hydrogen and Carbon Monoxide Chemisorp-
tion on Nickel an§ Nickel Alloys." Mr. Chung has already begun work at
the University of Utah [Department of Mining, Metallurgical, and Fuels
Engineering) toward a PhD and will take his master's oral examination on
February 139. Mr. Richard Fowier, a junior in Chemical Engineering joined
our research group in January and will participate in this ERDA study.
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IV. CORCLUSIONS

A. Measurement of hydrogen adsorption on monolithic-supported Ni/A1,03
shows that catalysts prepared by impregnation from the nickel nitrate
melt or agueous nickel nitrate on SA Medium Aluminz or Ki/Al1204 supports
have the highest dispersions and surface areas. Monoiithic catalysts
have roughly half the nickel metal dispersion as do pellet catalyst.
This is to be expected since the monolithic catalysts have a wuch

higher loading of mickel on alumina (5).

B. The effects of HyS poisoning on a catalyst depend upon catalyst
icading, H;S/Hz space velocity and concentration and temperature of ex-
posure. If poisoning effects are to be compared between catalysts,
these parametars must be fixed.

C. In comparing the effects of HyS poisoning on hydrogen chemisorption
for alumina supported alloys of nickel with iron, cobalt, and platinum,
the order of magnitude of decrease in Hyp adsorption is Ni-Fe>Ni-Pt>Ni-Co--
in other words, Ni-Pt and Ni-Co are more resistant to HpS poisoning than
Ni~-Fe (and Ni).

D. The increase in carbon monoxide adsorption after exposure to H,S
may be explained by the formation of a COS or (CO)XS complex which“after
formation migrates to the support.

E. Ni/Alo03 catalysts contain 10-15% Tess actual nickel (by chemical
analysis) tﬁan expected if none were Tost in the impregnation step.

F. X-ray diffraction measurements to determine phase composition and
crystallite sizes of alumind-supported nickel and nickel alloys are
feasible, if a sensitive instrument is available and if the signal-to-
noise ratio is increased by running at very slow rate, or by counting
at fixed angles.
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