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I. Abstract

This long-term (7.5 year) project Las focussed on sapprrted-metsl
catalysts commonly used iz synthesis gas (CO + Hp) conversions, These
catalysts axre very snsceptible to sulfar poisoning, 2ad the canses of sulfnr
desctivation were determined employing surface science amd reazctar engineering
techrigues. Transition metal catalysts were synthesized and stndied by
¢lectrop, 3—ray, and infrared spectroscopies, and flow reactor systems, with
the goal of finding high sctivity/selectivity systems with spiftr-resistant
properties; this effort met with moderate success, but s more worthwhile
approach proved to involve the regemeration of working catalysts. Most
recently, this research has been concerned with carbon deposition and
dezactivationr of comwon industrizl Co aud Ni methanation catalysts, and mech

insight into the catalytic €0/Ey conversion process has been attained.
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II. Research Objectives

This project combined surface spectroscopy and chemical engineering to

investigate five facets of supported-metal catalysts.

1) Detemmire the rate and extent of sulfur snd carbon poisoning of
synthesis gas (CO + Hz) conversiom catalysts.

2) Sypthesize sulfuz—tolerant catalysts with high activity aad
selectivity-

1) Defjme the kinetics and mechsnism of sulftr removal from
supported—metal catalysts.

4) Devise regemeratiop technigunes for om—stream catalysts.

5} Examine the role of carbom depositicn om 2 working catalyst.

Anger electron {AES), x—ray puotoslectron (IPS), and extended x-Tay absorptiom
fine structure (EXAFS) spectroscopies were msed to evalmate metzl foil and
corresponding catalyst surfaces, gquadrupole mass spectrometry {QS) was
enployed to monitor the syngas conversion products, and infrared spectroscopy
and flow reactors were utilized to determine CO bomding and hydrogenation

rates as a test of catalyst effectiveness.
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IIX. Research Description and Results

A. QOverview, 1975-18979

In order to effectively study deactivation of metal catalysts, a
hierarchy of materials was examined; Ni, Co. Fe, and Ry, 2]1] effective syugsas
catalysts, were scrutinized. The early work dezlt with bulk metal (i,e.,
metal foil), so that a set of spectroscopic and reaction stapndards could be
established (Beferences: Windawi — Appendix VII.B.l1-4; Windawi and Eatzer -
4pp. VII.B.5-7). More conventionsl catalyst samples were prepared by vacuumm
deposition of the metal onto the support (typically §i0y or a~Al,03),
impregnation from metal salt solntions, oxr metal precipitation (egg shell
catalysts). The presezmce of as little as 10 ppb H5S in the syngas feed
reduced the catslytic activity of all four metals by two or three ordexs of
magnitude (see Figere ITII.C.1), but Eu was the most resistant. Carbon
deactivation of catalysts was noted most strongly when a stoickicmerric excess
of CO (Hy/CC{3) wzs present in the feed; this poisoning affected activity in

the order Fe = Co > Ni = Ru.

Syngas conversions by the metals is this work yield primarily (~90%)
(H4 in the temperature—pressure ranges employed (see ITI.B), thus allowing the
methanation reaction to be 3 catalyst deactivation berometer. Supported Ru
was 20 times as resistant to sulfor poisoning, in keeping with the free energy
of surface snlfide formatiom: i.e., bulk sulfides were in general lass stable
than surface swlfides, bot were more nearly eovivalent with Be. Therefore,
higher comncentrations of sulfur were necessary to provide Ru with 2 monolayer
cover. With respect to carbon deszctivation, both Ni and Eu were only slowly

poisoned (resction conditions: 400°C, 4% CO iam Hy), bot Co and Fe (see
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Figores III.C.2 and IIE.C.3) were readily deactivated and carbon buildup was
extensive. Steady—state methanstion activity under these conditions was in

the order Ni > Bu > Fe ~ Co.

Anger and reaction studies of deactivated catalysts were ¢xtended to
include SOp—poisoned NOy reductiom systeas. Al,03-supported metals (Pt, Pd,
Ru, Ni) were deactivated by the formation of extremely stable surface sulfide
in a reducing atmosphere; oxicizing enviromment, however, led to 503 and some
metal solfate formation. Reactants were introduced into the feed stream
(initially NO-Hy—NHz): relative activities are presented in Table III.C.8.
Metzl activity was determined as roughly the iaverse of catalyst smbsurface
orygen comcentration, and O in the feed largely eliminated SOp-poisonming

(Reference: Tsai et al — App. VII.B.S).

Einetic and mechanistic studies of CO hydrogemation and sulfor removal
were completed with the mse of flow reactors and AES/QMS, respectively. At
low €O partizl pressures, Ni, C- and S—poisoned Co, and S-poiscned Ru had
syngas coaversion dependeant om [CO]Y while untreated Co and Ru were dependent
as 1/{C0)Z (y and z nom-integer). Sulfur removal was monitored by AES
{Reference: Windawi and Katzer — App VII.B.9), using Ni as a model system;
subsequent QMS data reduction revesled that sulfor loss was a function of Oy
partial pressure, sample temperature, and sulfur content. This reactivation
method was developed into a patent covering six bydrogenstion—active
transition metals: 1-10 ppm O in an inert gas, passed over S—poisoned
catalysts at 300-500°C, wounld completely regenerate the activity. Carbon
deposition had no effect on this process (Reference: Windawi and Eatzer -

App. VII.EB.10).



The inclusion of COg or ©; in the feedstream was examined as a
potential antidote to sulfur poisoming, but no significant improvement in the
rate of deactivation was found. Apparently these molecules did not remain

ckemisorbed long enough to react with the adsoxbed suifur.

Some effort was directed at metals supported by oxides capable of very
strong catalyst interzctions; again, Ni was employed as 2 model system.
Supports such as Ti0Op and Zr0s, which exhibit strong metal-srpport
interzctions, cause the CO/B; produet distribmtion to change significantly.
These supports were more resistant to S—poisoning than couventional T-41203
(see Figore IXI.C.4), bot activities were not z2s great. Preparative methods
also play a =ole: Ni/TiOz impregnation catalysts generated the greatest
amovats of high molecular weight hydrocarboms {Cy - Cq) of any system tested

(see Figure III.C.5).

B. Summary, 1930-31982
Methanation Studies:

The catalytic CO hydrogenstion properties of Co om a-41503 were
examined, with special attention pzid to carbom and sulfur poisoning.
Selfur—free reactions were carzried out at 200-400°C and 1 atmosphere pressure
of 0.1-2C% CO irn Hy in s metal-fzee quartz reazctor (see Figure III.C.6). Data
reduction revealsd two pseudo—steady states, an active state with a
methanation turmover number (MIN) of 1545 sec™l and a passive state
with MIN = 0.1 sec~1, Anger spectra revealed that the surface of the active
catalyst consisted of reaction intermediztes on Co, while the pessive (or

deactivated) realm featured massive zraphite carbon deposits, The ratio of
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methane to higher products was 9:1: higher OD coacentrations led to low

turpmover rates (Referemce: agraval et a1 - App. VII.B.11).

Sulfur deactivation of Colu;Alzog was studied with 13-100 ppd HpS in
1-4% CO/H, zt 390°C; relative methana;ion activities {vs. S-free conditions)
were 1073 at 13 ppb H2S and 1074 at 90 ppb. The presence of surface sulfide
was determined by AES, and complete coverage was noted at the lowest HpS
conceatration; no bulk (sub-surface) sulfide 2s detected, however. Sulfur
deactivation was a zesult of geometric site blockage, with ome adsorbed S for

two snrface Co atoms; carbom deactivation played ozly a mimor part in this

catalyst poisoning (Referemce: Agrawal et al —app. VII.B.12).

Very similar studies were carried ont om a2 Eu/a—Als03 system at
250-400°C, 0.1-4% CO in Hy, and HyS levels frem 0-100 ppb. Up to 105 C2
species were detected in the product stream at lower temper3tcres, but only
CEB; was fomnd at 400°; increases in CO concentration suppressed CHy4 formation.
Anger studies revealed no graphitic surface or bulk carbomn, nor was there any
sub-surface snlfide in H9S experiments. As above, S—deactivated catalysts aad
oce S atom blocking two metals; 13 ppb HaS lowered activity dy a factor of 50
at 400°., The strongly rTeducing atmosphere mitigated the S—iclerance of Bn

(Reference: Agrawal et al ~App. VII.EB.13).

Finally, NilY—Alzos was examined for sulfur resistance in metbhanation
reactions at 388°C with 13-100 ppdb H,S in 4% CO/H». The steady—state
methanation setivity dropped by a factor of 200 with the introduction of
13 ppb HsS and fell 5000—fold at 100 ppb levels. Poisoning was again

attributed to site blockage (see Figmre ITI.C.7); surface nickel svifides were
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found to bes 15 kcal/mole more stable than bulk NipSg (Beference: Fitzharris

et al - App. Vil.B.14).

Infrared Studies:

The greatest cbstacle in sulfur deactivation studies is the
requirement of a metal—-free enviromment. Thus, it was necessary to constroet
apr infrared csll capable of withstanding elevated temperatures gnd reduced
pressures, but with the sampie compariment readily accessible to the operator.
The suscessful design incorporated an all-quartz body and sample holder with
NaCl windows imbedded in commercial screw-on vaccmm adaptors with Viton O-ring
sezls. These cells have been operated continucusly for several honrs 2t 550°C
and 10 % torr without failure. Repeated temperature—pressure cycling to
atmospheric conditions has not proven harmful (Referemce: MNoom ot sl ~ App.

VII.B.15).

This cell was first applied in a vibrational (and electron)
spectroscopic study of carbon—deactivated Ni and Co catalysts, The reszctor
studies pexformed earlier had shown that the activation energy for Co/y-Ala0g
dropped from 28 to 16 kcal/mole upon carbon deactivation, whereas Ni catalysts
exhibited an ectivation energy of 24 kcal/mole for both the fresh and used
samples. All the obvions camses for this change im activation emergy om Co,
such as diffwsion limitstion, were eliminated, lezding to the conclusioa that
an electropic effect of the deposited carbon gave Tise to the energy change
obsexved. The use of CO as & probe of the electronic emviromment of a surface
is well known, since its vibrational fregmencies are modified according to its
bonding to surface etoms. Fourier transform infrered (FTIR) was employed to

follow the adsorption of CO; first as a function of CO pressure and second as




a functiom of carbom deposition. On Ni/v—Al03. it was possible to follow CO
bonding from three—Iold sites to iinear M-CO as the gas pcessure is increased;
on Co/y—Als0g only the linearly bonded species was observed, irrespective of
CO pressure.. Carben deposition was accompiished by heating the catalysts in
C0, and AES revealed that the carbon was carbidic at 250°C heating, but
graphitic with 400° teaperatures. Sarface carbon formations were monitored by
the changes in CO vibrational frequencies; these shifts were consisteant with
CO absorptiom on single ¥i atoms, in preference to bridged sites, and
indjicated that Co—C bonds were strongerT than Ni—C bonds {Reference: Xoon

etal- App. VII.B.16).

Stodies of carbon momoxide adsorptior by FTIR were extended to
sulfar~poisoned Ni and Co on v=Alp03. After room—temperature CO azdsorption,
nicsel—cc vibrational signals appeared at 2053 co~i (3-CC) and 1949 em—1
(M’C\H). while Co=CO moieties had two bands (2044 and 2028 cm™ %) arising fzom
aop—identical linmear species. As the surface is sulfided (by HaS/Hy = 1 at
550°C and 100 torz), the lower frequency baxnds with both metals disappeared,
and the remaining bands shifted to higher fregueacsy. This impiied tkat suifur
has a preference for the higher energy (i.e., more stable) ®-CO sites, and
while sulfur poisoning reduced the number of available sites, the residual
saxface carbonyls were more weakly adsorbed by the metal. As in earlier work,
AES studies revealed only surface metal snlfide {Refereace: S. Bahl — M.Ch.E.

thesis).

Since Co was shown to be z more suitable CO hydrceenation catalyst
than Ni, a more detailed infrared study of Co/y—Al,03 was undertaken, looking

ip particular at the effects of metal loading; catalysts were prepazed with
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5 wth and 12 wt% Co. Carbon monoxide adsorption was 2 fuuetion of the amount
of Co metal present; the lower loadimg catalyst bhad IR signals comsistent with
redeced Co—CO and 2 weak, vacommsensitive Co oxide—CO band, while the 12% Co
gave no sign of the oxide. An IRD study indicated Co particle sizes of 25%
and 36% for the 5 and 12 wi% samples, respectively. It was proposed that the
largex clusters have a greater percentage of surface Co, and are thus easier
to reduce, Consistent with earlier stmdies, ¢arbon deposition camsed
vibrational frequezncies to increase ca. 50 cm™l (Reference: Onaferko £t a3l

preprint ~ IIX.D.1).

Carbon Deposition and Deactivation:

Carbonaceons residnes om Co and Ni foils have been examined by AES and
IPS to determine the nature and exient of the deposited materials. Carbom
deposition occurred in a CO ammosphere (D.1~1C torr) at 4009C over timed
exposure intervals. Both metals showed surface carbide formation at low
pressures and short CO exposure periods; incressed pressure and exposure
times, tp to 30 min. at 10 torr, crested graphitic cazben on botk Co and Ni.
More severe exposure conditions of 4 hx at 400°C and 10 torr reveazled 2 major
difference between the carbor forms deposited oz the two metals. Argon iom
sputtering studies yielded the information that om Ni, ca.68 of grasphitic
carbon kad formed over tge surface carbide, whereas on Co, a graphitic deposit
of ca.93 covered an 183 carbidic layer. The formation of this bulk Co carbide
provides an explanatior of the observed drop in activation energy for CO
versus Ni in syngas conversion reactions (Referemce: Onuferko and Eatzer

preprirt - JII.D.2).
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Extended x—ray absorption fime structure (EXAFS) spectroscopy was used
to examine carbon deposition om 12 wtS Co/y—Alp03 catalysts. Foliawing Ea
reduction, the samples had metal crystallites of 368 (XBRD) with a Co-Co
distance of 2.5 (EXAFS); the latter figure was coasistent with cubic Co.
After sample exposunre to 1 atmosphere of CO at 400°C, EXAFS spectra were
Fourier transformed to reveal stromg peaks in the radial distribution functiom
at 1.85and 2.92%, corresponding tu Co—C (1.831) and Co-Co (2.289%) distances
in CosC. This supports earlier AFES/XPS work on this system (Eefezence:

Khalid et al prepriat -~ IJI.D.3).
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RESIDUAL ACTIVITY
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Time dependence of the methanation activity of catalysts poisoned
in situ with Has concentrations of; 5 ppm: Ni/z::o&a.t 275°C,

78s0C, and 3000C, 55 ppb: Ni/Z104, Ni/Al40., and Co/Al at
3000C. The 3900C data were e e o e o 23 e

or "thin film" catalysts, while the remainder were from studies
made on pellets.
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Table III.C.8

Metal activity im NO; reducing catalysts:
The effects of oxidizing and redmcing enviromments.

Feed Stream
Components

NO-L[p—NH3
NO-LE,-NEz—C»
NO-E5-NH3—-80o

MO-I2—NEg =GCa~350g

Relative Catalytic
Activity

Pt = Pd > > Bu > Ni
Pt > >Pd > Re = Ni
Ro > > > Pt = Pd = Ni

Pt > > Pd > Eu > Ni
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