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I INTRODUCTION

This stucy, performed under ERDPA Joniract E{36-2)-0060, concerns
the deactivation of zatalysts used to produce fuels from carbon monoxide
and hyvdrogen. The first phase of this research emphasized sulfur poi-
soning of methanol=-svnthesis catalysts, During this reporting period,
we have begun to exXamine the role of carbon in Fischer~-Tropsch catalvats.
This report discusses surface sulfidation apd segregatlon with methanol-

synthesis catalystis (Section 11}, and the kineties of carbon formation
on Fischer-Tropsch catalysts (Seciion IIid. The thermodynamics and

suriace structures of sulfur chemisorbed on transition metals are

reviewed in the Appendix.
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IT SURFACE SULFIDATION AND SEGREGATION WITH
METHANOL~SYNTHES IS CATALYSTS

Al Experimental Program

To obtain quantitative data on the kinetics and mechanism of st
interaction with a methanol-synthesis catalyst (CC] C78~1), we have
carried out a series of experviments by Auger electron apectroscopy (AES).
The experimental apparatus, described in detail in our preceding guarterly
progress report (PERC-0060-4), i essentially a nozzle-geam gas source
peinting at a wafer of catalyst situated at the focal point of the Auger
electron spectrometer. With this arrangement. the relative surface
concentration of sulfur can be measured as a fumetion of time while the

catalyst is exposed to a known flux of hydrogen sulfide.

The catalyst sample was pretreated by heating it overnight in a
stream of hydrogen at 525 ¥, Subsequently, it was monnted in the AES
vacuum chamber and heated at 475 K in vacuum during an overmight bakeout.
Base pressure in the vacuum chamber was meintained in the 10-9 torT range.
During dosing of the catalwvst surface, bhackground pressures 1Z the
chamber reached about S x 10-8 torr. The gas flux from the nozzle at
the specimen sSurfzace corresponded to a prassure of about 2 X 10-5 torr.

In most experiments, the surface was dosed with a2 mixture eof 1 vol%k
st in Hz.

B. Experimental RHesults

Since the low-pressure process for meth#nol synthesis is of primary
industrial interest, we have concentrated our efforts on the copper-
zine-zluninum oxide catalyvst formulation as exemplified by the CCIL C78=1
catalyst. When this catalyst is exposed to a mixture of 525 and Hz,
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surface sulfur builds up until a steady-state saturation level is reached,.
These results (Figure 1) can be interpreted in terms of 2 kinetic model
with first-order dependence ¢n available adsorprion sites gnd the H 3

2
Pressure. For such a case, the following rate equation can be applied:

df/dt = R(HQS} (1 =8) (1)

where @ represents the fraction of available adsorption sites occupied
by sulfur, t is time. k is the reaction rate copstant, and (HES) is the .
inc.dent gaseous flux of hydrogen sulfide. If we assume That the ob-
served suliuwr saturation 1e§el correspends to § = 1, we may integrate

Equation (1) betwesn the limits 8 = O at the onset ancd & = 1 at time t,
1n{l - 8) = kfﬂzs) t 2

Thus, for a specific constant flux of H2$, the slope of a piot of 1In{l - 2)
against t is proportional to thke rate constant, k. Our experimental
data were analyzed in this wey (Figure 2) and the values 3f k computed

from the slopes and the HZS dosing fluxes (Table 1),

C. Discassion

The AES measurements demenstrate that the rate of sulfur deposition
on the surface of the C79-1 methanol-synthesis catalyst at 503 ¥ exhibitz
a first-order dependency onthe comcentration of free surface sites and
on the incident flux of hydrogen sulfide. Similar results were obtained

with the catalyst at 300 K (Tahle 1), TFrom the values of the rate

L N A L

constant measvred at these two temperatures, we ealeulate an setivation

energy of 700G cal molwl.

Auger electron spectroscopy (AES) analyzes the elemental composition

of & surface to z depth of less than 200 mm, However, the catalyst

3
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waizrs used in our studies were about 0.1 mm thick and contained con-
siderable pore structur2 S0 that only & very small fraction of the

Lotal surface was examircsd Ly AES,

Under normal reaction cowditions, gasecus molecules can enter
the pores of z catalyst and react by collisional interaction with the
interior walls of the poresz. (At 500 psi, the average mean Iree path
of an st molecule is about 200 nm, comparable with the mean pore
radius of iypical oxide—hased catalysts.l) Ir contrast, under the
conditions of our low-pressure experiments, multiple collision with
the catalyst are unlikely, because the gasepus mplecules emapating from
the dosing nozzlc enter a chamber at a background pressure about 10—7
torr where the average mean Iree path is about 109 mm, Consequently,
saturation of the catalyst specimen with a_sﬂlfur adsorbate would
represent full occupancy of the Iree sites.on the outer surface of the

catalyet only. The data obtained support this conclusion.

in our AES experiments with the C79~1 catalyst at 300 X, sulfur
saturation was observed aiter the suriace had beég exposed t¢ a cumu-
lative dose of H,3 corresponding to 1. 6 x 1016 nolécules. From the
measurements reported in the previous report (PERC 0060-4), we calculate
a surface area of 5,4 m2 £ -t for the ZnC compoment and 5.2-n? g for
the Cu component, Thus, for the mass of catalyst used in oux low-pressure
study {0.048 g), we arrive at a surface total site density of 2,5 x 1013
[or each of tha2se components—--a number greater by a factor of 102 than
that corresponding to the total st exposure prodacing saturatlon
surface coverage with sulfur. We conclude, therefore, that about 99 percent
of the total active surfzce of the catalyst i= to be foumd within the

pore stxucture.

Mess transport can gcour in adlayers by surface migration, and
[

the rate of such a tramsport process is goverped largely by the strepgth



e arrim R

Eor Rt LR TTE T PR

o

o

P i

eV

o AT

il

. 1

" LI AL N T L T ) —ae e e L S T

ol 1lic adsorption Yond and by the availability of free surface sites.

In our experiments, Lthe suliur coverapge on Lthe outer surlace of the
catalvst was obkscerved to diminish with time when the incident flux of
HQS was interrupted., In the range 300 to 473 K, the rate data (Tzble .2)
vield an activation energy of 2300 cal molﬂl, a value of reasonnble

2
magnitude for a surface migration process iopvelving 2 species with a

binding eaergy in the range 20 to 30 keal mol_l. Removal of a laxge

fraction of the sulfur from the outer surface of a heavily dosed,

saturated wafer at 503 K by argon ion bombardment (sputter etching)

provided further evidence of the sulfur adspecies mobility., When the
argon ion beam was interrupted, the su:lfur concentration on the surface
seen by AES slowly increased, evidently by surface migration of sulfur

from within the pore structure.

Neither the chemical structiure nor the distribution of the adlayer
of sulfur on the C79-1 catzlyst can be identified unequivocally from
the AES data. To attempt to determine the location of the adsorbed
sulfur species on the catulyst, we obsServed the rate of sulfur daposition
on surfaces represantative of the individual components of the eatelyst,

namely, Znd, Cu, and A120 The eXxistence of these specific phases

in the reduced (activated? catzlyst was inferred from data supplied

by the manufacturer and from x-ray diffraction patterns obtained in our
laboratory. For comparisor purposes, we mezsured the rate of sulfur
deposition on a Ni/Alzps (25 wt® Ni) catalyst made from Girdier T-372

alumina (Table 1).

Zine oxXide, in $triking contrast to the mixed oxide catalyst,
exbibits no detectable snlfur accumulation when exposed to st undexr
our experimental conditiors, On the basis of equilibrium data, ZnO
should be readily converted to the sulfide in a gaseous enviromment of

1% st ino H2. Apparently, kinetic factors play a dominant role in this
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reaction: multiple collisions of st molecules on a Zn0 surface are
required to approach eguilibrium conditions within a reasonable period

of time,

The rate of sulfur accumulation em a copper surface is comparable
to that measured for the methanol-catalyst surface. At 300 K, the
sulfur adlayer on Cu is stable, as might be expected for a& species
chenisorbed on a metal surface. When the temperature is raisad to 460 K,
however, the concentration of surface sulfur ipcreases slowly with {ime,
suggesting the segregation of indigeneous bulk sulfur impurity to the
metal surface.3 Deposits of sulfur on copper single crystals, exposed
to hyvdrogen sulfide under conditions similar to our experiments, have
been examined4'5 by low energy electron diffraction (LEED). The preclse
sarface configuraticn assumed by the sulfur adspecies appears to depend
on the magnitude of the incident st flux and on the exposed crystal
face, Within the st pressure range of 1('!-El io :4.1:0"'5 torr, dissoclative
chemisorption occurs without surface reconstruction, leaving & sulfur
adspecies that is free to migrate across the surface. Sulfur saturation
corresponding to half a mopolayer of adatoms was repurted4’5 to require
an exposure oi approximately-10 Langmuir (10-5 torr sec.-l). which is

comparable to our experimental resulis {Figure 3).

The efficierncy with which an H25 molecule is dissociatively adsorbed
on a clean copper surface l1s measured by the initial sticking probhebility,
So’ defined as the ratioc of the rate of interaction to the collision

freqguency:
So = N(dg/dt)/Z (3)

where N is the density of surface sites amd Z, the incident flux of

- -
st {molec cm  min 1),15 related to the 523 pressure P:
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P = Z{4RT/c) (4}

. 3 -1 -1
In this expression, R is the gas constant (torr o molec deg ), T

is the gas temperature (deg X! and ¢ is the mean velocity of the st
L]

-1 1
.molecule (em mim ). At €,= O, the first-order rate law [Equation ¢1)]

becomes
dg/dt = kP = kZ(4RT/c) (5

Therefore, combining Equations (3} and (5},

.

S0 = Nk(4RI/c) (&)

We observed that the rate of sulfur deposition om Cu follows first-order

kinetice [Equation (1)), Hence, for Cu foil with N = 1.54 x 1015 ztoms .
-2 i

o, So = 0,07, that i, one in fifteen collisions results in adsorption '

of the st molecule pn tre Cu surface.

Altheugh in our low-pressure experiments st adsorption on alumina
can be demonstrated (Table 1), the interaction of st with the alumina
phase of the methanol catalyst is expecied to be negligible under the
conditions of methanol synthesis. Within the limit of AES detectability
(approximately 0.00 monolayver), wa found that st would pot adsorb oo
either of two types of alumina catalyst support unless the soliid msterial
was first beated in vacuum to about 825 X to expel strongly bound water,
Otherss’T hav. reported small coverzges of weak?~ hound H,S on alumina i
and have suggested that the admolecule is hydrogen-bonded to the oF
groups on the alumina surface. DeRosset et a.l.8 noted that the heat
of adsorption of H.8 varied with the degree of predryving of -the alumina,

3 ;
and suggested that the st reacted as a hase at Lewis aecid sites on '
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dehydrated alumina. With the Kaiser alumina used in our experiments,

we observed variations in the fine structure of the LVV lines in the
Aupger electron specira, These variations accompanied dehydration and
suhsequent adsorption of st. Specifically, ap Auger line at 70 eV
disappearxd when the alumina spacimen was beated to 800 E and subsequently
cooled to 530 K in hard vacuum (approximately 10-8 torr). When the
alupina specimen was exposed to st {upnder the comditions previously
described), the iine reappeared in the spectrum apd grew in intensity

as the sulfur conceatration on the surface increased. This behavior

could be indicative of SH groups occupying sites on the dehydrated

alumina surface in place of OH on the debhydrated surface. Species of

9
this type are etrongly bound.

Our measurements indicate that the value of the rate of st ad-
sorption on dehvdrated alumina is about ome-thixd of that measured

on the reduced mixed oxide catalyst (Table 1). However, under typical

methanol synthesis conditions. the alumina phase present in the catalyst
is likely to be unable to adsorb H S except in a weakly boumxl state at

2
a very low degree of coverage.

D. Cooclusion
Our sulfidation studies suggest that:

" st dissociatively chemisorbs on the C79-1 catalyst surface

to produce a surface-mobile sulfur adlayer.

e In low partial pressures of st. the copper phase of the

catalyst exhibits 2 high capture probability for st

apd makes it highly susceptible to suliur poisoning,
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IITI EINETICE OF CAREOX FORMATION ON
FISCHER-TROFSCH CATALYSTS

A, Experimental Program

This stndy concerns the carbor build-up and removal from iron
Fischer-Tropsch catalysts. During the curren* period, we have examined
the kinetice of carbon formation and performed magnetic measurements
to identify the iron carbide phases formed. The catalyst samples have
been provided by ERDA-PERC and have been pretreated at SRI by reduction

and carburization as directed by ERDA-FERC.

To study the magnetic properties of catalysts, we have constructed
an apparatus incorporating a vacuum microbalance that can make Sipugl-~
taneous measurements of both the mags of a sample and its ﬁzgnetic
susceptibility. 1In this apparatus, the Faraday technigue is used to
measure the susceptibility, but the required vertical ragnetic field
gradient iz provided by a set of electromagnetic coils rTather than by

10,11
a shaped pole face as previocusly used,

The schematic drawing of the apparatus in Figure 4(a) shows the
main wagnet. The hang-down tube communicates zt one end with the balance
and at the other end witk a liguid mitrogen dewar for cooling the sample,
The field gradient ¢oils are affixed to the magnet pole faces. An
enlargement of the apparatus in the pole-face region is shown ixn Figure

4(b}. The field gradient coil provides a vertical magnetic field

- gradient that is linearly proportioral to the corrent through the coils

and is constant to + 0.1% over a vertical distance of 1 cm at the center
where the sample is located. The harcg-down tube is made of four con—
centric stainless steel tubes. The two inner tubes encase the Sample

and 2 thermocouple and provide a means for flow of various gases over
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the sample, Between the secopd and third tubes is a space for con-
trolling the sample temparaturc by an electric furnace capable of 925 K
and by either cold gases or liquild nitrogen from the dewar below. The
space between the third and fourth tubes is evacuated to decreasc heat

transfer from the sample area to the cnvironment.

The field gradienr coils provide & pgradient that is independent of
the main magnetic field, resulting in the following advantages over the

usual Faraday mathod:
@ The system is especially sultable for ferromagnpetic samples,

# 'The contribution of ferromagnetism in diamagnetic and

paramagnetic samples is easily eliminated,

& The components oI force due to magnetism znd sample
waight are more easily distinguished, even when the

sanple mass is changing rapidly.

e The zbility to rapidly reverse the field gragdient
eliminates zero point drift due tolvibration and
tenperature changes, Moreover, the sensitivity is
markedly increased by the use ol signal averaging
techniques, for exarpie, lock—in detaction at a constant

currant-reversing [requency.

A 20 to 35 + 0.00 2z sample of catalyst B6 (042175 AMRC-1) was
weighed into a2 small quartz éﬁntaintr and suspendéd from the Cahn
microbalance. The sampie was centered in the magnatic field gradieat
by maximizing the observed magmnetization output. The entire system
was purged with helium a: 100 cm3 minql for a minimum of 1 hour at 23°C.
Hydrogen was then admitted at 100 cms min-l, and the kelium flow was
discontinued to the portion of tus apparatus hzviﬁg the sample, Helium

flowed continuously through the Cahn micreobalance case, After establishing

10
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a temperature of 175°C, we programmed a tempersture rise of 17°C hr
to 450°C (about 16 hours). At the end of this period, the szuple was
¢ooled to room temperature in hydrogen, Temperature and sample mess

were recorded throughout the reduction process.

Five carburization experiments were periormed with Catalyst B6
afrer reduction in hydrogen. In the first of these, the temperature
was set at 175°C and = HszD flow was established (volume ratio = 3/1,
flow rate 100 cm3 mlnfi). The furnace was then programmed to provide
a temperzture increase of 63°C hr-l for 2 hours, After this time, the
terperature was held at 3C00°C for 2 additiomal bours. In the other
four experiments, the temperature was held constant over the entire
rertod of carburization at 200°C, 250°C, 300°C, or 324°C. The CO used
(Matheson "Ultra-pure” 99.8% CO) was further purified by passage through

& copper tube packed with 1/8-inch Kaiser Al 0q spheres and copper

2
turnings and cooled in a bath of dry ice apd acetone. Sample iemper-

ature and sample mass were monitored during the carburization process.

Samples carburiced irn sitn were analyzed thermomagnetically
immediately after carburizati-zn. The sample temperature was lowered
from the carburization temperature st 2 rate of approximately SO°C min_1
to about 130°C while ar X-Y recorder monitored magnetization as & function
of temperature. Subsequently, the temperature was raised at 25 to
s50°C min-l to the desired maximun with recording of magnetization as a

function of temperature.

B. Experimental Results

1. Cataly=st Reduction

In hycrogen, no weight loss cf catalyst B6 was detectable at

temperztures below 260°C. In the 6 kours during which the temperature

12
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was raised to 400°C, all samples lost 21.3 + 0.1% of their initial mass.
%o further weight loss occurred in the following 2 hours during which

the temperature was raised slowly to 450°C in hvdrogen.

A thermomagnetic analysis {TMA) obtained for the unreduced
catalyst is shown in Figure 5. Two major ferromagnetic components were
observed, one with a Curie temperature of 561°C, the other with a Curle
temperatufe of 255°C. The residual magnetism at 650°C is due to a third
ferromzgnetic component with a Curie temperature sreater than 650°C.

The total time for the thermomagnetic analysis from room temperature

tos 650°C was 20 minutes. In the temperature-programmed carburization
study. catalyst B§ exhibited the mass changes listed in Table 3. The
results of the carburizations performed at constant temperature (200°C,
250°C, 300°C, and 324°C) are summarized in Table 4. Fipure 6 i= a2 plot
of the mass change as a functiom of carburization time at 250°C. The
curve shown, typical of all four isothermal carburization experiments,

an imitial rapid rate of mass gain is followed by & somewhat slower

rate., The rates of mass gein 1n the initial and in the subsequant stages
are compiled in Table 4., Thae table also lists the time, tb, at which

t=ansition occurs between the high aad low rates of mass change (Figure 8).

2. Thermomagnetic Analysis of Carbided Catalysts

Thermomagnetic apalyses (TMA) were performed on each of the carbided
samples of Catalyst Bé immediately after carburization, The Tresulis
of a TMA with decreasing and increasing temperature are shown in Figure 7.
The twe curves show a small difference in Curie temperziure (about 5°C)
which is probably duoe to a thermal gradient between the sample amd the
theymocouple during the temperature-programed measurements, Dbased on
the exhibited values for the Curie temperatures of various phases to

pe found in iron-based Fischer-Tropsch catalysts (Table 5) we have

i2
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iMerpreted the Curic temperatures observed in our carburizatjion studies

Iln tevms of lferromagnetic phases (Table 6).

To confirm these assignments of the Curie temperatures, we heated
some samples of Catalyst BE briefly (2 to 12 minutes) in hydrogen to
higher temperatures at which known bulk phasze transrormayions oceur.,
Samples exhibiting an original Curie temperature of 330°é to 365°¢*
{hexaponal rezc) were transformed to a material with a Curie temperature
of zbout 243°C (Hagg) when heateg to temperatures above 350°C, Samples
with an original Curie temperature of about 245°C (Hagg) were transformed
to 2 material with a Curie tempersture of about 219°C when hezted to

above S00°C {cementite, Fesc).

In a separalte experiment, a sample carburized at 324°C was analvzed
by T™MA after £ minutes of carburization and a 0.75-mg mass gain. This
analysle in the direction of decreasing temperature (Figure 8, dashed
curve) indicates the formatiom of a small amount of a material with a
2453°C Curie temperature (Eaggd. After further carburization until the
mass gain was approximately doubled (1.4 mgl, the sample was again
apalyzed by TMA (Figure 9, Solié curve). The results suggest that the
amount oi ferromagnetic material with a Curie temperature of 245°C

insreases twice zs fast as the mass of the sample, -

C. Discussion

1. Reduction

24+ 3+ 2
The Fe and Fe concentrations indicated by chemical analysisl

of Catalyst BE6 suggest the predominance of stoichiometric Fe 04 {plus

3
approximately l.3% promoters) in the sample. For complete reduction of

*
The hexagonal FeoC itransformz to the Hagg carbide above 320°C, so taat
the apparent Curie temperature depends on the rate of temperature
increase during thermomagnetic mnalysis,

13
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E‘oz-gl()“1 10 Fe, 3 mass loss of 27,3% is expected. In our sxperinents, we
observed a weight loss of 21.3% during reduction, indicating that either
the catalyst cannot be reduced completely, or iron-containing phases

other then raeso4 are present in the ac-received szmple.

Information on the identity and approximate amounts of the
ferromagnetic phases wera obtained by TMA. The TMA of the as-received
catalyst hefore reduction shows that the major component has a Curie
tenperature of 561°C, which is probably due to ?hF9304 (see Table 5).
To account for residusi nagnetizatiocn above this temperature, a ferro-
magnetic phasc must be present with a Curie temperature sbove 650°C
(the maximum temperature we could attain), and this phase could be
either Fe203 or g-Fe, with Curle temperatures of 675 amd 768°C
respectively, The thermomagnetic curve near 850°C is pearly flat, which
suggests that a component with 2 Curie temperature of 675°C {Fazoa) is
probably absent. Furthermore, the irop—oxygen phase diggrem indicates
thet below 580°C for an oxygen content of 21.3%, thz stable phases are
primarily g=Fe + magnetite (thE304). Thus, we concliuce that the majer
componente of this unredured catalyst are y—F93°4 and o=Fe, The minor
component with the Curie temperature of 235°C has not yet been identified.
1t could be associated with an iron carbide, perhapz the Hagg carbide,

present as small erystallites (domains), which would cause Curie

temperature to decrease Ifrom the normai value of 247°C.

The mass fractionm of ferromagnetic components in the sapple
can be astimated from the measured values of saturation magnetization
and mplecular weight. By such an analysis, we estimite that the ?—Fasoé
content is about B8O te 25%, This value is in satisfactory agreement
with the result obtained from waight changes during veductiom, from
which we calcuizted that the as-received catalyst contained 775 y-reso4.
The rerainder is y—Fe, promoters, and possibly some iron carbide,

14
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2, Carburization

During the temperature-programmed carburization study, a nearly
constant rate of mass increase was observed as the sample temperature was
increased from 200°C to 300°C. These data suggest that the zpparently
low aetivation energy for the rate-limiting step could be the result
of a diffusion-controlled process. If the carburization rate st constant
temperature is limited by diffusion in the solid phase, then the mass
increase shonid follow a parabolic rate 1a.w,13 M = /cDt where M is the
mass, ¢ 15 a proportienmality constant, D is the ciffusion coefficient,
and t is the time, To %est this hypothesis, we have analyzed our
experimental resulté in terms of the mass increase, as a function of
the square root of time for the isofherual carburization (Figure 9).

A mass ircrease of 10.7% is required to produce stoichiomstric rezc

from puye iren. If other carbon—ceontaining products, such as graphite
or wax, are formed, a mass increase of more than 10,.7% is required.

Cur carburization experiments were discontinued before thic value was
reached, The family of curves at the four carburization temperatures
suggests the existence of two diffusion-cortrolled regimes, In addition,
the transition from one regine to ihe other appears to be temperature—
dependent. By analyzing the rates in terms of the Arrhenius aguation
(Figure 10) we evaluated the activation energy, During the initial
carburization stage, its value is 9.5 keal mole—l. In the subszequent

=-1
stage its value is 6.5 keal mol

Existence of two distinct phases for the carburization process
may be interpreted in terms of formation of 3 precursor carbide in which
diffusior is fast, and later transformation into a stable carbide in
which diffusion is siow. The TMA results support the possibility of
the fcrmation of a precursor carbide (Figure 8). In the initial stage
of carhurization, we observe only a small amount of a ferromagnetic

phase atiributable to Hagg carbide; the remainder of the magnetization

15
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resylts (rom o-Fe and perhaps some other carbide such as the hexagonal
Fczc. In the later stape of carburization, the TMA results indicate

an increase in the amount of Hage carbide by more than a factor of 4,
although the mass change 15 less than a factor of 2. Ewidently, the
carboyr added to the catalyst during the initial stage does not produce
much Hagg carbide. Also, it is possible that the carblde grains formed

during tha initial carburization stage are too small to be ferromagnetic.

The character of the ferromagnetic phases produced by carburizing
Catalvst B6 in a H2/00 mixture depended strongly on the temperature of
carburization, Carburization at 300°C and 324°C produced the Hagg
carbide, carburization at Z50°C produced 2 mixture of Hagg and hexagonal

Fe,C. and carburization at 200°C produced only the hexapgonel Eezc.

D. Conclusions

Several iron-based Fisher-Tropsch catalysts were examined during
reduction and carburization by thermpgravimetric (TGA) and thermomagnetic
(TNA) analyses. Catalvst E6 was reduced in hydrogen and carburized in
Hz/CO = 3 at atmospheric pressure. The results indicate that the fresh

catalyst contains 77 wi% queSO the remainder is @¢-Fe, promoters,

8’
and possibly, some carbidic compounds. Carburization carried out under
remperature programuing conditions in the range of 175°C to 324°C resultis
tn the lformation ol Hagg carbide. Fezc, as the only [errcmagnetic phease.
Carburizations performed isothermally indicate the formation oi: Hagg
carbide at 300°C and 224°C, a mixture of Hagg and hexagonal Eegc at
250°C, and hexagonail Fezc at 200°C. Formation of = precursor carbide

is suggested during early stages of carburization at 324%C.

The TGA results indicate the existence of twoe successive diffusion-
1jmited carburization rates., From the temperature dependence of these
two rate processes, the isothermal work of diffusjon was calculated

to be 9.5 and 6.5 keal mol L,

18
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IV PLANS FOR FUTURE WORK

Since copper apparently plays a key role in the st poisoning of
the low=-pressure-process methanol-synthesis catalysts, it is of interest
to evaluate the cifec¢t of copper concentraiion on the sulfur deposition
rate. We plan to continue our AES studies with a wafer of catalyst "B",
which contzains a considerably higher ratio of Cu/ZnD than the C79-1
catalyst. In addition, we will exawine the rate of sulfur deposition on

a zinc chromite high-pressure=process catalyst that contains no copper.

In further studies of carbon formation on iron Fischer-Tropsch
catalysts, we will investigate the existence of a precursor carbide
that may be formed during carburization and the influence of Hzfco ratio
on the character of the carbides formed during carburization.
Carburization rates and thermomaguetic properties, will be investigated

for several other catalysts provided by ERDA/PERC.

v
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Table 1

SULFIDATION RATE CONSTANTS FOR CATALYSTS AND CATALYST
COMPONENTS DETERMINED BY AUGER ELECTRON SPECTROSCOPY

a
Spzcimen Temperature Ratc Constant k (Eq. 1)
(K> {torr min)~1 x 1073
C79~1 300 9.6
503 13.8 + 0.5
ALQ, (Girdler T-372)" 488 3.1 +0.2
= . b
A1203 (Kaiser} 4288 2.7
Cu {foil) 300 10.2
Zn0 300 0
503 0
Ni.fAlzo {Girdler G65) 533 6-8

3

%%ith the exception of the Cu foil, ail specimens were thin wafers

pressed from powdered material.

b
Dehvdration ihn vacuum At T » §25 K was required

was observed,

before sul fur-uptake
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Tablo 2

SURFACE MIGRATION RATE OF SULSUR ON C79-1 CATALYST
AS MEASURED BY AUGER ELECTRON SPECTROSCOPY

" ——

Tempersture Rate of § Loss from Outer Surface
% min~3)
300 0,02
373 0.07
473 0.12
Table 3

*
TEMFERATURE-PROGRAMMED CARBURLZATION
EXPERIMENT WITH CATALYST BE& (04 2175 AMRC-1)

Time Temperature &m/8t am
(min) (°C) {mg hr—1) (zg)
C=30 175-200 0.15 G.80
30-140 200-300 0.45 ].1_05
140-180 300 0.45
180-240 300 0.15 0.15

* -
Linear rate of temperature rise of 63°C hr ~,
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Table 4

CARBURIZATION RATES FOR CATALYST B6

Expt. Car szation Weight of Rate of Mas=s Increase .

1 xo. Temperature™ | Reduced Catalyst . Initial later T,
*c) (mg) Stagel StageP
’ (mg min~1) (mg nin"1) {min)
x 102 x 10

620-10 324 29 .70 o.8 12.8 8
6u20-3 300 26.90 7.3 11.0 10
G20-6 250 24,50 2.3 2.0 25
620-8 200 21.1%¢ 0.95 x 1.7 55

aCarburization in H2/C0 = 3 flowing at 100 cu® min~l at atmospheric pressure,

bSEE Flgure & and text for explanation,

22
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Table 5

CURIE TEMPERATURES OF FERROMAGKETIC PHASES
PRESENT IN FISCHER-TROPSCH CATALYSTS

Phase Curie Temperatures Relerence
(°c)
«=Fe 768 12
Fezc, haxagonal 380 14
Fe,C, Hagg 247 to 265° 14
276 15
Fesc, cementite 210 14
205 to 220 16
Feﬂod, magnetite 565 14
h 580 to 595 17
a-Fe203, cubic 500, 800, 650, &75 16
675 17
a*—l'-‘e203 b,c
Fe OOH b
K20'Fe203, porassium ferrite 1560 14
CuO'Fe203, copper ferrite 450 i4
a
Stable form
-]
Paramagnetic only
c‘h'eakly ferromagnetic
23
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Table &

CURIE TEMPERATURES OBSERVED IN CATALYST B6 WHEN
CARBURIZED IN H2/C0 = 3 AT ATMOSPFERIC PRESSURE

Experiment Carburization Observed Curic Probable
No, Texperature Temperatures® Ferromagnetic
(°C) (°C) Bhases
620-1 175 to 300° 247 Hagg
525¢ -
> sp0® -Fe
520-10 324 245 Hagg
> 324 o-Fe
620~3 300 247 Hage
> 560° p-¥Fe
620-6 250 248 Hagg
> 385 .(fengonal FeoC
o-Fe
6§20-8 200 330 ‘hexagonal Fepl
> 445 o~Fe

aTemperature prograumed at 63°C hr-l

b
The () notation ipdicates maximum temperature of thermomagnetic SCan;

the residual magnetizatiom at this temperature is an I1ndication of
the ferromagnetic phase which may have a higher Curie temperature.

C
Migor sonstituent,

24
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SULFUR DEPOSITION ON SURFACE OF C78-1 CATALYST
WAFER DURING EXFOSURE TO H.S
HoS flux {expressed as equivelent pressure in torr x 105):
C 53. 4 7.8; O 8.4. Temperature: 503 K.
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DIMINUTION IN FRACTION OF AVAILABLE ADSORPTION SITES
{1-0} ON C79-1 CATALYST WAFER DURING EXPOSURE TO H,S

Pu.zs ftarr x 108): O 5.3: 4 7.8; D B4. Temperztwe: 303 K.
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FIGURE 3 SULFUR DEPOSITION OW COPPER FOIL SURFACE EXPOSED
TO H,8

H,S flux: 1.8 x 10'® molec min! em? (= 89 x 107 torr).
Temperature: 300 K.
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- The diffusion parameter i$ eqQual to the square of the slopes of the curves
. in Figure 8.

A

N

A




APPENDIX

THERMODYNAMICS AND SURFACE STRUCTURES OF
SULFUR CHEMISORBED ON TRANSITION METALS

Jon G. McCarty

Introduction

Catalvst poisoning by sulfur is a major problem in processes
designed to convert synthesis gas into high Btu products, ior example,
methane, gasclines, or methanol, The sulfur tolerance limits necessary
to attain reasonable catalyst life arc typically set at about 0.1 PpR
st {or equivalcni organic sulfur) for nickel methanation catalysts,l
0.03 ppm for iren Fischer-Tropsch catalysts,l and 1 ppm for copper/zinc
oxXide meihznoel svnthesis catalysts.z Clearly, there is economic ine

centive to develop catalysts that have z higher sulfur tolerance or

can be easily aznd inexpensively recemerated.

To gain an upderstanding of the reasons why sulfur is suck an
effective poison and why it is so difficult to remove chemisorbed sulfer
from Ni, Fe, and Cu metal surfaces, wc have reviewed research periormed
during the past 10 to 15 years concerning the thermodynamics and structure
of suliur adsorption on these metals, Specifically, the paper discusses
the eguilibrium thermodynamics and kinetics of adsorption/descrption of
chenisorbed sulfur, the surface structure of bound sulfur, and the growth

rates and thermodynamics of bulk metzal sulfides,

Buli. Metal Sulfides

The thermodynamics and phase diagrams of bulk Ni, Fe, and Cu
sulfides are relatively well documented. The mickel=-sulfur phasse
diagram as represented by Figure 1 shows many phase transitions and
bulk phnsas,a for example, below 773 X, Ni352 is the most stable phase

4
{i.e., the first to precipitate). The Ni-S thermodynamic data are
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ploticd as sultur activity, defined by the partial pressure ratio,
P"qS/PHO. vorsus reciprocal igmperzture (Figure zi, The equilibrium
concentration ol u2$ in hydrogen ovey 51352 is approximately 30 ppm at
573 K, a Typiczl methanation temperature. Thus, poisoning by H,S i

svnthesis gas mixtures containing less than 30 ppm st does not

necessarily involve the formation of a bulk sulfide phase, 5Since poi-

soning of ¥i catalysts is kpown To OCcur 2t much lower stfﬂz pressura
ratios, a surlace phase involving adsorbed sulfur must be respansible
and the heat of formation of this phase must be higher in absolute

vaiue than that of bulk 51352 (35? = =47 kcal/mol).

Iron forms a number of sulfide pha.ses,5 as shown in Figure 3. TFeS
is the most stable phase at 573 K, with QH: = =22 kcal/mol, For tke

i3
Fo-S system. the thermodynamic data shown in Figure 4 predict at

equilibrium PH sjpa = G ppm at 573 K. For the Cu-5 system, Cuzs is the
5 2 2
most stable phase with PH S/PH = 4 ppm at 500 K (ﬁn: = «20 kcal/mol)4.
2 2

as shown in Figure S.

HS Adsorption/Desorption

Chemisorption of sulfur may invelve a number of Steps, €«Ean
reversible molecular adsorption, dissociation or association, recon=
struction or adsorbed sulfur inte a two-dimensional compound, and
incorporation into the bulk as a dissolved atom or ion or as a precipi-
tated sulfide phase. Such process steps are illustrated by Figure 6
for K5 adsorption on a transition metal (Me}.

6
The evidence 1 suggests that 825 completalr dissociates on

adsorption on nickel surfaces ever at temperatures as low as 175 K.

, )
Isotopic (Dz) exchange experiments suggest that bound HS is an
intermedizte during dissocilztive adsorption. The coverage approaches

the ratio S5:¥i = 1:2 for long exposure to st with the nickel suriace

[
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at 250 K or below, At temperatures hipher than 360 K, incorperation of

addsorbed sulfur into the bulk wis observed on evaporated nickel [1ilms,

m

with an initial activation energy at 7 kcal/mol.D

Hydrogen sulfide also completely dissocintes on iron surfaces at b
low tem‘peratures.l2 and incorpofation proceeds at temperatures as low
as 193 K. Diffusion through a sulfide layer limits the rate of in-
corporation of sulfur on nickel films.6 biffusional transport appears
1o ¢onirel the growth of bulk sulfide layers in many transition metials,
except in iremn, in which dissoeiétion at the surface was reported at

2 2
the slow step.1 Rates of sulfur incorporation follow the order Fe1

& [
>N > Pdl, Ag > 22,

The rates of adsorption of st on metals are very rapid and have : %
been studied in detail only for single crystal surfaces of copper.
Firure 7{a.b} shows thc coverage of adsorbed sulfur on Cu(llofz apd
l::.:(t:}(n.),l‘l respectively, as a function of HES exposure, The probability
of adsorption per jiacident st molecule was constant (amd approximstely
unity) for both surfaces until a fractional coverage with sulfur atoms
corresponding i; § = 1/2 was reachad, presumably saturation cCoverage,
Further slow adsorption was observed at 295 X accompanied by recon—

struction of the adsorbed layer, This process is discussed further ~

below,

The high and constant sticking probability for H2s adsorption on
copper Suggests that thzre is no barrier 10 adsorption and dissociatinn

until saturation coverage is attained. The constant probability of

ST e s

adsorption implies that a weakly bound adsorbed “precursor” is involved

in the adsorption/dissociation sequence. A most likely precursor would

B

be molecularly-adsorbed H,S, es indicated in Figure &, Weakly chemisorbed !

or physisorbed st would hkave time to move over the surface and find a

dissociation site before desorbirzg., Some waakly bound st was observed
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6,32
on Ni and Fe films at 183 K 3 so we might expect a similar st adsorption

bochavior for Ki and Fe as for Cu.

The rarid rates of adsorprion and disseciation of st on Ni, Fe,
and Cu suggest that the rate cof sulfur poisoning of these clean or
hyvdrogen~covered meral suriaces is not limited by reaction a2t the surface.
In other words, the energy barrizrs to adsorpiion, surface diffusion,
and dissociation are sufficiently low to allow rapid reacticn even at
room temperzture. As 2 result, the coverage of adsorbed sulfur on these

matal surfacez will be controlled in practical texms by ejuilibrium

thermodynamics .

Surface Structures

Recent advancas in surface-sensitive techniques, sach as low
cnergy electron diffraction (LEED) and Auger eleciroa Spectroscopy (AES) .
allow detailed analysis of the gecmetriz structure of crystzl suriaces
and ndsorbed atoms. This experimental approzcn is best illustrated by the

study of adsorbed sulfur on single crystal surfaces of nickel,

. . . 15,16
Tne electron diffraction patterns of sulfur adsorbed on ¥i(001)

at 300 K are P(2x%) at 8§ < 1/4, amnd Q(2x2) frem 1.4 < ¢ < 1/2 (a monolayer
is considered 1o represent 1.61 X 1019 5 atoms/mz). The LEED patterns

and proposed two-dimensional models are showp in Figure 8, The measured
coveragesls for P(2x2) (21.3 ng/cmz) and C{2x2) (42.9 ng/cmz) were in

good agreement with the proposed structures. XNo reconstruction of the
C(2x2) pattern wes observed on further exposure and heating; however,

some faceting of the crystal face was noted.l5

15,16,17
On the Ni{lll)

15
and Ni(110) planes, the adsorptiom of
sulfur exhibited more complicated patterns. On Ni(1ll) at room temper-—
ature, P(2x2) structures were formed at 6 =< 1/4, [On Ni(lll), one

9 2
monolayer equals 1.86 = 101 atoms/m .1 This sStructure transformed

R

R
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inte a /¢ x /3 R 30° pattern at highcr coverage for @ = 1/3, as shown

in Figure 9. At s$till higher coverage and hijgher tempcratures, recon
struction of the surface layer is cbserved. The complex 39 x S 32
pattern was attributed to the reconstruction of the outermost laver
into a slightly distorted NXi(D0l) P{2x2) sulfur overlayer on the Ni{lll}
substratc.ls Other, more complicated patterns werce attributed to C{2x2)
sulfur overlayers on the Nidlll) substra.te.16 The three=dimensional
structures of ihe complex sulfurized Ni(1ll) surfaces have not been
detpymined  but clearly reconstruction occurs on Ni{lll) at high sulfur

coverage.

On Ni(ll0}, initial) S adsorption produced C(2x2) patterns, which
15
zradually transformed into a P(3x2) pattern with long-range orde:x.
The P{3x2) pattern has been interpreted to represent a reconstructed

sulfide laver.,

The results of intensity aralysis of the LE¥ED patterns for the
N {(0Q1) C(2x2), Ni(1l1l0) C(2x2), and Ni{ill) P(2x2) adsorbed sulfur
structuresls arc shown in Figure 10. The P(2x2)19 local bonding
structure on Xi(00l) was found to be the same as the C(2x2) structure
on Ni{001). Sulfur adatoms occupy the sites pessessing maximum nearest
neighbor coordination with nickel atoms., The Ni=5 bond length was
2,18 = ,06 £ for Ni(D01) and (110) and 2.02 + 0.06 X for Ni(111). These
distances are shorter than the Xi-S nearest ncighbor distance in 3138220
(2,238 g), but comparable ts that of NiS,

The LELD patterns of sulfur adsorbed on iron and copper exhibit
gualitative features similar to those of nickel. On Fz(00%i) at low
coverage. the C{2x2) pattern appears; it is Stable up to 773 K.21 At
high sultuar coverage,. the surface slowly transforms through a series of
coim idence lzttice structures w;th little net increase in coverage.
These structures have heen interpreted22’23 as narrowing reglons cof

Cf2x21 phases with dense close-packed boundaries and 5 atoms located

P
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4t sites with a coordination pumber of four. On Cul{00l), the low
covcerage pattern is c(zxz),zq although P(2x1)14 has been reported at
high coverage. On Cu(lll} the stable structurc24 is /3 x /3 R 30°,

On Cu(110)24’13 the C(2x2) pattern is favored at low coverage with heam
splitting eccurring at 1/2 monolayer., With approXximately 30% additional
coverage f{to 0,65 monolayer), a slow reconstruciieon to a P{3x2) sulfide

layer is notled.

The LEED results are summarized in Table I. In general, the (1il)
(110) and (001) faces of Ni, Fe, and Cu form high coordircation structures
at sulfur surface coverage of 1/4 to 1/2 monolayer, Additional st
exposure often causes & slow reconstructicn into a surface compound with
jittle additional S uptake. As shown in Table 1I, the saturation coverage
of chemisorbed sulfur en various nickel surface planes 15 nearly
independent of origimal surface atom density. The S5 coverage was
0.82 = 0.04 x 1019 atoms/mz for planes witk surface Ni densities irom
1.7 to 0.7 x 1019 atums/mz, sugpesting that the surfice reconstructs
into a surface compound of similar compositior regardless of the substrate

gecometry.,

Thermodynamics

Thermodynamic data on heats of adsorption znd heats of formation
of sulfur chemisrobed on transition metals are sparse, The best data
have been obtained for silver surfaces, The adsorption isotherms for
sulfur chemisorbed on silver give ?vidence of n surface vhase transition,
i.e., the precipitation of “islands of 2 surface compound. Figure 11
shows the isotherms for reversible sulfur adsorption25 single crystal
surface plancs. The sharp increase ip coverage for small increases
in the EES/E2 partial pressure ratio om Ag(001) and {(111) m2y be due
to reconstruction or phase transition te surface compounds, The Ag(110}

surface showe an isotherm Similar to the Langmuir model expected for

)
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sinple chemisorptien. In Figure 12 the cgullibrium sulfur activiiy is
pioited Lor bulk Ag284 and for three surface oriervations at one-half
saturation coverage.24 The egquilibrium curves for the ({1l1) and (001)
surface orientation overlap and intercept the (111} curve at high
temmeratures. Apparently, the (110) surface binds sulfur more tightly
and does not reconstruct except at temperatures greater than 773 K where
the surface componnd may be more stable. LEED data for the S/AZ system
are not available. -

Reversible snlfur adsorption om nickel is examined in Figure 2

which includes data for polyecrystalline nickel foills and nickel supporied

on .&1203.26 The data points were selected at sulfur coverage sgual to
o0 of the maximum observed coverage. Transition to the two-dimensionszl
compound was observed in LEED experimentslo at 8 > 1/2. The degree of
uncertainty of the data makes it difficult to apply a Van't Hoft equi-
librium analysis. However, the entropy of the adsorbed laver can be
¢stimated for 1/4 wmonolayer coverage assuming applicability of the
Langmuir-Hinselwood adsorption isotherm. The net entrapy change is
equal 1o the difference in entropy of H2 and st plus the vibrational
entropy of adsorbed S atom% plus ithe net change in vibratiomal entropy
of nickel atoms at the surface due to 5 adsorption. The vibrational
entropies of the surface atoms can be approximated as tLree equal mode
harmoric oscillators with frequencies defined by surface Dabye temper-
atures, The surface Deby:> temperature at C(2x2) chemisorbed sulfur on
Xi(00l) is teken as 325 K27 versus 220 K for the clean surfzce.28 The
net 45 for adsorption == 12.7 cal/Kemol at 1000 K. The estimated value
of 88 for adsorption is close to AS = 9,4 cal/K-mol for the reaction of

hydrogen with Ni S, per mole of sulfur. Thus, a Van't Hoft analysis

3
of the equilibrium over chemisorbed sulfur should intercept the
log P /P_ of Figure 2 at about the same point as ¥i_S.. The dashed

10 st H2 32
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jines in Figure 2 represent cquilibrium lines for chemisorbed s fur
with heat of reactions 5, 10, 15, and 20 kecal/mol more exothermic than
the heat of reaction of H:i.ss2 per mole sulfur. Based on the location of
the available cxperimental data

15,26

at high temperatures, &Hads of
sulfur is 10 ¢o 15 kcal/mol more exothermic than the heat 5f formation
of Nissz. These Tesults indicate that it is difficult to remove
chemisorbed sulfur from nickel by reaction with hydrogen at tenperature s

below < 900 K.

We were unable to find data concerning reversible sulfur chemi-
sorption on iron, However, aa Upper limit has been ectiuwated from
gxperiments on removal of suliur adsorbed on an ammonia synthesis catalyst
by reaction with hydrogen. The catalyst could not be regenerated in
1 atm Hz at 893 K for 1000 hours. This result suggests that PE S/PH
z 102 4 10"}, This point is plotted in Figure 4. Again, takiig ag®
for adsorption equal to AS reaction for the most stable sulfjde phase,

one estimates AH = =33 kcal/mol.
ads

he literature reports omly & single data point Ior reversible
21
chemisorption of sulfuwr on copper, Based on the same entropy value

as Cu,S, onc finds fak: | = =16 keal/mol.,
2 ads

The results of the sparse themodynamic data ifor sulfur chemisorption
on A, ¥i, Fe, and Cu all indicate that chemisorbed sulfur is far more
s:abze.than the bulk sulfides. Table III summarizes these resulis, where
Eb is the binding cnergy at 1000 i of a sulfur atem at the surface or
in the most stable buik sulfide. The Takle III results were obtained .
assuming that AS for chemisorption equals AS of the most stable =sulfide,
except for the siiver system where more reliable data were available,

For silver, the two—dimensional {reconstructed) layer apparently has
jower Beat of formation thar chemisorbed sulfur except on the (110) plane
(see Figure 12). This same trend probably exists for Ni, Fe, and Cu,

except that the tramsition may occur at higher coverage.

8
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Finally, we can construct a schemaztic isotherm for equilibrium
chemisorption and precipitation of bulk material. Figure 13 represents
a log—-log piot of P“ S/PH vorsus sul fur coverage for a hypotheiical
40 R Ni catalyst par%iele at 573 K. A tentative cxaggerated two-
dimensional phase transition is included in the adsorption isotherm.
Such 2 phase transition on metal surfaces is suggested by the §5/Ag(001),

Ag{lll} adsorption system,2a the H_5 sticking probability curve

for Cu(ODl)l4 and Cu(llO}la, Nils'l6 and Cu24 LEED experiments, and the
645°C isotherm on supported nickel.zs For completeness, several bulk
gul fide phase transitions and condensation of molten sulfur are also

included.

Chemical Properties of Sulfur-Poisoned Catalysis

Unfortunately, nost poeisoning studies involving sulfur were conducted
with PH S/PH {or equivalent sulfur activity)> 1 pem at 573 K., Under
these conditions, rather complete poisoaning and surface reconstruction
would be expectad. Duripng prolonged poisoning studies in integral
flow reactors, hydrogen sulfide is generally observed to pass through
a nickel methanation catalyst bed in a wavefront with saturation bebind
the wave, The methanatjon activity was limited to the remaining sulfur-

free surface,

The effect of sulfur poisoning on methanation catalysts has bheen
studied in & steady flow reactor with 1 to 10 ppm st added to the
reactant stream.3D Generally, the methanatior activity of various nickel)
catalysts decreased 2 to 3 orders of magnitude at 329 X, with & declinpe
in selectivity for CH4 relative to higher molecular-weight hydrocarhons,
Similar behavior was observed in a commercial methanation reactor31 with

a nickel catalyst, Three pp: H 5 in the inlet stream caused a large

2
decrease in activity: 0.3 bpm st caused an order o f mapnitude decrease

in activity with a significant loss in selectivity after maximum sulfur
$

9



uptake,. Deereased activity amd increasirg molecular weight product has

. 32
alseo been noted for a Xi-Co Fischer-Tropsch catalyst.

Since chemisorbed sulfur prefers high coordination sites, e.g., C{2x2)

on (001) fce metals, sulfur may rcadily poison reactions that require
relatively weakly bound intermediares at such sites, As an example,
adsorbed carbon forms a C(2x2) LEED pattern33 on Ni(00l) and presumably
could be displaced by sulfur, A brief AES experiment bas shown the
conversion of “carbidic” carbon adsorbed on a nickel foil to a graphite-
1ike form upon sulfur adsorption at 530 K.34 0O adsorbs onx Ni{001),
forming a C(2x2) structure at l/2 monolayer.ss At higher OO coverage,
the £(2:2) structure breaks down and the binding energy decreases
approximately 6 kcal/mol. Sulfur adsorption tends to block strongly
bound CO adsorption sites but may 2llow weakly bound CO to adsorb, as
observed by ir spectroscopy.36'37 Reactions such as methanation, which
require C-0 bond breaking, would belpoisuned by suliur adserption,
because the C-0 bond would be strengthened as the metal-CO hond weakens,
and because adsorbed sulfur is expected to compete with C or anv C:Hx

adsorbate for high coordinalion sites.

Regeneration

A mensure of the degree of regeneration of sulfur-poisoned i, Fe
or Cu ¢catalysts by reaction with Hz may be obtained from thermodynamic
considerations, For Xi at 825 kK, the equilibrium pressure ratio of
ngs to H2 is less than < 10-7, so that a ¢onsiderable zmount of 32 would
be required to remove the sulfur contaminant from the surface of tke
cainlyst. At temperatures at which the HES concentration approaches

100 ppm, the problem of catalyst sintering may become severe,

Regeneration by reaction of adsorbed sulfur with 02 or sz may be

considered. AR attempt to remove surface sulfur from a 31/51203 éatalyst

10
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using H20 vapor and H20fH2 MiXtures was unsuccessful.ss Oxidation of
surface sulfur to 502 by reaction with 02 is thermodynamically favorable,
but less favorable than the formation of nickel oxide.4 Furthemore, 50
is known o oxidize (and presumably sulfidize) nickel.l Oxidized Ni

grows primarily by diffusion of Xi++ through the oxide 1ayer39 and could
conceivabhly bury the sulfur at the oxide/metal interface, Subsequent
reduction with Hg could simply restore the suifur layer. In addition,
catalvst sintering ‘nay accompany exposure of a metal catalyst to oXxvgen

at elevated temperatures, XNevertheless, at roon Temperature OxXygen
apparently can displace sul fur adsorbed on Ki(lll}.40 Although regeneration
0f a sulfur poisoned catzalyst by oxygen treatment has promise, this method

pay not be successiul in praciice.

Conglusions

o Sulfur chemisorption on Xi, Fe. and Cu has s consideradlc
exothemic heat of surface segregation with respect to the
most stable bulk sulfide, so that catalyst poisoning can
o¢cur at st concentrations well below the equilibriuvm
concentration of bulk sulfides.

o The st adsorption and dissociation rates on Xi and Fe

are very hipgh even at room temperature.

® Xi and Fe¢ readily incorporate sulfur as bulk sulfides
at 300 K, provided the sulfur activity is above equilibrium

values.

® Adsorbed sulfur prefers hi h coordinstion aitos, thereby

preemptying sites required by methanation intermediatec,

# As the activity of adsorbed sulfur increases, reconstruction

can ocCur, creating a surface compound, a precursor to bulk

sulfide.
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e The coverage of the reconstructed surface compound is

nearly independent ol substrate crystalilographic orieﬁtation.
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Sul fur Adsorption IsoThemms on Silver

Silver-Sul fur Equilibrium

Sulfur Adsorption Isotterm on Nickel at 5793 K
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sSurface Structures of Adso:bed Sulfur
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Heat of Formation of Surface and Bulk Metal Sulfides at 1000 X
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Table 1

SURFACE STRUCTUIRES OF ADSORBED SULFUR

e
Structures
Surface Adsorbate Surface Compound Ref. XNo.
Xig(001) P(2x2})
C{2x2) C(2x2) 15,16
Ni{111l} PE2u2)
/3 x /3R 30° /39 x /38 15,16,17
53/3x 2
8/3 x 2
/21 x /84
3i{11%) C(2x2) B(2x2} 15
Split spots P{4x1)
Fe(001) c{2x™) C(22x2) 21,22,23
(18x2)
(14x2)
(LOx2)
Cu(0M) C(2x2) A7 x N7 24
P(2x1} 14
cu(1ll) /3 x /3 R 30° J7ox /T 24
Cu{lld) C(2x2) P(3x2) i3,24
split spots

o
As detexmined by low energy electron diffraction (LEED)

17
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Table I:

SATURATION COVERAGE OF SLRFACE
SULFUR OX NICKEL AT 873 K

Crystal Plane Surface Concentration of Coagentration of
Concentrarion Ni(clean) 5 {(saturated)
tnglem) (1017 atom/en® {1015 atom/cn’)
(111} 47 1+ 1 1.8 D.86
{100} 43 1.6 0.80
(210) 44,5 1.1 .82
(210) 42 0.72 0.78
Polyervstalline 44,5 - 0,82
Averag:: 0,82 + 0.04
rd
Reference 21: J. Benard, Cat. Reviews 3, 23 (1569).
18
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Table 111

HEAT OF MORMATION OF SURFACE AND
BULK METAL SULFIDES AT 1000 K

b + Bulk + *
Mt Surs N E bp
al Surface Y ¢ EB p o B seg
xi (POlyeryst, -32 98 sis, | & - -11
suppoerted) I
Cu volycryvst -19 86 Cu S 79 Y7
| Fe supported <=37 105 Fes B4 <19
PoAs (110} -20 87 -20
AE.S 87
(111), (001} -i2 78 €y | -11

-AHI. ;Hseﬂ' and EB have units kcal per mle sulfur a2toms.

-

E_ represents the binding energy of monatomic sulfur {(gas) to the
corresponding surface or oulk phasc.

19
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FIGURE 10 SURFACE STRUCTURE OF Ni{110! C{2 x 2}-5, Ni{001) C(2x 21-5,
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25



ot

o F

vhe

. ; ] v 1
| i f' ' i w I
- ' | i
N |
. j [ i
i :
: '1" ' J f ]|
) Agl100) - ! ' ' !
. / : ! i
Fy
s
w
]
-
:_nc
g
x
i Ag1in 220
ok E
r
=
[
ie) Agl1th H
A
a
=
“ -3 FE L]
el
: Ref 25
SOUACE: Retarence TA-350522-177
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