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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



SLECOND QUARTERLY SUMMARY REPORT

January 1 - March 31, 1980

CHEMISTRY AND MORPHOLOGY OF COAL LIQUEFACTION

Contract ET-78-G-01-3425

Principal Investigator: Heinz Heinemann
Lawrence Berkeley Laboratory, Bldg. 62
University.of California

Berkeley, CA 94720

Task -1l: Selective Synthesis of Gasoline Range Compounds from Synthesis

Gas. Task Manager: A. T. Bell

Since the last report, efforts have focused oq the design and
construction of experimental.apparatus. To date a high pressure gas manifold
and fixed reactor have been designed and the necessary components ordered.
Assembly of this unit will begin in the next few weeks. Once completed this
apparatus will be used to evaluate iron and ruthenium catalysts prepared
on different supports. An apparatus to be used for the study of mass transfer
effects is also being designed at present. Originally it was planned to
use a design in which a thin film of liquid is flowed over a flat plate which
comprises the catalyst. This configuration has now been dropped because
calculations have shown that it‘would be quite difficult to operate a
reactor using the initially proposed approach. Instead we have decided to
use porous catalyst péllets contained in a rotating basket. This design
represents a modification of the Berty reactor and has been used success-
fully at Amoco. Our plan is to construct such a reactor using a small
Paar autoclave. Mpdifications will be made to a small Paar autoclave to
accommodate the spinning basket and to provide fof a continual supply
and removal of a liquid phase. The liquid will serve to improve heat

transfer from the catalyst and will help remove heavy products from
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contact with the catélyst. The autoclave and parts for a flow manifold

have been ordered and assembly of the apparatus will begin once components
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are received. LT

Task 2: Cancelled

‘Task 3: Electron Microscope Studies of Coal During Hydrogenation , Task

Manager: J. W. Evans, with J. A. Little and XK. H. Westmacott

The liquefactioﬁ and gasification of various coals are increasingly
important technological utilizations of coal which are dependent upon its
physical characteristics as well as its chemistry. In this respect, both
the size and distributiqn of pores and the size, distribution and chemical
identity of the submicron size minerals are physical parameters of great
interest because of the;r probable influence in the coal conversion processes.
In Berkeley, this study is proceeding by examination of such processes
using an environmental cell in a high voltage microscope, by which the‘
influence of different gases, temperatures and pressure upon the gasification
reaction can be studied. \An important first step in such a study is the
primary characterization qf the coals to be studied and the combined use
of both transmission (TEM) and scanning transmission electron microscope

|

(STEM) analyses utilizing both convergent beam methods and an energy dispersive

X~ray analytical detector is thus a powerful tool in such a characterization.

Many varied coal types will be examined and here we present some
results of the examinatioﬁ of both high- and low-ash anthracites and a high
volatile class A bituminous coal (Vitrinite). Specimens were prepared by
a -.careful mechanical grinding using silicon carbide and diamond pastes,
followed by conventional ion-beam thinning. ‘A Phillips.400>TEM/STEM

electron microscope was used for the investigation.
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Figure 1 shows a low-ash anthracite and an example of the mineral
matter it contains. A small probe size (=20nm) was used to obtain convergent
beam patterns, an example of which is shown. Thus the particle was indexed

as hexagonal with a c/a ratio of approximately l.6. The X-ray spectrum

from the particle as compared withan adjacent area show an almost pure

titanium peak and thus the particle was identified at Ti20.

In Figure 2 a high-ash anthracite (=40%) cén be seen with some
associated phenomena. The particle at A is again a mineral ;ontaining
merely titanium althéugh micro-diffraction patterns were not taken to
establish the exact naturé ofvthe_mineral. At B a crystalline area can be
seen and the inset diffraction pattern shows a typical diffraction pattern
obtained from such an area. The extensive streaking indicates a crystalline
area composed of thin crystal platelets perpendicular to the streaks. The
exact nature of these thin areas has not yet been determined but EDX has
shown them to contain high concentrations of both potassium and iron.

The difficulty in such determination is that on exposure to the electron
beam this area transforms to that at C (and has already done so to some
extent in this example, the diff;action pattern thus indicating the
initial conditions) which then shows a typical amorphous diffraction
pattern. High voltage microscopy is being undertaken to ascertain

whether this effect is due to beam heating or ionization damage.

Figure 3 shows features from the bituminous coal.(Vitrinite). Both
large-scale and small-scale porosity can be seen in a) and b) as well as
the banding effect in.c) commonly seen in lower magnification optical
microscopy of these coals. These mic;ographs are all from the same’
specimen and microstructural differences seen do reveal differences in the
coal dver very small distances. However, the absolute ﬁicroétructure

itself may be influenced by preparation techniques and beam heating in the
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‘ion-miller, and has still to be investigated. The typical

pattern shows diffuse rings corresponding to d-spacings of

5A in agreement with previous X~ray work on such coals (1).

(1) Ergun, S. and Tiensuv, V., Nature (1959) 183, p. 1669.
i
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Fig. 3 High volatile Calss A bituminous coal (Vitrinite) showing porosity
and "banding."
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Task 4: Catalysed Low Temperature llydrogenation of Coal
Task Manager: G. A. Somorjal

The high pressure apparatus shown in photos attached to the previous
report is almost completed. It is assembled and, with the exception a:
"the o0il diffusion pump, all the parts are in place., The electronic
Ainstrumentation, however is yet to be installed. The double pass
cylindrical mirror analyzer that is to bé used for Auger electron spectro-
scopy and photo-electron spec£r§scopy has not been‘delivered as yet, and
the ion bomﬁardménﬁ‘gun and gas chromatograph have‘qot been received. These
shouid appear during the next two weeks.

Dr. Alejandro Cabrera, a new posdoctoral feilow, has been hired
from the San Diego campus. He has.visited the labdratdry and he is to
start employment on May l. It is clear that he should be running the
first experiments during the early part of June. In view of the complexity
of the equipment being installed, this is a very satisfactory schedule.
Task 5: Selective,Hydrogenation, Hydrogenolysis and Alkylation of Coal

and Coal Liquids by Organo Metallic Systems. Task Manager:

K.P.C. Vollhardt.

The feasibility of using a cyclopentadienyl-cobaltbenzene
dication complex as a model system for the potential transition metal
mediated alkylation of coal moleéules has been further explored. So
far the only reaction that seemé to be Qorking is the reaction with methanol
which introduces two methoxide substituents into the benzene ring.
However, the resulting comp;ex is exceedingly air sensitive and thermally
unstable. Decomposition results in polymer formation and no defined
organic product can be obtained. Reaction of the benzene dication with a
variety of other potential nucleophiles has not led to characterizable

products.
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The potential of stepwise alkylation via successive hydride

abstraction-nucleophilic attack processes was briefly examined but did
not provide any significant improvement in product yields and scope.
Thus, it appears that althouéh a potentially highly significant and novel
reaction has been diséovered, its limitations are severe at least»as far
as the unsubstituted benzene ligand is concerned° Work is currently
béing extended to other metals, and in particular, to other ligands. The
latter will involve more extended T-systems of the anthracene and phenénthrene
type. The former will involve iron and manganeée complexed aromatic
systems which might show improved stability but maintain the same reactivity
patterns as the cobalt system.
Task 6: Chemistry of Coal Solubilization and Liquefaction. Pyrolysis

Studies. Task Manager: R. G. Bergman

A paper on "Flow Pyrolysis and Direct and SiF4-sensitized Laser
Induced Decomposition of Tetralin" is attached. Additional work is
summarized in tﬁe following:

We have recently prepared and examined the pyrolysis of compounds

1 and 2 in the gas phase and in solution. Equilibfation of 1 and 2 is rapid

“with respect to intramolecular hydrogen atom transfer and strongly favors

diacetylene 2. At higher temperatures, the gas phase pyrolysis of } or 2
produces tetralin ahd 6-ethylstyrene. The slow intramolecular trapping of

1, 4-dehydrobenzene. 3 contrasts sharply with the 2,3—dipropyl substituted
1,4—dehydrobenzene we examined previously. This difference in reactivity
must reflect the kinetic preference for a six versus five-membered transition
state in intramolecular hydrogen transfer (the thermodynamics of reaction

in the diethyl and dipropyl 1,4-dehydrobenzenes are expected to be virtually

identical).



When compound 5 is pyrolyzed in benzene solution at 19OOC, %
is the major product.‘ There is observed, however, a small yield (5%) of
o-diethylbenzene and a small amount‘of bibenzyl. Observation of these
products suggests that the 1,4-dehydrobenzene direadical is capable of
abstracting hydrogen frém the benzene solvent. . By this argument, bibenzyl
results from the random combination of phenyl radicals. Addition of
10% 1,4~cyclohexadiene to the benéene solution of } diverts the products of

pyrolysis almost exclusively to o-diethylbenzene; intermolecular trapping

of 3 is some 15 times faster than rearrangement to 2.
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Task 7: Coal Conversion Catalysts-Deactivation Studies. -
Task Managers: A. V. Levy and E. E. Petersen

The report mentioned in the Jan 15, 1980, letter is attached.
This work was done prior to the present program's initiation, A post-
doctoral has.been hired'to carry out the controlled aging experiments
and he has designed equipmegt, which is currently being manufactured.

In the meantime, porosity studies are being undertaken on the commercially

aged catalyst samples on hand.

This work was supported by the U.S. Department of Energy under Contract

number W-7405-ENG-48.



Flow pPyrolysis and Direct and SiF4~Sensitized Laser—-Induced
Decomposition of Tetralin. Identification of Retro-[2+4]

Cleavage as the Primary Homogeneous Thermal Decomposition Channel

By Michael R. Berman, Paul B. Comita,
C. Bradley Moore and Robert G. Bergman

Lawrence Berkeley Laboratory, University of California, Berkeley, CA94720

Abstract

In an effort to determine the products and mechanism of the
truly homogeneous thermal decomposition of the aromatic
hydrocarbon tetralin, we have examined the products formed from
this compound upon energization by conventional flow pyrolysis,
infrared multiphecton excitation, and SiF,-sensitized infrared
laser thermal activation. Six major products are formed in these
‘reactions, but the product ratios depend upon the mode of
energization. Flow pyrolysis gives a result analogous to those
observed earlier; i.e., almost exclusive dehydrogenation, leading
to dihydronaphthalene and napthalene. Direct and sensitized IR
laser-induced decomposition, however, leads to ethylene loss
(presumably by an initial retro-{2+4] reaction) as the
predominant decomposition mode, giving benzocyclobutene. We
believe these results are due to the fact that direct thermal
decomposition, both in our experiments as well as in previous
studies, involves predominant surface-catalysis. In the laser-
induced reactions, which are uncomplicated by problems due to
surface-catalysis, the true homogeneous decomposition takes
place, and this involves retro-[2+4] cleavage. Mechanistic
details of these processes were studied by examining the isotope
distribution in the products formed on SiF,-sensitized laser
photolysis of 1,1,4,4-tetradeuteriotetralin.



Flow Pyrolysis and Direct and SiF,—Sensitized
Laser—Induced Decomposition of Tetralin.
Identification of Retro-[2+4] Cleavage as

the Primary Homogeneous Thermal Decomposition Channel.

The thermal chemistry of tetralin (1) has been undef
intense invgsﬁigation‘recentlyl, due to interest in the fate of
hydrogen donors which are used as recycle liquids iﬁ the solvent
refining of éoal. The reactivity of tetralin appears to be
dependent on the presence of hydrogen, hydrégen aéceptor
molecules, different types of reactor surféces, and surface

history. This has resulted in conflicting_data2

in the
literature and confusion as to what the thermal reactivity is in
the‘absence of any catalytic effects. 1In an effort to resolve
this situation, wé-wish to report the reactivity of tetraiin
resulting from several different methods of activation.

| Three methods for energization of 1 were investigated:
conventional flow pyrolysis, infrared multiphoton excitation, and
sensitized infrared laser thermal activation. All three give
rise tovsix major products: benzocyclobutene (2), styrene (3), o-
allyltoluene (4), indene (5), l,Z-dihydronaphthalene (6), and
naphthaléne (7) (see Scheme 1), and scveral minor products3. The
primary concern of this work is to delinggggmthe encrgetics of

the ethylene-loss channel (giving rise to 2 and 3) versus the

hydrogen-loss channel (giving rise to 6 and 7) without



interference from catalytic cffccts.

A number of parameters atfected the product distribution
for the decomposition in a flow reactor4, including the
composition of the surface, the history of the surface, and’the
pressure of the system (see Table 1l). However, dehydrogenation
wasialwaYS the predominant decompésition mode.: Unconditioned
surfaces, higher pressures, and longer contact times in the
reactor led to more dehydrogenation of 1.

Multiphoton excitation of 1 in the gas'phase was ac-
complished5 with a pulsed CO, TEA laser®? tuned to 945.99 cm” L,
All six major product58 found from the pyrolysis .also resulted
from photolysis of tetralin, including one additional product,
phenylacetyleneg. The distribution of these products, hdwever,
was at variance with the distribution from the pyrolysis (see
Table 1); the major reaction channel for the multiphoton
dissociation ofbtetralinvinvolved ethylene loss.

In the third method of activation, 1 and varying

10

pressures of SiF,, an inert sensitizer which absorbs strongly in

the infrared, were irradiatedll

with an unfocused, pulsed Co, TEA
laser tuned to 1027.36 cm™l. Pure tetralin does not decompose
under unfocused conditions; thus all chemistry is due to
sensitization by‘SiF4. All six major products were again found.
The number of pulses and the maximum temperature12 of
SiE‘4 both had pronounced effects on the product distribution.
The variation in the number of pulses.had-a number of effects .

With increasing number of pulses the percentage of 2 and 6

decreased, and the percentage of 3, 5, and 7 increased. This is



consistent with 2 and 6 being primary products, and at lcast some
fraction of 3, 5, and 7 being derived from them. Sensitized
photolysisl3 of 2 gave rise to a clean isomerization to 3, the
Sole product of the reaction (70% conversion). Sensitized
photolysisl3 of 6 (20% conversion) gave rise to two major .
products14, 7 (68% of product) and 5 (11%).

Temperature Qariation was achieved by changing the beam
intensity and by var?ing the sensitizer pressure. Less secondary
decomposition took place at lower temperatures, and there was a
partitioning between the retro-[2+4] channel and the dehyd-
rogenation channel (see Table 1l). The ethylene—ioss channel
increased relative to dehydrogenation as the temperature was
lowered, consistent with it being the low energy reaction channel
for tetraiin.

In order to further elucidate the mechanism of reaction
of tetralin, 1,1,4;4-tetradeuteriotetralin (1-d,) was
synthesized15 and subjected to sensitiéed photolysis. The

labeling resultsl® indicate that the retro-[2+4] product results

entirely from CoH, loss and the dehydrogenation is predominantly

a result of 1,2-elimination (see Table 2).

Since thermal 1l,2-elimination of hydrogen is unusuall7, the
nature of this reaction is of interest. The surfaée to volume
ratiol® for the photolysis cell had no effect on the ratio of
ethylene—loss/dehydrogenation for tpgmggnsitized photolysis. The
possibility of a radical chain mechanism for thé dehydrogenation

was tested for by charging the photolysis cell with 1l Torr of



nitric oxide. The only obscrved cffect of nitric oxide was to

~ lowér~the effective temperature for the photolysis. A decrease

g,

in the partial K pressure of tetralin from 0.325 Torr to 0.032 Torr
aiso had no effect on the ratio of ethylene-loss to
dehydrogenation. )
We draw the following conclusions from the above
experiments: (1) Some fraction of the dehydrogenation reaction
in the flow reactor is surface catalyzed. This leads to an
anomalously large amount of 1,2-dihydronaphthalene and
naphthalene in the reaction products in these flow pyrolysis
étudies and very likely in all previous investigations. (2) The
lowest énergy homogeneous reaction channel for tetralin is the
retro-{2+4] channel giving rise to benzocyclobu;ehe. This fact
is borne out in both the multiphoton and SiF, sensitized .
experiTents Where surface chemistry does not appear to be
important. (3) Tﬁe low energy dehydrogenation channel of
tetralih is almost exclusively 1,2-dehydrogenation. This
'pfocess, if concerted, is symmetry forbidden and without \
precedent as the lowest energy dehydrogenation channel in cyclic
olefins., Evidence for a radical pathway by radical scavenging
experiments was not found. vBimolecular pathways for this proceés
were also not detectable by changing the partial pressure of 1.
The reactivity of tetralin contrasts with that of its

olefinic analog cycloheanel7

in a number of ways. The rate of
the retro-[2+4] reaction is more hédrly'éémparablc to that of
dehydrogenation in tetralin, resulting in competitive formation

of 6 and 7 with 2 and 3. 1If the retro-[2+4] reaction in tetralin

4



is concerted, disruption of the aromatic natﬁre of the ring
system may give rise to a higher energy transition state\for
ethylene loss. If the concerted pathway is shunned due to this
situation, a stepwise carbon-carbon bond cleavage with
subsequent loss of ethylene-may be occurring. In either case,
one would expect a higher activation energy for the ethylene-loss
channel, one more nearly comparable to that of dehydrogenation..
The observation of o—éllyltoluene, the dispropgrtionation product
from the intermediaté in a stepwise process, indicates that the
non-concerted reaction is energetically feasible. The occurrence
of 1,2~ instead of l,4-dehyd:ogenation is perhapé not surprising
since again the aromatic nature of the ring system must bé
destroyed for a concerted 1,4-hydrogen elimination to occur.
Questions as to the energetics of these processes and their

mechanisms are under active investigation.
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Product distribution for

?g?%e~}~ thermal reaction of 1.
Products (% . < conv.
Conditions 2 3 4 5 6 7 other sicn C:
Flow pyrolysis, 1 atm. N . 2 b -
guartz reactor, 2.4 77 18.3 - 0. 17.5 10. 45,8 4.2 74.:
Vacuum flash pyvrolysis, a
0.05 Torr, quartz reactor, ’ t
750°C. 34.7 9.9 7. 4.1 31 8.2 3.4 3.7
Multiphoton excitation,
€¢.325 Torr 1, energy/pulse o ,
0.4 Joules, 13,020 pulses. 72.6 11.7 3. 4.2 6 0.0 - 2.0 0.
Multiphoton excitation,d
0.325 Torr 1, eneray/pulse c
0.8 Joules, 2790 pulses. 54.8 19.7 2. 5.5 9 trace 8.4 0.
SiF4 sensitization,
700°C, 5 Torr -
0.325 Torr 1, 4960 pulses. 58.5 8.3 20. 2.2 10 0.0 0.0 1.7
SiF4 sensitization,
1240°C, 6 Torr .
0.325 Torr 1, 180 pulses. 38.2 20.1 8. 9.4 15 5.6 2.8 7.7

Yumbers are percent of total product found.

_ “Includes phenylacetylene response.

exper iment.

bAll data have been corrected for FID recjponse.

dVisible emission in the focal region was observed in this



Table 2. Deuterium labeling in products from photolysis of }—d4a.

P T VI VI I

Isotopomer (%)

% of total a ’ 3

Product mixture ] . _4 _3 ig Ei
g 57.8 100°7¢ 0 0 0
3 10.6 32 | g 29 31
4 8.2 100 0 0 0
5 4.2 0 42 43 15
6 12.8 10 83 7 0
7 2.3 0 1 95 g

{(0.325 Torr) was irradiated with 300 pulses,

T was 1240°C. bThe numbers
max

aPhotolysis conditions: }—d4

0.27 Joules per pulse, with 5 Torr SiF4.
are the percent of product with the indicated number of deuterium atoms as

16 13

determined by GC-MS analysis. CThe data are corrected for C natural

abundance and 98.7% deuterium incorporation in l-d4.



Characlterization o the Degradation of Hydirodesulturis g Cataiysts
R
D. P. Khittle,* k. Stanley,* and AL V. Levy* ECE'VEL,
MAR 25 1989

ABSIRACT
HEINZ HEINEMANKF
The loss of catalytic activity by hydrodesulfurizing hydroycnation
catalysts during service has been studied by exaenining a vaumber of
catalyst pellets after different periods of exposure. A surface scale
forms as an outer shell around the pellets. Metallic impurities,
principally V or Fe and Ti, depending on the source of the oil heing
Lreated, tend Lo segregate within this scale. In addition, the scale
also contains re]afively high concentrations.of S and Mo, presunably
as HOSZ. The Mo concentration is usually higher than that measured
in Lhe original catalyst-pellet. The scale is not removed during
regeneration; indeed, {ﬁ'some instances, it appears to increase 1in

tivickness.

- Keywords:- Catalysts, degradation, sulifidation

*Materials .and Molecular Research Division, Lawrence Eerkeley
Laboratory, University of California, Berkeley, CA 94720.



INTRODUCTION
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Hydrodesulfuriz4ny hydroycenation catalysts have become
increasingly important as supplies of clean, low-sultur fossil fuels,
principally 011, become increasingly scarce. Low-sulfur fuels may HF

s

retrieved from the heavier feedstocks, such as those derived fro€4t%;%%l(
by liguefaction, or potentially from oil shale. However, a catalytic
desulfurizing treétment is a necessary part of the overall upgrading
process, and there is a high Tevel of current interest in identifying
the most efficient catalyst, and in.understanding its eventual Tloss of
catalytic activity.

In tests of 150 cata]ysts; both commercial- and industrial, CoMo

alvigma &

and NiMo catalysts on an/@lumina-si1ica support have been shown to
give the best overd]] performance with réspect to a high level of
catalytic activity over their 1ifetiﬂ35.l These catalysts are
manufactured by impregnating aﬁ~64um;ézg$444ea_support with avsuitabfggsv
-metal salt,; ammonium pdramo]ybdate in the case of Mo, followed by
extrusion into pellet form and calcination. During calcination, the
catalytic metals form oxides. Ideally, these metal oxides should be
evenly distributed throughout the peliet, but there is recent evidence
that under certain conditions this may not be the cése.2 The
caLélysts are then sulfided with a §uitab]e mixture of HZS—H2 gas
(1:50) to ygive metal sulfides,.the tempérafﬁre in the sulfiding
reactor being increased slowly up to a maximum of about 4OOOC, thus
ensuring that the higher sulfides are formed. These sulfides slightly

degrade the catalylic activity of the surface, but increase their

overall useful lifetime.
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,hesearch by Gates et-a1.3 to determine the mechanism and
kingtics of hydrodesulfurization used dibenzothiophene as the sulfided
hy% ocarbon, which is considered to be better than thiophene as a
nmée] for the sulfur-containing species in a heavy feedstock. The
Gaées group used a conventional CoO—MoO/a—A1203 as catalyst and
showed that the desulfurization was much faster (by 3.orders of
magﬁitude) than the partial hydrogenation of ‘the dibenzothiophene,
indicating that desulfurization does not require hydrogenation of the
aromatic ring prior to sulfur removal. What makes their resQ]ts even
more relevant is that the experiments were run at temperatures and

pressures c1ose to those of commercia]voperating plants: BOOOC and

are as follows:

(1) increasing the HZS partial pressure increased the rate of

hydrogenation; - il

(i1) the use of Ni catalysts (Mo-Ni or W-Ni) also inéreaséd the
hydrogenation activity, and
(ii{) methyl substitutes on the benzyl rings‘of dibenzothiophene
aTte} thé product distribution, but only if the methyl group isvon
the carbon which is B to the sulfur, suggesting a strong steric
hindrance for the desulfurizétion step.
In industrial applications, it is importhL Lb minimize the ratle
of hydrogenation so as to conserve H2 for the desulfurizing step,
thus leading to higher yields per mole of H, -
tqually important is the structure or pore volume distribution.of

Lhe catalyst, or more specifically the adumia=stiiea support. To

Lo L

100 atm. Other factors affecting the pseudo-first-order reaction rate



give a high product-yield/wt catalyst, catalyst pellets must have vory
high surface areas, anu‘it has been observed that a unimoual (single
pore $ize) catalyst is not as efficient as a bimodal br multimodal
catalyst. Because feedstocks can consist of mo]gcules with a wide
size variation, a small, unimodal catalyst can become clogged by the
formation of ﬁoke,through hydrogenation and polymerig@tion of large
aromatic mo]ecu]eg such as aspha]téneg(soﬂ) and porphyrins
(2508-5004). However, a catalyst with a large, unimodal structure
would have a lower catalytic surface area, hence decreasing the
'yield. The development of the bimodal catalysts allows transport'of'
large molecules onto active sites while maintaining a relatively large
surface area. Suggestions4 for an optimal distribution of a
multimodal catalyst structure include a distribution where 60 percent
of the pores have a diameter between 1004 and 200k, at least 5 percent
of the pores are <40R, and at least 5 percent are >500A. e
It is clear then, that while the important characteristics of
desulfurization catalysts are becoming understood, rather less is
known about the degradation of the catalytic activity during operation
and subsequent regeneration. This report describes preliminary
research aimed at identifying the changes which take place during
ﬁervicé on ﬁhe catalyst surface -and the formation of contaminant.
layers. A number of catalysts at vaéioué stages of use have bcenv
examined in détai], and the experimental procedures, melhods of
analysis, and results are presenfed. The final secfion contains

recommendations for fulure research.



SAMPLE HISTORY
Samples of two lypes of catalyst were studied:

!
- (1) Harshaw 618X - an exp0r1m%nta] unxmoda] Ni- Mo catalyst which

4{ whquﬂk(

had been used to\hydrodesulfur1ze a solvent-refined coal ‘feedstock;

(ii) American Cyanamid HDS14418 - a unimodal Co-Mo catalyst which

had been used to hydrodesulfurize crude 0il feed.
Both types of samples were obtained from the Mobil Research and
Development Corporation.

The Harshaw catalyst (hereafter referred to as HAR) was received
in fresh and spent (used) conditions in late 1978. A portion of the
spent HAR was air-regenerated at Lawrence Berkeley Laboratory (LBL).

Two sets of samples of the American Cyanamid catalyst

(subsequently referred to as HDS(1l) and HUS(2), respectively) were

received, the first set in late 1978, the second in May 1979. The o

firﬁt set was received in fresh, spent, and air-regenerated
conditions. The air-regenerated HDS 1441 (identified as
HOS(1)-regen.-Mobil) operated in Lagomedio Atmospheric Resid (a heavy
0il) for 13 days‘before regeneration. After régeneration it still
contained 0.5 percent coke residue. The HDS(1l)-spent was used in Arab
Light Vacuum Resid for 20 days. A portion of HDS(l)—speﬁt was
air-regenerated at LBL, and is identified as HDS(1l)-regen.-LBL. Note,
therefore, that the samples fn set (1) are not necessarily from the
same supply of catalyst pellet, nor have the used and used/regenerated

catalysts scen the same service conditions.



Samples in set (2) form a more consistent set: they wore received
from Mobil in fresh, sulfided-fresh (before use lhey are yiven a
pre-sulfiding treatwent as indicated eurliér), spent, and regencrated
forms., Table I lists the various samples examined and summarizes

service exposure times, regeneration conditions, etc.
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EXPERIMENTAL PROCEDURE

Sample Preparation

Samples were handled with tweezers, but no other special
precautions were taken. The following method for cross-sectional
exanination of the pellets was developed. Four phenolic discs
measuring 3/4" diameier by 1/8" thitk were cemented together with
epoxy to form a support 1/2ﬂ.high and 3/4" diameter. For the HDS
pellets é No. 67 drill bit was used to drill 5-10 holes across the
face of the mount, each hole being drilled to a deptﬁ of approximately
3/32". The pellets were 1dose1y fit into two hoTes,Aan effort being
made to find pellets of approximately the same ]engthL A similar
procedure was adopted with the HAR pellets, but using a 1/16" drill.

\

Various methods were used'to mount the pellets for scanning

electron microscopy (SEM) and electron probe microanalysis (EPMA).

Only Bakelite, Lucite, and epoxy resins are suitable as mounting media
for EPMA. Bakelite was tried,!but unsuccessfully since a soft
mounting mediumvis desirable to prevent the pellet "diygging oul" from
the mount. Vacuum-impregnated epoxy was tried’with mixed results.
_ Although the material is soft enough to minimize digging out of the
i
catalyst samples, the epoxy appeared to interact chemically with the
pe]1ét. Careful measuring and mixing of the hardener and resin might
help eliminate this prob]ém and 1is worth pursuing: this mounting

procedure has the advantage of being cold setting and does not require

pressure.



Transoptic (Lucite) mounting material was used for the‘majority of
samples. A phenolic mount, usually containing 5 pellets, was placed
in the Pneumet I mounting press; then 1-1/2-2 measures of Lucite
powder were added, thé Pneumet closed, and heat app]ied for 10 minutes
to melt the Lucite powder. After this, a low pressure, not greater
than 100 psi, was apb]ied with heat for a further 15 minutes. The
mount was then cooled to room teinperature, and the edges beveled to
prepare for grinding and polishing.

ODuring grinding and polishing only water was used as lubricant:
organic lubricants appeared to lead to cracking of the pellets,
although the exact cause has not yet been fully determined.
Development of pressure during mounting or curing, or the grinding and
polishing opéfations could all be contributing factors. Alternatively
the pellets could already haVe been internally cracked before service, ...
perhaps by the extrusion process. However, recent studies4 suggest
a new mounting procedure which seems to eliminate cracking. This
proceaure will be discussed later.

Mounted samples were ground through 180, 240,_320, 400, and 600
grade grinding papers and polished with lum alumina in water, with a
final polish on finishing-grade alumina. The polished samples were
then ultrasonically cleaned for 4-6 minﬁteél Samples to be examined
in the SEM were sputtered with Au for 1 min at a current of 10uA with

Lthe sputtering chamber backfilled with A to a pressure of 180 Torr.
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Methods of Analysis ‘

In eudition to conventional metallographic examination under the
. \"

optical microscope, four other techniques were used: X-ray [

: v ;
diffraction, SEM, EPMA (including energy dispersive analysis, or_EdAX)
and surface area determination by BET analysis.

X-ray diffraction analysis provided virtually no information: tﬁe
average grain size of the alumina Catalystvwas too small.
Possibilities exist for examining the surface scales by this method,'
and these will be discussed later.

SEM was used extensively: the edges and interior of pellets were
examined at 500x magnification, or higher if necessary. X-ray maps of
the cross sections examined were recorded for S/Mo (EDAX is unable to
distinguish between thesé two elements), Ti, V, Fe, A], Si and any
other elements which appeared to be present in significant e
concentrations. Point analyses were also taken using the EDAX system
at various locations through the section, and these wére used to
qualitatively assess the elemental distributions.

{“4 (et G \

In conjunction with the SEM analyses, EPMA was also used primarily

.to separate the S and Mo X-ray spectra. Line analyses were carried ‘

out for three elements simultaneously, usually along directions normal
to the pellet surface. At present the intensity data produced are
only semi-quantitative.

ULT surface area analyses were carried out to measure the change

“in surface area in fresh, spent, and regenerated pellets, and to

determine whether the outer scale constiluted a barrier against
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gascous ditfusion which might lower the catalytic activity. In Qach
determination the sample, approximatc1y 40 mg,'was outgassed with N2
at about 170°C for at least 1 h. This outgassing procedure serveé

to replace any gaseous species on the sample surface with NZ‘ At
least three (BET) points were taken to get a surface area value. Each
sample was tested until a statistically sound value was achieved with
an error of around 2-percent. The surface area values listed in

Table I represent typical values: surface areas of individual pellets

may differ from these statistical values by as much as 5 percent.



11

RESULTS AND DISCUSSION
(a) Harshaw 618X /{/,:(szq’, \{}Ll !;L\{),‘dsh { ‘FC [) 4{

This catalyst had been used fnjﬁ coal liguefaction pnm@e@s;bYCi7L&f :
Optical examination under low power of HAR-fresh showed that the
pellets (average diameter 1/16") véried in surface color from a very
taint blue to a cream-yellow. A similar variation in color was also
noted in individual pellets. The majority of the pellets had smooth
surfaces, but some were rather rough.

The HAR-spent pellets were evenly covered with a black layer of
coke. This coke layer was seen to penetrate into the pellet to a
uniform depth around the section, After regeneration at LBL, the
black coke layer haa apparently been removed and a light brown coating
was present on the sample pellets. This was very thin in some places,
allowing the whitish color of the freshly regenerated catalyst to Showﬂ;v~
through. The interior of the pellets resembled the fresh pe]]ets; .\

Figure"ké/showgia typica?.iecﬁion throughva ﬁAR-fresh pe]]gﬁy<%%é-H
points-where EDAX analyses (Eigs,,lbwaga;é);h;ve;éﬁéﬁﬁéﬁ?ﬁiedfOUt:ére;iff’
“marked. EDAX éna]ysis shows that Mo tends to concentrate slightly at
the edge of the pel]etl gradually decreasing to a steady-state
concentration away from the interface. On the other hand, as far as
can be detected using EDAX, the Ni concentration remains more or less
constant. Al and Si were the only other elements detected by EDAX, -

Lhese being present”in the catalyst-supporting A1203, It is worth

noting that these catalyst pellets had not been given the preliminary

sultiding trealment and both Mo and Wi would be present as oxides;
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after the pre--sulfidation pruumenL Mo is present as MOS2 which
gives o black coloralion Lo the surface.
kxuhinutiun in weclion of a spent catalyst pellet (HAR-spent)
reveals' Lhe prcécuce of a compact scale around the surface (Fig. éﬁj.
EDAX analysis of this scale (point 1 in Fig.\gg) indfcates significant
concentration of S/Mo, Ti, Fe, Ca and Ni (Fig...2b). /The Fe, Ni and Co
are isglated on the very eogeb(l um) of the scale. Fé@ﬁf@‘?C‘ShUWS‘|
“the EDAX analysis ﬁ;ém point 2 in Figqg. 2$fwhich is about 10 pm from
the eage, and essentially only Al, S/Mo and Ni are presént. EPMA
traces for S, Mo, and Ni are shown in Fig. 3. In Fig. 3a there is a
significant concentration of S in the outer 10um of the De]iet with a
less significant build-up of Mo and Ni. All three elements are
relatively uniformly distributed throughout the remainder of the
pellet. In cdntrast, along - the profile shown in Fig. 3b there is a
substantial build-up of both S and Mo in the outer 20 pm of the
pellet. In fresh pellets, Mo, S, and Ni are uniformly distributed
through the pellet (Fig. 3c). The increase in S and Mo in the surface
~region of the spent pellet compared to the fresh pellet is of major
importance and'rcquires furﬁher study.
Figure 4 shows a section'through a pellet that was regenerated at

LBL (HAR-regen.-LBL). The scale on the sufface is thicker in
comparison with that before regeneration (Fig. 2) and also appears to-:
beomore particulate in nature. Figures 4b, ¢ and d are X-ray maps
showing the distributions of Fe, S/Mo and Ti respectively. fFe is

isolated in Che surface Yayer, which conlaing only small amonnls of
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S/o and Ti. Ti is concentrated just below the scale layer, as is the
S/to.  EDAX analyses of Lhe points indicaled on Fig. 4da are presented
in Fig. 4ozL6}4j. Within the surface scale there are relatively high
concentrations of Fe, S/Mo and Ti; Fe is mainly concentrated within
this scale region; however, Ti concentrations can be detected well
away from the surflace scale as verified in the X-ray map of Fig. 4d.
The S/to appears to be more evenly distributed than in the spent
pellets. There are also traces of Ca in the surface scale. Figure 5-
shows EPMA concentration profiles through the‘sca1e, and it 1s clear
that the Ti is concentrated near the surface, while Mo and S are
distributed throughout the catalyst pellet. Thé change in the surface
concentration of S énd Mo from the high levels in the spent catalyst
pellets to the low levels in the regeneralted ones--similar to the
difference between the spent and fresh pellets--is significant and
requires further study. |
(b) HOS 1441

In discussing the results of this catalyst it must be remembered
that the catalyst sanples were used in a crude-oil refining process
and were from different sources as indicated in Table I. Its behavior
will be somewhat different from the Harshaw 618X catalyst, used in a
coal liquefaction process. The fact-that the pellets received for
analysis were éxposod to different crude oils will also cause scme
difference in the behavior of the pellets. Visual exanination of
HUS(l)_fresh showed an uneven, deep blue color, with some pellets

being also black around the cdges.  The blue coloralion Tightens
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toward the center of‘the pellet section, making it appear as 1if there
were a shell of active material possibly caused by calcination of the
catalyst after 'impregnation.2 The second set of samples of this

catalyst, HDS(2)-fresh, were identical in appearance to HDS(1l)-fresh.

Figures 6a and b show sections through»the fresh cata1yst,
HDS(1)-fresh, and Figs. 6¢ and d show a spent and regenerated-
catalyst, HOS(1l)-regen.-Mobil. The presence of a surface scale around
the catalyst pellet in the.regenerated condition is clearly evident.
No such scale is present.on the fresh catalyst. The interior of the
catalyst pellet is similar in both samples.

Figuré 7 shows that there is some interaction between the surface
of the catalyst and epoxy resins when' these are used as mounting
material. However, this is»on]y the gase when the surface of fhe
pellet is not covered with a surface séq]e (Fig. 7a). The upper
sﬁrface in the micrograph is where the ée]]et has been fractured and
so there is no surface scale. In other éamp]es cracks appear in- the
pellets. In Fig. 7b it appears that the éragk déveloped in the pei]et
during service since a éca]e has formed. down the sides of £he crack,
and this scale has prevénted interaction with the epoxy resin m0untin§ 
medium penetrating down the crack. In the-pellet shown in Fig. /c,
cracking presumably occurred during the mounting operation since there
1s no scale on the crack surface and where the epoxy has penetrated;
il has rcacted with the catalyst. The behavior of the mounting
compound with the catalyst pellet only in arcas that do not have a
surface scale may be indicalive of the de-activating nature of the

scale.
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Figure 8 shows a section through HDS(1)-fresh, and the structure
appears reasonably uniform throughout the section. There are areas
&hich are rich in Si (ﬁig.‘&b), but this is present as 3.7 percent
SiO2 in the A1203 support. Figure 9 shows anbther section of
HDS(1)-fresh, and the point EDAX analysis shows that there is a slight
concentratfon of S/Mo near the surface, but that.this reaches a steady
value about 10 um below the surface; Co show; similar behavior,
although of course its concentration is much 10wer.‘

The HDS(1l)-spent sample, which had been used in én Arab Vacuum
Light Resid for 20 days, had a scale on the surface-of the peTlet some
25 um in thickness in places. Figure 10 shows a typical cross-section
together with a number of point analyses through the scale and |
pellet. Vanadiun was present in significant concentrations in the
outer 30 um from the edge of the sample, but was negligible at
distances greater than 75 um from the surface. EPMA concentration
profiles are shown from a different pe]1etlin Fig. 11. In this case
there are appreciably high concentrations of y near the surface, but
also occasionally at depths of 70 uym below the surface. In this
particular trace the sulfur concentration showed a réther irregular
pattern. This was also true with other pellets of the same sampje
whére sometimes the sulfur showed a maximum concentratién of 8-10 um
frun the surface, and in other instances at 35 um from the edge.

The Mo concentration was always highest anywhere from 50-75 um
from the edge and always corresponded to a large, if not the maximum,

S concentration.
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Figure 12 sliows concentration profiles through the scale in the
second set of séent catalysts of this type, HDS(2)-spent. These had
also been used %n an Arab Light Vacuum Resid, but for 65 days. In
spite of this ]Bnger exposure the concentration of V was somewhat
lower in the scaled §urface, although V did appear to penetrate deepef
into the pe]let.‘ Mo and S concentrations were approximately uniform
through the pellet.

Air régenerat}on of the HDS catalyst used in the Arab Light Vacuum:
Kesid was carried out at LBL as indicated in Table I. EPMA across the
sample, HDS(1l)-regen.-LBL, is shown in Fig. 13. V is not removed by
the regeneration process and is present up to 75 pum below the surface
at concentrations sﬁmi]ar to those observed in the unregenerated
catalyst pe]]ét. The high concentration of sulfur, however, appears
to have been removed, while the distribution of Mo appears to bé
unaltered.

Some samples of the HUS-1441 catalyst which had operated in a
Lagomedio Atmospheric Resid were also examined. Unfortunately no
spent but unregeherated samples were available, but Fig. 14 shows a
section through a samp{é which was regenerated after use by Mobil:
HOS(1)-regen.-Mobil. The scale, although cracked in p]aées, shows a
high degreé of compactness; V is again shown to be heavily
conéentrated in the scale and decfeases with dfstance into the pellet§
the 5/Mo peak decreases similarly. Profiles obtained by EPMA are
shown in Fig. 15 and there is a significant cohcentration of V down to
about 80 pm below Lhe surface, bul S stilllsuumg to be concentrated

near the surface in opite of the sample being regenerated.
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CONCLUSTONS

Scales do form as an ouler shell around Lhe catalyst pelletls
durihg hydrodesulfurization service. Metallic impurities, principal]y
Vor Fe and T1, depending on the source of the oil being treatéd, tend
to segregate within this.scale. In addition fhe scale also contains a
relatively high cohcentration of sulfur and Mo, presumably as MOSZ.
The Mo concentration is usually higher than that measured in the
original catalyst pellet.

Whether the presence of this scale causes a decrease in the
catalytic activity has not been demonstrated. Certainly, the scale is
not removed during regeneration; indeed in some instances it appears
to increase in thickhess, although exact comparison between used and

regenerated catalysts is difficult since it is not known whether the

samp1e_pe11ets come from the same batch.

There 1§.considerab1e variation in observed behavipf from one
sample to another, and from area to area on the same sample surface.
For example, in some cases, sulfur appears to be oxidized from the
surface during'regeneration, in some cases not. However, these
pre1im1nary results have shown the popentié] of a metallographic
analysis that follows the build-up of metallic impurities and sulfur
on the surfaces of catalyst pellets during hydrodesu]furization of the
surface.

further work must use catalyst pellets whose service histofy is-
well characterized, and it is proposed to cxpose catalyst samples in a

laboratory-scale veactor in which the metal- and sulfur-contamination

T



18

levels in thé oil feedstock and the exposure conditions can be
gunLro]led. [n Lhis way Lhe parameters which affect scale formation
can be idéntified. In addition, of course, it will be necessary to
relate scale build-up on the pellet surfa;e with loss of catalytic

activity, and to identify the degradation mechanisms that are taking

place.
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Table I
Catalyst Samples

American Cyanamid 11DS 1441 - 1/32" Diameter pellets, Co-Mo on Al,03
Properties: 2.74%Co0/15. 3%M003/3 7@5102/ balance A1,03
~Surface area: 290 m /g :
Pore volume: 0.596 ml/g.

Sample Designati@n _ History

HDS(1)-fresh §
HDS(1)~-spent Used in Arab Light Vacuum Resid for 20 days.

HDS(1l)-regen.~Mobil Used in Lagomedio Atmospheric Resid for 13 days
and regenerated,in 0.7% 07-99.3% Np at 0 psig
for 2 h each at 316, 343, 371, 399, 4279C and

.6 h at 4540C,

HOS(1)-regen.-LBL Used in Arab Light Vacuum Resid for 20 days and
regenerated in 2% 0p - 98% Np at 1 atm. for
24 h at 4000cC.

HDS(2)-fresh |
HOS(2)-S-fresh Fresh gatalyst sulfided in 2% HpS - 987 A,
1.0 ft2/h at 500 psig for 1 h each at 232, 288,

3449C and 2 h at 3990C 7
HDS(2)-spent: Used in Arab Light' Vacuum Resid for 65 days.
HDS(2)-regen. As HDS(2)-spent but regenerated in 0.7
07-99.3 Np at 0 psig for 2 h each at 316,
' 343, 371, 399, 4270C and 6 h at 4549C.

Harshaw H618X

{

Properties: 2.7% Ni0/14.8% MoO3/ba1ance Al203-
Surface area: 140 m /g
Pore Volume: 0.6 ml/g
Average pore size: 172A.

Sample Designation History

HAR-fresh '

HAR-spent Used in 50% W. Kentucky SCT-SRC.
HAR-regen.-LBL As HAR-spent but regencrated in 2% 0p -

98% tp at 1 atm. for 24 h at 400°C.
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FIGURE CAPTIONS
Section through fresh Harshaw H618X catalyst and EDAX
analyses of the respective points indicated: HAR-fresh.
Section through a spent Harshaw H618X catalyst and EDAX
analyses of the respective points indicated: HAR-spent.
EPMA traces through the surface layers on Harshaw H618X
catalysts: '(a) and (b) spent catalyst pellets, HAR-spent;
(c) fresh catalyst: HAR-fresh.
Section through Harshaw H618X pellet after regeneration:
(a) SEM cross section: HAR-regen.-LBL; (b) Fe Ka X-ray map
of section (a); (c) S/Mo Ka X-ray map of.section'(a); (d) Ti
Ka X-ray map of section (a); (e) EDAX analyses of the
respective points 1-6 indicated in section (a).
EPMA traces through the surface layers on Harshaw H618X
pellet after regeneration: HAR-regen.-LBL.
Sections through American Cyanamid HDS 1441 caté]yst
pellets: (a) and (b) HDS(1l)-fresh; (c) and (d)
HDS(l)-regen.—Mobi].
Section§ through American Cyanamid HDé_i441 cata]yst pellets,
HDS(l)-regen.—Mobil.
Section through American Cyanamid HDS 1441 catalyst in fresh
condition: HDS(1l)-fresh. (a)_SEM'micrograph;'(b) Si Ka X-réy
image of.area shown in (a).
Section through American Cyanamid HDS 1441 catalyst in fresh
condition and EDAX analyses of the respective boints

indicated: HOS(1)-fresh.
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Section through a used American‘Cyanamid HOS 1441 catalyst
and EDAX analyses of the respective points indicated:
HDS(1)=-spent.

EPMA traces through the surface layers on American Cyanamid

HDS 1441 catalyst in spent condition: HDS(l)-spent.

'EPMA traces through the surface layers on American Cyanamid

HDS 1441 catalyst in spent condition: HDS(2)-spent.

EPMA traces across the surface 1ayersvon American Cyanamid
HDS 1441 catalyst after regeneration: HDS(1l)-regen.-LBL.
Section through surface layers on American Cyanamid HDS 1441

catalyst after regeneration and EDAX analyses of the

respective points indicated: HDS(l)—regen.—MQbil.

. EPMA traces across the surface layers on American Cyanamid

HOS 1441 catalyst after regeneration: HDS(1l)-regen.-Mobil.
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