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SCOPE

The chemistry of catalytic hydrodesulfurization is not
well understood although the hydrodesulfurization of
petroleum distillates has been practiced industrially for
years. The subject remains a neglected area of research,
although there has been a recent surge in process develop-
ment motivated by air pollution control standards requir-
ing low sulfur fuel oils. The developments focus on proc-
essing of high-molecular-weight feeds, including residual
oils. The results include large scale fixed- and fluidized-
bed residuum hydrodesulfurization processes.

This review emphasizes the recent literature in sum-
marizing the catalytic chemistry of hydrodesulfurization
and identifying the process engineering problems.

The subject of reaction intermediates in hydrodesul-
furization is reviewed thoroughly; kinetics for pure com-
pounds and petroleum feedstocks are summarized; and
structures of alumina-based catalysts (especially Ni/W
and Co/Mo) are given in detail, leading to consideration
of the catalytic sites.

The engineering literature of the new processes is
sparse; consequently, the review is qualitative and specu-
lative. The unique problems are related to plugging of
catalyst pores by inorganic reaction products and to the
possibility of unstable operation with exothermic reactions
of explosive mixtures.

CONCLUSIONS AND SIGNIFICANCE

Reaction networks prevailing in catalytic hydrodesul-
furization are known for only a few reactants, and results
are not easily generalized; thiophene is desulfurized to
butadiene before it is hydrogenated, but benzothiophenes
are more rapidly hydrogenated than desulfurized. Rates
of hydrodesulfurization vary greatly among feeds, being
lowest for high-molecular-weight aromatic compounds
like benzothiophene. Hydrodesulfurization of many reac-
tants over a wide range of conditions is first order in
reactant concentration and in hydrogen partial pressure;
reaction is inhibited by product H,S and by strongly
adsorbed hydrocarbons.

Catalysts have been described in terms of two models,
the intercalated sulfide model in which the catalytic sites
for hydrogenation and possibly hydrodesulfurization in-
volve W3+ jons adjacent to vacancies at crystal edges and
the monolayer model with catalytic sites involving Mot*
ions octahedrally coordinated in a surface layer which is

stabilized by the presence of promoter Co2* ions located
in tetrahedral sites of the underlying support.

The processes for hydrodesulfurization of petroleum
distillates are well established, and until recently there
had been little incentive for improvement of catalysts.
The more challenging problems of hydrodesulfurizing
residual feeds stem from the lack of reactivity of the
heavier sulfur compounds and the presence of organo-
metallic feed components; these react to form inorganic
products, which can permanently plug the pores of cata-
lysts and contribute to plugging of the interstices of fixed-
bed reactors. The catalyst aging phenomena have been
countered by catalyst- and reactor-designs maximizing the
capacity for unwanted products and optimizing their dis-
tribution. The deposited products influence flow distribu-
tion in reactors, and under some poorly defined circum-
stances the exothermic reactions may become uncontroll-
able and the operations hazardous.

GENERAL DESCRIPTION OF PROCESSES

Hydrodesulfurization reactions are those of the follow-
ing class: '

organic desulfurized
sulfur + Hy——> HoS + organic
compound compound
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The literature of hydrodesulfurization chemistry and
technology has been reviewed by McKinley (1957) and
recently by Schuman and Shalit (1970), who included a
thorough literature compilation.

Many light petroleum feedstocks have been treated
with hydrogen in catalytic processes to remove sulfur.
The light-feed desulfurization processes have had several
objectives, among them pretreatment of catalystic re-
former feeds to prevent poisoning of platinum catalyst
by sulfur and treatment of gasoline formed in catalytic
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cracking to provide sweetened and stabilized product.
Desulfurization of heavy petroleum fractions gives
products including diesel and jet fuels, heating oils, and
residual fuel oils. There is especially strong incentive for
removal of sulfur from fuels, since combustion of sulfur-
containing fuels is the primary cause of SO, pollution
of the atmosphere; the pollution is most severe in the
Eastern United States, Japan, and Western Europe.

Feedstocks

In the following discussion we refer to light petroleum
feeds, for which desulfurization technology is well estab-
lished and routinely applied, and heavy feeds, including
residual and perhaps gas oils, for which the relatively
new technology is undergoing rapid evolution. Table 1
summarizes approximate boiling ranges of light and heavy
feeds used in hydrodesulfurization processes.

Petroleum feedstocks include the sulfur-containing
compounds listed in Table 2. The compound classes are
listed in order of generally decreasing reactivity in hydro-
desulfurization: thiols are very reactive, and thiophenes are
much less reactive. The kinetics and reaction networks in
hydrodesulfurization are to be discussed in detail later.

Reactions

The following is a preliminary listing of the important -

reactions occurring in hydrodesulfurization processes, in-
cluding side reactions which influence process design.
Among those taking place in hydrodesulfurization re-
action networks are hydrogenolysis reactions which
result in cleavage of a C—S bond. For example,

Under industrial reaction conditions hydrogenolysis re-
actions which result in breaking of C—C bonds also
occur. The following hydrocracking reaction is an example:

R—CHz——CHz——R’ -+ Hz———) R-—CH;; + R"—CHa
Hydrogenation of unsaturated compounds also occurs:
R—CH=CH—R’ + H,— R—CH,;—CH;—R’

These latter two classes or reactions take on importance
by consuming hydrogen in the process without removing
sulfur. Cracking reactions can also take place to produce
molecular weight reduction.

Demetallization (or demetallation) reactions are im-
portant in hydrodesulfurization of residual feeds. The
heaviest fractions of some petroleum feedstocks contain
significant concentrations of organometallic compounds,
especially of V and Ni. The organometallic compounds
react to give inorganic products, which can accumulate in
a reactor and ultimately plug the pores of a catalyst or
the interstices of a fixed bed of catalyst particles.

Coking reactions, common to virtually all hydrocarbon
reaction processes, occur as well in hydrodesulfurization.
Coke is high-molecular-weight, hydrogen-deficient hydro-
carbon product which peisons catalysts and is capable of
blocking catalyst pores or fixed bed interstices. Unlike
inorganic compounds of V, for example, coke can be
burned off catalysts (as in catalytic cracking processes),
leading to successful regeneration.

The hydrodesulfurization reactions, which dominate
over side reactions in industrial processes, are virtually
irreversible at temperatures and pressures ordinarily
applied, roughly 600 to 750°K and up to 2 X 107 N/m?
(about 3,000 1b./sq.in.). The hydrodesulfurization reac-
tions are exothermic with heats of reaction of the order of
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TaBLE 1. PETROLEUM FRACTIONS

Approximate

Petroleum feedstock boiling range, °K

Light gasoline C4-350
“light”  Naphtha (reformer feed) 350-430
Kerosene (jet fuel) 420-500
Gas Qil (diesel and
heating oil) 440-640
“heavy”  Residual oil (fuel oil) >620

TaBLE 2. SoME SULFUR-CONTAINING COMPOUNDS IN

PETROLEUM
Compound Class Structures
Thiols {Mercaptans) R-SH
Disulfides R-S-S-R'
Sulfides R-S-R'
Qg
Thiophenes U etc
7! s’

Benzothiophenes

s ©© ' R,m

Dibenzothiophenes

q 8

Benzongphthothiophenes

@,

5to 9 X 10* J/mole hydrogen consumed (about 50 to 100
B.t.u./std.cu.ft. hydrogen consumed).

Catalysts

The catalysts most commonly applied in hydrodesulfur-
ization are derived from alumina-supported oxides of
cobalt and molybdenum, which are usually sulfided in
operation. Catalysts of this type are commonly referred
to as cobalt molybdate. Practical catalysts may contain
as much 10 to 20% of these metals, though lower metal
contents are probably more common. A number of related
compositions have been applied, including, for example,
Ni and W. In contrast to the supported Pt and Pt-alloy
catalysts used in reforming, the hydrodesulfurization
catalysts have hydrogenation activity in the presence of
high concentrations of sulfur compounds.

The catalysts are used as porous pellets or extrudates,
typically having dimensions of 1.6 to 3.2 X 1073 m. The
particle size and pore geometry have an important influ-
ence on process design (especially for the heaviest feeds)
since intraparticle mass transport has a significant influence
on reaction rates.

Detailed discussion of the bulk and surface structures
of some hydrodesulfurization catalysts will follow, as will
analysis of the effects of mass transport on process design.

Reactors and Processing Conditions

Hydrogen and gas- or liquid-phase petroleum are con-
tacted with solid catalyst in a fixed- or fluidized-bed
reactor. Light feeds are invariably processed in a fixed
bed, and the reactor design is straightforward and often
based on plant operation. Hydrogen and petroleum in
the vapor and/or liquid state flow cocurrently downward
through a bed of catalyst particles. A simplified process
flow diagram is shown in Figure 1. Hydrogen from the
product stream is recycled and scrubbed; hydrogen flow
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Fig. 1, Simplified diagram of hydrodesulfurization process.

rates may be 50 to 250 std. m3/m?® petroleum. The oil
flows in a single pass through the reactor at space veloci-
ties depending on temperature, pressure, and the degree
of desulfurization required; values of space velocity of
5-25 X 107% V/V/sec. (volumes of liquid oil at standard
conditions per volume of packed bed reactor per second)
may be considered representative of light feeds. Pressures
are usually of the order of 10° N/m?, but may occasionally
be as much as 107 N/m? A typical operating range is
approximately 575 to 675°K; temperature is usually in-
creased gradually to compensate for activity decline
caused by coke accumulation. Coke is periodically burned
off the catalyst, which may have a lifetime of several
years or more. In hydrodesulfurization of light feeds,
catalyst costs typically account for less than about 10%
of processing costs, and there is therefore not great in-
centive for developing new catalysts; it seems unlikely
that there will soon be significant changes in processing
technology.

If the reacting petroleum is liquid, then the reactor is
a gas-liquid-solid reactor, referred to as a trickle-bed
reactor. Hydrodesulfurization processes appear to be the
most important applications of this reactor type (Satter-
field, 1970).

Trickle-bed reactors are also used on an industrial scale
in hydrodesulfurization of residual feeds. Operating con-
ditions are more severe with these less reactive feeds. For
example, temperatures may be 625 to 725°K; pressures
3 to 20 X 108 N/m?; space velocities 1.5 to 6 x 1074
V/V/sec.; and hydrogen recycle rates 300 to 1500 std.
m?/m? petroleum. The previously mentioned side reactions
become important, especially at the highest temperatures.
Deposits of coke and inorganic metal compounds are
more readily formed with these heavy feeds. Large
amounts of the deposited metals prevent regeneration of
catalysts; in the application of nonregenerable catalysts,
the residuum hydrodesulfurization process may be urnique
among large-scale catalytic processes involving hydro-
carbons.

The problems of catalyst aging set heavy feed processes
apart from the others. The associated processing problems
will be discussed in detail later with other engineering
aspects, for example, the problems of obtaining efficient
fluid-solid contacting, uniform catalyst bed temperatures,
and efficient catalyst utilization in the presence of signifi-
cant mass transport resistances.

Another gas-liquid-solid reactor used commercially in
residuum hydrodesulfurization is the slurry-bed reactor
(Satterfield, 1970). This is also referred to as an ebullat-
ing-bed or fluidized-bed reactor since the catalyst particles
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are held in suspension by the upward velocity of the
liquid reactant through which hydrogen flows cocurrently.
There are several advantages to this reactor design: (1)
The deactivating catalyst can be removed and replaced
continuously (as in catalytic cracking); (2) Small parti-
cles of catalyst can be used, and these are more effective
than large particles when intraparticle mass transport
resistance is significant (particles with a dimension less
than about 1.6 X 1073 m are avoided in fixed beds
because pressure drops are unacceptably high); and (83)
The fluidized bed reactor contents are expected to be
very well mixed, which suggests that uniform tempera-
tures can be maintained.

There are compensating disadvantages to the slurry-
bed reactor: (1) The high degree of mixing of reactants
in the direction of flow necessitates higher temperatures
or Jower space velocities than in a fixed bed to achieve
the same conversion; (2) Corresponding to higher oper-
ating temperatures, undesired side reactions are more
important, leading to higher hydrogen consumptions; (8)
It is not clear that problems of reactor stability and con-
trol have been solved for the fluidized system with exo-
thermic reactions involving hydrogen at high temperatures
and pressures.

CATALYTIC CHEMISTRY

Reactions

Petroleum contains many different compounds suscep-
tible to hydrodesulfurization. Sulfur may be bonded to
one carbon, as in thiols and disulfides; to two carbons of
alkyl groups, as in sulfides; or to two carbons of aromatic
groups, as in thiophene and dibenzothiophene. Some basic
questions concerning hydrodesulfurization reactions are
these:

1. What stable intermediates are formed in hydrode-
sulfurization of these compounds, that is, what are the
reaction networks?

2., What are the relative reactivities of the various
classes of sulfur-containing compounds? Can effects of
substituent groups on reactivities within a given class be
described concisely?

3. Are the reaction networks and supposed generaliza-
tions about reactivities valid for broad groups of hydro-
desulfurization catalysts?

4. What surface intermediates can be inferred from
reaction chemistry and structures of catalysts?

The literature provides incomplete answers to these
questions as discussed in the following sections.

Reaction Networks. Thiophenes are the least reactive
sulfur compounds in petroleum; consequently, the simplest
and most easily obtained compound in this class, thiophene
itself, has been chosen frequently for study, being re-
garded as an appropriate model reactant. Thiophene
hydrodesulfurization was examined in a thorough set of
kinetic studies by Amberg and coworkers (Owens and
Amberg, 1961, 1962; Desikan and Amberg, 1963, 1964;
Kolboe and Amberg, 1966). The catalysts were a com-
mercial cobalt molybdate (1.8% Co and 6.1% Mo),
chromia, and several molybdenum disulfides. Kinetic data
were obtained from a pulse microreactor and from a
steady state flow reactor operated at low conversions
(<0.5%). Reaction products were included in feeds to
provide indentification of reaction inhibitors and inter-
mediates in reaction networks. Some conversion and
product distribution data from the steady state flow
reactor study of Kolboe and Amberg (1966) are collected
in Tables 3 and 4.
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Owens and Amberg (1961) also used the microreactor
containing chromia catalyst for determination of con-
versions of the individual compounds listed in Table 5.
The data of Tables 4 and 5 lead to the reaction network
suggested in Figure 2 for thiophene hydrodesulfurization
catalyzed by chromia and by cobalt molybdate.

The suggestion that the first reaction of thiophene in
the primary reaction path is the C—S bond cleavage to

TABLE 3. CATALYST ACTIVITIES IN THIOPHENE
HyYDRODESULFURIZATION ( KOLBOE AND AMBERG, 1966)

Apparent
10—3 X BET reaction rate®?,
Catalyst area, m2/kg  (moles/sec. m?)
MoSsy 3.3 0.9
MoS;z + 1% Co 3.3 0.5
MoS; from MoS; heated to
673°K 154 11.0
MoS; from MoS3 heated to
923°K 67 16
MoSs from MoS3 heated to
1073°K 12 1.5
Cobalt molybdate 241 16
Crg0g3 150 2.0

2 Rate of reaction varied significantly between fractional conversions
of zero and 0.005. Tabulated values are average rates between these
two conversions.

b Data were obtained in a steady state flow reactor at 561°K. Partial
pressures of hydrogen and thiophene were 1.00 x 105 and 2.7 x 103
N/m?, respectively. Flow rate of hydrogen was maintained at about
3 x 10-7 m3/sec. Amounts of catalyst were varied to give a surface
area of 2-5 m? for each,

form 1,3-butadiene, rather than hydrogenation of the
C=C bond, is supported by further data of Desikan and
Amberg (1964). Their results show that the hydrogenated
compound with the C—S bonds intact (tetrahydrothio-
phene) gives products in hydrodesulfurization different
from those observed for thiophene. The result that the
C—S bonds in thiophene are broken before hydrogena-
tion of double bonds is contrary to first expectations—
since the aromatic compounds are so unreactive, one
might expect that the saturated compound would be
formed, which could then be desulfurized rapidly.
Amberg and coworkers also observed that H,S inhibited

H -HzS (18)
———— (C=C-C=C
5~ __ +2H, [80]
N S (110}
\ T~ H 160
\\\ +3H2\\\\\+ 2 [> ]
\\ \\\

(80) [Fast] € {100) [Fast
AN C=C-C-C [Fos1] ‘c=c [Fost) c=C j

+4H2\\ | (>100) [Fast] ¢ 100) [Fast] ¢ \c]
Ay
\\
\
\ e 725
AY
5 [20]
\
¢-c-c-¢

Fig. 2. Thiophene hydrodesulfurization reaction network. Numbers in

parentheses are approximate rates (nmole)/kg/sec.) with chromia

catalyst at 688°K; numbers in brackets for cobalt molybdate cata-
lyst at 673°K (Owens and Amberg, 1961).

TABLE 4. PropucT DisTRIBUTION IN THIOPHENE HYDRODESULFURIZATION ( KOLBOE AND AMBERG, 1966)

Catalyst Butadiene
MoS; 6.9
MoS2 + 1% Co 8.4
MoSs from MoS3 heated to 673°K 72
MoS: from MoS3 heated to 923°K 4.0
Cobalt molybdate 2.2
CI‘203 77

Products from steady state flow reactor at 0.5% conversion of thicphene.
Other conditions are specified in Table 3.

Mole % in C4 Hydrocarbon Product

1-Butene cis-2-butene trans-2-butene Butane
42,5 22.3 19.2 8.8
55.6 14.0 174 47
39.9 18.7 23.5 127
28.5 22.0 36.5 9.5
475 19.8 24.3 6.2
313 11.8 11.8 374

TaBLE 5. PropucT DisTRIBUTION IN REACTIONS CATALYZEDBY CHROMIA (OWENS AND AMBERG, 1961)

Mole % in C4 Hydrocarbon Product

Reactant Isobutane n-Butane
Thiophene 0.0 8.6
1,3-Butadiene 0.0 2.0
1-Butene 0.0 8.9¢
trans-2-Butene 0.0 1.9
cis-2-Butene 0.0 2.0
Isobutene 2.0 0.0
n-Butane — 100.0
n-Butenesd —_ —

Conversions in a pulse microreactor at 688°K.

& Assumed to be absent when isobutane was absent.
b Butadiene was present.

¢ Value possibly high.

4 Gas phase equilibrium attained.
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1-Butene + cis-2-butene 4
isobutene? trans-2-butene butadiene
30.1 274 33.9¢
23.1 36.7 38.2b
42.1 26.6 22.4
22.3 52.4 23.5
21.2 37.6 39.2
98.0 0.0 0.0
0.0 0.0 0.0
20 48 32
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TasLE 8. Propuct DisTRIBUTION IN HYDRODESULFURIZATION
OF SUBSTITUTED BENZOTHIPHENE CATALYZED BY COBALT
MoLyspATE AT 673°K (GivENs aND VENUTO, 1970)

Reactant—e CH CH
3 3
Product, R R R R
approximate
mole % RaH R=CH3 | R=H R=CHz | R=H R=CH3 | R=H R=CHj
-2 05 2 5 2 4 )
R
~ CH
Q|- 4 05 05 | 05 - - -
R
CHECH3 96 86 6 7 10 10 3 '
R
,CHs
CH
7 - - 5 3 42 22 2 2
‘ CH;
R
CH,CH,CH:
223- - |7 sa 18 10 8 4
R
Unidentified
non-Sulfur - 0.5 | 4 | 05 5 10
Compounds
Charge 8 2 -2
R
|
:RQLCHZ, - - Charge 18 26 15 14
H
C3 - - s 14 Charge 5 07
RSCH
@ CHB - - - - - - Charge
LS CHs
Unidentified
Sulfur - 7 2 9 39 12 32
Compounds

Data represent uncorrected peak areas by gas chromatography. Cata-
lyst pretreated in hydrogen for 10,800 sec. at 823°K. Feed ratio hydro-
gen/benzothiophene was 3 to 5. Pressure assumed to be atmospheric.

reaction of thiophene and hydrogenation of butene but
that it had very little effect on cis-frans isomerization,
double bond shifts, and butadiene conversion to butenes.
These results led to the suggestion that more than one
kind of site is operative in hydrodesulfurization; we shall
return to this suggestion.

A study of the reaction network involved in hydrode-
sulfurization of substituted benzothiophenes was reported
by Givens and Venuto (1970). Conversion data were
obtained with a steady state flow reactor packed with
particles of a commercial cobalt molybdate catalyst con-
taining 2.49% Co and 6.7% Mo. Product distribution data
for several feeds are collected in Table 6. Both desulfur-
ized and undesulfurized products were found; some
unidentified products were also found.

Givens and Venuto observed that a hydrogenation-
dehydrogenation equilibrium was established at a rate
which was high compared to the rate of desulfurization:
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These two compounds were desulfurized at approxi-
mately equal rates, so it was impossible to establish
whether one was an intermediate in the desulfurization
of the other,

This information and the result that the hydrogenated
compound (II) (dihydrobenzo[b]thiophene) was found
as a product of reaction of the benzothiophene (I) at
low temperature (573°K) and high space velocity (1.

X 1073 V/V/sec.) are consistent with identification of the »
hydrogenated compound as an intermediate in hydrode-
sulfurization of compound I. A similar set of results was
obtained when the reactant was 2,3,7-trimethylbenzo[b]-
thiophene; two products identified as erythro- and threo-
2,3-dihydro-2,3,7-trimethylbenzo[b]thiophene were found:

Threo
HCH3
S CHH
CHyz 3
CHsz
s/ CHz
CH
3
=
CH3
CH3z CH3
Erythro

With some generality we may state that hydrogenated
benzothiophenes (substituted and unsubstituted) are
formed rapidly from benzothiophenes and hence that the
former may be intermediates in the desulfurization al-
though they cannot be unequivocally identified as such.
These statements contrast with Amberg’s results, which
show that the hydrogenated compounds are not inter-
mediates in hydrodesulfurization of the more reactive
thiophene.

Possible pathways for desulfurization of the hydrogen-
ated compound I-methyldihydrobenzo[b]thiophene are
shown in Figure 3. Neither of the mercaptan intermediates

CHZCHZCH3
SH

CH2CH‘SH
e I O 4
S CH ) 3
CH2CH2CH3
‘

Hz Hz
\CH3 +H,S
-CHj

w Hz ‘CH2CH3 + HoS
2

Fig. 3. Reaction network in hydrodesulfurization of benzothiophenes
catalyzed by cobalt molybdate (Givens and Yenuto, 1970).

May, 1973 Page 421



TaBLE 7. CONVERSION AND SELECTIVITY IN DESULFURIZATION OF SUBSTITUTED BENZO [b] THIOPHENES (Givens anp VENuTO, 1970)

Position of reactant methyl None 7 2 2,7 3 3,7 2,3 2,3,7
group(s)
Fraction of reactant converted 0.91-0.99 0.60 0.74 0.54 0.43 0.47 0.39 047
Fraction of reactant desulfurized 0.91-0.99 0.57 0.66 0.43 0.32 0.24 0.15 0.16
Selectivity, fraction desulfurized/
fraction converted 1.00 0.95 0.89 0.80 0.75 0.51 0.38 0.34
Reaction conditions assumed to be those specified in Table 8.
TaBLE 8. THI0PHENE HYDRODESULFURIZATION KINETICS: PARAMETER VALUES FOR EQUATIONS
(1) anp (2) (SaTTERFIELD AND ROBERTS, 1968)
109 X k, 10102 k',
moles/ 104 % 10¢ % moles/ 103 X 10¢ X
Temp., °K (kg sec N/m?) Kr, m2/N Kyos, m2/N (kg sec N/m2) K’g, m2/N K’'uss, m2/N
508 3.5 4.2 3.1 3.0 9.7 9.0
524 6.6 2.3 1.3 12.0 1.2 1.9
538 6.9 2.5 0.55 —_ ~0.0 13

TasLE 9. RANGES OF VARIABLES STUDIED IN HYDRODE-
SULFURIZATION OF CycLE O1L ( FRYE AND MosBy, 1967)

Temp., °K 533-643
10—5 x partial pressure of hydrogen, N/m? 6.9-39
Hydrogen feed rate, std. m3/m? oil 89-356
10¢ X space velocity, kg oil/kg catalyst/sec 4.2-28
Sulfur content of oil, wt % 0.4-2.0

was detected, but neither pathway can be excluded since
at these conditions mercaptans react about 10 to 100
times faster than the benzothiophene from which they
might be formed.

Givens and Venuto were able to rule out desulfuriza-
tion reactions involving C—C bond breaking by showing
that the corresponding products were not formed. Satura-
tion of the aromatic ring was found not to be necessary
before breaking of the bond between sulfur and aromatic
carbon could occur.

Using the appropriate intermediates shown in Figure
3 as feeds, Givens and Venuto demonstrated that primary
sulfur extrusion, alkyl migration on the thiophene ring,
and dealkylation of the thiophene ring all occur during
hydrodesulfurization of 2-methylbenzo[b]Jthiophene at
673°K and atmospheric pressure.

The data of Table 6 for related feeds are consistent
with this network; they show further that neither de-
alkylation nor migration of methyl substituents on the
benzene ring of benzo[b]thiophene occurs appreciably
at the reaction conditions.

The additional data of Table 7 lead to further general
conclusions:

1. An increase in the number of substituent methyl
groups leads to decreased reactivity of the benzothiophene
and to a decreased selectivity for hydrodesulfurization.

2. The reactivity is significantly lowered by the presence
of methyl substituents on the thiophene ring, especially
in the 3-position; a methyl group on the benzene ring
in the 7-position reduces the reactivity less.

In summary we can draw the following conclusions
about the reaction networks in hydrodesulfurization:

1. Hydrodesulfurization of thiophene proceeds through
butadiene and not through a hydrogenated compound.
However, as the reactivity of the thiophene ring is de-
creased by addition of a benzene ring (giving benzo-
thiophene), the rate of hydrodesulfurization becomes low
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compared to the rate of hydrogenation of the thiophene
ring, and the hydrogenated compounds may be inter-
mediates.

2. The reactivities of compounds in the class of sub-
stituted benzothiophenes vary significantly, indicating
there is little possibility of concisely summarizing results
in terms of the reactivities of a small number of compound
classes.

There is need for extending these investigations to
include other reactants, especially less reactive ones,
to obtain similar data for other catalysts, especially
nickel molybdates, and to study the reactions at high
pressures in the presence industrial feed and product
components. A particularly interesting question concerns
the role of intermediate olefins in coke formation and the
rates of formation of olefin and coke as a function of
catalyst composition.

Kinetics. There is a lack of thorough studies of hydro-
desulfurization kinetics including effects of all reactants
and products. A useful, though incomplete, determina-
tion of kinetics of thiophene hydrodesulfurization in the
absence of mass transfer influence was reported by Satter-
field and Roberts (1968), who used a commercial cobalt
molybdate catalyst containing about 3% Co and 7% Mo.
Reaction rate data were determined from low conversions
attained in a steady state recirculation flow reactor.
Pressure was slightly in excess of atmospheric, tempera-
ture was 508 to 538°K, and feeds contained various con-
centrations of thiophene and H,S; hydrogen partial pres-
sure was varied only insignificantly.

The products observed by Satterfield and Roberts are
consistent with Amberg’s reaction network (Figure 2).
The data for rates of thiophene disappearance (hydro-
genolysis) and rates of butane formation (butene hydro-
genation) were correlated with Langmuir-Hinshelwood
rate equations as follows:

k KrPrPy,
THDS = (1)
(1 + KrPr + KuysPugs)?
K Kg'PgP
riga B PgPuy 2)

B (1 4+ Kg’Pp + K'uysPuss)

Values of the rate equation parameters are summarized
in Table 8. Although the appropriateness of these equations
is not firmly established (the dependence on hydrogen
partial pressure, for example, was assumed), there are
qualitative results which are clear: (1) H,S inhibited
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Fig. 5. Pseudo first-order hydrodesulfurization of benzothiophenes in
cycle oil at 563°K and 1.5 X 106 N/m?2 (Frye and Mosby, 1967).

both the hydrogenolysis and hydrogenation reactions;
(2) Significant amounts of reactant thiophene and butene
were adsorbed on the catalyst surface in competition with
H,S. Less clear, but more important, is the conclusion
that the hydrogenolysis and hydrogenation reactions
proceed on separate catalytic sites, consistent with earlier
results of Amberg,

A kinetic study of hydrodesulfurization of components
in light catalytic cycle oils (boiling range about 450 to
600°K) was reported by Frye and Mosby (1967). Their
reactor was a trickle bed containing particles of commer-
cial cobalt molybdate catalyst of unspecified composition.
The ranges of variables studied are given in Table 9. Feed
and product analysis by gas chromatography provided
data for evaluation of kinetics for individual sultur com-
pounds in the oil. Figure 4 includes chromatograms for
feed and product; the results illustrate a general con-
clusion: low-molecular-weight compounds are more readily
desulfurized than high-molecular-weight compounds. De-
tailed data for three components, a trimethylbenzothio-
phene (A), another trimethylbenzothiophene (B), and
dibenzothiophene, are shown in Figure 5. For each sulfur-
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containing compound, the fraction remaining unconverted
decreased in proportion to the inverse space velocity.
These results demonstrate that the hydrodesulfurization re-
actions are first order in the concentration of the sulfur
compound. The difference in rate of desulfurization of
isomers A and B is consistent with the cited results of
Givens and Venuto.

Frye and Mosby stated that hydrodesulfurization was
inhibited by HyS and by aromatic hydrocarbons (presum-
ably including those undergoing hydrodesulfurization),
which is consistent with Satterfield and Roberts’ Equation
(1) and the results of other workers. The data of Figure
5 were presumably not corrected for changes in concen-
trations of these inhibitors accompanying depletion of
the sulfur compounds.

Frye and Mosby also found that hydrodesulfurization
was first order in hydrogen partial pressure for values less
than 2.8 X 108 N/m?, confirming the assumption incorpo-
rated in Equation (1).

Phillipson (1971) reported kinetics of desulfurization of
thiophene and other sulfur compounds found in light
distillates. The catalyst was cobalt molybdate containing
2% Co and 8% Mo. Vapor feeds contained heptane mixed
with dimethyl sulfide, phenyl mercaptan, diethyl sulfide,
tetrahydrothiophene, or thiophene. Steady state conver-
sions were found to be independent of linear velocity
through the catalyst bed, demonstrating the absence of
significant interparticle mass transfer resistance. The
absence of an effect of catalyst particle size at atmospheric
pressure indicated the absence of significant intraparticle
mass transfer resistance.

The hydrogenolysis of each sulfur compound was first
order in the partial pressure of the sulfur compound, con-
sistent with previously mentioned results. Reaction order
was roughly 0.5 in hydrogen partial pressure and roughly
~0.5 in heptane partial pressure, indicating that heptane
was adsorbed competitively on catalytic sites. Rate in-
creased in proportion to the square root of total pressure;
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Fig. 6. Arrhenius plot for hydrodesulfurization of compounds in light
petroleum distillates. Rate constant k” defined by Equation (3)
(Phillipson, 1971).
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the author ascribed this result to intraparticle mass trans-
fer influence at pressures exceeding atmospheric, but
catalyst particle size was not varied to test the hypothesis.
Reaction was inhibited by HS. The empirical rate equation
is of the following form:

k"PgPyy%Piorar"
r =
Puc(1 + K”gy5Puss)

The experimental values of the rate constant are shown
in Figure 6. They demonstrate the lack of reactivity of
thiophene compared to merca}t)]tans, sulfides, and disulfides.
These data are reported to be useful in design of light
distillate desulfurization reactors, but they are of little
use for heavier distillates such as kerosene and gas oils,
which contain significant amounts of less reactive com-
pounds such as benzothiophene (Phillipson, 1971). Ex-
periments are needed to determine kinetics of hydrode-
sulfurization of these less reactive compounds at indus-
trial reaction conditions.

The inhibiting effect of HyS has been determined by

(3)

Metcalfe (1969) for distillate hydrodesulfurization
catalyzed by cobalt molybdate:
1
Kettoctive = k (4)

1+21 (Pst/PtotaI)

In this equation k is a pseudo first-order rate constant,
and Kesreetive is a corrected value incorporating the effect
of H,S inhibition. When the H,S level becomes 0.3 mole
% in the reactant gas mixture, the reaction rate is re-
duced by about 5%; these values may be representative
of complete reaction of nonthiophenic sulfur compounds
in light distillates (Phillipson, 1971).

Cecil et al. (1968) represented H,S inhibition by the
same form of equation. For hydrodesulfurization of an
unidentified gas oil with an unidentified catalyst, the
reaction rate was reduced about twofold when 10 mole %
of the treat gas was H,S. Correspondingly, the rate would
be reduced by about 5% when the gas contained 0.5%
H,S, which indicates that the results are similar to
Metcalfe’s for light distillates.
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Fig. 7. Dependence of hydrodesulfurization rate on hydrogen partial

pressure. Solid line for unidentified Middle Eastern residuum

(Cecil et al.,, 1968); dashed line for Kuwait atmospheric residuum
(Beuther and Schmid, 1963).
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Simplified Kinetics for Industrial Feedstocks. Many of
the kinetic results cited for pure compounds are observed
generally for hydrodesulfurization of distillates and residua.
Reaction is inhibited by product H,S and is first order in
hydrogen partial pressure at sufficiently low values. The
data of Cecil et al. (1968) (Figure 7), for example,
demonstrate that with an unidentified catalyst, rate of
desulfurization of a Middle Eastern residuum is propor-
tional to hydrogen partial pressure over a range of 0-1.4
X 107 N/m?2 However, Beuther and Schmid (1963), for
example, observed that beyond 7 X 10 N/m? there was
only a small effect of increased hydrogen partial pressure
on rate of residuum hydrodesulfurization (Figure 7). The
sparse and conflicting results suggest a dependence of the
kinetics on catalyst composition and on the nature of the
feedstock. The catalyst surface may become saturated with
hydrogen at pressures of the order of 7 X 10% N/m?, and
the saturation pressure may depend on the surface struc-
ture and the amounts of competitively adsorbing hydro-
carbon species.

The rate of hydrodesulfurization of any feed is gener-
ally consistent with the first order reaction of each of a
series of sulfur-containing compounds, as is to be expected
from the foregoing discussion. The results of Cecil et al.
(Figure 8) show a typical curve for total sulfur concen-
tration as a function of inverse space velocity. The shape
of the curve is very close to that expected for a second
order dependence of rate on total feed sulfur content—
this generally observed result is useful for process design.

A more firmly based analysis involves considering the
feed as a mixture of sulfur-containing compounds, each
of which reacts at a rate proportional to its concentration.
Often the curve for total sulfur content versus inverse
space velocity is approximated as if there were only two
reactive components. The two straight lines in Figure 8
indicate first order reaction of each of the hypothetical
two components; these lines sum to a curve representing
the data. We may write the following rate equation, which
is useful for design:
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TaBLE 10. DISTRIBUTION OF THIOPHENIC SULFUR IN MIDDLE EasTERN Gas OiL ( CecIL ET AL., 1968 )

wt % of Thiophenic Sulfur in the Fraction

Boiling range, °K 644-672 672-700 700-727 727-755 755-782
Thiophenes 2.4 2.2 2.2 2.6 1.8
Benzothiophenes 31.5 26.5 27.5 28.9 32.2
Dibenzothiophenes 50.8 50.8 47.8 38.5 36.5
Benzonaphthothiophenes 153 20.5 22.7 30.0 29.5
rups = arkiCs + agkaCs (5) approximately for all the cited effects:
The integrated form for a piston-flow reactor is then agkoPHoCs
THDS = (7)

Cs

= a; e~FI/LHSV | o) g—kg/LHSV (6)
Cso

This simplified representation of the kinetics is valid
only when partial pressures of hydrogen and H,S are
held constant; these values are incorporated in k; and k.

As van Deemter (1965) has pointed out, for many
practical reactor designs the reactive fraction will be
almost completely removed from the product, and the
design can be based on the other fraction (referred to as
the unreactive fraction) alone. This simplification reduces
the intrinsically complex kinetics to first order. The un-
reactive fraction is not to be confused with a single
sulfur-containing compound. The adjustable parameters
ay and k, are to be determined empirically for each feed
and catalyst.

It is to be expected that «,, the fraction of the sulfur
compounds which are unreactive, will increase with in-
creasing feed boiling range; correspondingly ks, the rate
constant for the unreactive fraction, is expected to decrease
with increasing feed boiling range. Cecil et al. (1968)
have presented data (Table 10) which show the con-
centration of components in the thiophenic sulfur frac-
tion in the high boiling fractions of a Middle Eastern
gas oil. The very unreactive benzonaphthothiophenes are
concentrated in the highest boiling fractions.

For petroleum feedstocks we may summarize the in-
trinsic kinetics in the following equation, which accounts

Fig. 9. Arrangement of AR+ ions in a-Al203.
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(1 + Kuppuy + Kupspuss)

The equation is written for the unreactive fraction of
sulfur only, hence it is useful only for high conversions.

Inhibition of reaction by HjS is accounted for by the
denominator term; the reaction is first order in hydrogen
partial pressure at low values and zero order at high
values. Competitive adsorption of unreactive petroleum
compounds is not explicitly accounted for; terms of the
form Kic; in the denominator might be appropriate
additions.

It is clear that an equation of the form of Equation (7)
is not sufficient for process design calculations. Account
must also be taken of mass transter effects and of catalyst
aging, which affects both the mass transfer and the in-
trinsic kinetics. These effects are to be considered sub-
sequently.

Catalysts

The Aluming Support. Hydrodesulfurization catalysts
most often contain alumina as a support, typically having
a surface area of the order of 2 to 3 x 10> m2/kg, a pore
volume of about 5 X 107* m3/kg, and an average pore
diameter of about 10 nm. Of the various types of alumina
available, y-AlbO; appears to be the one generally
applied. Since the chemical nature of this support may
be important to the surface chemistry of hydrodesulfur-
ization, a discussion of the properties of alumina is
presented here (see Newsome et al, 1960; van Reijen,
1964; and Lippens, 1961).

The aluminas are invariably prepared by precipitation
of a hydrated alumina formed by mixing solutions of
alkali and salts of an aluminum compound (sulfate,
nitrate, or occasionally chloride). The precipitate formed
is gelatinous with a diffuse x-ray diagram resembling that .
of the mineral boehmite, AIO(OH), (gelatinous
boehmite). The precipitate is usually aged by gentle
heating in an aqueous slurry, the aging conditions deter-
mining the properties of the final product. Aging at
313°K produces a solid which has an x-ray diagram more
closely akin to that of bayerite Al(OH)3. If subsequently
aged at 353°K, the solid is converted into a product,
again similar in its x-ray diagram to boehmite, which is
now in a much more highly crystalline form (crystalline
boehmite). Alternatively, aging in an alkaline solution
leads to a different form of Al(OH)j, gibbsite, which
usually contains some alkali,

Subsequent to the wet stages in the synthesis, the
precipitate is filtered and calcined at a temperature of
about 875°K. The calcination leads to elimination of
water, either that initially present as such in the wet
precipitate, or that formed by reaction of —OH~ groups
in a more advanced stage of the calcination: ‘

20H- ——> H, + 0%~

As this latter process of water elimination takes place,
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the surface area starts to increase as pores are formed;
the surface area later decreases as sintering occurs. At
calcining temperatures higher than 1610°K the product
is invariably a-Al;0s, having low surface area and no
longer containing either water or —OH™ groups. The
structure of a-Al;Os is a hexagonal close packing of
02— ions with AB* jons in the octahedral interstices
between the oxygens. Since there are as many octahedral
interstices (sites) as O2~ ionms, stoichiometry indicates
that one in every three sites remains empty. The distribu-
tion of APt ions among the available sites in «-Al,Oy
is illustrated in Figure 9, which shows a close packed
layer of O2~ ions with the AI’** jons positioned on top of
this layer. The next layer of O2?~ ions is situated in

positions 2 (Figure 10), the stacking sequence being
1-2-1-2- - - -

Fig. 10. Close packing structures: Hexagonal, sequence 1-2-1-2- - -;
Cubic, sequence 1-2-3-1-2-3-- - -,

Fig. 11. Arrangement of AB+ jons in AI{OH)s.
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. Al3+

Fig. 12. Unit cell of spinel (MgAl20;) (Kittel, 1971).

TABLE 11. PREPARATION OF ALUMINAS

Hydrated gelatinous crystalline
alumina boehmite bayerite boehmite gibbsite
Calcination
tempera-
ture, °K
875 n-AlsOg ~-AloO3 %-Al;Og
J N J
1175 0-AlsOg3 8-Al,03 x-AlsO3
>1375 ———%§-A]303

Since calcination initially involves the trihydrates
Al(OH)3, their structures are also considered here. Both
bayerite and gibbsite are layer structures in which two
layers consisting of close-packed OH~ ions surround
the AP+ jons. The AB* ion arrangement in the hydroxide
is different from that in 0-Al,O3 (see Figure 11) and
consists of rows of parallel interstices, two of three being
occupied (van Reijen, 1964). During the calcination, a
number of intermediate structures are observed; since a
catalyst support usually consists of one of these, they are
of importance here, particularly the -, y-, and, to a
lesser degree, the x-aluminas (Table 11). ;

These still contain water, presumably entirely as —OH~
groups at surfaces, the overall composition being AlOj
- nH,0, with 0 < n < 0.6. In both %- and v-ALO; the
oxygen ions are cubic close packed. This packing is
characterized by a slightly different type of stacking of
the close packed oxygen layers (Figure 10), that is,
1-2-3-1-2-3 - - - . Further, there is a change in the AB+
ion distribution; instead of being confined to the octahedral
interstices, some of the cations are now in tetrahedral
sites, hence they are tetrahedrally surrounded by 02~
ions. In a cubic close packing of anions there are one
octahedral and two tetrahedral sites per anion. In spinels
like MgAlO4 the AB* jons occur in octahedral sites and
the Mg?* ions in tetrahedral sites. (See Figure 12 for the
unit cell of MgAl,O4, which has 82 O2- “jons; 82 octa-
hedral sites [half occupied by AI** jons]; and 64 tetra-
hedral sites [8 occupied by Mg2* ions]). Because of the
similarity in structure of the aluminas and the spinels, the
former are often referred to as pseudo-spinels. Introducing
a notation in which tetrahedral and octahedral Al are given
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as [Ally and [All,, we represent the aluminas as
[Aly/3]: [Alz], O

The differences between n- and y-AlO3 are probably
related to their different ratios of [Ally:[Al]l, as well
as to the different distributions of [Al]; over the available
tetrahedral sites and [Al], over the octahedral sites.
Lippens (1961) proposed the models for 4- and y-ALO;
shown in Figures 13a and b.

In discussing Lippens’ 4-Al,O3 structure we start again
from the close packed oxygen layer of Figure 9 (the
(111) plane in the cubic close packing). There are now
two types of arrangements of the Al* jons. One (the
B-layer) is the same as that of Figure 9, while the other
(the A-layer) is derived from this by transferring two-
thirds of the cations from octahedral to tetrahedral sites.
The stacking of the layers is A-B-A-B- - - -,

The y-Al,O3 structure is more easily visualized starting
from the (110) crystal plane which is oriented at a certain
angle with respect to the (111) plane. Again there are
two types of layers, the C- and D-layers. The D-layer
has only octahedral cations, and the C-layer has as many
tetrahedral as octahedral sites. The packing sequence is
C-D-C-D-: ' -.

An important subject for the present discussion is the
type of surface which is to be expected from the structure
of the solid. The aluminas occur in the form of lamellae,

E-layer

O Oxygen

O Octahedral
Position

QO Tetrahedral
Position

C-layer
D-layer
C-layer
D-layer
C-layer

Boehmite

Fig. 13b. Structure in y-Al2O3 (Lippens, 1961).
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Fig. 14. Structure of WSa: (a) stacking of layers illustrating the
position of octahedral holes which may be partly occupied by Ni;
(b) site symmetry of W3+ ions in the bulk; (c) in the sideface; and
(d) in an edge parallel to the c-axis (Voorhoeve and Stuiver, 1971 b).

so it may be expected that one type of surface plane is
predominant. According to Lippens this is the (111)
plane for n-AL;O3 and the (110) plane for y-Al,Os.
Interaction of Promoter and Catalyst. During prepara-
tion when the potential catalyst is still in the oxide state,
interactions may occur between compounds such as MoOs
or WO; (the catalyst precursors), on the one hand, and
CoO or NiO (the promoters), on the other. For instance,

CoO + Mo0O3 —— CoMo0O,

Later in the catalyst preparation when reduction and
sulfiding occur, these binary oxides might be converted
into binary sulfides, and their identification in an early
stage of the catalyst preparation is therefore important.
There has been extensive research into the class of

-compounds represented by the formula ABO,, where

A is a divalent transition metal ion (such as Co?*) and B
a hexavalent ion (such as Mo®*). The structures are now
fairly well understood owing to the work of Smith and
Ibers (1965) and Sleight and Chamberland (1968). In
all cases the coordination of the divalent cation is
essentially octahedral, although the octahedra are dis-
torted. The materials are dimorphic and sometimes even
trimorphic, and the essential differences among the forms
are in the coordination of the hexavalent cations; this
coordination is either octahedral or tetrahedral.

There is no indication of these binary oxides in the
xray diagrams of industrial catalysts, though this is
hardly a proof of their absence. Magnetic susceptibility
data are more informative. The paramagnetic species are
the promoter cations Co?* and Ni2*; their paramagnetism
is dependent on the type of coordination because quench-
ing of the orbital magnetic moment differs for the octa-
hedral and tetrahedral coordinations, being more com-
plete for the latter. Griffith (1961) calculated the magnetic
susceptibility of Co%* to be 4.68 8 (Bohr magnetons) in
octahedral and 3.87 in tetrahedral surroundings, and
Cossee (1956) gave experimental values of 4.7 to 5.1 and
4.0 to 4.1 B respectively.

Lipsch (1969; Lipsch and Schuit, 1969a, b, ¢) mea-
sured the paramagnetic susceptibilities of the two forms
of CoMoO4 and found values of 5.4 and 4.7 8, in good
agreement with the prediction. Lipsch also investigated
a commercial hydrodesulfurization catalyst (Ketjenfine)
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and found its paramagnetic susceptibility to be 4.2 8.
He concluded that there is no CoMoO, in this catalyst;
what is actually present will be discussed later. Richardson
(1964), who preceded Lipsch in applying magnetic mea-
surements to commercial hydrodesulfurization catalysts,
reported that most of the Co?* was present as CoAlyO4
but that a small fraction might be present as CoMoOy;
this was inferred to have abnormal properties since, unlike
bulk CoMoQy, it was resistant to treatment by H, and
H,S. This CoMoO, was considered by Richardson to be
responsible for the catalytic activity.

The reduction of MoO; or WO; by hydrogen in the
presence of sulfur-containing compounds is usually con-
sidered to give rise to MoS; or WS, These compounds
have a layer structure, discussed in detail by Voorhoeve
(1971), Voorhoeve and Stuiver (1971 a, b), and Farr-
agher and Cossee (1972). Disulfides of Nb, Mo, Ta, and
W all have layer structures in which the metal is sur-
rounded by a trigonal prismatic coordination of six sulfur

atoms (see Figure 14). The stacking of the sulfur layers

is hexagonal or rhombic, and defect structures are common.
In trigonal prismatic coordination the d-orbitals of the
metal split into a lower A’ (single) and two doubly de-
generate groups, E” and E”, which form bands (Huisman
et al, 1971; Wilson and Yoffe, 1969). In NbS, and
TaSs; the band associated with A’ is half-filled; in MoS,
and WS, it is full.

The former two compounds, because of the ability to
accommodate more electrons in the half-filled band, show
the property of intercalation: in the empty sites between
the double layers of sulfur, which contain Nb** and
Ta** ions, metal atoms (such as Cu and Ag) can be
accommodated which donate their electrons to the A’
band. In an ideal crystal of MoS; or WS,, however, these
electrons would have to be accommodated in the E’ bands,
which is unlikely because of the energetically less favor-
able positions of these bands. Intercalation therefore does
not occur in MoS; or WS,

One compound involving Mo has been found, however,
-in which intercalation can occur (van den Berg, 1968;
Chevrel et al., 1968). The structure of the compound was
given by Miss van den Berg; it has the composition
CoMosS, and the nominal formula Co2*+Modt,S2—,.
Again it is a layer structure with Co located between the
Mo §; layers, the Mo now being octahedrally coordinated.
Since the crystal-field splitting in octahedral coordination
leads to a triply degenerate, lower T, level and a doubly
degenerate, higher E level, the lower level can accommo-
date more electrons than in the trigonal prismatic coordi-
nation.

Although intercalation is not possible for ideal MoSs
and WS, crystals, Voorhoeve and Stuiver and Farragher
and Cossee postulated that in actuality it can occur to.a
certain extent provided the crystals are small. Voorhoeve’s
arguments are derived mainly from ESR data and the
assignment by Voorhoeve and Wolters (1970) of a
resonance at 3,250 Oe to W3+, The resonance was ob-
served in sulfur-deficient WS; g5 but not in stoichiometric
WS,; it increased with surface area and with the amount
of Ni. For pure WS, the signal strength was of the
order of 10 to 10'® spins (Mo?* ions) per m?, increasing
by a factor of 102 on insertion of a small amount of Ni
(0.016 Ni per W). For high contents of Ni the signal in-
tensity was linearly dependent on the surface area. Voor-
hoeve therefore concluded that intercalation of Ni is to be
ascribed to the existence of edges on the layers, and
Farragher and Cossee estimated that because of the
smallness of the MoS; or WS, crystals in commercial
catalysts, the intercalation could increase to values of
Co:Mo or Ni:W of about 0.3 to 1.0.
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Although Farragher and Cossee considered their struc-
tural model to be applicable as well to Co and MoS,, the
ESR data for these compounds do not appear to confirm
its extension. Lo Jacono et al. (to be published) did not
find signals other than that for Mo’* after reducing
MoOQ3/v-ALO; with Hy + H,S. In the compound CoMoS,
a signal at g = 2.17 was found by Chevrel et al
(1968), and a similar signal has been observed by Lo
Jacono et al. after treatment of CoO/MoQ3/Al0; cata-
lysts by Hy + H,S followed by Hs. The signal, however,
was also observed with a greater intensity in similarly
treated CoO/y-Al,O3; it is therefore almost certainly to
be attributed to some form of cobalt.

An interesting observation related to the mechanism of
the sulfiding process was made by Seshadri et al.
(1970); they found that ESR spectra of sulfided CoO/
MoO;/y-AlLO; samples showed a triplet, which was
assigned to polymeric sulfur radicals. The experiments
were repeated by Lo Jacono et al. (1972), who found that
the signal was not present in the pretreated samples but
came into existence only when a sample was exposed to
air after the pretreatment. A complete explanation of
these observations must await further research.

Interaction of Catalyst Components with the Support.
The relatively low paramagnetic susceptibility of Co-
impregnated y-AlOs, first found by Richardson (1964),
was attributed by him to the formation of the spinel Co
AlLO4. The presence of this compound was ascribed to
an interaction of CoO and y-Al,O; in which the Co2*
occupied the tetrahedral interstices in the alumina lattice,
confining the AP+ to the octahedral sites. He considered
this form of Co?* to be unimportant to the catalytic
activity. Ashley and Mitchell (1968 a, b}, using both
magnetic and spectroscopic (reflection) measurements in
the visible-uv spectrum, also concluded that Co?* was
present in tetrahedral sites, but these authors did not
agree that CoAlO, was formed. Lipsch, however, ob-
tained data from similar measurements and did agree to
the existence of CoAl,Oy.

Spectroscopic measurements are particularly suitable
for identification of Co2* (tetrahedral) because they
refer to a local symmetry (point-group symmetry) associ-
ated with relatively intense spectral d-d transitions. (The
blue color of CoO/MoQ3/Al;05 catalysts is probably
due to this species.) Because of the intensity of the Co?*
(tetrahedral) spectra, the simultaneous presence of Co2*
(octahedral), known to have spectroscopic transitions an
order of magnitude weaker, becomes masked. Moreover,
the spectra yield information concerning only the local
symmetry; this symmetry might be similar to that in the
spinel CoAlyO4, even if the spinel were not actually
formed. Lo Jacono et al. (to be published) therefore
chose to describe the structure as a sub-surface spinel-
like structure.

The ESR results of Lo Jacono et al. {to be published)
led them to assign a special resonance at 1200 Oe to the
tetrahedrally surrounded Co?* and to conclude that it
is indeed present within the y-AlyO; lattice. In accordance
with results of earlier authors (Richardson, Lipsch), their
spectra were not changed by treatment of the sample
with Hy 4 HsS. They found no indication of Co?*
(octahedral), which is not too surprising because its
signal could be broadened out of observation by spin-
lattice relaxation. They did however find that relatively
high concentrations of Co led to the formation of ferro-
magnetic materials (presumably mixtures of Co metal +
CoS) after treatment with Hy, + H,S. Tomlinson et al.
(1961) and Keeling (1959) had previously concluded
that a separate CozO4 phase was present under similar
conditions. Whatever it is, this phase is eliminated by the
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presence of MoOs.

The interaction of NiO with y- and %-Al,O3 was in-
vestigated by Lo Jacono et al. (1971). As was to be
expected from crystal-field considerations, the tendency
of Ni2* to occur in tetrahedral sites is appreciably less
than that of Co2*; Ni2* never occupies more than 259%
of the total. The occurrence of tetrahedral Ni2+ is con-
siderably greater in %- than in y-Al;O3, and increased
concentrations are favored by firing in dry rather than
wet atmospheres.

The interaction of MoO; with the AlO; support has
been discussed in differing interpretations by Ashley and
Mitchell, Lipsch and Schuit, and Asmolov and Krylov
(1970). Data were taken from IR spectroscopy and re-
flection spectroscopy in the visible-uv. Lipsch did not
find much difference between unsupported and supported
MoOj3, but there was an increased intensity and a stronger
dispersion in the latter, which he concluded was evidence
of an interaction of Mo®* with the surface. Ashley and
Mitchell believed the Mo®* was predominantly tetra-
hedrally surrounded, which suggests a relatively strong
interaction with the support, since in Al;(MoO,); the
Mo®* is known to be tetrahedrally surrounded. Asmolov
and Krylov also tended toward the assumption of tetra-
hedral Mo®+, especially at lower concentrations.

An ESR study of MoOj3 on - and 4-Al;O;3 was reported
by Dufaux et al. (1970). If MoO; is calcined at tempera-
tures around 750°K, it usually exhibits a weak signal at
g = 1.93, which is assigned to Mo®" in tetragonal square
configuration. When 5-AlbO; was impregnated with
ammonium molybdate, the resulting samples showed an
intensity of this signal proportional to the MoO; content.
The MoQ; therefore appears to have been present as
such. For y-AlO;, however, no Mo®* signal was observed
below 10 wt. % MoOs, suggesting that the MoOs inter-
acted with the support. The authors ascribed the result
to the formation of the monolayer of MoOs on the surface
of the support, as follows:

oH H-0_ 0O o_ 0
N AN
Al»03 + MG — ALOs| Mo + 2H,0
;0N 2Y3 AN 2
OH H-0" 0 o Yo

A similar model had been proposed earlier by Lipsch.

Lo Jacono et al. (to be published) found for MoO;
contents exceeding the 109 limit that addition of in-
creasing amounts of CoO led to a decrease in the Mo®*
signal. The observation might be attributed to the forma-
tion of CoMoQO,. Since, however, the intensity of the
Co?* (tetrahedral) signal did not decrease with the
amount of MoO; present (it actually increased some-
what), this explanation is inadequate. Indeed the results
even seem to indicate that Co increases the stability of
the Mo monolayers.

In the following paragraphs we present a new model
for the monolayer structure.

The -AlO; is assumed to comsist of particles formed
by a one-dimensional stacking of C- and D-layers. The
surface of a particle is assumed to consist entirely of
these C- and D-layers, the ratio of the two types being
one. The unit mesh of the surface planes is then either
Aly/s[ALO4] or [ALO4] for C- or D-layers, respectively.
(The metal represented inside the brackets is octahedrally
surrounded and that outside the brackets tetrahedrally
surrounded.) A MoO;s; monolayer on the alumina surface
is required to have a similar symmetry. If the outer layer
of the support is a C-layer, the monolayer will have D-
symmetry, and vice versa. Evidently such an arrangement
would have an excess positive charge, and in compensa-
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tion an anion layer is assumed to be located on top of
the monolayer, with the maximum number of O ions per
unit mesh being four.

To facilitate further discussion, the outer alumina layer
will be called the “surface layer;” the adjacent Mo layer,
the “monolayer;” and the top layer consisting of only
anions, the “capping layer.”

If the surface layer is a C-layer (referred to as case
Ia), the formation of the boundary layer can be written as

0, capping layer
Aly3[ALO4] + 2 MoO3 ——  [Mo20,4] D-layer
A]4 /3 [A1204] C-Iayer

A monolayer with Mo as the cation is formed with D-
symmetry, that is, with only two Mo cations per unit
mesh, both in octahedral positions. The excess positive
charge is compensated by a capping layer only half filled.
All the oxygens in the monolayer are engaged in com-
pleting the surroundings of the Al ions in the surface layer.
The monolayer is therefore firmly bonded to the surface.
For a surface D-layer (case Ila) one obtains

O4 capping layer
[A]204] + 8/3 M003 _—> M02/3[M0204] C—layer
[AL:O4] D-layer

The monolayer should have C-symmetry and therefore
contain both octahedral and tetrahedral Mo. The maxi-
mum number of Mo cations in this layer is however
restricted by the capacity of the capping layer. With four
O anions per unit mesh in the capping layer (that is, at
full coverage), the monolayer content is restricted to
8/3 Mo ions. In the formula, the octahedral sites are
fully occupied but the tetrahedral sites only partially; a
different system of occupation with more tetrahedral and
fewer octahedral Mo ijons is evidently not excluded. Note
that the full burden of binding the monolayer to the sur-
face layer falls on the Mo component; if O ions are re-
moved, for instance by reduction, the monolayer will
have a tendency to become separated from the support.
This arrangement is therefore considered less stable than
the arrangement just given (case Ia).

Incorporation of Co2* in the support, visualized for
convenience as a reaction with CoO, is assumed to result
in location of the cation in a tetrahedral position some-
where in a C-layer within the solid, hence below the
boundary layer. Its accompanying O ion can find no
position in the support and therefore remains at the
surface, for example in the capping layer. Penetration of
Co?* jons into the support must be accompanied by
expulsion of AR* jons from the support, since Co is
replacing Al. The Al cations must find a position in the
boundary layer. The replacement reaction is then as
follows:

A3+ )3 ———> APB*y3 + Co?t ———> 2 Co?*

A simultaneous introduction of MoQO; and CoO is
readily visualized when the surface layer is a D-layer
(referred to as case I1h):

[Al:O04] + 2 MoOj3 + 2 CoO
—_—
Oy capping layer
Aly/3[Mo204] C-monolayer
[Al,O4] D-surface layer

Co,[Al,O4] Co in support
Two Co ions per unit mesh are incorporated within the
solid, forcing 4/3 Al ions to the boundary layer where
they occupy the tetrahedral sites in the monolayer. Fewer
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Mo ions are therefore incorporated, and all of these must
find positions in octahedral interstices. Since there is
simultaneous incorporation of both Co and Mo, the
capping layer remains complete, but the ratio [O (cap-
ping layer) : Mo (monolayer)] becomes greater than
when Co was absent. The stability of the monolayer is
increased because part of the task of binding the mono-
layer to the surface layer is taken over by Al.

When the surface layer is a C-layer, the simultaneous
incorporation of MoO; and CoO is less readily understood.
There are various possibilities:

Case Ibl: There is no place for the Al to be incorpo-
rated in the boundary layer, and hence there is no incorpo-
ration of Co via this part of the surface; the situation re-
mains as for case Ia.

Case 1b2: The Al content in the surface layer can be
increased somewhat because there are still tetrahedral
sites available, but the ratio [Al (tetrahedral) : Al (octa-
hedral)] becomes different from that in C-layers in the
bulk:

Aly/3[Al;O4] + CoO + 2 MoOg

—_—
O; capping layer
[Mo504] monolayer
AL[ALOL] surface layer
CoAly/3[AlO4] Co in support

Case Ib3: The Al ions become part of the capping
layer. The monolayer is then covered by an inert layer
and ceases to be catalytically active.

For the combination of cases Ibl and IIb, the maximum
Co:Mo ratio would be 1/2; the combination including
extra participation of incorporation via case Ib2 would
give a ratio of 3/4 and that including participation via
case Ib3 might even give a ratio of 1. Since in practical
catalysts the Co:Mo ratio is often between 1/2 and 1,

O M05+second layer

® M03+second layer
2
0% second layer

) 52~ first layer

Fig. 15a. Sulfided monolayers on Co-promoted v-AlQ3: Surface layer
is a C-layer.
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Fig. 15b. Sulfided monolayers on Co-promated v-Al203: Surface layer

is @ D-layer. Sulfur layers are depicted to be as dense as possible

except for single sites at which a sulfur anion vacancy exists. These
sites are suggested as the catalytically active sites.
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cases Ib2 and Ib3 cannot be entirely excluded. Because
of the inaccessibility of Mo in case Ib3, however, this
possibility will be considered no further.

The actual catalyst operates in a reduced and (partially)
sulfided state, that is, O?~ jons are removed from the
boundary layer or exchanged by S~ ions. It is now
assumed that removal or exchange can occur in the
capping layer only, since otherwise the connection be-
tween the surface layer and monolayer would be des-
troyed. Moreover, since S~ is much larger than O2-,
the maximum number of S ions in the layer is fixed at
two instead of four (as for the O ions).

Consider now the situations with Sy in the capping
layer (full layer):

Without Co
case Icl S, caseIlel S,
[Mo®+5 O4] Mo +5,5[ Mot 5 O4]
With Co
case Ic2 S, case IIc2 S,
[Mo®+*; O4] Alys[Mot*, O4]

(For simplicity, only the monolayer and capping layer
are shown.) Cases Ic2 and IIc2 are illustrated in Figures
15a and b. It is clear that the S ions block access to the
Mo ions. The capping layer of the catalyst accordingly
should contain extra anion vacancies where S$2~ ions
are removed with simultaneous reduction of the under-
lying Mo ions. Results of the removal of a S ion are
shown in the figures; in case Ic2 an isolated Mo3®* ion
is left, and in case IIc2 a pair of Mo®* ions is left. Case
Ilcl is similar to its Co-cortaining counterpart, but the
structure for case Icl cannot be reduced to give Mo3*.

If we postulate that an active layer must contain
Mo®+ (in agreement with Voorhoeve), and further that
a stable monolayer must contain Al, then the promoter
action of Co is explained: Co increases the reduction of
Mo while secondarily (but still significantly) stabilizing
the monolayer. Intercalation into the disulfide and in-
corporation into the support therefore serve the same
purpose—the reduction of Mo. It is interesting that the
intercalation model then stresses the preference of the
promoter for an octahedral site, and the incorporation
model its preference for a tetrahedral site.

Catalytic Behavior of the Ni/W System. The experi-
mental investigations of catalytic properties of the Ni/W
system are entirely due to Voorhoeve and Stuiver (1971a,
b) and to Farragher and Cossee (1972). Voorhoeve and
Stuiver investigated the hydrogenation of cyclohexene
and benzene. To maintain a steady state sulfur content
they added CS; to the feeds, and this was converted to
CH4:

CS; + 4 H,——> CHy + H,)S

The reactions were followed with a microflow technique
for the following ranges of variables: P = 4.8 X 108
N/m?; Py,:Pyc = 35; T = 473 to 673°K; SV = 4 to 1000
X 10~3 m® liquid/kg of catalyst/sec. Conversions were
as follows: Benzene and cyclohexene, 1 to 95%; CSg,
always 100%.

The benzene hydrogenation followed first order kinetics
while hydrogenation of cyclohexene was first order in the
olefin concentration; both reactions were inhibited by
H,S. Arrhenius plots for benzene and cyclohexene hydro-
genation were curved. The kinetic equations for the two
reactions were similar for bulk sulfides and commercial
BASF 0376 catalyst (22.6 wt. 9% W and 3.8 wt. % Ni as
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sulfides supported on alumina; surface area was 1.43 X
105 m?/kg). The relative rates of reaction were 8.3 and
100 for hydrogenation of benzene and cyclohexene, re-
spectively.

Figure 16 shows the promoter action of Ni on a bulk
WS, catalyst for the hydrogenation of cyclohexene; the

(2]
I

10'2 x Rate Cons’mnf,l/(m2 catalyst sec N m<)
r
T

0 l 1 1 1 ]
0 0.l 0.2 0.3 0.4 0.5

Ni
Ni+W
Fig. 16. Effect of Ni:W atomic ratio in Ni/W/S catalyst on rate of

hydrogenation of cyclohexene at 559°K (Voorhoeve and Stuiver,
1971b).
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Fig. 17. Correlation of catalytic activity for benzene hydrogenation
with intensity of tungsten ESR signal (Voorhoeve, 1971).
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Fig. 18. Model of small WSy crystallite: white spheres represent

sulfur ions; black tungsten. Steric hindrance of adsorption s

coused by sulfur ions marked by crosses (Voorhoeve and Stuiver,
1971b).

rate increased 15-fold as the atomic fraction Ni increased
from 0 to 0.1.

At higher Ni concentrations there was a decrease in
the promoter action. The promoter action was much
stronger for the benzene hydrogenation on both supported
and unsupported catalysts; the NipsWS, catalysts were
200 times more active than WS, Here too the first added
Ni had the greatest effect.

The rate constant for benzene hydrogenation was cor-
related over several orders of magnitude with intensity
of the ESR signal assigned to W+ (Figure 17). No cor-
relation was found between the activity of the catalyst
in cyclohexene hydrogenation and the intensity of the
ESR signal.

These results led Voorhoeve and Stuiver to propose
two different catalytic sites (one for cyclohexene and
the other for benzene hydrogenation). Both are situated
on the edges of the WS, layers. They are W2* jons in a
coordination derived from the trigonal prismatic when
one or two of the anion sites is left vacant. Evidence that
these are actually present is the result that both reactions
are inhibited by H,S, presumably because of the inter-
action

O + HsS (g) ©S(ads) + Ha(g)

where [] is an anion vacancy.

The manner in which these vacancies arise is shown
in Figure 18,

Farragher and Cossee proposed a refined interpretation
of these site structures based on electron microscopic
observations of a rounding of the WS, edges after intro-
duction of Ni. The authors considered the two sites to be
a single W3* jon connected to a vacancy and a combina-
tion of two W3+ ions with interconnecting S2~ ions
absent.

Catalytic Behavior of the Co/Mo System. Voorhoeve
and Stuiver and Farragher and Cossee suggested that
their models would be valid for Mo- as well as W-sulfides,
although no experimental confirmation was presented for
a Mo-sulfide system. CoMo;Ss might be considered to
be an ideal intercalation compound, yet it was found by
Hagenbach et al. (1971a, b} to be almost inactive as a
catalyst. This result is ascribed by Farragher and Cossee
to the different type of S-coordination (octahedral in-
stead of trigonal prismatic). It is difficult to understand,
however, wiy this difference should play sach a vital
role in the behavior of the surface sites which are anion-
deficient.
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On the other hand, Hagenbach et al. found a combina-
tion of CopSs + MoS; to have somewhat higher activity
than MoS;, alone. This might perhaps be explained by
a reaction such as

Coy Ss + Mo S;—> 8 Co S + Mo S, (with Co intercalated)

Data showing the effects of structure of supported
catalysts on hydrodesulfurization of model compounds
are scarce. Recent work at Eindhoven and Carleton Uni-
versity, Ottawa, led to a report by de Beer et al. (to be
published) on the conversion of thiophene at 673°K and
1.0 X 10° N/m? on various catalysts of the type MeO/
Mo00O3/Al,0; (with Me = Mn2t, Co?t, Zn2t). A
comparison was also made with commercial Co/Mo
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Fig. 19. Hydrodesulfurization of thiophene in ¢ flow reactor. Cata-

lyst (1.8 X 10—%kg) reduced in Hy for 54 X 103 sec. at 673°K.

Feed: 9.5 X 10—7 m3Hy at STP/sec. 4+ 6 vol% thiophene at 673°K
(de Beer et al., in press).
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Fig. 21. Postulated mechanism for hydrodesulfurization of thiophene
(Lipsch and Schuit, 1969c).

catalysts from Ketjen. All catalyst were reduced by H, at
673°K prior to reaction.

Figure 19 gives a survey of a typical run: conversion
was initially relatively high with the oxide catalyst, then
it declined to a steady state level. The value of the
steady state conversion is plotted versus the promoter
concentration in Figure 20. Conversion passed through
a maximum with increasing promoter concentration. The
initial increase was the same for all promoters, but the
position of the maximum increased in the order Mn2*
= Ni2* < Co2* = Zn?*,

Mn2* in the catalyst has no preference for tetrahedral
or octahedral sites; Ni2* prefers octahedral sites but at
low concentrations is present in the tetrahedral sites (Lo
Jacono et al, 1971); and Co?* and Zn?* prefer tetra-
hedral sites. The tendency to occupy tetrahedral positions
therefore appears to be important in making a metal
cation a promoter. Although there is no question that the
catalyst became partially sulfided during the conversion,
activity was not limited to sulfides; the reduced oxide
systems invariably showed activity.

Lipsch and Schuit (1971a, b, ¢} suggested that the
catalytically active site was Mo** in an octahedral coor-
dination with some vacancies in place of oxygen. The
postulated reaction mechanism for thiophene is given in
Figure 21.

Lipsch did not give an explanation of the promoter
action of Co?*. The model given in Figure 15b is an
attempt in this direction which moreover accounts for
the partial sulfiding. Consequently, Lipsch’s proposal can
be modified. The active site is now envisioned to be a
combination of four Mo*3 ions, two of which are associ-
ated with (SH) ~ groups arising from the reaction

282~ + 2Mot* + Hp——— 2 (SH) ~ + 2 Mo?*

The other Mo®* ijons are the pair associated with the
anion vacancy (compare Lipsch’s three Mo** and two
(OH) ).

The reaction, just as in Lipsch’s proposal, is a con-
certed process in which the hydrogen atoms are donated
to the thiophene molecule that donates its sulfur atom

AIChE Journal (Vol. 19, No. 3)



TaBLE 12. DisTiLLATE HYDRODESULFURIZATION PLANTs ( LisTER, 1965)

Process variables

10 X space

Approx. 103 x velocity 10-6 x

design  throughput vol. oil/sec./ pressure,
Location date m3 oil/sec.”®  vol. catalyst N/m2  Temp, °K
Kwinana 1952 11.5 22.2 6.9 689
Hamburg 1954 13.3 3.8 4.7 639-655
Kent (Nos. 1

and 2) 1955 20.4 8.3 4.2 661-689

Antwerp
Venice 1957 13.3 11.1 3.6 689
Ruhr 1958 20.4 22.2 6.9 689
Belfast 1961 7.8 22.2 6.9 694
Lavera 1962 30.7 11.1 3.6 694

Catalyst bed details Reactor details
Recycle gas
rate, std. Volume, Vessel Tangent  Typeof

m3/m3oil Diam.,m Depthm md ID,m length,m construction®
720 1.2 4.2 46 1.2 5.2 A
260 2.0 9.9¢ 314 2.0 11.9 B
450 18 2.7 7.0 2.0+ 34 C
360 1.6 5.4 11.0 1.6 6.8 B
180 1.8 3.6 8.6 19 4.3 C
180 14 2.3 34 14 3.2 D
360 2.2 6.6 25.3 2.5 6.7 C

09 Data of Lister were given in units of bbl/std. day. One std. day was assumed to be 7.76 x 104 sec.

© 3 beds, each 3.3m deep.

+ 3 identical reactors in series on each unit (total catalyst volume 21 m®).

* Construction A. Solid stainless steel (18/8/Ti).
B. Clad Plate: 18/8/Ti on C/% Mo.
C. C/% Mo. Vessel with refractory lining + 18/8/Ti shroud.
D. Clad Plate: 18/8/Ti on 1 C1/% Mo.

to the anion vacancy, thus producing butadiene:
4Mo?t + 2 (SH)_ + C4H4S —— C.H;
+ 4 Mo*t + 382~

The product butadiene is subsequently hydrogenated;
whether this occurs on the same site or one of a second
kind is not known. Figure 15a contains a suggestion of a
second kind of site, the isolated Mo3* ion. There is
doubt of the existence of this site, and if it is present at
all, its concentration is probably low. Because of its
similarity to Voorhoeve’s single type of site, it might be
expected to have hydrogenation properties, though for
now the suggestion is only speculation.

Conclusions

There are now two proposed structures which might
be held responsible for the activity of hydrodesulfuriza-
tion catalysts: on the one hand, the trigonal prismatic
MoS; and WS, systems intercalated by the promoter
ions because of defects originating at layer edges; on
the other hand, the surface layer of the support con-
taining Mo or W and stabilized by the presence of
promoter jons in tetrahedral sites in the support. The
former structure, for the special case of Ni + WS,, has
been shown to be an active hydrogenation catalyst. The
latter fits the Co/Mo system better and has been shown
to be a hydrodesulfurization catalyst for thiophene even
in the reduced state.

The statement that there are alternative proposals for
the catalyst structure may be misleading. Possibly the
two systems are present simultaneously and operate in
combination. For example, the monolayer structure might
form butadiene from thiophene while the intercalated
system hydrogenates it further to butene. For more com-
plicated molecules such as the benzothiophenes studied
by Givens and Venuto, the sequence might be reversed,
hydrogenation followed by desulfurization. Perhaps com-
mercial catalysts are necessarily bistructural in order to
maximize the intrinsically bifunctional operation.

An especially interesting case in this connection is
represented by the NiO/MoOs/ALO; system, which we
have hardly discussed because there are so few data, even
though it is reputed to be an active and perhaps indus-
trially applied catalyst. Ni as a promoter seems to fit
better in the intercalated sulfide model than in the mono-
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layer model. More extensive studies of NiO/MoO;/AlO;
as compared to Co0O/MoQO3/AlO; catalysts might there-
fore lead to a better appreciation of the catalytic mechan-
ism in hydrodesulfurization.

PROCESS DESIGN

A general description of hydrodesulfurization processes
was given earlier. Details of light distillate processes are
given in reviews by Docksey and Gilbert (1967) and
Schuman and Shalit (1970). An account given by Lister
(1965) concerns commercial operating experiences, in-
cluding details of reactor design, construction, and opera-
tion. Some of Lister’s data are collected in Table 12,
Conversions of sulfur were not given, but they were
surely less than conversions in modern units which are
required to provide catalytic reformer feeds containing
only a few tenths of a part per million of sulfur, corre-
sponding to conversions of as much as 99.97%.

The following section emphasizes engineering con-
siderations for hydrodesulfurization of heavier feeds (gas
oils and residua). Since these feeds present the greater
and more recently recognized engineering challenges,
the related literature is far less developed. Our intention
is to identify engineering problems and to evaluate their
importance in process design. Frequently, the evaluations
will be superficial and speculative since there are few
quantitative data available. The data to be presented as
examples should not always be considered representative
of commercial practice.

Separation Processes

In hydrodesulfurization processes the product purifica-
tion procedures are well established. Gaseous and liquid
products are separated at high pressure in a single stage,
and the oil is stripped to remove remaining dissolved
light products. The hydrogen stream from the phase
separator is scrubbed with monoethanolamine, for example,
to remove hydrocarbon and H,S, which inhibits reaction.

Standard operating procedure appears to always include
scrubbing of H,S from hydrogen recycle streams. Scrub-
bing of interstage reactor streams may also be practiced;
an alternative procedure for interstage purification in-
volves selective adsorption of HyS on zinc oxide (Phillip-
son, 1971).
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The ease of separation of fluid-phase reaction products
from solid catalyst is a strong advantage of fixed-bed
reactor designs. In the slurry-bed processes, small particles
of catalyst may be continuously removed with products.
Problems with filtration are to be expected, and plugging
of filters may be difficult to avoid.

Mass Transfer Effects

A number of authors have reported experiments with
trickle-bed hydrodesulfurization at constant space velocity
and varying mass velocities. For example, Cecil et al.
(1968) reported pilot plant experiments with several
distillates, heavy vacuum gas oils, and residua, finding no
effect on reaction rate of changes in mass velocity of oil
in the range of about 0.13 to 0.54 kg/m?/sec. A repre-
sentative particle dimension was probably about 3 X
1078 m. It appears to be safe to conclude that external-
phase mass transfer does not influence rates of hydrode-
sulfurization in well designed pilot-scale reactors. Since
mass velocities are almost always greater in commercial
scale reactors, the external-phase resistances in them
are also expected to be negligible.

In contrast, mass transfer resistance within catalyst
pores appears to be significant for feeds ranging from
light distillates to residua. Rates of transport of either
hydrogen or sulfur-containing oil molecules in liquid-
filled pores may be low compared to intrinsic rates of
reaction. It is useful to account for the effects with the
Thiele model for diffusion and first-order isothermal re-
action in porous catalyst particles (van Deemter, 1965).

The standard experimental test for a significant intra-
particle mass transfer resistance is a series of reaction
rate determinations with catalyst particles of various
sizes and otherwise constant operating conditions. As
van Deemter (1965) has pointed out, a perfectly mixed
stirred-tank reactor is most appropriate for obtaining such
data, since reaction rates can be determined directly at
any conversion. The catalyst may best be contained in
a spinning basket (Carberry reactor).

Adlington and Thompson (1963) estimated that
effectiveness factors for hydrodesulfurization at 688°K
and 3.5 X 10® N/m? were about 0.6 for 3.2 X 10—3 m-
diameter pelleted catalyst. Their estimates showed that
effectiveness factor did not change appreciably with feed
boiling range (the range was unspecified), suggesting
that the decreased reactivities of the heavier sulfur com-
pounds were roughly compensated by their decreased
diffusivities.

Effects of catalyst particle size on rates of hydrode-
sulfurization of Middle Eastern residua were measured
by le Nobel and Choufour (1959) and Cecil et al. (1968).
The latter authors found an effectiveness factor of 0.4 for
cylindrical particles 1.6 X 1072 m in diameter; when
the average pore diameter was increased from 7.8 to 10.3
nm, the estimated effectiveness factor increased to 0.8.

Even though there are only few data, it appears to be
safe to generalize: effectiveness factors in hydrodesulfur-
ization are slightly less than one for many feeds and
catalysts. The right-hand side of Equation (7) should
be multiplied by an effectiveness factor; it is recommended
that values of effectiveness factor be determined experi-
mentally for each catalyst and feed. Systematic experi-
mental studies of the intraparticle mass transfer effects
in hydrodesulfurization would be valuable additions to
the literature.

The effectiveness factor may be subject to significant
change during catalyst aging, as is to be discussed later;
another important intraparticle mass transfer effect in-
volves the demetallization reactions associated with catalyst
aging, which will also be discussed later.
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TasLE 13. TypicAL FeEpsTOoCck INspECTIONS ( CECIL
ET AL., 1968)

Middle Eastern Venezuelan
Resid- Resid-
uum  Gasoill uwum Gasoil
Specific gravity 0.96 0.93 0.95 0.91
Sulfur, wt. % 4.01 2.95 2.17 1.56
Conradson carbon, wt. % 12.2 0.37 107 0.28
Naphtha insolubles, wt. % 9.6 0.4 10.0 —
Carbon, wt. % 84.52 85.20 85.93 —
Hydrogen, wt. % 11.05 11.79 11.43 _
Nickel, ppm 27 0.3 37 0.7
Vanadium, ppm 76 04 290 0.7
ASTM distillation
(Atm. Equiv.), °K
5% 599 650 588 658
10% 629 684 622 665
20% 875 708 670 678
40% 757 731 753 704
60% 830 753 831 741
90% — 783 — 794

Fluid Flow and Mixing Effects

Cecil et al. (1968) reported experiments with pulses of
radioactive dotriacontane (CsHgg) tracer, which were
designed to determine the residence time distribution of
oil in 2.5 X 1072 m-diameter trickle-bed reactors. Catalyst
particle size was not specified; it is assumed the catalyst
particles were cylinders, about 1.6 to 3.2 X 1072 m in
diameter. Though deviations from piston flow were ob-
served, the authors concluded that they had negligible
effect on typical conversions of gas oil at liquid mass
velocities ranging from 4.7 X 1072 to 2.0 kg/m?/sec.

In commercial-scale trickle-bed reactors, however, de-
viations from piston flow of liquid are much more difficult
to avoid, and reactor efficiency may be much less than
that experienced with the same catalyst in a pilot-scale
reactor (Ross, 1965). Ross and Cecil et al., among others,
have emphasized the need for design to give even distri-
bution of liquid in commercial-scale trickle-bed reactors.
Lister (1965) recommended a perforated plate/chimney
type distributor for gas-liquid feeds to each reactor stage
employed. Although practical design details are not
available in the open literature, we infer that piston flow
has been closely approached on a routine basis with
proper distributor design.

Initial estimates of axial mixing effects might best be
based on correlations representing data from laboratory-
scale reactors. The recent literature includes papers by
Hochman and Effron (1969), van Swaaij et al. (1969),
and Mears (1971).

In the prospective absence of deviations from piston
flow and external-phase mass transport resistance, Equa-
tion (7), the recommended rate equation, can be inte-
grated straightforwardly to give optimistic reactor design
estimates, provided methods are available to account for
catalyst aging.

The distribution of flow in slurry-bed hydrodesulfur-
ization reactors is not well characterized. It is probably
a good first approximation that the oil and catalyst are
perfectly mixed in the reactor. The hydrogen flowing
hhrough the slurry as bubbles might be nearly in piston

ow.

The consequences of this mixing of reacted and un-
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reacted compounds are clear. For example, for a second-
order reaction in a perfectly mixed reactor, the required
reactor volume is roughly twice that of a piston-flow
reactor at 409, conversion and about five times that of a
piston-flow reactor at 809 conversion. Reactor volume in
the slurry-bed process can be significantly reduced if
multiple stages are used. High temperature reactors and
consequently higher reaction rates can also be used; this
option is probably most desirable when processing ob-
jectives include hydrocracking of residua.

The design of flow distributors is undoubtedly of im-

portance in the fluidized-bed process. Even distribution"

of gas bubbles in the bed and avoidance of slugging are
essential to maintenance of fluidization and even tempera-
ture distribution; mechanical recirculation of oil may be
employed to provide sufficient velocity for fluidization of
larger catalyst particles (Mounce and Rubin, 1971).

Catalyst Aging

Some of the unique engineering problems associated
with hydrodesulfurization of residual petroleum fractions
are consequences of the presence of organometallic com-
pounds contained primarily in the heaviest (asphaltene)
fraction of the residuum. Feedstock inspections of a
Middle Eastern and of a Venezuelan residuum are com-
pared to the inspections of the corresponding gas oils in
Table 18. The V and Ni are almost completely contained
in the residual fraction, while the sulfur is almost evenly
distributed. The Venezuelan residuum contains about
330 ppm V plus Ni.

The nature of V and Ni compounds in petroleum has

been discussed by Larson and Beuther (1966). Metals in
the asphaltene fraction are believed to be present as
organometallic compounds associated in the form of mi-
celles. A schematic representation of such a micelle is
shown in Figure 22. A micelle is 4 to 5 nm in diameter, too
large to pass through many of the pores in practical hydro-
desulfurization catalysts (Table 14).

Removal of V is generally found to be more rapid than
removal of Ni. For example, Hiemenz (1963) found that
inorganic V was deposited within the pores of catalyst
particles used to hydrodesulfurize an Iranian topped
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Fig. 22. Schematic depiction of an asphaltene micelle (Larson and
Beuther, 1966).

TasLE 14. CaTaLysTs FOR HYDROTREATING OF RESIDUA ( VLUGTER AND VAN'T SPIJRER, 1971)

wt. % SiOg in 108 % 10-5 ¥
silica alumina; 10-3 % avg. pore specific
(plus other bulk density, volume, Avg. pore surface area
Manufacturer Preferred metals components ) kg/m3 m3/kg diam., mm m2/kg
Esso Ni 4+ Mo or Co 1-6 <0.70 >0.25 mainly 3-7 >1.5
Mo
UoP Ni-:- Mo 10-40 0.625-0.875 0.3-0.5 6-10 1.5-2.5
pref. 10-25
Standard QilInd.  Co/Mo* pref. 1-10 — >0.5 10-20 1.5-5
pref. 3-3.5
Gulf Mo + Co + Ni 0 —_ 0.48  regular distribution 1.6-2.2
0-24; avg. diam,
14-18
Texaco Ni or Co 4 Mo 2-30 0.5-0.7 0.6-0.8 — 3-8
orNi + W
uop Ni 4 Mo 10-90 (4 boron 0.15-0.35 1.23 125 —
phosphate =)
Shell Ni/Co-W/Mo pref. 70 to 90 0.71 - g 2.9
Chevron Group VI 4 VIII SiO; practically none — porosity >6 >1
(+ metal phos- >60%
phates)
Nippon Oil Co. Co/Mo or Ni/W 0 — 0.3 of pores many pores of —_—
>7.5nm 100-5,000
Hydrocarbon Co/Mo (+ Ni) 0-100 — 0.45-0.5  6-7 plus channels 2.6-3.6
Research 10-100 plus
channels > 100
Commercial Samples
Girdler G-35B Co/Mo — 0.96 0.22 mainly <20 2.7
" Pro Catalyse Co/Mo — 0.5 0.78 regular distribution up 2.8
Co. to 1,000 plus
IFD HR 304 larger pores
Davison Chemical Ni/Co/Mo — 0.64 0.39 peak at 40 2.2
cal Co.
NiCoMo-1
® May contain zeolites.
= Boron phosphate probably provides mechanical strength to catalysts of low density.
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residuum; the V was concentrated near the particle
peripheries in sharply defined layers 1.3 X 107* m thick.
The outer layers included only about 8% of the catalyst
pore volume. Hiemenz found that deposited Ni was more
uniformly distributed in the catalyst particle, occupying
the outer 18% of the particle volume; the distribution
of deposited carbon (coke) was uniform in the particle.
Hiemenz showed that oxidized catalyst material con-
taining the inorganic V and Ni offered greater resistance
to intraparticle mass transport than the uncontaminated
material. It is clear that under some circumstances the
deposition of Ni and especially V within the pores of
hydrodesulfurization catalysts can lead to restriction of
the diffusion paths of reactant molecules and ultimately
to blocking of these paths and irreversible deactivation
of the catalyst.

The occurrence of this pore-blocking phenomenon
indicates the advantage of catalysts with large pores and
increased pore volume to provide easy access and high
capacity for the inorganic metal compounds. Trade-offs
in the catalyst design are clear: larger pores and increased
pore volume can be obtained at the expense of small
pores and surface area, hence at the expense of intrinsic
catalyst activity. Pore volume increases obtained through
increased catalyst porosity produce particles of decreasing
mechanical strength. An aged residuum hydrodesulfuriza-
tion catalyst with a loading of more than 0.5 kg Ni plus
V per kg catalyst was reported by Paradis et al. (1971).

The research problems associated with blocking of
pores and the diffusion of large molecules in small pores
are deserving of attention. The mass transport phenomena
are complex, involving the slow motion of molecules
which interact strongly with pore walls and which may
have to deform to pass through narrow passages; the
transport of large hydrocarbon molecules in pores of
alumina-based materials may be comparable to the trans-
port of smaller molecules in the intracrystalline channels
of zeolites.

Moritz et al. (1971) reported that with an unidentified
conventional catalyst used in hydrodesulfurization of

TaBLE 15a. OpeErATING CONDITIONS FOR COST STUDY
(Docksey aND GILBERT, 1967)

Feed rate, m3/sec. 41 x 10-2
Feed sulfur, wt % 1.2

Product sulfur, wt % 0.1

Space velocity, vol. feed/vol. catalyst/sec. 2.2 X 10-3
Pressure, N/m?2 6.9 x 108
Reactor temperature, °K 661-694
Gas recycle rate, std. m8 Ha/m3 oil 180
Hydrogen consumption, std. m3 Hy/m3 oil 32

TaBLE 15b. CosT SUMMARY FOR LIGHT DISTILLATE
DESULFURIZATION PLANT (DocksEY AND GILBERT, 1967)

Cost, ¢/m3 product

Chemicals % of
Capital and Total total
Duty charges utilities cost cost
Feed to reaction
condition 14.5 18.1 32.6 54
Hydrogen to reaction
condition 3.5 2.6 6.1 10
Gas circulation 58 3.9 9.7 16
Reactor and catalyst 24 1.9 4.3 7
Product recovery 6.6 16 8.1 13
Total 33 28 61 100
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Kuwait atmospheric residuum, fractional removal of Ni
plus V was roughly the same as fractional removal of
sulfur. With an unspecified improved catalyst, only about
half this degree of metal removal was observed; conse-
quently, catalyst aging was less rapid, and the amount of
sulfur removed before catalyst replacement was increased.

These results suggest that a catalyst with molecular-
sieving properties has been prepared. If most of the
pores had diameters of about 4 nm or less, the metal-
containing asphaltenes would be sieved out while most
of the sulfur-containing molecules could enter the catalyst
pores and penetrate toward the particle interior (though
effectiveness factors might be small). There is fruitful
ground for research into methods of tailoring the physical
properties of alumina-based catalysts.

It is conceivable that zeolites have been used to
catalyze hydrodesulfurization reactions; the use of shape-
selective (zeolite) catalysts for hydrocracking reactions
has been reported, for example, in a patent by Arey et al.
(1966). They described a two-stage residuum hydro-
cracking process—in the first stage, metals and other
contaminants were partially removed by reaction
catalyzed by cobalt molybdate having an average pore
diameter of 8 nm; in the second stage, a palladium-
loaded zeolite with a pore diameter of 1.3 nm selectively
catalyzed further reaction of the smaller molecules, sieving
out large metal-containing molecules which otherwise
would react to form deposits of inorganic metals and
coke.

Although accumulation of inorganic material within
catalyst pores causes an irreversible loss of catalyst activity,
the simultaneous accumulation of coke does not, and
regeneration by controlled oxidation is standard practice,
at least in operation with light feeds. For example, van
Deemter (1965) observed a rapid decline in activity of
cobalt molybdate after about 1.5 X 107 kg of gas oil had
been hydrodesulfurized per m® of catalyst bed. The catalyst
then contained 5.2 wt. % coke. The catalyst regained full
activity when the carbon was burned off under carefully
controlled conditions. The rapid activity loss was perhaps
indicative of pore blocking by coke.

The deposition of solids in fixed-bed interstices also
presents significant engineering problems. Lister’s account
(1965) cites uneven distribution of flow and excessive
pressure drop resulting from deposition of solids at the
upstream end of a fixed-bed reactor. Feed contamination
with sodium chloride must be avoided, as salt deposits
form rapidly. Lister recommended mesh baskets at the
top of a fixed-bed reactor. These should contain loosely
packed solids, providing high interstitial capacity for
deposited material. The baskets could be replaced period-
ically. A separate guard chamber operated as a swing
reactor upstream of the main reactor could serve the
same purpose.

Data of Kubicka et al. (1968) demonstrate the useful-
ness of a guard chamber. In pilot-scale fixed-bed hydrode-
sulfurization of Romashkino residuum, the solid deposits
(especially iron and scale) were concentrated near the
bed entrance; V was more strongly concentrated near the
entrance than Ni, corresponding to the greater reactivity
of organovanadium compounds. Newson (1972) has
inferred from the literature that the major source of
interstitial deposits is the organometallic components of
residua, but Weekman (1972) cited unpublished operat-
ing data showing that scale and corrosion products, not
V and Ni, predominate in the deposits. The available
data do not allow resolution of the disagreement.

An advantage of the slurry-bed reactor is the continuous
removal of solid material formed in reaction. Presumably
this material must be separated from the catalyst.
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Reactor Stability

The heat of reaction of residuum hydrodesulfurization
is sufficient to raise the reactant temperature about 20 to
80°K at typical operating conditions (Mounce and Rubin,
1971); to compensate for the temperature rise in fixed-
bed reactors, cold hydrogen may be added between
stages. Nonetheless, the occurrence of hot spots in hydro-
desulfurization reactors has been repeatedly cited, for
example, by Lister (1965), who identified the hot spots
as a symptom of catalyst aging causing poor flow distri-
" bution. It is possible that uncontrollable temperature
excursions could occur in fixed-bed reactors since highly
exothermic side reactions like hydrocracking begin to
take place rapidly at temperatures not much higher than
normally encountered.

Instability would seem to be less likely for the back-
mixed slurry-bed reactors since heat transfer is rapid;
the maximum temperature difference between any two
points in a reactor is reported to be normally less than
3°K (Mounce and Rubin, 1971). Yet a commercial-scale
slurry-bed hydrodesulfurization reactor is known to have
exploded (Anonymous, 1970; Davis, 1972), and we may
speculate that the explosion resulted from localized over-
heating in the reactor. Such overheating would have
resulted if fluidization had not been maintained at some
location in the reactor. The potential hazard points to a
clear need for operating data and analysis of the in-
stability phenomena.

Process Economics

Docksey and Gilbert (1967) summarized costs of
hydrodesulfurization of light distillates. Their estimates
(Table 15) are probably still representative. The costs
of such processes are not sensitive to the reactor design
(Lister, 1965). There seems to be little expectation of
much immediate improvement in these well established
processes.

Technology of hydrodesulfurization of residual fractions
is developing rapidly, however, and the economics can-
not be summarized easily. The number of commercial
units is small (about five) but increasing, and the trend
in the literature suggests a general preference for fixed-
bed over fluidized-bed reactors. The processing costs are
sensitive to feed properties (such as content of metals),
the cost of hydrogen, and the evolving air quality
standards. In a recent review of the process development
literature, Ebel (1972) cited some processing costs and
alternative routes to low-sulfur fuel oil.

NOTATION

c = concentration, wt. %

k = reaction rate constant

K = adsorption equilibrium constant
LHSV = liquid hourly space velocity

P = pressure; partial pressure

r == reaction rate

SV = space velocity

T = temperature

ay = fraction of sulfur which is reactive
ag = fraction of sulfur which is unreactive
Subscripts

B = butene

HC = hydrocarbon

HDS = hydrodesulfurization

Hyd = hydrogenation

o = feed; octahedral

S = sulfur-containing compound or sulfur

AIChE Journal (Vol. 19, No. 3)

t = tetrahedral
T = thiophene
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