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Abstract—The mechanism of thiophene hydrodesulfurization over sulfide catalysts for hydrotreating and the
effect of the catalyst composition and feed on the number, distribution, and performance of active sites were
studied using *°S and 3H isotopes. Based on the results of radioisotopic study, amethod for systematic testing—
monitoring of sulfide Co(Ni)Mo catalysts for hydrotreating is developed. The method involves the evaluation
of the fraction of the active phase surface occupied by SH groups and the ratio between the concentrations of
the surface SH groups and coordinatively unsaturated sitesincluding functioning vacancies. General conditions
for the formation and functioning of active sites are formulated on the basis of the monitoring data. Criteriafor
evaluation of the catalyst performance under conditions of hydrodesulfurization of various kinds of crude are
proposed. The results of the pilot tests of commercia catalysts suggest that the criteria proposed are suitable.

INTRODUCTION

The practice of the last decades shows that oil refin-
ing needs more and more novel efficient catalysts for
hydrotreating. Thisis dueto the involvement of heavier
oil fractionsin the refining process and the toughening
of environmental requirements for the products. Along
with the problem of creating new catalysts for deep ail
refining, the industry is facing the problem of develop-
ing and selecting catalysts for hydrotreating of oil nar-
row cuts and some fuels.

A practical application of the results of basic studies
in catalysis by supported metal sulfides should be the
formulation of criteriafor the choice of starting compo-
sitions that should be the focus in developing new and
improving existing commercial catalysts, aswell ascri-
teria for choosing among aready developed catalytic
systemsthat meet the requirements of a specific process
and the nature of starting materials. Up to now these
studies have concerned the structure of the catalyst and
their active sites, which is the results of the develop-
ment and use of modern physicochemical techniques
and apparatusfor surface studies and relative simplicity
of interpreting their results.

Indeed, athough many schemes of thiophene
decomposition over sulfide catalysts have been pro-
posed, there are no reliable experimental data that give
priority to one of them. This is due to the lack of our
understanding of the structure and performance of
active sites of the sulfide catalysts. The role of sulfide
sulfur in the hydrogenolysis of sulfur-containing com-
pounds remains unclear. Structural models cannot
answer these questions. The most important problems

are asfollows: are the active sites formed under condi-
tions of catalysis and what is their relative amount?
Specifically, it is commonly accepted nowadays that
anionic vacancies play akey rolein catalysis by transi-
tion metal sulfides [1-17]. Numerous models of active
sites including anionic vacancies have been proposed
[12]. Most of them are based on the assumption that
catalytic transformations occur on coordinatively
unsaturated sites (CUS), which can exist in the struc-
ture (e.g., on the corners and edges) of MoS, clusters or
forminthe course of preliminary reduction of acatalyst
or a catalytic reaction. However, there are no experi-
mental data that confirm the formation and functioning
of vacancies in the course of areaction. Thisis due to
the fact that such information is difficult to obtain even
using modern in situ experimental techniques. It is nec-
essary to find an additional way to obtain unambigu-
ously interpretable data on the dynamic properties of
the system. Therefore, the use of isotopic tracer tech-
niques in combination with other methods for catalyst
studies can be very efficient becauseit allowsanin situ
study of the behavior of all components in the system,
including both reactants and the catalyst, and gives
dynamic information on the interaction of the active
sites with reactant molecules.

The use of the radioactive isotope 3°S allowed us to
reveal that in the hydrodesulfurization of organosulfur
compounds, sulfide sulfur participates in hydrogen sul-
fide formation [18-21]. There may be two reasons for
the transfer of the radioactive sulfur from the catalyst-
3§ (Cat-*S) to H,S. First, the surface »SH groups of
the catalyst may be involved in thiophene hydrogenol-

0023-1584/03/4404-0583%$25.00 © 2003 MAIK “Nauka /Interperiodica’



584

2H, HC  CH,
HSHHSH|SHH SH S SH
I I
Hy
7
Rate-determining step ,
H§ H +H,S
7
’
A A A

Fig. 1. Scheme of the “displacement” mechanism of
thiophene conversion over the sulfide catalyst.

ysisto form radioactive H,S and, second, it may be due
to theisotope exchange between »SH groups of the cat-
alyst and nonradioactive hydrogen sulfideformedin the
course of thiophene hydrogenolysis. The authors of
[21] did not find any correlation between the catalytic
activitiesin the isotope exchange and thiophene hydro-
genolysis, whereas such a correlation was found in
[19, 20, 22-25]. The data obtained provide evidence on
the important role of sulfide sulfur of the catalyst in
hydrodesulfurization.

Deuterium was used as atracer in most i sotopic stud-
ies of the hydrodesulfurization mechanism [26-35].
Attempts were made to find a relationship between the
H-D exchange, molecular hydrogen adsorption, and
catalytic activity [26, 28-30] or to determine the source
of hydrogen that participates in the hydrogenolysis of
the C-S bond in thiophene: the thiophene molecule,
catalyst, or the gas phase [27]. However, data on deute-
rium-hydrogen exchange without comparison with
data on sulfide sulfur behavior did not allow the authors
to draw a definitive conclusion on the reaction mecha-
nism.

Taking thisinto account, we studied the mechanism
of thiophene hydrodesulfurization using both 3°S [36,
37, 39-48] and *H [38, 40, 43, 46, 48]. We showed that
during thiophene hydrodesulfurization, sulfur of the
catalyst is replaced by sulfur of thiophene [36-40].
Data obtained using tritium proved that the appearance
of radioactivity in the hydrogen sulfidethat isformedin
the hydrogenolysis of the organosulfur compound on
the surface of the sulfide catalyst containing the *3S
tracer is due to the displacement of the labeled *°S
groups of the catalyst into the gas phase in the form of
hydrogen sulfide and is not due to isotope exchange.
These findings alowed us to propose [46, 48] the
mechanism of thiophene transformation on the surface
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of the sulfide catalyst (Fig. 1). According to this mech-
anism, the anionic vacancies, SH groups, dissociatively
(reversibly) adsorbed hydrogen, and molecular hydro-
gen are present on the surface of the active phase of the
CoMo sulfide catalyst. The catalyst is characterized by
acertain ratio between the number of vacancies and SH
groups. The adsorption of thiophene (or other organo-
sulfur compound) on the anionic vacancy changes this
ratio, and the catalyst transforms into a metastable
state. The hydrogenolysis of the C—S bond and the for-
mation of the hydrocarbon fragment of the organosul-
fur compound involves the reversibly and dissocia-
tively adsorbed hydrogen and is accompanied by the
formation of a new SH group that is equivalent to the
existing ones. The catalyst transformation from the
metastable state is due to the elimination of one of the
surface SH groups and the formation of a new vacancy.
The SH group isremoved by interaction with molecular
hydrogen to form hydrogen sulfide. The rupture of the
H-H bond is the slowest and rate-determining step of
the whole reaction. However, some details of the mech-
anism of vacancy formation, the interaction of the SH
group with molecular hydrogen, and the displacement
of the excess SH group to the gas phase remain unclear.
In particular, it isimportant to know or at least evaluate
the ratio between the numbers of SH groups and vacan-
cies and its possible variations depending on the cata-
lyst composition and reaction conditions.

The goal of thiswork isto study systematically the
effects of the catalyst composition, crude, and reaction
conditions on the performance of the active sites; the
evaluation of the ratio between the number of SH
groups and vacancies, and the fraction of the surface
unoccupied by the SH groups, and, on the basis of these
data, to develop a method for predicting the catalyst
efficiency in hydrodesulfurization processes.

EXPERIMENTAL
Catalysts

We used catalysts prepared by conventional impreg-
nation of y-Al,O, (specific surface area, 212 m?/g; pore
volume, 0.8 cm?/g; and average pore diameter, 124 A)
and silica gel ASK (specific surface area, 363 m?/g;
pore volume, 0.96 cm’/g; and average pore diameter,
98 A) with agqueous solutions of ammonium heptamo-
lybdate and cobalt or nickel nitratesfollowed by drying
and calcination at 400°C. For the preparation of CoNi
catalysts, supports were impregnated with a mixed
solution of Ni(NO;), and Co(NO»),. After impregna-
tion, the catalystsweredried in air for 24 h at room tem-
perature and for 2 h at 110°C. The concentration of
metalsin the samples was varied from 1 to 25%.

Commercial catalysts used in pilot testing contained
from 3 to 6% of CoO and from 12 to 20% of MoO;.
Aluminawas used as asupport for all the catalysts. The
model catalysts containing active metal oxides in the
range of concentrations from 0 to 24% MoO; and from
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0 to 12% CoO were prepared for the radioisotope test-
ing. The catalystsfor radioisotope testing were sulfided
with a 5% H,S/H, gas mixture for 4 h.

The pore structure of the catalysts was determined
by mercury porosimetry on a Cultronix automatic poro-
simeter. X-Ray diffraction analysis of the supports and
catalysts was carried out on a DRON-2 diffractometer.
The degree of metal reduction was measured by the
volumetric method, and their concentrations in the cat-
alysts were determined by atomic absorption spectros-

copy.

Radioactive Qubstances

A sample of elemental sulfur labeled with the S
radli oi sotope was prepared by recrystallization from tol-
uene of tracer amounts of sulfur S (Amersham Phar-
macia Biotech) with non-radioactive elemental sulfur.
The molar radioactivity (MR) of the sample was 1.2—
2.0 GBg/mol. Hydrogen sulfide H,*S was prepared by
sulfiding the catalyst with sulfur S. The MR of
thiophene-*>S (VO Isotope) was 1.3 GBg/mol.

Qulfiding of Catalysts

Sulfiding with elemental sulfur %S was carried out
in an autoclave with avolume of 21 cm? under a hydro-
gen pressure of 60 atm at 360°C and aweight catalyst :
sulfur ratio of 5: 1 or in the reactor of the experimental
setup with a 5% H,*>S/H, mixture at 0.5-1.0 atm or
with thiophene->>S.

Sulfiding with thiophene->S was carried out by
introducing 3-pl thiophene pulses into the reactor at
360°C followed by the chromatographic analysis of the
products. After the steady-state regime of the H,S for-
mation was reached, the feeding of the thiophene-*S
pul ses was stopped.

Radioisotope Testing

The sulfide catalyst containing radioactive sulfur
was loaded in the reactor of an experimental pulse
microcatalytic setup combined with a radiochromato-
graph. The weighed portion of the catalyst was 100 mg.
After the catalyst was treated in a He flow, the reactor
was fed with hydrogen, which also served as a carrier
gas for the radiochromatograph. The pulses of unla-
belled thiophene of a 1-pl volume were successively
supplied to the catalyst.

The signals of the thermal conductivity detector of
the chromatograph and a flow counter of radioactivity
were processed in the on-line regime with the Multi-
chrom 2.74 program. The concentrations of hydrocar-
bons C,, hydrogen sulfide, and unreacted thiophene, as
well as MR of H,S were measured at the outlet of the
reactor. The radioactivity was found only in hydrogen
sulfide. As new portions of unlabelled thiophene were
introduced into the reactor, the MR of the hydrogen sul-
fide gradually decreased because of the displacement of
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the radioactive sulfur of the catalyst by the nonradioac-
tive sulfur of thiophene.

Theradioactivity of hydrogen sulfide was measured
with aflow proportional counter connected to a multi-
channel analyzer of a Protoka (Russia) or a
ROBOTRON (GDR) instrument.

The amount of sulfur in the catalyst samples was
estimated by measuring the specific radioactivity (SR)
of Cat-*S and comparing this value with that of sulfur
of the sulfiding agent.

Mathematical Processing of Experimental Results

The plots of hydrogen sulfide MR vs. the amount of
reacted thiophene were approximated by exponential
curves (Eg. (1)). The exponential form of the equations
is due to the fact that the isotope exchange and substi-
tution processes are described by the first order equa-
tions. Curves were approximated using the CurveEx-
pert 1.34 program by the self-consistency method up to
the satisfactory convergence of results in successive
iterations. As a rule, the number of iterations was 35—
40, the standard error of approximation was 1-2%, and
the correlation coefficient was at |east 0.997.

a = i;Aiexp(—)\ix). (1)

Equation (1) is the superposition of exponential
terms each describing the processes of isotope substitu-
tion of various intensities that occur simultaneously on
various catalyst active sites differing in the reactivity.
For the unpromoted Mo catalyst, Eq. (1) hasamonoex-
ponential form. Biexponential Eq. (1) is typical of a
bimetallic catalyst, usually Co(Ni)-Mo(W). The preex-
ponential factor A determinesthe fraction of thiophene
molecules reacted on the sites of this type. When the
sites of only one type are present (i = 1), then A, =
100%.

Theintegration of Eq. (1) alows oneto estimate the

amount of sulfur in the catalyst that is capable of form-
ing hydrogen sulfide on the sites of thistype:

00

32

S - m_rAieXp(—NX)dx. )
0
After integration of Eq. (2) we obtain
_ R A
S = Zax 1008, 3

When the curveis described by more than one expo-
nent, that is, when the active sites of more than onetype
responsible for hydrogen sulfide formation are present
on the surface, the total amount of mobile sulfur is the
sum

Sy = S+ S+ .. 4)
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If the thiophene conversion is known, it becomes
possible to estimate the number of its molecules con-
verted on the active sites of a given type for the time of
passing (~3 s) of one 1 pl pulse through the catalyst,
that is, the ratio of the number of thiophene molecules
to the number of SH groups of this type. Hence, it is
possible to determine how many molecules of hydro-
gen sulfide are formed with participation of one SH
group under the experimental conditions, that is, the
productivity of the active sites of thistype:

- Yi ANy
'~ 100100Ny’ )
Then,
A
- Y Avp S ©)

' 7 100100M; Mg’

After substitution of Eqg. (3) into Eg. (6) and a series of
simple transformations, we obtain

P, = 2.84x 10y . (7

Here My isthe atomic weight of sulfur; M isthe molec-
ular weight of thiophene; Ny = vp/My is the number of
mmoles of thiophene in a pulse; Ng = §/My is the num-
ber of mmoles of mobile sulfur (SH groups) of this
type; P; isthe productivity of the active site of thistype;
S isthe amount of mobile sulfur of thistype (mg); xis
the amount of H,S formed in the course thiophene
hydrodesul furization (cm?®); o isthe molar radioactivity
of H,S normalized to 100% with respect to the initial
radioactivity (%); y is the thiophene conversion (%); v
is the volume of thiophene in a pulse (1 ul); p is the
thiophene density (1.064 g/ml); and A, is the exponen-
tial factor.

Thus, when we know only the thiophene conversion
and the exponent value in the equation describing a
change in the molar radioactivity of hydrogen sulfide,
we can estimate the productivity of the active site of
each type.

Hydrotreating of Residual Oil

Residual oil from West-Siberian oil contained
asphaltenes, 4.3%; S, 2.3%; N, 760 ppm; V, 40 g/t; and
Ni, 60 g/t. The catalytic activity (50 g of catalyst) was
determined in the course of RO hydrotreating in an
autoclave (250 cm?) at a temperature of 380°C and an
H, pressure of 5 MPafor 5 h. Coke deposition on the
catalyst was measured using a Q-1500 D DTA instru-
ment (Hungary).

Pilot Testing

Ten commercial CoMo/Al,O, catalysts were tested
under pilot conditions in the hydrotreating of straight-run
gasoline (120-180°C, sulfur concentration, 0.25wt %)
and diesd fraction (270-360°C, sulfur concentration,
1.24 wt %). A fixed-bed reactor contained 50 g of the
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catalyst. Preliminary sulfiding was carried out with a
3% H,S/H, mixture for 18 h. The duration of each test
was 180 h; pressure, temperature, and feed space vel oc-
ity (6 MPa, 360°C, and 5 h™!, respectively) remained
constant during the whole run.

RESULTS AND DISCUSSION

1. Effect of Catalyst Compoasition on the Distribution
and Functioning of Active Stes
of Sulfide CoMo Catalysts

To monitor a change in the concentration of sulfide
sulfur in the catalysts after sulfiding and during the
reaction, helium was passed through the reactor for
30 min at 360°C. Then, several samples were treated
with hydrogen for 7-8 min at the same temperature.
The duration of hydrogen treatment was chosen to
allow the duration of each radiochromatographic anal-
ysis during the radioisotopic testing of the catalysts to
be 6-8 min, which corresponded to the interval
between two successive thiophene pulses. Preliminary
experiments showed that under reaction conditions a
fraction of sulfide sulfur is removed from the catalyst
surface for the first 5-6 min of hydrogen treatment and
the duration of treatment does not result in asubstantial
change in the amount of sulfur in the catalyst. Table 1
compares the resulting data with the maximally possi-
ble stoichiometric sulfur concentration.

Ascan be seen from Table 1, after thermal treatment
in a helium flow, al the samples contained sulfide sul-
fur in an amount close to stoichiometric. Hence, virtu-
ally complete sulfiding of al cataysts was reached
under the chosen conditions irrespective of their com-
position. After treatment with hydrogen, the catalysts
contained much less sulfur than before this operation.
This means that a portion of the sulfide sulfur was con-
verted to hydrogen sulfide during the first minutes of
catalyst trestment with hydrogen. As a result, vacan-
cies, which are necessary for the adsorption of organo-
sulfur compounds during hydrodesulfurization, were
formed on the surface of the active phase.

Changesin the molar radioactivity of hydrogen sul-
fide (a) during thiophene hydrogenolysis over unpro-
moted Mo catalysts are described by monoexponential
equations (see Table 2). This is evidence for the fact
that the SH groups on the surface of these samples are
closeto each other in reactivity (mobility); that is, these
catalysts possess only one type of the active sites
responsiblefor the rupture of the C-Sbond. Analysis of
data presented in Table 1 showsthat with anincreasein
the Mo concentration in unpromoted Mo/Al,O; cata-
lysts, the fraction of mobile sulfur in the overall sulfide
sulfur content somewhat decreases. Since mobile sulfur
(SH groups) islocated on the surface of MoS, clusters,
this decrease is probably due to some decrease in the
dispersion of the active phase of the catalysts caused by
an increase in the size of MoS, clusters. It is important
that an increase in the Mo concentration does not sig-
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Fig. 2. (@) Amount of mobile sulfur and (b) productivity of the active sites vs. promoter concentration in the catalysts with the Mo
concentrations (1, 2) 12, (3, 4) 8, and (5, 6) 4%. Dark symbolsrefer to rapid sites and light symbols refer to slow sites.

nificantly change the productivity of active sites; that is,
the nature of active sites in the Mo catalysts remains
unchanged in the range from 2 to 12% Mo.

Changesin the MR of H,S formed over the Mo cat-
alysts containing Co are described by biexponential
equations (Table 2). This points to the existence of SH
groups of two types, which differ in reactivity toward
H,S formation (mobility), and, accordingly, active sites
of two types on the surface of the active phase of these
catalysts. We conditionally attribute the active sites of
the unpromoted Mo catalysts to the “rapid”’ sites
because the exponent valuesin the corresponding equa:

tions are close to the rapid componentsin the equations
obtained for the promoted catalysts. These data com-
pletely coincide with the data published earlier for the
limited number of samples [41, 42, 46], indicating the
reproducibility of the results.

When the fraction of a promoter in the active phase
of the catalyst increases, the amount of rapid sulfur
decreases and the amount of slow sulfur increases. This
istruefor al the samples under study with the Mo con-
centration ranging from 4 to 12% (Fig. 2a). We previ-
ously observed the same pattern for the NiMo catalysts
supported on alumina and activated carbon [42]. A

Table 1. Dataon the radioisotopic testing of the hydrotreating catalysts Cat-°S in thiophene hydrodesulfurization

Composition
of active phase o | Stoichs 0 0 0 0 0 0? 2
Vo o r Y, % % Siey %0 S.|ztm, 0 | Soby 0| Sapids %0 [Syows %0| Pyiow X 107 | Prapig * 10 CUS/SH
Wt% | wt%

2 0 0 46| 133 | 130 0.86 0.41 0.40 0 4.6 0 1:315
4 0 0 85| 262 | 262 1.66 0.63 0.63 0 55 0 1:1.44
4 1 0.296| 23.7 | 3.23 | 3.19 2.18 111 0.52 0.58 16.2 2.0 1:6.16
4 2 0.457| 306 | 3.79 | 3.66 243 1.16 0.41 0.74 25.7 25 1:331
4 4 0.628| 186 | 491 | 4.85 3.24 1.29 0.38 0.92 22.1 35 1:2.04
8 0 0 143 | 533 | 481 3.38 120 1.18 0 49 0 1:1.24
8 1 0.174| 316 | 589 | 577 381 1.65 1.02 0.64 114 1.9 1:2.38
8 2 0.296| 55.6 | 6.46 | 6.44 412 1.60 0.83 0.77 235 3.9 1:1.65
8 4 0457|574 | 759 | 7.44 4.97 1.92 0.84 1.09 22.8 3.7 1:1.82
8 6 0.558( 521 | 870 | 852 5.63 2.18 0.63 154 25.2 34 1:1.73

12 0 0 197 | 8.00 | 7.27 5.10 144 1.44 0 55 0 1:0.82

12 1 0.120| 32.7 | 856 | 845 5.75 1.79 1.13 0.68 9.9 31 1:112

12 2 0.219| 48.7 | 9.12 | 9.00 572 1.96 0.84 1.13 18.8 35 1:1.19

12 4 0.360| 75.8 | 10.25 | 10.11 6.62 245 0.89 1.56 24.8 5.6 1:151

12 6 0.457| 67.9 | 11.37 | 11.22 7.08 2.66 0.69 1.97 229 6.0 1:1.44

Note: Reaction conditions: 100 mg of catalysts, H, flow rate 20 ml/min, T = 360°C, thiophene pulse 1 pl. r = CoEoMo , . ratio, the

approximate contact timewas 3 s.
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decrease in the amount of rapid sulfur is likely due to
the partial blocking of SH groups bound to Mo by the
Co(Ni) sulfide particles formed in the promoted cata
lysts. Simultaneously, the number of slow SH groups
bound to Co increases. The productivity of the active
sites of both types increases with an increase in the Co
concentration (Fig. 2b). The productivity of the slow
sites increases monotonically and slowly, whereas the
productivity of the rapid sites vs. the Co concentration
is described by an S-shaped curve; when the degree of
promotion r = Co/(Co + Mo) is higher than 0.3, the
increase slows down and the curveslevel out onto apla-
teau.

We attempted to estimate the ratio between the con-
centrations of the surface SH groups, anionic vacan-
cies, and the fraction of catalyst surface containing no
SH groups (the latter was attributed to total CUS). The
maximal amount of mobile sulfur on the catalyst (S,,.5)
is~40% of stoichiometry [36-42]. Data on the correla-
tion between the degree of reduction of the MoS,/Al, O,
catalyst and its activity in thiophene hydrodesulfuriza-
tion [49-56] confirm this suggestion. Of course, such
an assumption is approximate, but it can be used to esti-
mate the relative change in the ratio between the con-
centrations of SH groups and CUSs as afunction of the
catalyst composition and the treatment and reaction
conditions. The number of CUS should be equa to a
difference between the maximal possible number of SH
groups of the catalyst and the detectable number, which
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corresponds to the S, vaue, that is, ZCUS =
0-4Sstoi ch ™ Smob-

We mean here that vacancies (V) are CUSs that
directly participatein thereaction, that is, those siteson
which thiophene molecules are adsorbed. The other
CUSs were caled unoccupied, or empty (“empty
sites’, ES). We suggest that these sites are the centers of
the reversible dissociative and molecular hydrogen
adsorption. Thus, ZCUS =2V + ZES.

Since the surface SH groups in the promoted cata-
lysts are not uniform and differ in their reactivity (or
“mobility”) as rapid and slow, then the anionic vacan-
cies should also be divided into those associated with
therapid (V 4iq) and slow (V 44,) SH groups. According
to the “ displacement” mechanism of hydrodesulfuriza-
tion (Fig. 1), one site for thiophene adsorption (one
functioning vacancy) correspondsto one SH group par-
ticipating in the H,S formation. The involvement of the
rapid or slow SH group in H,S formation is not a ran-
dom process and is determined by the site of the
thiophene adsorption on the catalyst surface. Therefore,
when thiophene adsorbs on V4, hydrogen sulfide is
formed with the participation of the rapid SH group.
When thiophene adsorbs on V y,, the process involves
the slow SH group. The total number of vacancies is
equal to the sum of sow and rapid vacancies. ZV =
ZVrapid + ZVS|UW'

The number of functioning vacanciesV; can readily
be determined from the productivity P, of the active site

Table 2. Equations for the change in the molar radioactivity (o, %) of hydrogen sulfide during thiophene hydrogenolysis
over the CoMo *S/Al, 0, catalysts with various compositions (for reaction conditions see Table 1)

Composition of active phase Co _
Equation
Mo, wt % Co, Wt % Co+Mo
2 0 0 o = 100exp(—3.53%)
4 0 0 o = 100exp(—2.27X)
4 1 0.296 o = 87.73exp(—2.41x) + 12.27exp(—0.30x)
4 2 0.457 o = 84.93exp(—2.96x) + 15.07 exp(—0.29x)
4 4 0.628 o = 72.35exp(—2.72x) + 27.65exp(—0.43X)
8 0 0 o = 100exp(-1.21x)
8 1 0.174 o = 90.66exp(—1.27x) + 9.336exp(—0.21x)
8 2 0.296 o = 86.52exp(—1.49x) + 13.48exp(—0.25x)
8 4 0.457 o = 82.38exp(—1.40x) + 17.62exp(—0.23x)
8 6 0.558 o = 75.15exp(—1.70x) + 24.85exp(—0.23X)
12 0 0 o = 100exp(—0.99x)
12 1 0.120 o = 84.34exp(—1.07x) + 15.66exp(—0.33X)
12 2 0.219 o = 80.24exp(—1.36x) + 19.76exp(—0.25x)
12 4 0.360 o = 71.61exp(—1.15x) + 28.39exp(—0.26X)
12 6 0.457 o = 57.25exp(-1.19x) + 42.75exp(—0.31x)
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Fig. 3. Calculated dependences for (&) SH : CUS, (b) ES: 1000 SH, (c) Vg : 1000 SH, and (d) V¢, : 1000 SH on the degree of
promotion for CoMo/Al,O5 catalysts containing (1) 4, (2) 8, and (3) 12% Mo. For experimental conditions see Table 1.

i. If P, isthe number of H,S molecules formed on one

SH group of thei type, then the reciprocal Pi_l isthe

number of SH groups of thei type, one of which partic-
ipates in the formation of one H,S molecule. Since the
number of H,S moleculesformed on thei sitesis equal
to the number of the functioning vacancies V;, then

Pi_l corresponds to the ratio of the number of SH

groups of the i type to the number of the functioning
vacanciesV; of thistype.

Asfollowsfrom Table 1, anincreasein the Mo con-
centration in the unpromoted Mo catalystsfrom 2 to 4%
is accompanied by a significant growth of the fraction
of the surface of the active phase containing no SH
groups, and the SH : CUS ratio drops. A further
increase in the Mo concentration results in a slower
change in this ratio. When the S,,/S: ratio (surface
SH groups to the total amount of sulfide sulfur)
decreases by ~20% with an increase in the Mo concen-
tration from 2 to 4%, the SH : CUS ratio decreases 2.5
times. We concluded that, in the region of small Mo
concentrations, not only the dispersion of the active
phase but also its structure qualitatively changes with
an increase in the metal concentration. The fraction of
the functioning active sites (vacancies) per 1000 SH
groups increases when the Mo concentration increases
from 2 to 4% and then decreases. Changes in the
V; : 1000 SH ratio are 30-35rel. %; that is, at aMo con-
centration of 4%, thiophene is most often adsorbed on
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the active sites. In the range of lower Mo concentra-
tions, thiophene adsorption on the sitesis low because
of the small concentration of sites. In the range of high
Mo concentrations, adsorption decreases because of
excess CUSs. The productivity of the active sitesis vir-
tually independent of the Mo concentration in the active
phase. This means that at a Mo concentration higher
than 4% thiophene hydrogenolysisis determined by the
mobility of SH groups rather than by thiophene adsorp-
tion on the active sites.

The effect of the promoter concentration on the dis-
tribution of SH groups and vacanciesisshowninFig. 3
for the catalysts containing 4, 8, and 12% Mo. The
introduction of even a small amount of Co (1%) in the
4% Mo catalyst sharply increases the fraction of the
active phase surface occupied by SH groups (Fig. 3d).
The maximal SH : CUS ratio for the 4% Mo catalyst
correspondsto r = 0.3. With afurther increasein the Co
concentration in this catalyst, the fraction of the surface
without SH groups decreased to the values typical of
other samples. We suggest that the CoMoS phase
formed in the low-percentage Mo catalyst is character-
ized by the highest density of SH groups and the lowest
density of ESs (Fig. 3b). The coverage of the active
phase with SH groups in the catalysts with higher Mo
concentrations weakly depends on the promoter con-
centration.

As can be seen from Fig. 3c, the plots of therelative
numbers of the vacancies connected with the rapid SH
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Fig. 4. Models of MoS, and CoMoS clusters (a, b) sulfided completely, according to the data of [57, 58], () according to [59];
(c, d) partialy reduced under the reaction conditions, according to the data of radioisotopic testing, (f) according to [59]. The Co

atomsin (b) and (d) are arranged along short (1010 ) edges and the Mo atoms are arranged along 1010 long edges.

groups vs. the Co concentration pass through a maxi-
mum. This is true for both low-percentage and high-
percentage Mo-containing catalysts. The maximum on
the curve for the 8% Mo catalyst is most pronounced
and that on the curve for the 4% Mo catalyst is least
noticeable. The maxima on all three curves are within
therange (0.3-0.4)r typical of the CoM oS phase forma-
tion. A further increase in the Co concentration leads to
a decrease in the relative number of V4, which is
probably due to the formation of the Co,Sy phase. In
this phase, the vacancies of thistype are absent because
rapid SH groups, which are related to V.4 vacancies,
are not formed on thissurface. At the same i me, therel-
ative amount of vacanciesVy,,, belonging to the slow
SH groups grows with an increase in the Co concentra-
tion in the active phase of the catalyst (Fig. 3d).

The SH : CUS ratios determined by radioisotopic
testing are in good agreement with scanning tunnel
microscopy (STM) data [57, 58] and findings obtained
by modeling of the active phase of the catalyst by den-
sity functional theory [59]. This conclusion follows
from the comparison of our calculations with the mod-
els of the unpromoted (Fig. 4a) and cobalt-promoted

(Fig. 4b) MoS, clusters obtained by STM. The number
of Mo atoms in the cluster model of molybdenum sul-
fideis 28, and that of terminal sulfur is 21. This size of
the cluster corresponds to the Mo concentration in the
catalyst of 8-12%. According to our data (Table 1), the
SH : CUSratio in the catalyst after its partial reduction,
that is, under the reaction conditions, should be 1 :
(0.8/1.3) or approximately 1 : 1. The number of Mo
atoms in the model of cobalt-promoted CoMoS nano-
cluster was 27, that of Co atomswas 9, and that of ter-
minal sulfur atoms was 18. The degree of promotion of
this catalyst isr = Co/(Co + Mo) = 0.25, that is, the
CUS: SH ratio in the catalyst partially reduced during
the reaction should be approximately 1 : 1.5. Compari-
son of the image of the unpromoted partialy reduced
MoS, nanocluster obtained taking into account the cal-
culated CUS : SH ratios (Fig. 4c) with the image of the
similar cluster obtained by the modeling of the STM
image with the density functional theory calculations
(Fig. 4f) confirms the correctness of the above evalu-
ation.

Note that, unlike the findings published previousy
and obtained under either ideal conditions of STM

KINETICS AND CATALYSIS Vol. 44 No. 4 2003
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Fig. 5. Contour diagrams for (a, b) the distribution of functioning vacancies and (c, d) the productivity of active sites vs. the com-
position of the active phase in the CoMo/Al,O5 catalyst. The darkness of sections correlates with the parameter value.

(high vacuum, special gold carrier, and special method
of deposition) or by theoretical calculations (all the lit-
erature data concern only MoS,), our evaluations are
based on in situ experimental datafor both unpromoted
MoS, and promoted CoMoS catalysts with different
concentrations of the active components.

Variation in the density of functioning vacancies as
afunction of the catalyst composition for the rapid and
slow sitesis shown in a contour diagram (Figs. 5a, 5b).
For comparison, the distribution of the productivities
Prapia @Nd Py, is presented in the samefigure. It follows
from the comparison of the diagramsin Figs. 5aand 5¢
that, although the region of distribution of rapid SH
groups with the high productivity is broad and typical
of al the catalysts containing more than 4% Mo and
1.5-2.0% Co, the region of the most dense location of
vacancies V4 is markedly smaller and is limited to
10-11% Mo and 3-4% Co. Hence, the composition of
the catalysts containing the most active rapid sites is
limited to the region of the distribution of V 4. The
productivity of slow sites and the concentration of
vacancies monotonically increase with an increase in
the Co and Mo concentrations. However, the region of
the most efficient performance of these sites is deter-
mined by the location of vacancies. It is obvious that
the regions of the highest productivities of rapid and
slow SH groups partialy overlap, whereas the regions
with the most dense vacancies V 4 and Vg, do not
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overlap. Therefore, the question arises as to how the
regions of the highest activities of the sites of different
types can be combined in one catalyst and whether this
isnecessary. We believe that the answer to this question
is determined by the purpose of using the catalyst. That
is, when it is necessary to hydrodesulfurize small mol-
ecules, the catalysts with the highest activity of rapid
siteswill be preferred. In this case, the catalyst compo-
sition will be determined by the conditionsthat are opti-
mal for these sites; for example, it is the region of Co
and Mo concentrations in which the highest concentra-
tion of the V4 vacancies is within the range 0.25 <
r <0.35. When residua oil is hydrodesulfurized, the
catalysts in which more favorable conditions exist for
the performance of dow sites will be more efficient.
The number of these sites should be as great as possi-
ble. The increased concentration of Co or Ni in the
active phase (r > 0.35) should satisfy the above condi-
tions. Hence, it is clear that it isimpossible to create a
catalyst possessing the highest densities of the vacan-
cies of both types.

2. Effect of Temperature on the Performance
of Active Stes

Unpromoted Mo/Al,O5 catalysts. Figure 6 shows
data on the radioisotope testing of the unpromoted
molybdenum catalysts in the range 300400°C. As can
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Fig. 6. Temperature dependences of (a) the amount of
mobile sulfur Sy, (b) the ratio between the amount of
mobile sulfur and that of total sulfur Sy,p/Siqt, (C) the SH :
CUS ratio, and (d) the productivity of active sites obtained
during radioisotopic testing of Mo>3S,/Al,0; catalysts con-
taining (1) 4, (2) 8, and (3) 12% Mo.

be seen in Fig. 6a, the amount of mobile sulfur in sam-
ples containing 4 and 8% Mo grows slowly and levels
out onto a plateau at temperatures above 360°C. A lin-
ear plot of the concentration of mobile sulfur vs. tem-
perature is typical of the 12% Mo catalyst. The same
plots are observed for the temperature change in the
fraction of mobile sulfur in the total amount of sulfide
sulfur (Fig. 6b) and the SH : CUS ratio (Fig. 6c).

Note that the variations in the S,,/Sq and SH :
CUS values with increasing temperature are described
by the same functions. Since S, = SH, mobile sulfur
is the surface SH groups participating in hydrogen sul-
fide formation and the total amount of sulfide sulfur S,
is a constant value detectable in the sample before
hydrodesulfurization. Therefore, the CUS number in
the unpromoted Mo catalysts is virtually independent
of the reaction temperature. Only the number of SH
groups capable of participating in H,S formation
increases with temperature. Therefore, the SH : CUS
ratio increases. However, although the total number of
CUSs(V + ES) isindependent of temperature, theratio
between the functioning vacancies and empty sites
remarkably changes: the number of functioning vacan-
ciesincreases and the number of empty sites decreases
with an increase in temperature.

An increase in the amount of mobile sulfur with an
increase in temperature indicates that, along with
SH groups, which can be detected experimentally,
some amount of SH groups, which are inactive at this
temperature but become active with increasing reaction
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temperature, are present on the catalyst surface. Within
the framework of our studies, this amount can be eval-
uated within the limits of 10-25%. These “inactive”
SH groups implicitly enter the CUS number or, more
precisely, the ES number, and, hence, the real number
of ES should be somewhat |ess than the calculated one.
The reasons for the above decrease in the ES number
with increasing temperature can be twofold: (1) the
activation of empty surface and formation of new func-
tioning vacancies and (2) theinvolvement of SH groups
that areinactive at lower temperaturesin thereaction. It
should be noted that this correction does not affect the
productivity of an active site and the number of vacan-
cies.

AscanbeseeninFig. 6d, the productivities of active
sitesin the catalystswith various Mo concentrations are
close and characterized by similar temperature depen-
dences. That is, the catalysts with various Mo concen-
trations contain the same active sites and only differ in
the proportions between the numbers of SH groups,
empty sites, and functioning vacancies. A slow increase
in the amount of mobile sulfur with increasing temper-
ature and the exponential growth of the productivity of
active sites give evidence that the catalytic activity of
Mo catalysts is due to the activation of the Mo—SH
bond in the whole temperature range under study.

Promoted CoM o/Al,O; catalysts. Findings of the
radioisotopic testing of promoted CoMo/Al,O; cata
lysts at different temperatures are shown in Fig. 7. As
follows from these data, a linear correlation exists
between the thiophene conversion and the amount of
mobile sulfur in the catalyst (Fig. 7a). That is, the cata
Iytic activity is determined, to afirst approximation, by
the amount of mobile sulfur in the catalyst. Previously,
we often observed similar dependences. However, this
relationship isonly valid in cases when the nature of the
active sites of the catalyst under comparison isthe same
and the productivities of the corresponding sites differ
only dlightly.

The effect of the reaction temperature on the SH
groups: CUSratiointhe Mo and CoMo catalystsisdif-
ferent (Fig. 7b). In the first case, the SH : CUS ratio
monotonically increases with temperature. In the case
of the CoMo catalysts, a plateau is observed at 320-
350°C. The above ratio sharply increases with afurther
increasein the reaction temperature. This pattern is due
to a change in the amount of rapid sulfur (rapid
SH groups). This conclusion can be drawn based on
comparison of Figs. 7b and 7c. While the amount of
slow sulfur is practically independent of temperature,
the temperature dependence of the concentration of
rapid sulfur repeats exactly the shape of the curvesin
Fig. 7b. Thus, the coverage of the active phase surface
in the CoMo catalyst with SH groups is determined by
the amount of rapid SH groups.

The S-like shape of the curves for rapid sulfur and
the linear temperature dependence of the amount of
functioning vacancies V 4 (Fig. 7d) show that some
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amount of V .4 appears in the temperature range 320—
350°C when the amount of surface SH groups is the
same. The productivity of rapid sites increases in this
temperature range (Fig. 7€). Thus, the catalytic activity
in the temperature range 320-350°C is determined by
the activation of the M—SH bond similarly to that in the
unpromoted Mo catalysts. At higher temperatures, an
increase in the productivity of rapid sites slows down
and the curveslevel out onto a plateau. Simultaneously,
the relative number of functioning rapid sites continues
to increase. In other words, the activation of the M—SH
bond does not determine the increase in the catalytic
activity at temperatures above 350°C. A factor that lim-
its hydrogen sulfide formation should exist. The molec-
ular hydrogen adsorbed on the catalyst probably plays
this role. According to the mechanism of thiophene
hydrodesulfurization proposed in [40, 43, 46], the rup-
ture of the H-H bond during interaction of molecular
hydrogen with SH groups is the rate-determining step
(Fig. 1).

At low temperatures, excess molecular hydrogen is
adsorbed on the catalyst surface, and H,S formation
and thiophene hydrogenolysis are limited by the mobil-
ity of SH groups (activation of the M—SH bond) and the
number of functioning vacancies. The amount of
adsorbed molecular hydrogen decreases with tempera-
ture and its deficiency arises, which limits hydrogen
sulfide formation. The question arises as to why the
deficiency in the adsorbed molecular hydrogen only
limits the performance of rapid sites in the promoted
CoMo catalysts and does not affect the performance of
active sites of the unpromoted Mo catalyst at the same
temperatures. The answer can be found based on com-
parison of productivities of these sites at the same reac-
tion temperatures or, phrased differently, on the number
of H,S molecules formed with the participation of one
SH group by passing athiophene pulse of 1 ul over 100
mg of the catalyst. Note that the productivities of rapid
sites of the CoMo catalysts are nearly 3—4 times higher
than the productivities of active sites of the Mo cata-
lysts. Hence, the rapid sites of the CoMo catalyst need
more molecular hydrogen than the sites of the Mo cat-
alyst. The low-productivity active sitesdo not “feel” the
deficit of adsorbed molecular hydrogen at temperatures
below 380°C.

3. Radioisotopic Testing in Catalyst Screening
for Processing Light and Heavy Oil Fractions

We attempted to apply the devel oped concept of the
interrel ation between the catalyst composition, the den-
sity of functioning vacancies, the productivity of the
active sites of various types, and the nature of crude to
develop criteriafor preliminary catalyst selection.

Based on the data of radioisotopic testing of the
model and commercia catalysts, we constructed con-
tour diagrams (Fig. 8) for the density of the functioning
vacancies for rapid and slow sites.

KINETICS AND CATALYSIS Vol. 44 No. 4 2003

593

Thiophene conversion, % SH : CUS

2.5¢
90 =/ p
v @ 5ol (b)
A3
601 o4 1'5_/,_./'/
AS
1.0F
30+ 4 _/./-/'/'/.
0.5F
0 | | | | ol | | |
1.0 1.5 20 25 30 300 330 360 390
Sty Wt % T, °C
Simoy Wt % B : 1000 SH
2.5¢ 120
20t (© o0l @
1.5+
60 °
1.0F
0.5 S B
0 | | | | 0 | | | |
300 330 360 390 300 330 360 39
T,°C T, °C
P x10?
401
35 ©
30
25
20F
15

10f
=
O 1 1 1
300 330 360 390
T, °C

Fig. 7. (8) A plot of the thiophene conversion vs. the amount
of mobile sulfur S, and the temperature dependences for
(b) the SH : CUS ratio, (c) the amount of mobile sulfur
Smob: (d) the number of functioning vacanciesV based on
1000 SH groups, and (€) the productivity of the active sites
obtained from radioisotopic testing of CoMo?>S/Al,05 of
various compositions: (1) 12% Mo; (2, 4) 12% Mo, 2% Co;
and (3, 5) 12% Mo, 4% Co. Curves 2, 3 are for rapid sites
and 4, 5 arefor slow sites.

As can be seen in the diagram (Fig. 8a), ailmost all
commercial catalysts are characterized by a high den-
sity of rapid vacancies. However, catalysts 3, 5, and 7
possess the V¢ Vacancies with the highest density.
Catalyst 1 possesses the highest density of V g, Vacan-
cies, and catalysts 9 and 10 are characterized by some-
what lower values (Fig. 8b). The other catalysts are
inferior in Vg, vacancies to the latter three catalysts.
One may suggest that catalysts 3, 5, and 7 will be most
active in processing light oil fractions and catalysts 1,
9, and 10 will be most active in processing heavy oil.

The catalysts cited were tested in a pilot regime in
the hydrodesulfurization of gasoline and diesdl frac-
tions (Fig. 9). Asfollowsfrom thefigure, catalysts 3, 5,
and 7 are most active in the hydrodesulfurization of
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gasoline, whereas catalysts 1, 9, and 10 are most active
in the hydrodesulfurization of diesel fuel.

Comparison of data from radioisotopic testing with
those of pilot testing gives strong evidence that correla-
tions exist between the catalytic activity in hydrodes-
ulfurization of various crudes and the density of vacan-
cies of the corresponding type. In other words, the
radli oi sotopic monitoring allows one to choose catalysts
for the following pilot testing.

4. Use of the Method of Radioisotopic Testing
of CoNi Catalysts for Residual Oil Hydrotreating

Selections of the objectsfor research. Asshownin
Section 1, an increase in the promoter concentration in
the CoMo catalystsleadsto a decrease in the amount of
rapid sulfur but enhances the concentration of slow sul-
fur. We attribute the first sulfur to the sites belonged to
Mo and the second sulfur to the Co sites. In Section 1,
we suggested on the basis of the systematic monitoring
of the active sites of the CoMo catalysts that heavy oil
processing requires a maximal amount of slow sites on

the catalyst surface. In the threshold case, the catalyst
should not contain Mo at all. However, the Co catalysts
areinfact much lessactivein hydrodesulfurization than
the Mo-containing catalysts. At the same time, the
hydrogenating properties of Co and Ni sulfides are well
known. The resistance of cobalt catalysts to catalytic
poisonsis an argument in favor of choosing them.

Results of radioisotopic testing. Preliminary runs
showed that the amount of sulfide sulfur in all the sam-
pleswith anickel concentrationfrom 2.5to0 11%, which
were sulfided with H,S/H,, almost reached the stoichi-
ometric values. The concentration of sulfide sulfur in
the Co catalysts was higher than its stoichiometric con-
centration in the CoyS; phase. In the sampleswith alow
cobalt concentration, the concentration of sulfide sulfur
was higher than the stoichiometric value by 100%. For
example, the concentration of sulfide sulfur in the 3.4%
Co/SiO, sample was 3.7%, whereas the stoichiometric
amount of sulfur in the CoyS; phase at this Co concen-
tration is 1.64%. We supposed that the CoS, phase,
which was observed in the CoMo/Al,O4 catalysts by
some authors [60, 61], exists in the catalyst. In the cat-
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Table 3. Results of radioisotopic testing and data on heavy residue hydrotreating over the Co(Ni) and Mo-containing catalysts (Reaction temperature 360°C)

Results of radioisotopic testing*

Results of the runs

on residual oil hydrotreating

X ° °

= > SN

y - E

No. Catalyst composition = 5 g 2| g

% Ssoich | Stot | Smob X Y, % P x 107 CUS: SH v ES** g E é_ @

o) 2 e =) ©

£ e é 8= |gE| 3 g |8

= 8 ZS P° || TH | ¥

@ % E|8s |8s| &% | S
1a | (7.0% Co)/Al, 04 TP | 3.80 | 1.16 | 1.16 |100 54 1.89 1:044 19 2250 r | 26.0 |80.0| 21 2.8
1b | (7.0% Co)/Al,O3 H,S| 380 | 55 |0.89| 162 | 53 243 1:031 24 3228| s | 194 |800| 20 35
2a | (7.4% Co)/SIO, TP | 401 | 242 | 2.42 |100 8.0 134 1:152 13 644| r | 55.7 |956| 05 20
2b | (7.4% Co)/SIO, H,S| 401 |57 |063| 11.1 | 40 2.56 1:0.19 26 5324| s | 136 [89.0| 13 35
3a | (7.6% Ni)/Al,04 TP | 412 | 1.03 | 1.03 {100 84 3.33 1:033 33 2977 | r | 18.0 | 820| 12 5.0
3b | (7.6% Ni)/Al,O4 H,S| 412 | 40 |138| 345 | 157 4.63 1:050 46 1954| s | 30.8 [80.0| 20 6.8
4a | (7.3% Ni)/SIO, TP | 396 | 0.82 | 0.82|100 43 2.10 1:0.26 21 3801| r | 165 [905| 1.0 3.0
4b | (7.3% Ni)/SIO, H,S| 396 | 3.76 | 1.23| 327 | 7.3 2.34 1:045 24 2191| s | 28.0 | 780| 18 34
5a | (3.4% Co + 4.1% Ni)/Al,O0; | TP | 4.07 | 1.34 | 1.34|100 7.6 2.30 1:049 23 2024 | r | 215 |76.0| 27 32
5b | (3.4% Co + 4.1% Ni)/Al,O; | H,S| 407 | 482|216 | 450 | 17.0 3.19 1:1.14 32 847| s | 460 |610| 38 | 46
6a | (3.5% Co + 3.5% Ni)/SIO, TP | 380 | 1.25 | 1.25|100 54 173 1:049 17 2012| r | 270 |790| 24 | 24
6b | (3.5% Co + 3.5% Ni)/SiO, H,S| 380 |41 |0.95| 232 | 4.2 2.03 1:033 18 2969 | s | 205 | 76.0| 26 2.8
7 | (8.0% Mo)/Al, O S 533 [ 338 |120| 349 | 143 4.9 1:1.24 49 758 s | 172 |641| 11 5.9
8 | Ni-Mo/Al,04 H,S| 9.38 | 6.08 249 | 410 | 59.0 |Pgg=20.1 1:499 |V 4ig=43 84| s | 329 |755| 28 |105

Commercia catalyst Pyow =54 Vyow =74

Note: TP, thiophene; r, reduction; s, sulfiding after reduction.

* Approximate contact timeis3s.

** Per 1000 SH groups.
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Fig. 10. (a) Degree of residua oil desulfurization vs.
amount of mobile sulfur in the catalyst and (b) coke deposi-
tion vs. productivity of active sites.

alysts 5.7% Co/SiO, and 11% Co/SiO,, the concentra-
tion of sulfide sulfur was 1.5 times higher than that of
the stoichiometric sulfur in the Co,S; phase: 5.7 and
8.63% (3.57 and 5.3%, respectively). It is possible that
in the Co catalysts sulfided with H,S, the phase of a
mixed composition, 50% Co,S; and 50% CoS,, is
formed. The plots of the catalytic activity of the sam-
ples studied vs. the concentration of the active compo-
nent pass through a maximum at 7.0-7.6% Co. There-
fore, the samples of the catalysts with these metal con-
centrations were studied in more detail.

All the curvesfor achangein the molar radioactivity
of hydrogen sulfide obtained by radioisotopic testing
were described by monoexponential equations. Hence,
the catalysts containing Co or Ni or Co + Ni possessthe
same sites for H,S formation. It follows from Table 3
that the treatment of the reduced catalyst with an
H,S/H, mixture always leads to more complete sulfid-
ing than when thiophene is used as a sulfiding agent.

For completely sulfided catalysts it was found that
only a part of sulfide sulfur participated in thiophene
hydrogenolysis and was mobile. Its fraction varied
from 11 to 50% and was higher in the samples contain-
ing Ni or Ni + Co than in the Co catalysts. Thisisvalid
for the catalysts supported on both Al,O; and SiO, and
is likely due to the higher dispersion of the Ni sulfide
particles compared to the Co sulfide particles and to the
possible formation of the CoS, phase. The fraction of
mobile sulfur in the Co/Al,O4 catalysts sulfided with
H,S/H, is higher than in similar samples containing
SiO,. Thismay possibly be explained by the higher dis-
persion of the sulfide particles supported on Al,O; com-
pared to the SIO,-supported sulfide particles.

Unlike sulfiding with H,S/H,, treatment with
thiophene did not result in maximally possible stoichi-
ometric values. The total sulfide sulfur formed upon
sulfiding with thiophene was mobile, that is, partici-
pated in H,S formation.

It follows from comparison of the Co/SIO, and
Co/Al,O5 catalysts sulfided in the same way that the
productivities of active sites in the samples are close.
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Thismay indicate an insignificant effect of the nature of
the support on the reactivity of active sites of these cat-
alystsand the substantial influence of the support on the
amount of these sites.

The effect of the nature of the metal on the produc-
tivity of active sites of the catalystsis well seen in the
series Co—«Co + Ni)-Ni. Note that the productivity of
active sites in all the catalysts supported on the same
carrier and sulfided in the same way increases in the
series Co < (Co + Ni) < Ni. Hence, SH groups on Ni
sulfide particles are more reactive in H,S formation
during thiophene hydrogenolysis than the same SH
groups bound to Co.

We evaluated the ratio between the concentrations
of the surface SH groups and CUS and the relative
ratios between the numbers of functioning vacancies,
empty sites, and SH groups. We assumed that the parti-
cles of CoNi sulfide in the CoNi catalysts form a more
disperse phase than the MoS, or CoMoS clusters
[62—-65] because the CoM oS phase, in which sulfur and
metal are distributed layer-by-layer and a significant
part of the sulfur occurring in the depth of the “sand-
wich” isinactive, is not formed. One may suggest that
in the CoNi catalysts nearly all the sulfide sulfur that
enters the Co and Ni sulfides is potentially capable of
participating in the reaction, that is, is mobile. Calcula
tions showed (Table 3) that the density of the function-
ing vacancies in most CoNi catalysts is somewhat
lower than in the unpromoted Mo sample with a close
concentration of active metal (sample 7) and in the
commercial NiMo/Al,O; catalyst (sample 8). The
exceptions are samples 3a, 3b, and 5b. Note that the
coverage of the active phase surface in the CoNo cata-
lystswith SH groupsislow: the CUS: SH ratio in most
samples is substantially higher than unity and the ES
number is significantly higher than that in the Mo-con-
taining catalysts (cf. data in Table 1). The exceptions
are samples 2aand 5binwhich the CUS: SH ratiosand
the ESfraction are close to the corresponding valuesfor
the 8% Mo/Al,O; catalyst.

The results of the radioisotopic testing make it pos-
sible to distinguish four catalysts. 2a, 3a, 3b, and 5b.
Sample 2a contains the largest amount of mobile sulfur
and SH groups, although the productivity of active sites
of this catalyst is the least among the catalysts under
study and the thiophene conversion is low. Sample 5b
exhibited the highest thiophene conversion, whereas
the amount of mobile sulfur init is practically the same
as in sample 2a and the productivity of active sitesis
substantially higher than that of most catalysts under
consideration. Sample 5b is aso characterized by a
high coverage of the surface with the SH groups and by
ahigh density of functioning vacancies. Sample 3apos-
sesses a high density of functioning vacancies, but the
coverage of the surface with the SH groups is negligi-
ble. Finally, sample 3b has the maximal productivity of
active sites and high thiophene conversion with arela
tively small amount of mobile sulfur. In addition, the
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density of functioning vacancies in it is maximal,
whereas the coverage of the surface with SH groupsis
low. We attempted to estimate the effect of the above
parameters on the catalyst performance under real con-
ditions by comparing with data obtained in the hydro-
conversion of real crude.

Comparative analysis of radioisotopic testing
data and data on residual oil hydrotreating. It fol-
lows from comparing radioisotopic testing data with
the data on residual oil hydrotreating that the degree of
residual oil desulfurization linearly depends on the
amount of mobile sulfur on the catalyst (Fig. 10a). We
noted in Section 2 that the linear plot of the thiophene
conversion vs. the maobile sulfur amount in the CoMo
catalysts was obtained for the catalysts in which the
active sites are characterized by close productivities. A
variety of organosulfur compounds in the real crude,
which underwent desulfurization, including large mol-
ecules, and the presence of compounds with different
resistances to destruction seem to align the productivi-
ties of active sites of various catalysts. On this basis,
one might conclude that the productivity of the active
sitesisunimportant for processing real crude. However,
thisis not the case. We unexpectedly found another lin-
ear dependence, namely, the dependence between the
productivity of active sites and coke formation, the lat-
ter being the secondary process with respect to
hydrodesulfurization and H,S formation (Fig. 10b).
Such a dependence may be due to the effect of the sup-
port acidity on coking and hydrodesulfurization. The
relation between the support acidity and coking is well
known, and many authors observed the dependence of
the catalytic activity on the support acidity (see, for
instance, [66, 67]). It followsfrom Table 3 that the sam-
ples with close compositions and prepared by the same
sulfiding procedure but supported on different carriers
differ in the degree of coking and the productivity of
active sites. These parameters are higher for the cata-
lysts supported on Al,O; than for those supported on
SiO,. However, thisfact explainsthe above dependence
only in part. For instance, the higher tendency of the Ni-
containing catalysts to coking cannot be explained by
their acidity. Possibly, the higher the productivity of an
active site, the greater the number of hydrocarbon frag-
ments formed upon destruction of organosulfur mole-
cules and the more intense the coking.

This suggestion is confirmed by the comparison of
the results of residual oil hydrotreating over the Mo-
free catalysts and NiMo/Al,O; commercial catalyst
(sample 8, Table 3). Sample 8 displays a high desulfur-
izing ability, which is only inferior to samples 2a and
5b, but is poorly active in demetallation and readily
coked. Sample 8 contains active sites of two types,
rapid and sow, whose productivities are 20.1 x 102 and
5.4 x 107, respectively, and the number of rapid sitesis
25% of the sum of rapid and slow sites. The amount of
mobile sulfur is 41% of the whole sulfide sulfur in the
sample. Thiophene conversion over this sample was
59% under the same experimental conditions as on the
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rest of the catalysts, and this value is substantially
higher than that on other samples containing no Mo.
The total concentration of active sites in the promoted
catalyst increases compared to the unpromoted catalyst
due to an increase in the number of dow sites. Rapid
sites increase the catalytic activity and simultaneously
facilitate catalyst coking. Thisis of special importance
for processing heavy ail. It isthis fact that we observed
during residual oil hydrotreating over sample 8: the
total amount of mobile sulfur in the sampleis high (as
in sample 5b), and this resultsin the high desulfurizing
activity, whereas the high productivity of part of the
active sites leads to enhanced coking. The systems in
the upper right part of Fig. 10a and the bottom | eft part
of Fig. 10b should show the best performance in heavy
residue hydrotreating. This is the case for samples 2a
and 5b. These catalysts are characterized by the highest
coverages of the active phase with SH groups. At the
same time, the density of vacancies in catalyst 5b is
lower than that in 3aand 3b, and thisvaluein sample 2a
is the lowest. This means that the active component in
the systems containing no Mo in which the CoMo
phaseishot formed isdistributed on the catalyst surface
more uniformly compared to the analogous Mo-con-
taining systems. A significant fraction of the active
phase surface of the CoNi samplesis not occupied by
SH groups. As a result, the optimal CUS : SH ratio,
whichisequal to ~1-2 and even 3 for some commercial
samples, is not reached. This is the probable reason
why most of the NiCo catalysts are less active than the
Mo-containing catalysts. Therefore, the coverage of the
active surface with mobile SH groups is the determin-
ing factor for the catalytic activity of these systems.
Samples 2a and 5b satisfy this criterion.

Comparison of the Mo-containing sulfide catalysts
with the Mo-free catalysts shows that when the CoM oS
phase is formed, a comparatively high coverage of the
surface with the SH groups is reached and the density
of the functioning vacanciesV ,q andV g, isthe deter-
mining factor for the catalytic activity. When the cata-
lysts contain no Mo(W) and the CoMoS phase is not
formed, the coverage with SH groups isinsufficient. In
this case, the catalytic activity will be determined by the
number of these SH groups rather than by the number
of the functioning vacancies.

Hence, to choose catalysts for light oil hydrotreat-
ing, it is necessary to produce highly active sites on the
catalyst surface. Contrary to this, to choose the most
efficient catalysts for heavy oil hydrotreating, one
should prefer the systems with a great amount of
mobile sulfur, that is, with arelatively high number of
low-productivity active sites.

CONCLUSIONS

The systematic radioisotopic testing of sulfide
CoMo catalysts in thiophene hydrodesulfurization
allows usto draw the following conclusions.
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(1) The activity of the CoMo catalyst is determined
by both the productivity of active sites and by the num-
ber of vacancies for thiophene adsorption.

(2) Thetemperature effect on the performance of the
active sites of the unpromoted Mo catalysts manifests
itself in the Mo—SH bond activation in the whole tem-
perature range from 300 to 400°C. The catalytic activ-
ity of the CoMo catalysts below 350-360°C is deter-
mined by the activation of the Mo—SH bond and at
higher temperatures by the amount of molecular hydro-
gen adsorbed on the active phase surface.

(3) Anincreasein the Co concentration in the CoMo
catalysts results in a decrease in the number of surface
SH groups linked to Mo because of the partial blocking
of Co with sulfide species and an increase in the num-
ber of the SH groups bound to Co. Simultaneously, the
productivity of Mo-bound sites increases up to the
degree of promotion r = Co/(Co + Mo) = 0.33 and then
remains constant.

(4) Anincrease in the Mo concentration in the cata-
lyst leads to an increase in the CUS : SH ratio. The
introduction of Co dlightly affectsthisratio.

(5) The highest density of functioning vacancies
V rpia elonged to Mo corresponds to the degree of pro-
motion r = 0.25-0.33. A further increasein the Co con-
centration results in its decrease. The density of the
functioning vacancies V4, bound to Co reaches the
highest values at r > 0.33.

(6) relatively high coverage of the active phase sur-
face with the SH groupsiis reached in the CoM oS cata-
lysts, and the density of the functioning vacanciesV, g
and V4, is the determining factor for the catalytic
activity. When the catalysts contain no Mo, the catalytic
activity is determined by the number of SH groups
rather than by the number of the functioning vacancies.

Thecriteriafor the evaluation of the efficiency of the
catalyst performance under conditions of hydrodes-
ulfurization of different crudes were elaborated. The
data on the pilot testing of commercia catalysts pro-
vide evidence for the adequacy of the criteria devel-
oped.
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