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Abstract—Catalysts have been synthesized using the Anderson polyoxometalates (POMs)
(NHy)4[Ni(OH)(MogO5] (NiMogPOM), (NHy)¢[Co,Mo,7055H,] 7H,O0 (Co,Mo0,,POM), and
H¢[Coy,Mo0,(O33Hy] (CoyMo;(HPA) as the precursors and hydrogen peroxide as the solvent. The catalysts
have been characterized by low-temperature nitrogen adsorption, XPS, and HRTEM. Their catalytic
properties have been tested in thiophene hydrodesulfurization and in the hydrodesulfurization and hydro-
genation of components of diesel oil. The active phase of the catalysts synthesized using the POMs is the
type I CoMoS phase in which the mean plate length is 3.6—3.9 nm and the mean number of MoS, plate
per plate packet is 1.8—2.0. Use of hydrogen peroxide provides an efficient means to reduce the proportion
of Co?* promoter atoms surrounded by oxygen in the case of an impregnating solution containing both an
ammonium salt of a heteropoly acid and a Co?* salt. In the catalysts synthesized using cobalt salts of
Co,Mo;,HPA, the support surface contains the multilayer type Il CoMoS phase and cobalt sulfides. These
catalyst show high catalytic properties in thiophene hydrogenolysis and diesel oil hydrorefining. Models

are suggested for the catalysts synthesized using Anderson POM:s.

DOI: 10.1134/S0023158411060152

The largest scale petroleum refining process is
hydrorefining [1—5], and its significance will increase
because of the stringent regulations imposed on the
sulfur content of petroleum products in many coun-
tries. According to technical regulations adopted by
the Government of the Russian Federation in 2008,
the sulfur content of commercial petroleum products
must be reduced by 1—2 orders of magnitude and, by
2014, the sulfur level in gasoline and diesel fuel is to be
brought down to <10 ppm. The situation is aggravated
by the decreasing quality of the petroleum to be
refined and by the necessity of involving distillates
from secondary processes in hydrorefining.

Use of new hydrorefining catalysts is among the
most efficient ways of solving this problem [2—10]. It
is, therefore, necessary to develop new methods for
preparing highly active hydrorefining catalysts.

The active phase of supported sulfide-based
hydrorefining catalysts is obtained by sulfiding an
oxide precursor. The precursor is commonly synthe-
sized from ammonium paramolybdate (NH,)¢M0,0,,-
4H,0 (APM) and cobalt (nickel) nitrate. The sulfiding
of the oxide precursor yields a type I Co(Ni)MoS
phase, which is typically a MoS, monolayer chemi-
cally bonded to the support surface. Most of the Co or

Ni atoms in this phase are not on MoS, edges, but are
bound into the Co(Ni)Al, O, spinel, which is catalyti-
cally inactive [10—12].

In recent years, new hydrorefining catalysts have
been prepared by selective formation of a highly
active, type II Co(Ni)MoS phase on the support sur-
face. This phase consists of ultrafine multilayer MoS,
packets decorated with Co (Ni) atoms [2, 4, 10].
Numerous methods have been suggested for this
purpose, and they are permanently being improved
[13—50]. They include use of supports varying in
composition and acidity [13—24]; introduction of
dopants into mixed impregnating solutions [25—31];
and use of new catalyst precursors [32—40], organic
complexing agents [41—50], etc. The authors of all of
these works note a marked increase in catalytic activity
and explain this effect in terms of the formation of a
type II CoMoS phase.

In our previous studies, we used Keggin- and
Anderson-type polyoxometalates (POMs) as the pre-
cursors of hydrorefining catalysts [10, 25, 51—-57] and
observed that the resulting catalysts are more active in
thiophene hydrodesulfurization (HDS) and in the
hydrorefining of diesel oil than the catalysts prepared
in the conventional way. We have found the most effi-
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cient catalyst precursors [10, 51—56]: among the
Anderson POMs, the most efficient one is ammonium
6-molybdonickelate NH,)4[Ni(OH)sMogO ;]
(NiMo,POM). We also reported the results of compar-
ative tests of catalyst prepared from NiMo,POM in the
hydrorefining of diesel fractions with different polycy-
clic aromatic hydrocarbon (PAH) contents [57].

The tests of the catalysts in hydrogenation and
HDS reactions demonstrated that use of NiMogPOM
in catalyst synthesis is favorable for the formation of a
type 11 NiMoS phase. Application of Anderson POMs
as precursors of hydrorefining catalysts was the subject
of works by Cabello et al. [58—62] and by Payen and
his colleagues [39, 63—65]. These authors established
that the POMs decompose on being sulfided [62, 64,
65]. However, the composition of the particles on the
catalyst surface remained unclear.

Pettiti et al. [62] arrived at the conclusion that the
sulfiding of CoMo4sPOM and NiMo,POM produces
nanostructured MoS, crystallites on the catalyst sur-
face. According to EXAFS data, the promoter (Co or
Ni) atoms in these catalysts are in two states, either
located on MoS, crystallites or chemically bound into
the Co(Ni)Al,O, spinel, and it was impossible to esti-
mate the proportions of these states.

A more detailed study was carried out on catalysts
based on ammonium decamolybdodicobaltate
(NH,)¢[Co,Mo,(O35H,] 7H,0 (Co,Mo,,POM)
[64, 65], and it yielded somewhat different data. Lam-
onier et al. [65], based on EXAFS and Raman spec-
troscopy data, demonstrated that the decamolybdodi-
cobaltate anion [Co,Mo,,0;3H4]®~ (Co,Mo,,HPAR)
retains its structure upon drying at 100°C and calcina-
tion at 500°C. Only MoS, crystallites with a mean
length of 2.8 nm, whose degree of packing of associa-
tion species was 1.7, were observed on the surface of
the sulfided catalyst. The transmission electron
microscopic (TEM) images of a reference catalyst
prepared from APM and cobalt nitrate showed
poorly sulfided MoO;, and this explained the low
activity of this catalyst.

Mazurelle et al. [64] reported the support effect on
the physicochemical and catalytic properties of
Co,Mo,,POM catalysts supported on Al,O3, TiO,, and
Z10,. X-ray photoelectron spectroscopy (XPS) data
provided evidence that the oxide precursor (POM)
turns entirely into MoS, upon sulfiding, and the Co2p
binding energy indicated that the entire cobalt is in a
CoMoS phase. The authors did not assign the active
phase to any of its known types [11] and claimed that
the nature of the support had no effect on the elec-
tronic state of Co and Mo.

Thus, the data available now do not unambiguously
elucidate the type and genesis of the active phase in the
catalysts synthesized using Anderson POMs. The
composition of the particles on the catalyst surface is
also uncertain. In particular, the location of promoter
atoms on the catalyst surface is interpreted in different
ways, the role of calcination in the synthesis of these
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catalysts is unclear, and the type of the resulting active
phase is unknown. It is not fully understood why the
catalysts prepared from POMSs are more active more
active, and the behavior of catalysts under real
hydrorefining conditions remains unclear.

Here, we report the morphology of the active phase
of catalysts prepared using the Anderson polyoxomet-
alates NiMogPOM and Co,Mo,,POM and the acid
Co,Mo,HPA, as well as the catalytic properties of the
catalysts in thiophene hydrodesulfurization and in the
hydrodesulfurization and hydrogenation of compo-
nents of diesel oil. We also report the effect of hydro-
gen peroxide (POM solvent) on the composition of the
particles on the support surface, on the morphology of
the active phase, and on the catalytic properties.

EXPERIMENTAL
POM-Based Synthesis of Catalysts

Co,Mo0,,POM and NiMosPOM were synthesized
via procedures described in earlier works [66—69]. The
synthesized POMs were identified by elemental anal-
ysis on an EDX800HS X-ray fluorescence spectrome-
ter (Shimadzu). Their IR spectra were recorded on an
Avatar 360 FTIR spectrometer (Nicolet). Raman
spectra were obtained on a LabRAM spectrometer
(Horiba Jobin Yvon) at A = 632.8 nm). The phase
composition of the POMs was determined by X-ray
diffraction (ARLX’TRA instrument, Thermo Fisher
Scientific) using CukK, radiation. Decamolybdodico-
baltic acid H6[C02M010038H4] (C02M010HPA) was
obtained from Co,Mo0,,POM by ion exchange in a
KU-2 column [67—69].

The catalyst support was y-Al,O; with a specific
surface area of 230 m?/g and an effective pore radius of
61.9 A. Catalysts were prepared by incipient-wetness
impregnation with an aqueous solution (samples
labeled with the superscript w) or a 10% hydrogen per-
oxide solution (samples labeled with the superscript p)
of NiMo,POM and Ni(NO,), - 6H,O (analytical grade)
or Co,Mo0,,POM and Co(NO;), -6H,0 (reagent
grade). A solution of the salt Co;[Co,Mo0,,0:5H,]
obtained by reacting of basic cobalt(II) carbonate
CoCO; - mCo(OH), - nH,0O (reagent grade) with
Hg¢[Co,M0,,053H,] was also used in impregnation.
The reference sample was a catalyst prepared from
APM (reagent grade) and cobalt nitrate Co(NO;), -
6H,0. The calculated Mo content of the catalysts was
10 wt %, and the calculated Co (Ni) content was 3 wt %.

The catalysts were dried in steps at 80, 100, and
120°C by holding them for 2 h at each temperature.
The oxide catalysts prepared in this way were sulfided.
For this purpose, a 0.25—0.50 mm size fraction of the
catalyst was impregnated with the sulfiding agent di-
tert-butyl polysulfide (54 wt % S), was placed in a glass
reactor, and was sulfided with an H,S/H, mixture
(20 vol % H,S) for 2 h at atmospheric pressure and
T =400°C.
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Table 1. Characteristics of the synthesized catalysts
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Elements contents :
Catalyst Solvent! of the catalysts, wt % = w co(rjltof:(rft3 , ;}E\?er)r}slf(;lri
. Co(Ni)+ Mo
Mo Co (Ni) S2 wt % %
Cos s-Mo,HPANP/ALO; | H,0, 10.0 32 7.0 0.33 3.0 230
Ni,-NiMogPOMP/ALO; | H,0, 10.0 3.0 7.7 0.33 1.6 31.5
Co,Mo,,POM"/ALO; | H,0 10.0 12 6.3 0.16 2.8 27.2
Co,Mo,POMP/ALO; | H,0, 10.0 1.2 6.2 0.16 27 273
Co,Mo,,HPA/Al,0; H,0 9.9 1.2 6.3 0.16 2.8 27.2
Co,Mo,,HPAP/ALO; H,0, 10.0 12 6.2 0.16 2.7 27.1
Co3-Co,Mo,,POM"/Al,0; | H,0 10.0 3.0 7.8 0.33 2.4 37.1
Co,-Co,Mo,,POMP/ALO; | H,0, 10.1 3.1 8.0 0.33 23 423
Co4[Co,Mo,,HPA]"/ALO; | H,0 10.1 3.1 8.2 0.33 1.4 62.0
Co4[Co,MoHPAJP/ALO; | H,0, 10.1 3.0 8.1 0.33 1.3 61.2

'The impregnating solution was prepared using water or 10% hydrogen peroxide.

2 Sulfur content of sulfided catalysts
3 Aftera 14-h-long hydrorefining test.

The metal contents of the catalysts were deter-
mined on an EDX800HS spectrometer. The sulfur
content was determined before and after testing the
catalysts in thiophene hydrodesulfurization in a flow
reactor. The coke content of spent catalysts was also
determined [70] (Table 1).

Study of the Physicochemical
Properties of Catalysts

The textural characteristics of the support and cat-
alysts were studied by low-temperature nitrogen
adsorption on an Autosrb-1 adsorption porosimeter
(Quantochrome). The specific surface area was calcu-
lated using the Brunauer— Emmett—Teller model for a
relative partial pressure of P/P, = 0.05—0.3. The total
pore volume and pore radius distribution were derived
from the desorption curve using the Barrett—Joyner—
Halenda model.

XPS characterization of catalysts. X-ray photo-
electron spectra were recorded on a Microlab spec-
trometer (VG Scientific) using AlK, radiation (hv =
1486.6 e¢V) and a hemispherical electron energy ana-
lyzer. Spectra were excited with a 300-W X-ray gun.
Powdered samples were secured to the holder with
double-sided adhesive tape. In order to eliminate the
surface charging effect, binding energy was calibrated
against the O s line at 531.5 eV, which corresponded
to the location of the C l1s line at 284.6 eV. Survey
spectra were obtained at an analyzer pass energy of
100 eV. For chemical analysis and for calculation of
element concentrations, some lines were recorded at a
pass energy of 50 eV. X-ray AlK; 4 satellites were com-
puter-subtracted from the spectral lines. The signal
coaddition time ranged between a few minutes and
several tens of minutes, depending on line intensity.

Element concentrations on the sample surface were
calculated from the C 1s, O 1s, Al 2p, S 2p, Co 2p;,,
and Mo 3p;, peak areas taking into account the sensi-
tivity factors for the elements and the transmission
function of the spectrometer.

The catalysts were examined by high-resolution
transmission electron microscopy (HRTEM) on a Tec-
nai G2 20F microscope (FEI Company) with a LaB,
cathode at an accelerating voltage of 200 kV and on a
Tecnai G2 30F microscope with a LaB4 cathode at an
accelerating voltage of 300 kV. Catalyst samples were
placed on a copper grid coated with a holey carbon
film. The TEM images of all samples were obtained
using a bright field technique under underfocus condi-
tions without a lens aperture at a magnification of
about x200000. The mean MoS, crystallite length and
the number of MoS, layers in the active phase packing
were calculated by examining over 500 particles
located in 10—15 differentv areas of the catalyst sur-
face.

Catalytic Properties of Catalysts

The catalytic activity of catalysts in thiophene
hydrogenolysis was determined using a pulsed catalytic
microreactor at a hydrogen gage pressure of 0.25 atm
under the following conditions: sample weight of
25 mg, 360°C, hydrogen flow rate of 20 cm?®/min,
injected thiophene dose of 0.2 pl. The reaction prod-
ucts were separated in a quartz capillary chromato-
graphic column with grafted OV-101 as the stationary
phase.

The steady-state activity of catalyst was estimated
from the thiophene conversion after 20—25 injections
made at 5- to 7-min intervals. The specific catalytic
activity was calculated as the amount of thiophene
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Table 2. Textural characteristics of the support and those of the synthesized catalysts in oxide and sulfide forms

Catalyst State Specific squface area, | Specific po3re volume, | Mean pore diameter,
m°/g cm’/g
Al,O3 - 230 0.755 124
Ni,-NiMogPOMP/AlL,O4 Calcined 170 0.576 124
Sulfided 155 0.554 122
Co,Mo,(HPAY/AL,O; Calcined 190 0.596 124
Sulfided 175 0.580 123
Co,Mo,(HPAP/Al,O4 Calcined 195 0.604 124
Sulfided 180 0.590 123
Co3-Co,Mo,,POM¥/Al,0; | Calcined 170 0.579 124
Sulfided 160 0.557 123
Co3-Co,Mo,,POMP/AL,O5 | Calcined 175 0.581 124
Sulfided 160 0.538 123
Co;[Co,Mo,(HPA]Y/AL,0O5 | Calcined 170 0.580 124
Sulfided 165 0.567 123
Co;3[Co,Mo,(HPA]P/AL,O5 | Calcined 175 0.584 124
Sulfided 165 0.565 123

reacted (in moles) per unit time divided by the total
amount of metals in the catalyst (Mo and Co or Ni in
moles): (mol C,H¢S)(Emol Me)~! s~

Catalytic activity in the hydrorefining of diesel oil.
The synthesized catalysts were tested in the hydrore-
fining of a mixture consisting of 20 vol % light gas oil
from catalytic cracking and 80 vol % straight-run die-
sel oil. Both components were received from Syzran-
skii NPZ Co. The tests were carried out in a laboratory
flow reactor. The experimental setup included temper-
ature, pressure, and hydrogen-containing gas and liquid
feed flow rate control units. The temperature in the
reactor was maintained with an accuracy of £1°C; pres-
sure, with an accuracy of £0.05 MPa; liquid feed flow
rate, £0.1 cm?/h; hydrogen flow rate, 0.2 1/h. The test-
ing conditions were as follows: 7" = 320, 340, and
360°C; P = 4.0 MPa; feed LHSV of 20 h~!; hydrogen :
liquid feed = 600 (nl STP)/I; catalyst volume of 10 cm?.

The hydrogenisate was sampled at 1- to 2-h inter-
vals. The samples were treated with a 15% NaOH solu-
tion for 15 min to remove the undissolved hydrogen
sulfide and were then washed with distilled water until
neutral and dried with calcium chloride.

The sulfur content of the hydrogenisate was deter-
mined on an EDX800HS X-ray fluorescence analyzer.
PAHs were quantified on a UV-1700 spectrophotom-
eter (Shimadzu) [71].

The HDS activity of catalysts was estimated using
the formula

Sle.q =[S
_[ ]feed [ ]hydr % 100%’

[S]rees

KINETICS AND CATALYSIS Vol. 52 No. 6 2011

where Xjpg is the degree of hydrodesulfurization (%),
[Slteeq is the sulfur content of the feed (wt %), and
[S]pyar is the sulfur content of the hydrogenisate (wt %).

The PAH hydrogenation activity of catalysts was
estimated using the formula

XH — [Ar]feed [Ar]hydr % 100%,
[Ar] feed

where Xy is the degree of hydrogenation of PAH (%),
[Ar]s.q is the PAH content of the feed (wt %), and
[Ar]p,yq, is the PAH content of the hydrogenisate (wt %).

RESULTS AND DISCUSSION
Textural Characteristics of the Catalysts

The compositions of the synthesized catalysts are
listed in Table 1. The catalysts differ in Co (Ni) : Mo
molar ratio (A). For the samples synthesized from
Co,Mo0,,POM or Co,Mo,,HPA, the molar ratio of the
metals is initially determined by the molecular for-
mula of the polyoxometalate anion; that is, Co : Mo =
1:5, or AL =0.16. The catalysts with A = 0.33 were
additionally promoted with cobalt. The sulfur content
of the sulfided catalysts ranges between 6.2 and 8.2 wt %
(Table 1), indicating that the metals are sulfided to a
large extent.

Loading of the initial support y-Al,O; with an oxide
precursor decreases its specific surface area and spe-
cific pore volume by 15—30% (Table 2). In order to
study the structure of the supported polyoxometalates,
we recorded the IR spectra of the catalysts in oxide
form (Fig. 1). The spectra show absorption bands
characteristic of Co,Mo,,HPAn, indicating that the
structure of the polyoxometalate anion is unchanged
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Fig. 1. Raman spectra of (/) Co,Mo;,POM and (2) Cos-Co,Mo;oPOMP/A1,O5 dries at 120°C.

after the impregnation and drying stages. This fact is in
agreement with the earlier reports that the polyoxo-
metalate structure survives the impregnation and dry-
ing stages [63, 64].

The deposition of an active precursor and subse-
quent sulfiding exert no significant effect on the effec-
tive pore diameter of the samples; therefore, the active

dV/dR x 10*, cm’/g

110.0 7
100.0
90.0 _ + Al,O4
B Co;-CoyMo;POMP(calcined)/Al,04
80.0 £1— Co3-Co,Mo,;POM¥(calcined)/AL,O5
70.0 - ~ & — C03-Co,Mo,POMP(sulfided)/Al,05
60.0 - — = = C03-Co,Mo,)POM™ (sulfided)/Al,05
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Fig. 2. Pore radius distribution in the support and in the
CO3-C02M010POMP/A1203 and CO3-C02M010POMW/
Al,Oj catalysts in oxide (calcined) and sulfided forms.

phase forms in mesopores of the support (Fig. 2). The
sulfiding of the oxide samples causes a slight decrease
in their specific surface area and specific pore volume
because of the change in the morphology of the sup-
ported polyoxometalates and their conversion into the
active sulfide phase. These changes are independent of
the catalyst preparation procedure (composition of
the impregnating solution).

Properties of the Active Phase of the Catalysts

XPS data provided detailed information concern-
ing the active sulfide phase of the synthesized catalysts
(Fig. 3). The Mo 3d profiles of the sulfided catalysts
are well-resolved doublets occurring at a binding
energy of BE(Mo 3d;);) = 229.0 eV, which is charac-
teristic of MoS, [72—76]. The peak at BE = 235.2 eV,
which would be characteristic of molybdenum (Mo>*
and/or Mo®) in an oxide environment (molybdenum
oxide or oxysulfide), is practically absent. This is evi-
dence that Co,Mo,,HPAn is entirely sulfided. The
state of the Mo atoms in the sulfide catalysts is inde-
pendent of the composition of the impregnating solu-
tion.

The Co 2p spectra of the sulfide catalysts suggest that
cobalt in these catalysts is in different types of environ-
ments. The sulfiding of the catalysts synthesized from
Co,Mo,,HPAn alone without introducing an extra
amount of a promoter (Co,Mo,,POMP/AlLO;,
Co,Mo,,HPAP/Al,O,) results in the total sulfiding of
the promoter atoms located inside Co,Mo,,HPAn.
The XPS spectrum of the sulfided product shows only
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Fig. 3. X-ray photoelectron spectra (Mo 3d and Co 2p lines) of the Co,Mo;,POMP/Al,03, Co,Mo;oHPAP/Al,03, Cos-
CoyMo;(POMP/AI1,03, and Coz[Co,Mo;(HPAJP/Al,O5 in oxide and sulfided forms.

a peak at BE = 779.0 eV, which is characteristic of
Co 2p;; in a sulfide environment [75—81]. According
to Alstrup et al. [77], the CoMoS phase is identified as
the difference between the Co 2p;,, Mo 3ds,,, and
S 2p binding energies. For the catalysts examined,
BE(Co 2p;,,) — BE(Mo 3d;s,,) = 550 + 0.2 eV and
BE(Co 2p;)) — BE(S 2p) =617 £ 0.2 €V, which is evi-
dence in favor of the formation of the CoMoS phase.
This is likely due to the short distance between the Mo
and Co atoms (both in the same polyoxometallate
anion), which makes possible the complete sulfiding
of both metals.

No. 6
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Promotion of the catalysts with an extra amount of
cobalt introduced as cobalt nitrate into the mixed
impregnating solution at the impregnation stage changes
the XPS spectrum. For the Co;-Co,Mo,,POM"/AlL,0;
sample, the spectrum shows, along with the main peak
at BE = 779.0 eV, a peak at BE = 782.2 eV, which is
characteristic of Co?* in an oxygen environment [78,
80, 81]. Thus, the promotion of the catalyst with an
additional amount of cobalt causes the formation of
both sulfide and oxide particles on the surface. Use of
hydrogen peroxide solution at the catalyst synthesis
stage leads to a weakening of the peak due to Co?* in
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Fig. 4. TEM images of sulfide catalyst samples: (a) Ni,-NiMogPOMP/Al,03, (b) Co,Mo;gHPAY/Al,03, (c) Coz-Co,Mo P/

A1203, and (d) CO3[C02M010HPA]W/A12O3.

an oxygen environment; therefore, a larger proportion
of cobalt undergoes sulfiding. Use of the cobalt salt of
Co,Mo,,HPA yields a catalyst in which the promoter
atoms are entirely sulfided (Co;[Co,Mo,;HPAY/
Al,O; sample).

The TEM images of the synthesized catalysts are
presented in Fig. 4. The mean values of the active
phase crystallite length and of the number of plates in
a MoS, association species are listed in Table 3. The
active phase of the catalysts is type II CoMoS, and its
particle consists of several MoS, plates with a mean
length of 3.6—3.9 nm. The mean number of MoS,

plates in an association species is 1.8—2.0. The active
phase of the catalysts synthesized using
Co,Mo,,HPAn has a larger number of MoS, plates
than the sample synthesized from NiMo,POM. The
catalysts promoted with an extra amount of cobalt
have a larger number of MoS, plates per packet than
the catalysts prepared using Co,Mo,;HPA (Table 3).
Use of hydrogen peroxide as a component of the
mixed impregnating solution does not produce any
significant effect on the morphology of the active
phase of the catalysts.

KINETICS AND CATALYSIS Vol. 52
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Table 3. Geometric parameters of the nanostructures active phase of the sulfide-based hydrorefining catalysts synthesized

using Anderson POMs
Catalyst ) Mean length ) Mean qumber of MoS, plates
of active component particles per active component packet
Ni,-NiMoc,POMY/AL, 04 3.8 1.8
Co,Mo,(HPAY/Al1,0; 3.8 1.8
Co3-Coy,Mo,(POMP/AL,O4 3.9 2.0
Cos[Co,Mo,,HPA]Y/Al,04 3.8 2.0
Cos[Co,Mo,,HPA]P/Al,O4 3.8 2.0

Catalytic Properties of the Synthesized Catalysts

The thiophene HDS activity data for the catalysts
are presented in Table 1 and Fig. 5. The thiophene
conversion in the catalytic tests was 23—62%. The low-
est thiophene conversion (23.0%) was observed for the
reference sample, which was synthesized using APM
(Table 1). The highest thiophene conversion (61.2—
62.0%) was attained with the catalysts based on the
cobalt salts of Co,Mo,,HPA.

The highest specific catalytic activity in thiophene
HDS are again shown by the samples based on the
cobalt salts of Co,Mo,;HPA. The catalyst based on
Co,Mo0,,POM (Co,Mo,,POM"/Al,0;) with a lower
promoter content has a higher specific catalytic activ-
ity than the sample synthesized using NiMo,POM
with the optimum Ni : Mo ratio (A = 0.33). Use of a
hydrogen peroxide solution as the solvent exerts no
effect on the specific thiophene HDS activity of the
catalysts prepared using Co,Mo,,HPAn alone. In the
case of the additionally promoted catalytic systems based
on Co,Mo,,POM, use of H,0, at the impregnating solu-
tion preparation stage raises the specific catalytic activity
by ~15% (compare Co;-Co,Mo0,,POM"/Al,O; and
Co;-Co,Mo0,,POMP/AL,0;). Use of cobalt salts
enhances the specific catalytic activity even more
greatly (by a factor of 1.7). Use of hydrogen peroxide
in the synthesis of the catalysts based on the cobalt
salts of Co,Mo,,HPA does not change the specific cat-
alytic activity in thiophene HDS.

In the hydrorefining of real feedstocks, the catalysts
prepared using Co,Mo;,HPAn show a higher HDS
activity than Ni,-NiMo,POMP/Al,O; (Fig. 6). However,
the hydrogenation activity of the Ni,-NiMo,POMP/
Al,O; catalyst than that of the catalysts based on
Co,Mo,,HPAn. The introduction of hydrogen perox-
ide into the impregnating solution produces no effect
on the catalytic properties of the catalysts synthesized
using Co,Mo,,POM or Co,Mo,,;HPA.

Promotion of the Co,Mo,,POM-based catalysts
with an extra amount of cobalt enhances their HDS
KINETICS AND CATALYSIS Vol. 52
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and hydrogenation activities (Fig. 7). Use of hydrogen
peroxide also improves the catalytic properties. The
highest HDS and hydrogenation activities are shown
by the catalysts obtained using the cobalt salts of
Co,Mo,,HPA; however, the hydrogen peroxide solu-
tion used as the solvent does not change the catalytic
activity of these catalysts.

The coke forming on the catalyst surface during
hydrorefining blocks active sites and is among the causes
of the decrease in catalytic activity. The operating stabil-
ity of the catalysts can be indirectly evaluated in terms of
the amount of coke on their surface. an analysis of coke
content data for spent catalysts (Table 1) suggests that the
least stable performance is shown by the samples synthe-
sized using APM and Co,Mo,,POM (their coke content
is 2.8—3.0 wt %). The smallest amount of coke after
catalytic tests (1.3—1.6 wt %) is observed for
Ni,-NiMog,POMP/ALO;, Cos[Co,Mo,,HPA]Y/AL,O;,
and Co;[Co,Mo,,HPA]P/Al,O;.

molC,H,S
2mol(Ni(Co) + Mo) s
0.450 7
0.400
0.350 7
0.300
0.250
0.200
0.150

[ H,0, solvent
D H,0 solvent

Co3 5-Mo,APM
Ni,-NiMogPOM

Co,Mo,,POM _:|
Co,Mo,(POM _-
Co,Mo,(HPA _:l
Co,Mo HPA _-
Co3-CoyMo,,POM _:|
Co;3-Co,yMo,POM __

Cos[Co,Mo;(HPA]
Co3[Coy,Mo | HPA]

Fig. 5. Comparison of the specific catalytic activities of
catalysts synthesized using Anderson POMs and APM in
thiophene hydrogenolysis.
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(a)
O o, 5-Mo,APMP/ALO,
Xups, % B Ni,-NiMogPOMP/AL,0,
100.0 7 B Co,Mo,,POMY/ALO,
= Co,Mo;(POMP/AlL 05
98.0 Co,Mo(HPA"/Al,O;
O

Co,Mo,HPAP/Al,O;

96.0 <
94.0

92.0

90.0

320 340 360

Temperature, °C

(b)
O Coss5-Mo,APMP/ALO,
Xu, % B Ni,-NiMo,POMP/ALO;
.or B Co,Mo,,POM¥/ALO,
O Co,Mo,,POMP/AILO;

70.0

Co,Mo, HPAY/AlL,0;
Co,Mo, HPAP/AlL,O,

O @A

65.0

60.0

55.0

50.0
320 340 360

Temperature, °C

Fig. 6. (a) HDS and (b) hydrogenation activities of catalysts synthesized using APM, NiMogPOM, and Co,Mo;,POM in diesel
oil hydrorefining at 320—360°C. P=4.0 MPa, LHSV =2 h™", hydrogen-containing gas : liquid feed = 600 (1 STP)/I.
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Xups, %
100.0

98.0

96.0

94.0

92.0

Xy, %
75.0

70.0

65.0

60.0

55.0

50.0

Co,Mo, HPAY/Al,0O;
Co;-Co,Mo,,POMY/Al,0O;
Cos-Co,Mo,,POMP/AL, 04
Co;[Co,Mo,(HPA]"/Al,04
Co;[Co,Mo,(HPAJ?/Al,O4

(@)

Temperature, °C

(b)

B Co,Mo, HPAY/Al,O;
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| Cos-Co,Mo,,POMP/AL,O4
5 Co3[Co,Mo, HPA]Y/AL,0;4
] Cos[Co,Mo HPAJP/ALO;

-

340 360

Temperature, °C

Fig. 7. (a) HDS and (b) hydrogenation activities of catalysts synthesized using Co,Mo;,POM Co,Mo;,HPA and in diesel oil
hydrorefining at 320—360°C. P=4.0 MPa, LHSV =2 h™ ', hydrogen-containing gas : liquid feed = 600 (1 STP)/I.
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Fig. 8. Coke content of spent catalysts tested in diesel oil
hydrorefining at 320—360°C versus their hydrogenation
activity.

[Co,M0,4035H,1
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The coke content of the spent catalysts correlates
well with their hydrogenation activity (Fig. 8). This
can be explained by the fact that the coke precursors
are extremely unsaturated polycyclic naphthenes and
condensed aromatic hydrocarbons. The higher the
hydrogenation activity of a catalyst, the higher its
hydrogenation activity toward coke precursors and,
accordingly, the lower the coke content of the catalyst.

An analysis of the composition and structure of the
active phase of the catalysts prepared using
Co,Mo,,HPAn from different impregnating solutions
at different synthesis stages suggests the active phase
structure model presented in Fig. 9.

Based on the fact that the active phase has a hexag-
onal structure, taking the approaches developed in
earlier works [49, 82], it is possible to estimate the pro-
portion of molybdenum atoms located on the edges of
the MoS, crystallites. For the known geometric char-

Type 11 CoySg
CoMoS phase
(b) - -

Fig. 9. Models of sulfided catalysts prepared using Co,Mo;oPOM: (a) Co,Mo;oPOM™/Al,03 or Co,Mo;oHPA¥/AI,03,
(b) Coz-CoyMo;(POMY/AL,03, (¢) Coz-Co,Mo;gPOMP/AIL, 03, and (d) Cos[Co,MogHPA]¥/AL,O3.
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acteristics of the active phase (mean crystallite length,
3.6—3.9 nm; mean number of MoS, plates per packet,
1.8—2.0), the edges of the active phase crystallites can
accommodate 30—32% of the total number of molyb-
denum atoms. Thus, provided that the MoS, edges are
completely occupied and each edge molybdenum
atom binds one cobalt atom, the theoretical fraction of
promoter atoms that can be accommodated by the
active phase is ~0.3. At Co : Mo = 0.2 mol/mol for cat-
alysts based on only Co,Mo0,,POM and Co,Mo,,HPA,
20% of the cobalt atoms (relative to the total n umber
of molybdenum atoms) can theoretically be located on
the edges of molybdenum sulfide crystallites. Because
of this, use of Co,Mo0,,POM or Co,Mo,;,HPA in cata-
lyst synthesis leads to the formation of a multilayer,
promoter-deficient, type II CoMoS phase (Fig. 9a).
Use of hydrogen peroxide as the solvent produces no
effect on the composition and morphology of the active
phase (Fig. 3) and catalytic properties (Figs. 5, 6).

The Co;-Co,Mo0,,POM™/Al,0O; catalyst (Fig. 9b),
promoted with an extra amount of cobalt up to
Co : Mo = 0.5 in the presence of ammonium cations
and nitrate anions, also contains the promoter-defi-
cient type II CoMoS phase. (XPS data (Fig. 3) indi-
cate the presence of cobalt in an oxygen environment.)
According to XPS data, use of hydrogen peroxide as
the solvent (Fig. 9¢) decreases the number of promoter
atoms in an oxygen environment (Fig. 3), and this
effect shows itself as an increase in the catalytic activity
both in thiophene HDS and in diesel oil hydrorefining
(Figs. 5, 7). The model of the catalyst synthesized using
the cobalt salt of Co,Mo,,HPA is the type IT CoMoS
phase with completely occupied MoS, edges and
CoyS; particles (Fig. 9d). Use of the hydrogen perox-
ide solution as the solvent in the synthesis of
Cos[Co,Mo,,HPA]?/Al,O; produces no effect on the
composition of the particles on the support surface, as
in the case of Co,Mo0,)POMY/Al,O; and
Co,Mo,,POM?P/AL,O; (Co,Mo,,(HPAY/AL,O; and
Co,Mo, HPAP/AL,O;). Thus, use of hydrogen perox-
ide provides an efficient means to reduce the propor-
tion of the Co?* promoter atoms surrounded by oxy-
gen in the case of an impregnating solution containing
both an ammonium salt of a heteropoly acid and a
cobalt salt. The role of hydrogen peroxide is likely to
oxidize part of the ammonium cations and to produce
peroxo polyoxometalates, which are more soluble
than the ammonium salts of the heteropoly acids. This
leads to the partial formation of the cobalt salts of
Co,Mo, HPA. This is the reason why the activity of
Co;-Co,Mo0,,)POMP/ALO; is intermediate between
the activities of Co;-Co,Mo0,,POMY/Al,0; and
Co;[Co,Mo,HPA]Y/Al,0O; (Figs. 5, 7). Because the
impregnating solution used in the synthesis of catalysts
from only Co,Mo,,HPAn (Co,Mo,,POM"/Al,O; and
Co,Mo,HPA%Y/AlL,0O;) contains no cobalt cations,
hydrogen peroxide exerts no effect on the composition
of the particles on the support surface and on the cata-
Iytic properties. In the synthesis of catalysts based on
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the cobalt salts of Co,Mo;,HPA (Cos;[Co,Mo,,HPA]"Y/
Al,O3), hydrogen peroxide again produces no effect,
because the mixed impregnating solution contains no
ammonium ions.

CONCLUSIONS

The active phase of the catalysts synthesized using
NiMocPOM, Co,Mo,,POM, and Co,Mo,,HPA is the
type II CoMoS phase with a mean plate length of
3.60—3.85 nm and 1.76—4.98 plates per packet.

Use of hydrogen peroxide is an efficient means to
reduce the proportion of promoter (Co?*) atoms sur-
rounded by oxygen in the case of an impregnating
solution containing both an ammonium salt of a het-
eropoly acid and a ** salt.

The catalysts synthesized using the cobalt salts of
Co,Mo,,HPA contain a multilayer type II CoMoS
phase and cobalt sulfides on their surface and show
high catalytic activity in thiophene hydrogenolysis and
in diesel oil hydrorefining.

Models are suggested for catalysts synthesized
using Anderson POMs.
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