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a b s t r a c t

The synthesis of bimetallic Co–Mo compounds from ammonium heptamolybdate, citric acid and cobalt
acetate for the preparation of catalysts for the ultra-deep hydrodesulfurization (HDS) of diesel fuel is
reported. The structure of the Co–Mo compounds formed in solution and on alumina surfaces was stud-
ccepted 12 February 2010
vailable online 19 February 2010

eywords:
ydrotreatment catalyst
imetallic Co–Mo oxidic precursor
etrameric molybdenum (VI) – citrate
nion

ied by 95Mo, 17O, 13C, and 27Al NMR, FTIR, Raman and XAS spectroscopy. It was found that the oxidic
precursor of the catalyst consists of tetrameric molybdenum (VI) citrate anions with Co2+ cations coor-
dinated to the carboxyl groups and terminal oxygen atoms. After sulfidation, the prepared catalyst was
tested in the HDS of straight run gas oil, demonstrating high activity in the production of ultra-clean
diesel fuel.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

In recent years, considerable work has been devoted to
he preparation of hydrodesulfurization (HDS) catalysts using
imetallic Co(or Ni)–Mo compounds. Two general approaches are
escribed in the literature: preparation with the heteropolyanions
HPA) initially consisting of both Co and Mo [1–5], and prepara-
ion of the bimetallic complexes in solution from Mo-containing
PA and cobalt (or nickel) cations [1,6,7]. According to Refs. [8,9],

he most active HDS catalysts, regardless of the preparation pro-
ess, have a ratio of cobalt load to total metal load between 0.3
nd 0.6, i.e. a Co/Mo ratio within the 0.5–1.5 range. At this level,
he bimetallic precursor of the catalyst should contain the same
o/Mo atomic ratio. However, the regular Co–Mo heteropolyanions
ith Keggin, Dawson or Anderson structures have Co/Mo ratios
ell below 0.5. For instance, 6-molybdocobaltate with an Ander-

on structure ((NH4)3[CoMo6O24H6]·7H2O) has a Co/Mo value of
.17 [5,10]. To achieve the optimal level for HDS purposes, one

hus needs to add extra Co2+ cations to the HPA solution, which
esults in the formation of the cobalt (II) salt of HPA [1–3,11]. In

similar fashion, cobalt salts have been synthesized from Co2+

nd molybdenum-based anions [1,6,7]. The reported preparation

∗ Corresponding authors at: Boreskov Institute of Catalysis SB RAS, pr. ak. Lavren-
iev, 5, Novosibirsk, 630090, Russia. Tel.: +7 3833269410; fax: +7 3833308056.

E-mail addresses: klm@catalysis.ru (O.V. Klimov),
av@catalysis.ru (A.V. Pashigreva).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.02.020
processes do yield supported catalysts with better activity in the
hydroconversion of thiophene as compared to catalysts prepared
from the traditional precursors, i.e. ammonium heptamolybdate
and cobalt nitrate. Some researchers think that the superior activ-
ity of these catalysts is due to the stability of the bimetallic Co–Mo
complex synthesized in solution during its deposition on the alu-
mina surface [1–3]. In this case, the formation of various cobalt
compounds leading to compounds that are inactive in HDS is hin-
dered [12].

However, close inspection of the EXAFS and Raman spectra
shown in Refs. [1–3] allowed us to conclude that a considerable
fraction of the original Co–Mo compound had lost its structure
in the course of the deposition, most likely due to decompo-
sition. The authors of Ref. [13] showed that the interaction of
H2PMo11CoO40

5− with alumina occurs through the dissociation
of HPA. When phosphomolybdate anions are used as precursors
for alumina-supported catalysts, the formation of surface alu-
minum phosphates and the dissociation of phosphomolybdate
anions occur due to local variations of basicity in the pores of the
support [14,15]. Bimetallic compounds consisting of Co2+ coordi-
nated to Mo7O24

6− anions [6] or to H2P2Mo5O23
4− [16] were found

to decompose to form a variety of species because of the interaction
with the alumina surface. In all of these cases, some cobalt atoms

cover the alumina surface in such a way that they do not participate
in the subsequent preparation stage. The formation of a Co–Mo–S
Type II phase that causes an increase in the catalytic HDS activity
is reported in Refs. [17,18].

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:klm@catalysis.ru
mailto:pav@catalysis.ru
dx.doi.org/10.1016/j.molcata.2010.02.020


ar Cat

l
w

-

-

-

-

o
c
a
c

2

2

s
[
(
n
o
o
s
i
i
o
f
v

r
t
e
(
(
w
u
‘
w
(
a
5
f

p
R
a
f

s

O.V. Klimov et al. / Journal of Molecul

We previously reported the synthesis of highly active HDS cata-
ysts using bimetallic Co–Mo compounds [19]. The following items

ere taken into account during this process:

intentional synthesis of the bimetallic Co–Mo complex in aqueous
solution with Co and Mo stoichiometry that is optimal for the
hydrogenolysis of C–S bonds (i.e. Co/Mo = 0.5);
implementation of the specific coordination of cobalt with molyb-
denum in the synthesized compound, providing a stable vicinal
arrangement of Co and Mo in the subsequent synthesis stages to
achieve the formation of homogeneous bimetallic sulfide com-
pounds with the proper chemical composition, structure and
particle size distribution for the catalysis of HDS reactions;
in addition to cobalt and molybdenum, the complex compound
included some ligands to promote proper Co coordination and
to prevent the formation of poorly soluble bimetallic species and
subsequent sedimentation;
evaluation of safe conditions for the deposition of the primary
bimetallic complex from solution to the alumina surface without
disruption of its structure.

In the present paper, we report catalysts for the ultra-deep HDS
f diesel fuels that contain a Co/Mo ratio of 0.5, bimetallic surface
ompounds on alumina as oxidic precursors of the active centers,
nd the preparation procedure based on the synthesis of bimetallic
omplexes in aqueous solution.

. Experimental

.1. Preparation of the complexes and catalysts

The bimetallic compound for catalyst preparation was synthe-
ized from the ammonium salt of the tetrameric citrate anion
Mo4(C6H5O7)2O11]4−, which was prepared via dissolution of 44.8 g
0.234 mol) of citric acid and 57.9 g (0.328 mol of Mo) of ammo-
ium heptamolybdate (NH4)6Mo7O24·4H2O) in a small amount
f distilled water, followed by the addition of more water to
btain exactly 200 ml of solution (hereafter denoted as (Mo4citr-
olution)). The 40% excess of citric acid over the stoichiometric ratio
n the prepared solution is necessary for preventing sedimentation
n the stock solution or during the impregnation of alumina. More-
ver, the overbalanced citric acid provides the optimal pH (1.5–3.5)
or the stability of the tetrameric complex, because at higher pH
alues, it decomposes to bi- and mononuclear Mo species [20–24].

The sample denoted as (Mo4citr-solid) was prepared by stir-
ing a mixture of 250 ml of ethanol and 50 ml of (Mo4citr-solution)
o get a white precipitate, which was then filtered, washed with
thanol and dried in a fume hood. The sample designated as
Mo4citr/Al2O3) was obtained via the impregnation of alumina with
Mo4citr-solution). The impregnation procedure was carried out
ith intermittent stirring of alumina granules in a solution vol-
me that was 25% greater than the water sorption capacity of the

dipped-in-support’ granules. After 2 h of stirring, the supernatant
as drained out and stocked (designated as Mo4citr-solution AI)

after impregnation). The solid fraction was dried at room temper-
ture. Some part of the (Mo4citr/Al2O3) was then annealed for 4 h at
50 ◦C in air. Additional evaluation showed a Mo load of 11.5 wt.%
or the calcined sample.

The same alumina support was employed for all of the sam-
les, and this support was the product of ZAO “Industrial catalysts”,

yazan, Russia. This support has a specific surface area of 285 m2/g,
pore volume of 0.82 sm3/g, an average pore diameter of 115 Å and

ractions of 0.25–0.5 mm.
The sample marked as (Co2Mo4citr-solution) was prepared by

olubilization of solid Co(CH3COO)2·4H2O in (Mo4citr-solution) in
alysis A: Chemical 322 (2010) 80–89 81

proportions equivalent to a Mo/Co = 2 atomic ratio. The resulting
solution, under ethanol precipitation (similar to Mo-only sam-
ple procedure described above), gave a rose-colored powder of
(Co2Mo4citr-solid). Impregnation of alumina with (Co2Mo4citr-
solution), followed by the room temperature drying procedure
yielded the catalyst sample denoted (Co2Mo4citr/Al2O3), with
metal loads of 11.2%Mo and 3.5%Co (in the calcined sample).

2.2. Complexes and catalyst characterization

2.2.1. NMR spectroscopy
NMR spectra at natural isotopic abundances were recorded in an

AVANCE-400 Bruker spectrometer at frequencies of 26.06 (95Mo),
100.4 (13C), 54.24 (17O) and 104.3 (27Al) MHz with accumulation
rates of 45, 0.1, 45 and 10 Hz, respectively. NMR spectra of 17O were
recoded at the natural isotope content during 2 h. The chemical
shifts (in ppm) were referenced to external standards of H2O (17O),
tetramethylsilane (13C), and 2 M solutions of Na2MoO4 (95Mo) and
Al(H2O)6

3+.
The samples (Mo4citr-solution) and (Mo4citr-solution AI),

as well as a comparison sample of 0.5 M citric acid, were
evaluated. To investigate the coordination of Co cations with
[Mo4(C6H5O7)2O11]4− anions, a series of solutions with Mo/Co
ratios of 40, 20, 10, 5 and 2 were prepared by dissolving different
amounts of solid Co(CH3COO)2·4H2O in (Mo4citr-solution).

2.2.2. Raman spectroscopy
Raman spectra were recorded at room temperature in the range

of 3600–100 cm−1 using a Bruker RFS 100/S FT-Raman spectrome-
ter (Germany). The excitation source used was the 1064 nm line of
a Nd-YAG laser operating at power level of 100 mW.

2.2.3. FTIR spectroscopy
IR spectra were acquired in the range of 4000–250, with 4 cm−1

resolution in a Bomem MB-102 FTIR spectrometer. The solid spec-
imens were generated via the conventional procedure, i.e. by the
tableting 1.5 mg of the probe with 500 mg of KBr. The liquid aque-
ous specimens were placed inside a KRS-5 capillary cuvette. In this
case, the recorded spectra were subtracted from the normalized
spectra of distilled water at 700 cm−1 (the broad absorbance band
of water molecule vibrational stretching).

2.2.4. XAS spectroscopy
The EXAFS spectra of the Mo–K and Co–K edges were obtained

at the EXAFS Station of the Siberian Synchrotron Radiation Cen-
ter (Novosibirsk), under the conventional transmission mode [25].
The storage ring VEPP-3, with an electron beam energy of 2 GeV
and an average stored current of 100 mA, was used as the source
of radiation. The spectrometer had a Si(1 1 1) cut-off crystal-
monochromator and two proportional ionization chambers as
detectors. The spectra were recoded at room temperature. For each
sample, the oscillating piece of the EXAFS spectra (�(k)) was treated
in the form of k2�(k) at the wave number interval of 2.5–14.0 Å−1.
The EXAFS spectra simulations for retrieving the structure data
were performed by using the standard procedure with the VIPER
code [26]. The FEFF7 program was employed to fit the parameters
of scattering [27].

2.3. Sulfidation of the catalyst and testing in HDS

Sulfidation of 2 g of (Mo4citr/Al2O3) and (Co2Mo4citr/Al2O3)

was performed in an H2S flow of 1000 ml h−1 at atmospheric pres-
sure with ramping of the temperature from 20 to 400 ◦C over 1 h,
followed by exposure to 400 ◦C for 2 h.

After sulfidation, the catalysts were tested in the hydrodesulfur-
ization of straight run gas oil containing 1.05 wt.% S. The experiment
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Table 1
95Mo, 17O and 13C NMR data of aqueous solutions. The signals with intensivity less than 5% of the maximal signal are not included.

Sample ı 95Mo (W) [I] ı 17O (W) � 13C

0.5 M C6H8O7 – 261(460); 246(540) 177.8; 174.4; 74.3; 44.3
(Mo4citr-solution) 76 (250)[0.05]; 36(360)[1.0]; −54(380)[0.67] 865(700); 830(1600); 371(600); 260(1300) 184.7; 182.1; 174.6; 173.9; 85.7; 43.7
(Mo4citr-solution AI) 76 (230)[0.05]; 37(500)[1.0]; −53(560)[0.92] 867(750); 830(1300); 374(420); 263(1500) 184.5; 182.1; 174.1; 173.9; 85.7; 43.9
Mo/Co = 40 88 (280)[0.05]; 38(740)[1.0]; −48(790)[0.72] 870; 841; 373; 266 (1460) 187.3; 181.4; 179.0; 176.6; 89.1; 46.9
Mo/Co = 20 100 (390)[0.06]; 46(750)[1.0]; −34(800)[0.78] 874; 850; 373; 271(1300) 190.2; 183.3; 182.0; 178.8; 92.8; 49.1
Mo/Co = 10 99 (730)[0.13]; 57(780)[1.0]; −22(820)[0.92] 847; 372; 275(330) 195.0; 189.8; 186.8; 184.0; 100.7; 55.9
Mo/Co = 5 205 (920)[0.23]; 86(1360)[1.0]; 18(1250)[0.75] 376 212.3; 209.5; 202.3; 197.2;121.2; 63.4
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However, those compounds could not be used for the prepara-
tion of bimetallic Co–Mo complexes and HDS catalysts. Ammonium
salts of tetrameric anions have proven to be applicable for synthe-
sis at certain pH intervals, and this has been extensively studied via
Mo/Co = 2 90(1500); 40(1500) –

– chemical shift, ppm; W – width of a line, Hertz; I – intensity, relative units.
nderlined values, is not assigned to [Mo4(C6H5O7)2O11]4− anion.

as performed in a plug flow stainless steel reactor at 3.5 MPa
ith T = 320–360 ◦C, a liquid hourly space velocity of 1.5–4.0 and

n H2/feed volume ratio of 300. In such conditions, the weight liq-
id product output was 94–96%, mainly due to the efficiency of the
pparatus separator.

The sulfur content in the liquid products was measured using a
oriba SLFA-20 X-Ray fluorescence analyzer.

. Results

.1. NMR analysis of the solutions

95Mo, 17O and 13C NMR data for the samples (Mo4citr-solution),
Mo4citr-solution AI), 0.5 M citric acid and (Mo4citr-solution) with

ifferent weights of cobalt acetate are compiled in Table 1. To better
nderstand the chemical processes in solution, precise information
n the broadening and peak shapes is displayed for the 17O and 13C
pectra (see Figs. 1 and 2).

ig. 1. 17O NMR spectra of solutions. (Mo4citr-solution) (a) and (Mo4citr-solution)
ith different Co2+ addition: (b) Mo/Co ratio 40, (c) Mo/Co ratio 20, (d) Mo/Co ratio

0 and (e) Mo/Co ratio 5.
No data

The synthesis of the potassium and hexamethonium salts of
[Mo4(C6H5O7)2O11]4- and the structure of this anion were previ-
ously reported in Refs. [20,23], and are presented here in Fig. 3.
Fig. 2. 13C NMR spectra of solutions. (Mo4citr-solution) (a) and (Mo4citr-solution)
with different Co2+ addition: (b) Mo/Co ratio 40, (c) Mo/Co ratio 20, (d) Mo/Co ratio
10 and (e) Mo/Co ratio 5.
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is presented in Fig. 3. The bands at 1720–1330 cm were assigned
to valence vibrations of the carboxyl groups [30]. According to the
structural data [20,23], the [Mo4(C6H5O7)2O11]4− anion has cit-
rate ligands that contain three non-equivalent carboxylic groups;
one is non-bonded and non-dissociated (characterized in our spec-
Fig. 3. The structure of the anion [Mo4(C6H5O7)2O11]4− .

aman spectroscopy in both the soluble form and when deposited
n alumina, but there is a lack of structural information in these
ata [28]. Since the data on the structure of the anion in solution are
f great importance, we have undertaken a study of the solutions
y NMR spectroscopy of 95Mo, 17O and 13C, which has provided
onsiderable structural information about the polyoxometallates
29].

The tetrameric anion (Fig. 3) contains two types of Mo6+ ions
inner and outer ones), each having a corresponding terminal O
tom (in Mo O), bridged oxygen (Mo–O–Mo), and carboxyl oxy-
en atoms of three types, varying by their coordination to the
olybdenum and carbon atoms of the citrate ligand. NMR spec-

ra of (Mo4citr-solution) (Table 1 and Figs. 1 and 2) revealed peaks
or all of these species. The 95Mo spectrum had two main peaks
f almost the same intensity having chemical shifts intrinsic to
he 6+ chemical state, with the upfield peak corresponding to the
uter Mo atoms. The slight peak at ı = 76 ppm is due to impuri-
ies. The 17O spectrum had peaks at ı = 865 ppm and 830 ppm that
ould be ascribed to terminal oxygen atoms bonded to outer and
nner Mo atoms, respectively. The peak at ı = 371 ppm corresponds
o bridged oxygen atoms, and the broad peak at ı = 260 ppm rep-
esents deprotonated oxygen in the carboxyl groups (protonated
arboxyl oxygen has a peak at ı = 246 ppm that is observed in cit-
ic acid, but not in (Mo4citr-solution)). The 17O spectrum hardly
ndicated the possible coordination types of the carboxyl groups,
ut they may be easily distinguished from the 13C spectra. Indeed,
here are three distinct peaks in the range of 170–185 ppm, with
he downfield (ı = 184.7 ppm) one corresponding to monodentate
arboxyl species, the middle one to carboxyl species not coordi-
ated to Mo, and the last (at ı = 173.9 ppm) representing carboxyl
pecies bridging two Mo atoms (see Fig. 3). Other peaks in the 13C
pectra are –CH2– carbons and the central C atom in citrate.

In addition to the signals from the primary complex, the
MR spectra of (Mo4citr-solution) had some extra peaks from
ther species whose content did not exceed 10%. Most likely,
hese species were ammonium salts of mono- and binuclear cit-
ate complexes of molybdenum with structures similar to the
otassium salts reported in [21,22]. Therefore, the NMR data
howed that the prevalent species in (Mo4citr-solution) is the
Mo4(C6H5O7)2O11]4− anion (Fig. 3).

The study of (Mo4citr-solution AI) showed that its 13C, 17O and
5Mo NMR spectra were very similar to those of (Mo4citr-solution).

27
he peak of ∼600 Hz width at ı = 0.6 ppm in the Al spectrum is
robably due to the Al(H2O)6

3+ cation, although aluminum cit-
ate complexes could not be ruled out. According to elemental
nalysis data, the concentration of aluminum does not exceed
g/dm3, which is one order of magnitude lower than the content of
alysis A: Chemical 322 (2010) 80–89 83

molybdenum. Since the composition of Mo complexes in (Mo4citr-
solution AI) was the same as in (Mo4citr-solution), we conclude
that the structure of the primary [Mo4(C6H5O7)2O11]4− complex
remains stable when in contact with alumina.

The addition of increasing amounts of paramagnetic Co2+

cations to (Mo4citr-solution) was expected to cause shifting, broad-
ening and eventually disappearance of NMR peaks, with the signals
originating from the atoms directly coordinated to cobalt atoms
being affected at first. In the 95Mo spectra, a cobalt concentra-
tion increase caused monotonic peak broadening for both types
of Mo atoms, with the upfield line (relating to the outer molybde-
num atoms) having a relatively larger width. For the sample with
Mo/Co = 2, the signal was so weak (comparable with the noise level)
that it was difficult to accurately determine the position of the peak.

Concerning the 17O spectra, the addition of cobalt mainly
affected the signal from the carboxyl oxygen atoms and termi-
nal oxygen atoms bonded to outer Mo atoms, while those bonded
to inner Mo atoms and bridging oxygen (Mo–O–Mo) were less
sensitive to cobalt (Fig. 1). Similar to the 95Mo spectra, the total
disappearance of 17O signals occurred in the sample with Mo/Co = 2.

The 13C spectra showed the most pronounced broadening for
the peak related to the central atom of the citrate ligand that is
close to the outer Mo atom (Fig. 2). Three types of carboxyl groups
demonstrated the different broadening behavior; the width of the
upfield peak of the bridged carboxyl group changed slightly, while
both carboxyl groups coordinated to the outer Mo atoms and the
carboxyl groups that were not coordinated to Mo showed very
strong broadening. Thus, the NMR data indicated the formation of
the labile complex [Mo4(C6H5O7)2O11]4− with Co2+ cations. Most
likely, cobalt coordinates with the tetrameric anion via the terminal
oxygen atom bonded to the outer molybdenum atom via the two
types of carboxyl groups, one that is not coordinated with Mo and
the other monodentate carboxyl group coordinated to the outer
Mo via the oxygen atom bonded to the central carbon atom of the
citrate ligand. The proposed structure of this bimetallic complex is
presented in Fig. 4.

3.2. FTIR and Raman spectroscopy

FTIR and Raman data are presented in Tables 2 and 3, and the
spectra are shown in Figs. 5 and 6. The infrared spectrum of the
(Mo4citr-solid) sample was very similar to the spectrum of the
potassium salt of [Mo4(C6H5O7)2O11]4− [20], the structure of which

−1
Fig. 4. Tentative structure of the bimetallic complex Co2[Mo4(C6H5O7)2O11].
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Table 2
IR spectra and frequencies assignment of (Mo4citr) and (Co2Mo4citr) complexes.

Assignment [20–22,30] (Mo4citr-solid) (Mo4citr-solution) (Mo4citr/Al2O3) (Co2Mo4citr-
solid)

(Co2Mo4citr-
solution)

(Co2Mo4citr/ Al2O3)

�(C O) citra 1721 1719 – – – –
�(C O) acetb – – – 1715 1712 –
�as(COO)c 1618, 1582 1623, 1588 1617, 1593 1621, 1587,

1554
1615, 1585, 1562 1591

�as(COO)d 1425, 1400 1450, 1422 1463, 1402 1433, 1402 1458, 1415 1437, 1404
�(C–O) citre 1230 1233 – – – –
�(C–O) acetf – – – 1290, 1260 1292, 1269 –
Skeletal citrate 1181, 1147 1188, 1152 1183, 1156 1186, 1150 1186, 1153 1184, 1153
�(C–O) alcohol 1081, 1072 1079, 1072 1081, 1074 1075 1079, 1070 1080
�(CH3) acet – – – 1022 1019 –
�(Mo O) 943, 936, 924,

890, 884, 856,
848

943, 936, 923, 907,
892, 860

941, 931, 918,
906, 892, 861

932, 917, 905,
891, 859

936, 921, 909, 895,
862

932, 919, 902, 893,
862

�(Mo–O–Mo) 795, 734, 710,
682, 641, 606

800, 736, 712, 683,
637, 612

802, 742, 709,
692, 661, 622

793, 738, 709,
688, 640, 615

800, 739, 714, 689,
641, 618

800, 739, 706, 683,
628, 623

ı(OMoO) 542, 518 544, 519 536, 514 548, 521 543, 521 537, 510

a �(C O) of citrate.
b �(C O) of acetic acid.
c Overlapped with ı(H2O).
d Overlapped with ıas(NH4).
e �(C–O) of citrate.
f �(C–O) of acetic acid.

Table 3
Raman spectra and frequencies assignment of (Mo4citr) and (Co2Mo4citr) complexes.

Assignment [22,24] (Mo4citr-solid) (Mo4citr-solution) (Mo4citr/Al2O3) (Co2Mo4citr-solid) (Co2Mo4citr-solution) (Co2Mo4citr/Al2O3)

899, 8
373, 3
212

t
o
t
p
(
ı
b
7
M
w
f

n
T

F
s

�(Mo O) 940, 922, 904, 896, 847 945, 901, 861 943,
�(Mo–O–Mo) 389, 376, 343 384, 374, 343 389,
�(O–Mo–O) 249, 214 249, 209 253,

ra at 1721 and 1230 cm−1 for �(C O) and �(C–O), respectively),
ne is coordinated to molybdenum in a monodentate fashion and
he last is bridged to Mo. The corresponding vibration modes have
ositions at 1618 and 1582 (�as(COO)) and 1425 and 1400 cm−1

�s(COO)), respectively. The latter bands were overlapping with the
as(NH4

+) band. The valence stretching of ammonium also had a
and at 3150 cm−1 (not shown in Fig. 5). The bands at 960–800 and
50–520 cm−1 were due to valence oscillations of the MoO2 and
o–O–Mo moieties. The most intense lines in the Raman spectrum
ere assigned to valence oscillations and deformation of the MoO
2

ragments (Fig. 6).
FTIR and Raman spectra for the (Mo4citr-solution) sample did

ot noticeably differ from those for the (Mo4citr-solid) sample.
here were minor shifts in the vibrational frequencies, changes of

ig. 5. FTIR spectra in a full range and scaled up regions of 1490–1730 cm−1, 1110–1350
olution) (b), (Mo4citr–solid) (c), (Co2Mo4citr-solid) (d), (Mo4citr/Al2O3) (e) and (Co2Mo4
61 943, 896, 861 944, 898, 864 943, 900, 861
46 390, 374, 344 388, 372, 346 390, 378, 348

250, 211 254, 210 251, 212

relative signal intensities and broadening of some bands in the IR
and lines in the Raman spectra.

Conversely, the IR spectrum of (Mo4citr/Al2O3) was substan-
tially different from the spectra of either the (Mo4citr-solid) or the
(Mo4citr-solution) samples (Fig. 5). Thus, the vibrational bands of
the protonated carboxylic groups were completely absent in the
spectrum of the supported sample, most likely due to coordination
of those groups to the aluminum atoms of the support. The spec-
tra of the other carboxyl groups and of the MoO2 fragments were
changed as well. It was rather difficult to investigate the changes

of the Mo–O–Mo spectra in the solution, solid and supported sam-
ples because these bands were fully overlapped with more intense
bands from the support. However, the similarity of the Raman spec-
tra for all three samples ((Mo4citr-solid), (Mo4citr-solution) and

full cm−1 for the Mo and Co–Mo complexes: (Mo4citr-solution) (a), (Co2Mo4citr-
citr/Al2O3) (f).
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Mo4citr/Al2O3)) indicated that the tetranuclear structure was not
hanged after the deposition (Fig. 6). Hence, our data conformed
o the results reported in [24,28], where Raman spectroscopy data
onfirmed the stability of the [Mo4O11(C6H5O6)2]4− structure after
eposition on alumina.

The interaction of the [Mo4O11(C6H5O6)2]4− anion with Co2+

ations resulted in more apparent spectral changes. We propose
hat the differences in the positions and intensities of absorbance
ands listed below are due to the coordination of cobalt to
etrameric anions. There are some references reporting tetrameric
nion complexes with K+ and [(CH3)3N(CH2)6N(CH3)3]2+ [20–23],
ut any information regarding the effect of either the cation nature
r its location in the IR is absent. The structural data indicated that
otassium atoms or nitrogen atoms of [(CH3)3N(CH2)6N(CH3)3]2+

oordinated to terminal oxygen atoms and oxygen atoms of car-
oxyl groups bonded with outer Mo atoms [20,23]. If, presumably,
o2+ cations occupy the same positions, then the corresponding
pectra should be changed.

Indeed, our experimental data (Fig. 5 and Table 2) showed
hat the addition of cobalt acetate to (Mo4citr-solution) gave
Co2Mo4citr-solution) (with an atomic Mo/Co ration of 2), and
rastically altered the spectrum of the �(C–O) spectral region for
he non-dissociated carboxyl groups, specifically, the 1230 cm−1

and vanished and two intense bands at 1269 and 1292 cm−1

ppeared. The position of the �(C O) band was shifted from 1719
o 1712 cm−1. The disappearance of the 1230 cm−1 band gave clear
vidence that cobalt atoms are coordinated to the free carboxyl
roups. In this case, non-dissociated carboxyl groups do not belong
o the citrate ligand, but rather to the acetic acid that is pro-
uced in the course of the reaction. Thus, the 1019 cm−1 band that
ppeared in the spectrum was the deformation vibrational mode
f the methyl moiety of acetic acid. Additionally, strong changes
ere observed in the �as(COO) vibrational spectra of the carboxyl

roups of the citrate ligand coordinated with molybdenum, i.e. the
elative intensity of the 1620 cm−1 band decreased noticeably and

−1 −1
new band at 1562 cm appeared. The 1620 cm band could
e attributed to asymmetric valence stretching of the monoden-
ate COO groups of the citrate ligands. Both the attenuation of this
ignal and the appearance of the new �as(COO) band at a lower
requency could be explained by the interaction between the mon-

ig. 6. Laser Raman spectra in the region of 160–1000 cm−1 and scaled up region of 180
olution) (b), (Mo4citr-solid) (c), (Co2Mo4citr-solid) (d), (Mo4citr/Al2O3) (e) and (Co2Mo4
alysis A: Chemical 322 (2010) 80–89 85

odentate group of the citrate ligand and the Co2+ ion in such way
that this group coordinates and thus has a lower �as(COO) vibra-
tional frequency of ∼1560 cm−1. There were also visible changes in
the spectral region of the valence vibrations of the MoO2 fragments
that were mainly significant alterations of the relative intensities
and, to a lesser extent, changes in the shifts of these bands. This
effect is most likely due to the interaction of Co2+ ions with the
terminal oxygen atoms of this fragment. The spectra of both the
Mo–O–Mo moiety and the bridged carboxyl group remained almost
unchanged. The major difference between the (Co2Mo4citr-solid)
IR spectrum and that of (Co2Mo4citr-solution) was the much lower
intensity of the acetic acid signal. Therefore, one could conclude
that the structure of the [Mo4(C6H5O7)2O11]4− anion in solution
and in the solid state are the same. The IR spectrum of the supported
complex had the larger absorbance band width.

Raman spectra of Co-containing samples differed from the spec-
tra of samples without cobalt, mainly in the region of the valence
vibrations of the MoO2 fragment. As in the IR spectra, the most
prominent distinction was in the intensities rather than in the posi-
tions of the peaks.

Thus, the addition of cobalt acetate to (Mo4citr-solution)
affected the positions and intensities of absorbance bands corre-
sponding to valence vibrations of the carboxyl groups and MoO2
fragments, whereas a majority of the other bands, including the
vibrations of bridged carboxyl groups and Mo–O–Mo species,
remained unchanged.

All alterations in the spectra induced by the addition of cobalt
could be most simply explained by the presumption that Co2+

cations are coordinated to [Mo4(C6H5O6)2O11]4- anions at exactly
the same positions that K+ or [(CH3)3N(CH2)6N(CH3)3]2+ would
coordinate [20,23], specifically toward the oxygen atoms of car-
boxyl groups bonded to single Mo atoms, oxygen atoms of the
unoccupied carboxyl groups and terminal oxygen atoms, while the
structure of the tetrameric anion would remain intact.

As followed from Table 2, the main bands in the IR spec-

trum of (Mo4citr/Al2O3) sample corresponds to the basic bands
of (Mo4citr-solution), the main bands in the IR spectrum of
(Co2Mo4citr/Al2O3) sample is identical to that in bimetallic com-
plex solution spectrum, analogically for Raman spectra of the
studied solutions and supported catalysts (Table 3). The good

–600 cm−1 for the Mo and Co–Mo complexes: (Mo4citr–solution) (a), (Co2Mo4citr-
citr/Al2O3) (f).



86 O.V. Klimov et al. / Journal of Molecular Cat

F
C
i

c
R
a
d
t
n

3

C
r
s
h
s
f
a
O
l
d
t

F
i

ig. 7. Fourier transform of molybdenum K-edge EXAFS spectra for the Mo and
o–Mo complexes. The model and experimental curves (Mo4citr-solid) are shown

n the right corner.

onformity in both the positions and intensities of the IR and
aman spectra for the (Co2Mo4citr-solid), (Co2Mo4citr-solution)
nd (Co2Mo4citr/Al2O3) samples supports the constancy of Co coor-
ination to Mo-containing anions, even at the support surface, i.e.
he interaction of bimetallic Co–Mo compounds with alumina does
ot lead to its decomposition.

.3. Data from XAS spectroscopy

The radial distribution functions (RDF) of atoms around Mo and
o are presented in Figs. 7 and 8. RDF curves of Mo local sur-
oundings for all of the samples, whether in the solution, solid or
upported state, regardless of the presence or absence of cobalt,
ave two maxima in the length range of ligand bonds that corre-
pond to Mo–O distances of 1.72 and 1.94 Å in simulated curves. The
ormer peak gives the average distance of Mo to terminal oxygen
toms, and the latter value is the mean distance from Mo to bridged

atoms of hydroxyl groups and from Mo to oxygen atoms of citrate

igands. The peaks located within 2–3 Å range corresponds to the
istances from molybdenum to other atoms in citrate ligands and
o oxygen surrounding of neighbor molybdenum atom, the peak

ig. 8. Fourier transform of cobalt K-edge EXAFS spectra for the bimetallic complex
n solid state and alumina-supported form.
alysis A: Chemical 322 (2010) 80–89

denoted as Mo–L–L in Fig. 7. Since any studied sample contains 2,
3 or 4 different types of Mo atoms, each having its own specific
ligand, the modeling is capable of obtaining the effective coordi-
nation numbers, and the results of such calculations were omitted
here. One should mention the broadening of all of the peaks for the
solution samples, obviously due to the higher amplitude of ther-
mal oscillations in solution as compared to the solid and supported
samples, which are present as Debye–Waller factors in the EXAFS
spectra.

RDF curves for the samples without cobalt had a very similar set
of maxima in the range of R-ı>2 Å (Fig. 7). Experimental and fitted
RDF curves are presented in Fig. 7. Our results are in good agree-
ment with the reported structure of the potassium salt [20] where
Mo atoms are coupled in pairs with a Mo–Mo distance of 3.36 Å
and the neighboring pairs form a single bond 3.62 Å in length. The
intense peak at 3.36 Å corresponds to Mo–Mo spacing, and the max-
ima within the 1.94 and 3.36 Å interval should be assigned to the
distances from Mo to other atoms in the citrate ligand. The cardinal
distinction of ammonium salts synthesized by us when compared
with the reported potassium salts is that the experimental RDF
curve does not show the peak of the second Mo–Mo distance that is
rather evident in the model curve. We suppose that our complexes
are hydrated to a greater extent than K4[(MoO2)4O3(citr)2]·6H2O,
and thus have a more distorted structure. The comparison of RDF
curves for the (Mo4citr-solid) and (Mo4citr/Al2O3) samples showed
some dispersion of distance values and attenuation of the signal
corresponding to the Mo-Mo distance. Again, both the different
extent of hydration and the interaction with the support are the
main reasons for the cationic lattice deformation that occurs in the
course of impregnation of alumina with the complex.

Since the experimental data for the samples without cobalt are
in good agreement with the known structure of the tetrameric
anion, we conclude that in the ammonium salt discussed here, the
[Mo4(C6H5O7)2O11]4- anion has the structure presented in Fig. 3,
probably with some minor distortions. Moreover, this structure
remains almost unchanged in solution, the solid state and the
alumina-supported form.

The reaction between [Mo4(C6H5O7)2O11]4− and Co acetate
drastically changed the data of the XAS spectroscopy of molyb-
denum (Fig. 9a and b). First, XANES Mo K-edge spectra for the
(Co2Mo4citr-solid) sample demonstrated a curve shift of 2 eV
to higher energies as compared with (Mo4citr-solid) (Fig. 9a).
The same effect was observed when [Mo4(C6H5O7)2O11]4− inter-
acted with an alumina surface; the shifts of curves recorded for
the (Mo4citr-solid) and (Mo4citr/Al2O3) samples were also ∼2 eV
(Fig. 9b). Thus, the interaction of the tetrameric anion with either
Co2+ cations or the alumina surface, regardless of the reactant
nature, leads to the same changes in the Mo charge state. One
should note that according to a comparison of the (Co2Mo4citr-
solid) and (Co2Mo4citr/Al2O3) XANES spectra, the deposition of
bimetallic Co–Mo to the alumina surface does not change the Mo
charge state.

RDF Mo K-edge curves for the samples with and without cobalt
were almost identical in the R-ı<3 Å range (Fig. 7). Regardless of
the aggregate state of the samples, the bimetallic complexes dif-
fered from the Mo ones by having two maxima for the Mo-metal
distances, in the range of 3.3–3.7 Å. The maximum at 3.36 Å is cer-
tainly for Mo–Mo, but on the basis of Mo K-edge spectra, it is
hardly distinct from the second distance between Mo–Mo (3.72 Å)
and Mo–Co (3.41 Å); both variants have a discrepancy factor of 1%.
However, we suppose that this second maximum originates from

Mo–Co spacing, since in the RDF curves for (Co2Mo4citr-solid) and
(Co2Mo4citr/Al2O3), we noticed two other peaks around R-ı>3.8 Å.
The corresponding distances could not be assigned unambiguously,
but just the appearance of these peaks indicated that the bimetal-
lic compound is more rigid than the Mo complex. Thus, cobalt has
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Fig. 9. XANES spectra of solid (Mo4citr-solid) and (Co2Mo4citr-solid) sam

een proven to interact with the [Mo4(C6H5O7)2O11]4− anion and
istort its cationic lattice. Most likely, Co is coordinated to termi-
al oxygen atoms and to carboxyl groups that are not bonded with
olybdenum, as the resulting structure is the most rigid in this

ase.
The RDF Co K-edge curves (Fig. 8) for the (Co2Mo4citr-solid) and

Co2Mo4citr/Al2O3) samples were almost identical, and the most
ntense peak corresponded to a Co–O distance of 2.06 Å, with a coor-
ination number of 4. This distance, within the experimental error
±0.02 Å), agrees with the reference data on hydrated cobalt chlo-
ide, nitrate and acetate salts [31]. However, in the R-ı>2 Å region,
he acquired RDF curves exhibited the maxima related to at least
ix coordination spheres, whereas the RDF curve for monomeric Co
cetate should have three or fewer coordination spheres for the
ore distant carbon atoms of the ligand. Therefore, our results

o not absolutely conform to the data reported in Ref. [31] or
ith the RDF curves for bulk cobalt acetate (Co(CH3COO)2·4H2O)
resented in Ref. [32]. Thus, we conclude that the RDF curves
f the (Co2Mo4citr-solid) and (Co2Mo4citr/Al2O3) samples repre-
ent the products of the reaction between Co acetate and the
Mo4(C6H5O7)2O11]4- anion.

Summarizing the results of XAS spectroscopy gives strong
vidence of bimetallic compound formation with cobalt coordi-
ated to the [Mo4(C6H5O7)2O11]4− anion and a Co–Mo distance
f 3.41 Å, as proven in both the Co K-edge and Mo K-edge spec-
ra. The absence of a noticeable difference in RDF curves for
he discussed bimetallic complex in the (Co2Mo4citr-solution),
Co2Mo4citr-solid) and (Co2Mo4citr/Al2O3) samples, along with
he absolute identity of the XANES spectra for the (Co2Mo4citr-

olid) and (Co2Mo4citr/Al2O3) samples, unambiguously indicated
hat the structure of the bimetallic compound remained the same
or the complex in solution, in the solid state and on the alumina
urface.

ig. 10. The results of (Co2Mo4citr/Al2O3) hydrotreating activity test obtained at 3.5 M
HSV = 1.5–4 h−1.
(a), and supported (Mo4citr/Al2O3) and (Co2Mo4citr/Al2O3) catalysts (b).

3.4. Catalyst testing in the HDS reaction

The results of the testing of the (Co2Mo4citr/Al2O3) sample
in the HDS of straight run diesel fuel are presented in Fig. 10.
The chosen testing conditions are attainable in industrial appa-
ratuses for the HDS of diesels at most Russian and worldwide
petrochemical plants, and a typical Russian straight run gas oil
fraction was used as the feedstock [33–35]. Similar conditions for
the HDS process were employed in another paper [36], where
catalysts enabling the production of ∼10 ppm sulfur fuels were
reported.According to Ref. [35] over commercial catalysts TK-554,
424 T @, 448 T @ (Ø1, 3) and 448 T @ (Ø2, 5) the residual sul-
fur content are 400, 1800, 400, 750 ppm, respectively, at LHSV
of 4 h−1 and temperature of 345 ◦C. For Russian commercial cata-
lysts GKD-300 and GM-85 (Co) the residual sulfur content is much
higher. Over (Co2Mo4citr/Al2O3) catalyst at the above-specified
conditions the residual sulfur content is 310 ppm (Fig. 10b).To
obtain ultralow-sulfur diesel the feed flow varied in the range of
1.3–2.5 h−1 [18,33–36]. The (Co2Mo4citr/Al2O3) catalyst provides
obtaining of diesel fuel with sulfur content in the product of 50 and
10 ppm at temperatures of 340 and 360 ◦C, respectively (Fig. 10a),
the rest process parameters are weight flow rate of 2 h−1, pressure
of 3.5 MPa and H2/feed volume ratio of 300 Nm3/m3. It is reported
that diesel fuel with sulfur content of 10 ppm over commercial
C-606A catalyst was obtained at 340–345 ◦C [36], but in referred
paper more stringent conditions were used, flow rate of 1.5 h−1

and pressure of 4.9 MPa. Over KF-757 catalyst the diesel fuel with
sulfur content laying in the range from 8 to 31 ppm was obtained at
an average temperature of 353 ◦C, pressure of 3.28 MPa and H2/feed

volume ratio 400 Nm3/m3 [35].

Thus, the comparison of our results (Fig. 10) with the trial results
of the prospective ultra-deep HDS catalyst for ULSD production
[36] and with the testing results for the commercial catalysts of

Pa, H2/feed volume ratio 300: (a) LHSV = 2 h−1, T = 320–360 ◦C and (b) T = 345 ◦C,
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he leading worldwide manufacturers [35] with a feedstock with
imilar properties revealed that our (Co2Mo4citr/Al2O3) catalyst is
ighly competitive with the referenced samples, and is capable of
roducing diesel with <50 ppm sulfur and <10 ppm sulfur.

. Discussion

This NMR study of (Mo4citr-solution) has shown that dissolv-
ng ammonium heptamolybdate in an aqueous citrate acid solution

ith a pH value between 1.5 and 3.5 leads mainly to the forma-
ion of the ammonium salt of the tetrameric [Mo4(C6H5O7)2O11]4−

nion, with the structure presented in Fig. 3. The solute state of this
omplex was characterized by FTIR, Raman and XAS spectroscopy,
nd the obtained results allowed us to conclude that the struc-
ure of the [Mo4(C6H5O7)2O11]4− anion remained unchanged after
recipitation (Mo4citr-solid sample) and after impregnation of alu-
ina (Mo4citr/Al2O3 sample), in full accordance with reference

ata [24,28].
Gradual addition of increasing amounts of cobalt acetate to a

Mo4citr-solution) sample affected the peaks in the NMR spectra of
ertain atoms due to the coordination of paramagnetic Co2+ cations
o specific fragments of the [Mo4(C6H5O7)2O11]4− anion. The coor-
ination occurs via bonding with outer Mo atoms via oxygen atoms
f monodentate carboxyl groups (see Fig. 3), with the other car-
oxyl group not coordinated to Mo and with oxygen atoms bonded
o the central carbon atom of the citrate ligand. We suppose that
he peak broadening to the point of total disappearance both in the
5Mo and 17O spectra at a Mo/Co atomic ratio of 2 is an intrinsic
eculiarity for a bimetallic compound with this stoichiometry.

FTIR, Raman and XAS spectroscopy data also confirmed the
ormation of a bimetallic Co–Mo complex (with the structure pre-
ented in Fig. 4) in solution. Moreover, these methods allowed us
o monitor the structure of the synthesized compound in the solid
tate and in the alumina-supported form. The collected results indi-
ated that deposition to the alumina surface did not damage the
tructure of the primary tetranuclear [Mo4(C6H5O7)2O11]4− anion
nd its coordination with two Co2+ cations. The proximity of the
obalt and molybdenum atoms (3.41 Å) in the discussed complex
acilitates the formation of uniform bimetallic sulfide compounds
probably of the Co–Mo–S Type II phase [17,18]) after catalyst sulfi-
ation. It should be noted that as in Ref. [36], our synthesis does not

nclude high-temperature calcination prior to the sulfidation stage
o save local environment of Co and Mo atoms and coordination of
o atoms towards Mo-containing species and to avoid the forma-
ion of catalytically inactive Co compounds with alumina or sulfur
12]. The sulfidation process for the catalysts prepared using citric
cid was comprehensively studied [37,38] and the obtained results
gree with discussed assumption that the preparation of the active
atalyst needs the sulfidation under conditions providing the close
roximity of Co and Mo atoms.

Thus, the implementation of both the proper synthesis of the
imetallic Co–Mo compound in solution and evaluation of the opti-
al conditions for its impregnation of alumina with the compound

nd drying (so that the structure of bimetallic complex remains
ntact) resulted in the preparation of a catalyst capable of producing
iesel with <50 ppm sulfur and <10 ppm sulfur.

. Conclusion

In this paper, we extensively studied a deep HDS catalyst for

LSD production, prepared via the synthesis of a bimetallic Co–Mo
omplex in solution with a Mo/Co ratio typical of commercial HDS
atalysts. In the first stage, the ammonium salt of the tetrameric
nion [Mo4(C6H5O7)2O11]4− was synthesized in solution. Then, two
o2+ cations were coordinated to this anion, and the structure of

[

[

[

alysis A: Chemical 322 (2010) 80–89

the prepared compound was elucidated. The cobalt was shown to
coordinate via the terminal oxygen atom, the oxygen atom bonded
with the central atom of the citrate ligand and two carboxyl groups.
After impregnation of alumina and drying at room temperature, the
structure of the obtained surface compound was the same as for
the bimetallic complex synthesized in solution. After sulfidation,
the prepared catalyst demonstrated very high activity in the HDS
production of ultraclean diesel fuel.
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