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Co-promoted MoOz nanoclusters for
hydrodesulfurizationt

Rupesh Singh,? Deepak Kunzru*@ and Sri Sivakumar*®

In this paper, we report the synthesis of ultrasmall Co-promoted MoOs nanoclusters (~2 nm) supported
over y-Al,Oz possessing an increased number of Mo edge atoms, using colloidal synthesis for hydro-
desulfurization reaction. A three-step synthesis methodology was followed: in the first step, Co-promoted
MoOs nanoclusters (~2 nm) were synthesized using oleic acid and oleylamine as capping agents. In the
second step, oxide nanoclusters were supported over y-Al,Osz and then calcined. In the third step,
supported metal oxide nanoclusters were sulfided using dimethy!l disulfide as a sulfiding agent. These cata-
lysts show enhanced catalytic activity towards hydrodesulfurization of dibenzothiophene compared to
those prepared by using the conventional metal impregnation method due to the presence of a higher
number of Mo edge atoms (36%), easier reducibility and sulfidability. The catalysts were characterized by
using transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction

www.rsc.org/catalysis

1. Introduction

Hydrodesulfurization (HDS) is a catalytic chemical process
which is used to remove organosulfur compounds present in
petroleum feedstocks. Because of strict environmental regula-
tions along with enhancement of sulfur content in the petro-
leum feed, the efficiency of the HDS process has to be signifi-
cantly improved."™* Co promoted MoS, and Ni promoted
MoS, are widely used as catalysts for the HDS process in
which the Co promoted -catalyst is preferred for feed
containing only sulfur as an impurity.>” Incorporation of Co
as a promoter into MoS, lowers the metal sulfur bond
strength facilitating sulfur vacancy formation® which in turn
enhances the catalytic activity.”'® In addition, optimal num-
ber of Mo edge atoms present in the MoS, phase, easier re-
ducibility and sulfidability of the MoO; phase enhance the
HDS activity of the catalysts. The number of Mo edge atoms
is mainly determined by the size of the sulfided catalyst. In
this regard, two models (rim-edge and brim site) have been
proposed for unsupported MoS, in which rim sites (top and
bottom layers) are considered to catalyze the hydrogenation
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(XRD) and temperature programmed reduction (TPR) analysis.

and direct desulfurization (C-S bond cleavage), while the edge
sites (interior layers) are responsible for direct desulfuriza-
tion."""> Berhault et al.'® have extended these models for
supported catalysts and proposed two types of sites (types I
and II) for each model, in which type II sites are easily reduc-
ible due to a weak metal-support interaction, whereas type I
sites are difficult to be reduced.”*™® In addition, they pro-
posed that the formation of sulfur vacancies depends on the
metal-support interaction. This is further supported by an-
other study by Besenbacher and his coworkers'” in which they
demonstrated that MoS, nanoclusters of ~1.5 nm size have
optimal number of Mo edge atoms and possess enhanced
organosulfur adsorption which suggests the importance of
the nanocluster size. In addition, a smaller nanocluster size
enhances the probability of formation of surface defects such
as kinks and corners having under-coordinated surface sites
which contribute to increased catalytic activity. Apart from
edge atoms, easier reducibility and sulfidability of the catalyst
also play a major role in determining the catalytic activity
which is mainly determined by the metal-support interac-
tion."®'® Thus, it is essential to prepare sulfided cobalt pro-
moted Mo nanoclusters of ~2 nm size with easier reducibility
and sulfidability in order to have enhanced HDS catalytic ac-
tivity. To this end, we report a simple method for developing
sulfided Co promoted Mo nanoclusters of ~2 nm size. There
are several reports available on the development of cobalt pro-
moted Mo catalyst on various supports using different synthe-
sis methods such as wet impregnation, co-precipitation and
physical mixing methods.>>*" Although the catalysts prepared
by these methods show reasonable activity towards
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desulfurization of dibenzothiophene (DBT), they are unable
to control the cluster size and uniformity of the metal crystal-
lites which impede their catalytic activity. It is well known
that the size of the nanoclusters can be easily controlled in
the ligand-mediated colloidal co-precipitation method in
which the ligand controls the growth of the nanoclusters.>**
The synthesis of several bimetallic nanoclusters (e.g. PtRu,
PdRh, and PtSn) of 1-10 nm size through colloidal synthesis
has been reported.”*>® However, no reports on the synthesis
of Co-promoted MoO; nanoclusters of ~2 nm size using col-
loidal synthesis for HDS are available.

Herein, we report the synthesis of ultrasmall Co-promoted
MoOj; nanoclusters (~2 nm) prepared by a size-controllable
colloidal approach using oleic acid and oleylamine as cap-
ping agents. These nanoclusters were supported on Al,O; and
then calcined and sulfided to form Co-promoted MoS, nano-
clusters. The proposed method has the following advantages:
1) control over the size with high monodispersity determin-
ing the number of Mo edge atoms, 2) uniform metal compo-
sition distribution within the support, and 3) easier reducibil-
ity and sulfidability due to the weaker metal-support
interaction facilitated by post loading of the metal cluster
over the support. All the above factors enhance the HDS cata-
lytic activity of the prepared catalysts compared to that of the
catalysts prepared by the widely used wet impregnation
method. TEM analysis of the unsupported catalyst shows the
formation of ~2 nm particles, and the number of edge atoms
present in the sulfided active phase have been calculated
using the well-known method proposed by Hensen et al.”’
XRD analysis of calcined y-Al,O; supported CoMo confirms
the formation of MoO; phases. The liquid feed of 1.68 wt%
DBT in n-decane (corresponding to 2920 ppm sulfur in the
feed) was used to investigate the HDS activity of the CoMo/y-
Al,O; catalysts.

2. Experimental section
2.1. Catalyst preparation

2.1.1. Synthesis of CoMo metal oxide clusters supported
on Al,O; using the colloidal approach. All the chemicals used
in the present study were of analytical grade and were used
without further purification. Molybdenum hexacarbonyl
(98%), cobalt acetylacetonate (95%), oleylamine (70%),
trioctylphosphine (97%) and oleic acid (99%) were purchased
from Sigma Aldrich. For the synthesis of Co-promoted MoO;
nanoclusters, required amounts of Mo(CO), and Co(acac),
were dispersed in oleylamine solvent, and then oleic acid and
trioctylphosphine (TOP) were added to this dispersion.
Oleylamine acts as a solvent, a surfactant as well as a reduc-
ing agent, whereas oleic acid and TOP were used as surfac-
tants to control the growth of nanoclusters. The mixture was
heated to 503 K at a heating rate of 5 K min™" under stirring
to nucleate the nanoclusters and kept at this temperature for
10 min.

Co-promoted MoO; nanoclusters were produced by the de-
composition of molybdenum hexacarbonyl and cobalt

5950 | Catal Sci. Technol.,, 2016, 6, 5949-5960

View Article Online

Catalysis Science & Technology

acetylacetonate, in the presence of oleylamine as a ligand,
along with oleic acid and trioctylphosphine. Co(acac), first
forms a complex with oleylamine. The Co complex and
Mo(CO), thermally decompose at ~503 K to form metal oxide
nanoclusters surrounded by the surfactants. The mixture was
then cooled to room temperature, and then acetone was
added to the mixture to precipitate the particles. The metal
oxide nanoclusters were then recovered by centrifugation.

The Co-promoted MoO; nanoclusters thus obtained were
dispersed in n-hexane, and a required amount of y-Al,O; was
added to the dispersion; the mixture of nanoclusters and
v-Al,O; was kept under stirring for 6 h, so that the pores of
Al,O; were filled with the dispersion of the nanoclusters. The
slurry was then centrifuged to remove the supernatant. The
as-prepared CoMo/y-Al,O; was heated at 373 K for 2 h to re-
move all the remaining volatile compounds (e.g. n-hexane)
and then calcined at 823 K for 2 h. In the calcination step,
the surfactant was removed, and the metal species bound to
the Al,O; surface due to the metal-support interaction. Li
et al.>® used a similar approach to load PdSn nanoparticles
over a carbon support. Catalysts with different metal contents
were prepared by varying the amount of precursors. The dif-
ferent catalysts prepared for this study are shown in Table 1.
For all the catalysts, the Co/(Co + Mo) atomic ratio was 0.3 +
0.02. Co-promoted MoO; nanoparticles of ~10 nm size
(CoMo 5) were prepared by increasing the reaction time to
30 min.

2.1.2. CoMo/y-Al,0; using the wet impregnation method.
For comparison, CoMo/y-AL,O; (designated as CoMo C1) was
also prepared using the incipient wetness impregnation
method. For the synthesis, required amounts of
(NH,4)sM0,0,4-4H,0 and Co(NO3),-6H,0 salts were mixed to-
gether in 2.7 ml of (0.21 g m1™) citric acid solution in water.
The contents were stirred until the mixture was homoge-
neously mixed. The solution thus prepared was added
dropwise to the required amount of y-Al,O; with continuous
mixing. Once the precursor salt solution was deposited on
v-Al, O3, the sample was dried at 393 K for 1 h, and then the
dried sample was calcined at 823 K for 2 h.

2.1.3. Co/y-Al,0; using the wet impregnation method. For
comparison, 4 wt% Co/y-Al,O; was prepared using the incipi-
ent wetness impregnation method. For the synthesis, re-
quired amounts of Co(NOj3),-6H,O salts were mixed together

Table 1 Physical properties of the different CoMo nanocatalysts
supported on y-AlL,O3

Surface  Pore
Catalyst AlL,LO; MoO; Co,0; area volume Co/(Co
code (Wt%)  (Wt%) (wt%) (m*>g™") (em®g™") +Mo)
ALO; — — — 201.3 0.86 —
CoMo 1 78.4 17.1 4.5 120.7 0.34 0.28
CoMo 2 83.6 13.2 3.2 140.4 0.41 0.29
CoMo 3 85.7 11.2 3.1 144.0 0.42 0.32
CoMo 4 89.1 8.7 2.2 149.1 0.44 0.30
CoMo 5 83.0 13.6 3.4 138.4 0.40 0.31
CoMo C1  82.6 13.9 3.5 142.8 0.40 0.30

This journal is © The Royal Society of Chemistry 2016
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in 2.7 ml of (0.21 g ml™") citric acid solution in water. The
contents were stirred until the mixture was homogeneously
mixed. The solution thus prepared was added dropwise to
the required amount of y-Al,O; with continuous mixing. Once
the precursor salt solution was deposited on y-Al,O3, the sam-
ple was dried at 393 K for 1 h, and then the dried sample
was calcined at 823 K for 2 h.

2.2. Catalyst characterization

The compositions of the prepared CoMo/y-Al,0; samples were
determined using the X-ray fluorescence technique (XRF).
The analysis was carried out using a Rigaku ZSX Primus II
XRF spectrometer. For XRF analysis, the calcined samples
were pelletized using a hydraulic press at a pressure of 15-20
tons. For the analysis of Al, the sample was excited using a
current of 100 mA and a voltage of 30 kV. For Co and Mo,
these values were fixed at 60 mA and 50 kV. The surface area,
pore volume, and pore size distribution were determined
based on the amount of N, that was adsorbed and desorbed
at 77 K, using an Autosorb-1C (model: AS1-C, Quantachrome,
USA). X-Ray diffraction (XRD) was performed using a
PANanalytical X-ray diffractometer with Co filtered Ko radia-
tion from a Cu target (1 = 1.541841 A). The sample was
scanned between the angles of 10-80° at a scan rate of 3°
min~'. TEM analysis of the unsupported and y-Al,O,
supported CoMo samples was carried out using a FEI
Tecnai™ G2 U-Twin (200 kV) transmission electron micro-
scope. For TEM analysis, the samples were dispersed in
n-hexane. 5 pl of the sample was loaded on a carbon-coated
copper grid which was dried under vacuum.

The surface elemental composition and chemical state of
the components of the fresh and sulfided catalysts were ana-
lyzed by XPS using a PHI Versa Probe II scanning XPS
microprobe.

The Mo degree of sulfidation (MoDS) was calculated
according to the following equation:

C
MoDS (%)= —=—

total, Mo

x100 (1)

In eqn (1), C is the concentration expressed in at%.

Temperature programmed reduction (TPR) analysis of the
supported catalyst sample was performed to determine the
reducibility of the material, using a Quantachrome instru-
ment. TPR was performed in a U-shaped quartz tube using
5% (v/v) H, in N,. The test sample (~150 mg) was degassed
in He flow at 473 K for 2 h prior to the analysis. To remove
the surface moisture and volatile impurities, the sample was
then cooled to room temperature in the presence of an inert
gas. Then, 5% H, in N, was introduced at 10 ml min* for 30
min at 313 K. The sample temperature was continuously
raised from 313 K to 1273 K at 15 K min_*. Mass spectra were
acquired using a time-of-flight mass spectrometer (MALDI-
TOF-TOF Autoflex II TOF-TOF, Bruker DaltoCocs, Bremen,
Germany) equipped with a nitrogen laser (A = 337 nm). Scan
accumulation and data processing were performed using Flex
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Analysis 3.4 software. FTIR spectra were recorded on a Spec-
trum II Perkin Elmer instrument in the wavenumber range of
600-4000 cm ', using attenuated total reflectance (ATR) with
a germanium (Ge) crystal. The spectra and the corresponding
data acquisition were automatically obtained using an inter-
faced computer and a Perkin Elmer Spectrum II software
package.

The average metal oxide nanocluster size (Size,,s) was cal-
culated according to the following equation:

in,d,

Size,,, = (2)

n

S

i
i=1

In eqn (2), n; is the number of nanoclusters with size d;.
The calculations were performed by taking five images which
included ~50 nanoclusters each.

The average slab length (L,,) and stacking number (Nay,)
were calculated according to the following equations:

L = i=1 R N — =l (3)

where n; is the number of stacks of length [;, and N; is the
number of layers in the cluster.

We followed a method proposed by Hensen et al.*’ to cal-
culate the average fraction of Mo atoms on the edge surface
of the MoS, crystals (fy,) assuming that the MoS, crystals are
perfect hexagons.”” fu;, was determined using eqn (4):

p— — 2 —
oo = i;'6n, 6/}%{34 3n,+1 (4)
n = 6i4 105 5)

The numerator is the number of atoms in the active atoms
in the crystal; n; is the number of Mo atoms in one edge,
which is determined from the length L calculated from TEM
images.

The Raman spectra of the fresh and spent catalysts were
recorded using a Raman spectrometer (Sentera, Bruker Optik
GmbH). An Ar-ion laser having a wavelength of 532 nm was
used for excitation. A laser power of 2 mW was used to obtain
the Raman spectra. A scanning electron microscopy image of
the supported CoMo 2 sample was obtained using Carl Zeiss
(NTS GmbH-SUPRA 40VP) equipment, equipped with an
X-ray energy-dispersive (EDX) microanalyzer.

2.3. Catalytic activity test

A downflow fixed bed reactor was used to evaluate the cata-
Iytic activity for hydrodesulfurization (HDS) of dibenzothio-
phene (DBT). The same set-up was used for sulfiding and
testing the activity of the catalyst. A schematic of the

Catal. Sci. Technol., 2016, 6, 5949-5960 | 5951
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experimental set-up is shown in Fig. S1.7 The liquid feed was
fed by a high pressure metering pump and mixed with the
feed gases before the reactor inlet. The gas flow was regu-
lated by mass flow controllers. The stainless steel reactor
tube (i.d.: 3.2 mm; length: 300 mm) was mounted vertically
in a furnace of 270 mm length. A type K thermocouple, in di-
rect contact with the catalyst bed, was used to measure the
catalyst bed temperature. The reactor pressure was
maintained by a back pressure regulator (BPR), which was
installed just after the condenser. The condensed reactor ef-
fluent from the BPR was directed through a gas-liquid sepa-
rator. The liquid product was collected for analysis, and the
non-condensable ones were vented. The liquid sample was
analyzed using a gas chromatograph equipped with a
Petrocol DH capillary column (100 m x 0.25 mm) with a FID
detector. Before catalyst evaluation, the as-prepared catalyst
powder was pelletized, crushed, and sieved, and the 0.25-0.3
mm size fraction was used for activity testing.

The catalyst was first sulfided in situ using 10 wt% di-
methyl disulfide (DMDS) dissolved in n-heptane. For the
sulfiding, the catalyst temperature was first increased at at-
mospheric pressure from 298 K to 433 K in 2 h under a
helium flow of 30 cm min™". When the temperature reached
423 K, the helium flow was stopped and the reactor pressure
gradually increased by feeding hydrogen at a flow rate of 100
ml min~". The sulfiding feed (0.17 ml min™") was started

5952 | Catal. Sci. Technol., 2016, 6, 5949-5960
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when the reactor pressure had reached 1 MPa. Under the
combined flow of liquid and hydrogen, the reactor pressure
was further increased to 3 MPa. The catalyst was kept at this
temperature for 1 h. The temperature was then increased
from 433 K to 503 K in 2 h, maintained at 503 K for 3 h and
then further increased to 613 K in 2 h and kept at this tem-
perature for 10 h.

After sulfiding, the HDS activity of the catalyst was investi-
gated at 3 MPa pressure in the temperature range of 548-608
K. The liquid feed was 1.68 wt% DBT in n-decane, corre-
sponding to a sulfur content of 2920 ppm in the liquid feed.
For all the runs, the flow rate of hydrogen was 110 ml min™
and the flow rate of liquid was varied between 0.1-0.3 ml
min~". The catalyst was stabilized for at least 1 h before ac-
quiring the samples for GC analysis.

3. Results and discussion
3.1. Catalyst characterization

As shown in Fig. 1, the synthesized unsupported Co promoted
MoO; metal oxide nanoclusters after a reaction time of 10 min
were highly monodisperse, with an average size of 2.3 nm. The
size of the clusters is controlled by the surfactants which act
as stabilizers for the nanoclusters by hindering their growth
through Ostwald ripening. The size of the metal oxide nano-
clusters increased from ~2 nm to ~10 nm when the reaction

Frequency (%)

1.5 20 25 3.0 3.5
Particle size (nm)

7 8 9
Particle size (nm)

10

1 12

| oxide nanoclusters prepared at different reaction times: (a) 10 min and (b) 30 min.
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time was increased from 10 to 30 minutes. This increase in
size is due to the tendency of the metal oxide nanoclusters to
aggregate with ageing time beyond a critical time.

In order to investigate the presence of ligands on the
unsupported CoMo metal oxide nanocluster surface, FTIR stud-
ies were carried out. The FTIR spectra (Fig. S2f) of the
unsupported metal oxide nanocluster show bands at 3358 cm™,
2926 cm %, 2846 cm ' and 1640 cm ™. The bands at 2926 cm™
and 2846 cm ™ were assigned to the asymmetric (V) and sym-
metric (V;) stretching vibrations of methylene (CH,). The band
at 1640 cm™* is due to the presence of the (C=0) group. The
broad band at 3358 cm ™ was attributed to the presence of the
-OH stretch in the carboxylic acid. This implies that the oleic
acid molecules are attached to the nanocluster surface. The
MALDI-TOF spectra of unsupported Co-promoted MoO; nano-
clusters (Fig. S31) show a peak at 1031.5 (m/z) suggesting the
formation of Co,Mo040,, clusters (the calculated value is 1013.5,
along with water = 1031.5). After synthesis, the prepared nano-
clusters were dispersed in n-hexane and were then supported
over y-Al,O; to increase the dispersion of the nanoclusters.

For HDS catalytic applications, the surfactants bound on the
surface need to be removed because they block the catalytically
active sites; they were removed by calcination of supported
CoMo/y-Al,O;. Thermogravimetric analysis was carried out to
determine the minimum calcination temperature for complete
removal of the surfactants from the nanoclusters. The
thermogravimetric analysis of the unsupported CoMo nano-
cluster (Fig. S41) showed that with an increase in temperature
there was a gradual weight loss of the sample until 773 K. Be-
yond this temperature, there was no change in the sample
weight, confirming that the surfactants were completely re-
moved at 773 K. This was also confirmed using FTIR analysis.
FTIR analysis of the calcined sample (Fig. S21) shows the dis-
appearance of characteristic peaks at 2926 cm™* and
2846 cm™* corresponding to CH, and 1640 cm ™' correspond-
ing to C=0, confirming the removal of surfactant molecules.

The XRD data of calcined y-Al,0; supported CoMo metal ox-
ide nanoclusters are shown in Fig. 2. The XRD analysis shows
MoO; (JCPDS 47-1081) as the major phase. With an increase in
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Fig. 2 X-ray diffraction spectra of y-Al,Oz supported CoMo catalysts
(*: 'Y'Al203).
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metal loading, diffraction peaks became more prominent. The
diffraction peak at 26 = 26.8° corresponds to the (011) plane of
the MoO; orthorhombic phase. The two broad diffraction
peaks at 20 = 46° and 67° correspond to y-Al,0; which was
used as the support to disperse the synthesized Co-promoted
MoO; nanoclusters. No peaks corresponding to Co or any of its
oxide phases were detected. In contrast, the CoMo/y-Al,O; cata-
lyst prepared using the conventional impregnation method
showed diffraction peaks at 26 = 14.2°, 25.1° and 28.5° corre-
sponding, respectively, to the (110), (002) and (220) planes of
the CoMoO, orthorhombic phase.

Fig. S5t shows the XRD analysis of unsupported
uncalcined nanoclusters. Because of the smaller size of the
nanoclusters, the XRD analysis of unsupported CoMo
(uncalcined sample) gave only a broad peak between the 20
values of 25° and 30° which is attributed to the MoO; phase.
Fig. S61 shows the XRD analysis of calcined unsupported
CoMo clusters. The XRD pattern shows the formation of
MoO; at 20 = 26.8° and the CoMoO, phase at 20 = 14.2°,
25.1° and 28.5°. Except for the catalyst with the highest metal
loading (CoMo 1) in the supported catalysts, the peaks for
CoMoO, could not be detected, indicating good metal disper-
sion. Fig. S71 shows the XRD analysis of Co/y-Al;0;, and a
comparison with the JCPDS clearly shows the formation of
CoAl,0, which matches with earlier reports.?**

Fig. 3 shows the TEM images of CoMo 2 and CoMo C1, re-
spectively. The TEM image (Fig. 3a) reveals that Co-promoted
MoO; nanoclusters supported over y-Al,O; and calcined at
823 K were in the size range of ~2.5 + 1 nm. Comparing Fig.
1a with Fig. 3a, it can be concluded that there was no signifi-
cant change in the nanocluster size between supported and
unsupported Co-promoted MoO; nanoclusters. In contrast,
the TEM image of the CoMo/y-Al,O; catalyst prepared using
the incipient wetness impregnation method shows
polydispersity, and the particles were found to be in the size
range of 4 + 3 nm. The specific surface area and pore volume
of the synthesized catalyst samples were determined using ni-
trogen adsorption-desorption and are listed in Table 1. The
surface area and pore volume decreased with an increase in
metal loading.

The comparative TPR analysis of the CoMo/y-Al,O; catalyst
prepared using colloidal synthesis and the catalyst prepared
by the conventional impregnation method is shown in Fig. 4.
The reduction profile of the catalyst shows hydrogen con-
sumption in a broad temperature interval (between 673 and
1273 K) with two main reduction peaks at 755 K and 1118 K.
The lower temperature peak (755 K) can be attributed to the
first step of reduction (from Mo®" to Mo*"). The peak at 1118
K can be ascribed to the reduction of Mo*" to Mo®.*>** Two
similar reduction peaks were observed for the CoMo/y-Al,O;
catalyst prepared using the conventional impregnation
method, with a shift in reduction positions towards higher
temperature. The shift in the first and second reduction
peaks was found to be 20 K and 28 K, respectively. The TPR
results shows that CoMo metal oxide nanoclusters prepared
using colloidal synthesis are more easily reducible in

Catal. Sci. Technol., 2016, 6, 5949-5960 | 5953
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Fig. 3 TEM images of the y-Al,Oz supported CoMo catalyst prepared
using (a) colloidal synthesis and (b) the conventional impregnation method.

comparison to the catalyst prepared using the conventional
impregnation method. The colloidally synthesized catalyst

(a) 1118
755
871
S
£
= |m 1146
]
c
2
(7]
775
T T T T
400 600 800 1000 1200

Temperature (K)

Fig. 4 TPR profile of the CoMo/y-Al,O3 catalyst prepared using (a)
colloidal synthesis (CoMo 2) and (b) the incipient wetness
impregnation method (CoMo C1).
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showed a small reduction peak at 871 K corresponding to the
transformation of Co”" to Co®. The TPR analysis of Co/y-Al,O;
is shown in Fig. S8,f showing a reduction peak at 970 K and
an incomplete reduction peak between 1170-1273 K. Due to
instrument limitations, data collection above 1273 K was not
possible.

Different studies have reported that for CoO on y-Al,O3,
three types of cobalt species, namely, Co;0,, surface Co>"
and spinel CoAl,O,, are present which are reduced in the
temperature regions of 573-673 K, 873-923 K and 1173-
1223 K, respectively."****> TPR analysis of the Co/y-Al,05
sample did not show any reduction peak in the temperature
range of 573 to 673 K. Thus, the reduction peak at 970 K is
assigned to the reduction of Co>* to Co° and the peak be-
yond 1200 K is assigned to the reduction of CoAl,O,. It seems
that in the CoMo 2 catalyst (Fig. 4a), the reduction tempera-
ture of Co>* to Co° is reduced to 871 K due to the weaker
metal-support interaction. The TPR data for Co/y-Al,O; show
that the reduction peak for CoAl,0, will merge with the re-
duction peak of Mo*" to Mo”.

The Mo 3d XPS spectra of oxidized and sulfided CoMo 2
and CoMo C1 are shown in Fig. 5. The spectra of both
unsulfided CoMo 2 and CoMo C1 catalysts (Fig. 5a and c)
consist of a Mo 3d doublet with a Mo 3d*? binding energy of
232.2 eV. This corresponds to molybdenum in the +6 oxida-
tion state. As can be seen from Fig. 5b, after sulfiding of
CoMo 2, the binding energy shifted to 228.8 eV which is typi-
cal of Mo*" in the MoS, phase.*® The shoulder present in
sulfided CoMo2 having a binding energy of 226.1 eV corre-
sponds to the S,4 line. After sulfiding, CoMo C1 shows a Mo
3d°" binding energy of 229.1 eV, corresponding to the Mo*"
oxidation state. In addition, the XPS spectra also show Mo in
the +5 oxidation state (Mo 3d** 231.2 eV and Mo 3d**:
234.2 eV). The XPS analysis shows that CoMo C1 is not
completely sulfided; this could be due to the higher metal-
support interaction, which will lower the sulfidability of the
catalyst. Fig. 6 shows the XPS spectra of fresh and sulfided
CoMo 2 and CoMo C1 catalysts. The XPS spectra of sulfided
catalysts confirm the formation of CoMoS (B.E. = 779.2 eV) in
the case of both CoMo 2 and CoMo C1 catalysts. The pres-
ence of CoySg (B.E. = 778.4 eV) was detected in the case of the
CoMo C1 catalyst.’”*® Since the binding energies of Co,Sg
and CoMosS are very close (0.8 V),*> decomposition of the col-
loidally synthesized catalyst has to be taken carefully. Table 2
shows the XPS analysis of the sulfided CoMo 2 and CoMo C1
catalysts. Because of lower sulfidability, CoMo C1 showed a
lower S/Al ratio in comparison to the CoMo 2 catalyst. The
approximate amount of the CoMoS phase in the case of the
CoMo 2 catalyst is ~30% of the Co atoms, whereas in the
case of CoMo C1, the CoMoS phase was found to be ~25% of
the total Co atoms.

The SEM-EDX images of the CoMo 2 catalyst (Fig. S97)
show the distribution of Co and Mo species on the alumina
support. The red and green dots represent Mo and Co spe-
cies, whereas the alumina surface is represented in dark
color. The image confirms the homogeneous distribution of

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 XPS of the Mo 3d envelope of a) CoMo 2, b) sulfided CoMo 2, c) CoMo C1 and d) sulfided CoMo C1.

Co and Mo species over the alumina surface, with no evi-
dence of aggregate formation.

For HDS, CoMosS is considered to be the active phase with
Co on the edge of the MoS, slabs. The catalytic activity of the
HDS catalyst is influenced by the slab length and stacking
number.’® TEM analysis of sulfided CoMo 2 and CoMo C1 is
shown in Fig. 7. The TEM image along with a histogram of
the sulfided catalysts show the presence of a layered structure
suggesting the formation of the sulfide phase which also
matches with the previous reports.”’ The average slab length
of CoMo 2 was found to be ~3.4 nm in comparison to a slab
length of ~4.7 nm for the CoMo C1 catalyst. It is evident
from the TEM images that the average slab length of sulfided
CoMo 2 is shorter than that of CoMo C1. The average stack-
ing number of the sulfided CoMo 2 was found to be ~2.1 in
comparison to the average stacking number of ~1.9 for
CoMo C1. The slab length and stacking number were used to
determine the average fraction of Mo edge atoms on the
MoS, crystallites (fyo) by the method reported by Hensen
et al.>” For CoMo 2, fmo was 0.34, and it was 0.25 for CoMo
C1. This shows that the fraction of Mo edge atoms is higher
in CoMo 2.

3.2. Catalytic activity

DBT was used as a model refractory sulfur compound to
check the catalytic activity of the catalyst. The catalysts pre-
pared by colloidal synthesis and by the conventional impreg-

This journal is © The Royal Society of Chemistry 2016

nation method were tested under identical conditions. The
activity of the catalysts was investigated by varying the tem-
perature, flow rate and active MoO; amount. Preliminary ex-
periments were conducted to determine the operating condi-
tions so that external and internal mass transfer resistances
did not affect the rate of reaction. Four different batches of
the CoMo catalyst having different MoO; contents were exam-
ined as Mo is the active metal for hydrodesulfurization. To
check the effect of the Mo content on the catalytic activity,
the Mo content of the synthesized catalysts was varied while
maintaining the Co/(Co + Mo) atomic ratio at 0.3 + 0.02. The
effect of reaction temperature on synthesized catalyst batches
was investigated in the temperature range of 548-608 K.

The sulfur content of the effluent liquid obtained at reac-
tion temperatures of 548 K and 608 K and W/F,, of 2.38 x 10>
(kg cat h per kmol DBT) is shown in Fig. 8. For CoMo 2, the
sulfur content of the effluent at 608 K was 31 ppm, whereas
for CoMo C1 it was higher, i.e. 65 ppm sulfur. The variation
of DBT conversion with MoO; loading at 548 K is shown in
Fig. 9. Until a MoO; loading of 13.2 wt%, the conversion of
DBT increased with metal loading, but beyond this loading,
the conversion decreased significantly, possibly due to loss in
surface area and metal dispersion.

Furthermore, the effect of nanocluster size on activity was
confirmed by comparing the conversions obtained with 2 nm
Co-promoted MoOj; nanoclusters (obtained after 10 min reac-
tion time) and ~10 nm particles formed after 30 minutes of

Catal. Sci. Technol., 2016, 6, 5949-5960 | 5955
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Fig. 6 XPS of the Co 2p envelope of a) CoMo 2, b) sulfided CoMo 2, c) CoMo C1 and d) sulfided CoMo C1.

Table 2 XPS data for sulfided CoMo 2 and CoMo Cl1 catalysts

Sample code Mo/Al (atomic ratio) Co/Al (atomic ratio)

Co/Mo (atomic ratio)

S/Al (atomic ratio) Degree of Mo sulfidation (%)

0.13
0.14

0.50
0.50

CoMo 2
CoMo C1

0.26
0.28

reaction time as shown in Fig. 10. The metal loading for both
catalysts was the same. The activity of the larger size particles
was significantly lower due to the lower metal dispersion.
Thus, at 548 K, with the smallest CoMo/y-Al,O; nanocluster
(~2 nm), the conversion was ~40% higher in comparison to
that of the CoMo/y-Al,O; nanocluster of 8 + 4 nm size because
of higher dispersion of the ~2 nm particles over the Al,O3
support.

The main products obtained during HDS were biphenyl
(BP) and cyclohexylbenzene (CHB). It has been proposed that
hydrodesulfurization of DBT follows two pathways: (i) direct
desulfurization of DBT in which the hydrogenolysis of the
sulfur bond takes place leading to the formation of biphenyl
(BP) and (ii) desulfurization after hydrogenation of one of the
aromatic rings followed by hydrogenolysis of the sulfur bond,
leading to the formation of cyclohexylbenzene (CHB);*>™** bi-
phenyl can be further hydrogenated to CHB. The reaction
pathway for HDS of DBT is shown as follows:

5956 | Catal Sci. Technol., 2016, 6, 5949-5960

0.60 70.53
0.53 30.31
DDs
+Hy— +H;S
S” oper BP
+H,
Desulfurization
+H, s +H,S

S CHB

The variation of the product distribution with temperature
is shown in Fig. 11. For all catalyst samples, BP was the ma-
jor product.

The possible reasons for the higher activity of the CoMo 2
catalyst prepared by colloidal synthesis in comparison with
that of the conventional CoMo C1 catalyst could be due a
combination of the following factors: higher number of Mo

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 TEM images of sulfided CoMo/y-Al,Os: (a) CoMo 2 and (b) CoMo C1.

edge atoms, easier reducibility and sulfidability. First, from
TEM images, it is evident that edge sites present in the cur-
rent catalysts is 36% higher compared to conventional im-
pregnation catalysts which are considered to be the active
sites for sulfur removal. This is in agreement with several re-
ports.”>*® Second, TPR and XPS results clearly suggest that
CoMo 2 is easily reducible and sulfidable compared to CoMo
C1, which may be due to the relatively lesser metal-support
interaction. It is well known that the metal-support interac-
tion strongly influences the formation of the CoMoS active
phase and affects the reducibility of the catalyst.'*"

The product distribution can be explained on the basis of
the rim-edge and brim site models. In the case of supported
catalysts, the rim sites in contact with the support do not par-
ticipate in the HDS reaction due to the metal-support inter-
action; hence, most of the reaction takes place on the top
layer (responsible for both direct desulfurization and hydro-
genation reaction) and edge sites responsible for direct desul-
furization reaction. The higher selectivity of BP is most likely
due to the presence of a higher number of edge sites because
of the shorter slab length in the sulfided catalysts prepared
by colloidal synthesis.

3.2.1. Kinetics. The activities of the different catalysts were
compared by calculating the rate constants at different tem-
peratures. The rate equation for pseudo first order kinetics
for a plug flow reactor can be expressed as follows:

This journal is © The Royal Society of Chemistry 2016
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where k,p,;, is the apparent first order constant, Fy, is the inlet
molar flow rate of DBT and W is the weight of the catalyst
used for the reaction. To check the applicability of first-order
kinetics, runs were taken at different flow rates of the feed at
563 K and 3 MPa pressure. As shown in Fig. 12, the plot of

1 w
ln( J vs. —— was linear, thus confirming that first-
1_XA A0

order kinetics could be used to represent the data.*”*®

Considering that HDS follows pseudo-first order kinetics, ap-
parent rate constants were calculated per unit mass of MoO;
present in the catalyst (Table 3) at different reaction tempera-
tures. As anticipated, the rate constants increased with tempera-
ture. The rate constant based on MoO; was highest for CoMo 2
at all temperatures, indicating that MoO; is utilized more effec-
tively in the catalyst prepared by colloidal synthesis. Under the
same reaction conditions, the rate constant decreased in the or-
der CoMo 2 > CoMo 3 > CoMo C1 > CoMo 4 > CoMo 1. The
activation energies for the different catalysts were determined
from an Arrhenius plot (Fig. 13) and found to be in the range
of 102-113 kJ mol™, which is in good agreement with the
values of 79 k] mol™ to 129 kJ mol ™" reported by others for the
reaction on CoMo/y-Al,0;.*7>!
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3.3. Spent catalyst analysis

To check the stability of the catalyst, a longer duration run
was conducted using the CoMo 2 catalyst at 563 K at a W/F,,
of 2.38 x 10> (kg cat h per kmol DBT). As can be seen from

70

60 -
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Conversion of DBT (%)

20 -

10 T T T T T T T T T
8 10 12 14 16 18
MoO, loading (%)

Fig. 9 Effect of MoO3 loading on the conversion of DBT over different
CoMo/y-Al,O53 catalysts (W/Fpo = 2.38 x 102 kg cat h per kmol DBT,
T = 548 K). CoMo 1 (O0), CoMo 2 (0), CoMo 3 () and CoMo 4 (V).
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Fig. S10,i there was no noticeable change in either the DBT
conversion or the selectivity of products over a period of 24
h. This shows that the synthesized catalysts are stable during
this period under HDS reaction conditions. The spent cata-
lyst after 24 h of operation was analyzed using TEM and Ra-
man spectroscopy. Fig. S111 shows the TEM image of the
spent CoMo 2 catalyst, and the TEM analysis of the spent cat-
alyst shows a slight increase in slab length (~3.5 nm in com-
parison to ~3.3 nm for the freshly sulfided catalyst), whereas
there was no change in the stacking number (~2.2). Fig. S12
shows the Raman spectra of the unsulfided and spent (CoMo
1 and CoMo C1) catalysts. Two broad peaks at 1350 and 1590
cm™ are observed in the case of the spent catalyst compared
to the unsulfided catalyst which can be attributed to the
amorphous carbon.’® This amorphous carbon has no effect
on either the activity or the selectivity for the test run of 24 h.

This journal is © The Royal Society of Chemistry 2016
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Table 3 Pseudo first-order rate constants for HDS of DBT with different CoMo/y-Al,O5 catalysts

Temperature CoMo 1 kypp CoMo 2 kypp CoMo 3 kupp CoMo 4 kypp CoMo C1 kupp
(K) (m® per (kg MoOj; h)) (m? per (kg MoOj; h)) (m® per (kg MoO; h)) (m? per (kg MoOj; h)) (m? per (kg MoO; h))
548 0.20 0.53 0.51 0.30 0.38
563 0.38 1.00 0.98 0.65 0.81
578 0.71 1.68 1.60 1.08 1.47
593 1.30 3.21 2.76 2.0 2.26
5 easier reducibility and sulfidability of colloidally synthesized
] " nanoclusters. In addition, the CoMo/y-Al,O; catalyst prepared
using colloidal synthesis did not show any deactivation for a
run time of 24 h proving catalyst stability.
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4. Conclusions

Co-promoted MoO; nanoclusters of ~2 nm size were success-
fully synthesized using the colloidal synthesis method, where
oleylamine and oleic acid were used as surfactants to arrest
the growth of nanoclusters. CoMo/y-Al,O; prepared using col-
loidal synthesis showed higher HDS activity in comparison to
the catalyst of similar composition prepared using the con-
ventional impregnation method. The enhanced catalytic ac-
tivity is attributed to an increased number of edge atoms,

This journal is © The Royal Society of Chemistry 2016
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