Appl Petrochem Res (2015) 5:405-411
DOI 10.1007/s13203-015-0124-z

CrossMark

@

ORIGINAL ARTICLE

Preparation and hydrodesulfurization properties
of cobalt-molybdenum-phosphorous catalysts for removal

of dibenzothiophene

Xuejin Li'
Zifeng Yan'

- Ke Qiao' - Fazle Subhan? - Wei Xing' - Xinmei Liu' -

Received: 6 May 2015/ Accepted: 3 July 2015/ Published online: 9 August 2015
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract In this study, a series of cobalt-molybdenum—
phosphorous acid (Co—Mo-P) impregnating solutions with
various Co/Mo molar ratios (0.2, 0.25, 0.3, 0.35) were
synthesized, and desulfurization catalysts were prepared by
mixing the solutions with y-Al,O3 through an incipient-
wetness impregnation method. The Co—Mo—P supported -
Al,O5 catalysts were tested in the hydrodesulfurization of
dibenzothiophene (DBT). The catalysts were characterized
by N, adsorption—desorption isotherms, XRD, py-FT-IR,
and HRTEM. Nitrogen adsorption measurements revealed
that the as-prepared catalysts possess high specific surface
area and appropriate pore size. XRD showed that Co spe-
cies and Mo species were well dispersed on the surface of
v-Al,O53 with the addition of phosphoric acid. Py-FT-IR
showed that the catalyst with a Co/Mo molar ratio of 0.25
exhibited more Lewis and Brgnsted acid sites. The stacking
number and slab length of MoS, nanoclusters changed with
various Co/Mo molar ratios as revealed by HRTEM.
Among the tested catalysts, Co-Mo-P supported y-Al,O3
with Co/Mo molar ratio of 0.25 exhibited higher activity
and selectivity of biphenyl than the other catalysts.
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Introduction

The production of low-sulfur fuels has become very
important due to the increasingly stringent environmental
regulations imposed by governments worldwide in the last
decade. For example, the governments of United States and
Japan have already projected new specifications for sulfur
in diesel to be lower than 0.0015 and 0.0010-0.0015 wt%
[1]. As is well known to everyone, sulfur species in fuels
not only lead to acidic rain but also affect the efficiency of
catalytic converters in cars. [2]. To date, hydrodesulfur-
ization (HDS) technique is one of the best conventional
methods for removal of sulfur compounds, because of its
high efficiency and low environmental pollution [3]. Oil-
containing sulfur compounds are mainly divided into non-
thiophene-type sulfides and thiophene-type sulfides. Non-
thiophene-type sulfides consist of thiol and sulfoether while
thiophene-type sulfides include thiophene, benzothiophene,
dibenzothiophenes and alkyl dibenzothiophene. Diben-
zothiophenes, particularly those with methyl groups in the
4 and 6 positions (4-MDBT and 4, 6-DMDBT), are among
the most refractory S-containing molecules in the oil feed
[4, 5]. These molecules are especially difficult to convert
because of the increased stability of S heteroatoms by the
aromatic nature of the thiophene ring, and the sterically
hindered position of the sulfur atom by both the benzene
rings and the methyl groups in the molecule [6]. Removal
of these refractive sulfur compounds is necessary to
achieve the specifications for ultra-low-sulfur diesel fuel.
In order to obtain ultra-low-sulfur diesel fuel, optimization
of HDS catalysts in HDS process is the most appropriate
approach to minimize the capital investment and lower
operating cost.

Supported hydrogenation catalyst is mainly composed
of active components, additive and carrier. Recently, the
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active components of hydrogenation catalysts are com-
posed of one or two VI B or VIII B group transition ele-
ments such as W, Mo, Co or Ni. Among them, the activity
for HDS decreases in the order Co-Mo > Ni-Mo > Ni—
W > Co-W. Sulfided Co—Mo catalyst is most frequently
reported for hydrodesulfurization. This catalyst still needs
further studies to reduce its repaid deactivation and
wasteful hydrogen consumption by hydrocracking and
hydrogenation reaction. The cobalt—-molybdenum compo-
sition also has significant influence on the activity of the
catalysts. Al-Zeghayer et al. [7] researched the effects of
Co/Mo ratio on the activity of CoMo/y-Al,O3 and found
that the catalyst with Co/Mo of 0.4 had the highest rate
constant for constants of DBT. However, the effect of Co/
Mo on the physicochemical property was not studied.
Nikulshin et al. [8] also investigated the effect of Co/Mo
ratio and found out that catalysts with Co/
(Co + Mo) = 0.35 had maximal activities in 4,6-DMDBT
HDS. The acid properties of the prepared catalyst were not
studied as well which is important to understand the
influence of Co species. In addition, a detailed study of the
effect of Co/Mo molar ratio on the physicochemical
properties and activity of the catalyst is essential. Additive
is also important to improve the activity, selectivity and
stability performance of hydrogenation catalyst. The
addition of phosphate or fluorine not only improves the
cracking activity of C-N bond, but also enhances the
hydrogenation activity of catalysts [9-11]. This can also
improve the capacity of active components to increase the
utilization of reactive metals. Alumina-supported cobalt-
molybdenum catalyst is the most common HDS catalyst,
which has been widely used in industrial HDS processes
during the last few decades [12—14]. It is believed that the
sulfur vacancies at the edges of the MoS, crystallites are
very important to catalytic activity [15]. The active phase
in the catalyst is the so-called Co—Mo-S phase in which Co
atoms located at the edges of the MoS, planes constitute
the active sites for sulfur extraction [16]. It has been
reported that complete sulfidation of the molybdenum
phase leads to the so-called type II Co(Ni)-Mo-S sites, that
are more active than the partially sulfided type I sites,
which strongly interact with the catalyst support via Mo—-O
bridges [17]. The production of highly active HDS cata-
lysts depend on a greater extent to the level of promotion
obtained during catalyst preparation. To increase the
number of promoted Co(Ni)-Mo-S sites, it is desirable for
the Co(Ni) and Mo atoms to be extremely close during the
activation (sulfidation) of the catalyst. In addition, the
mixing molar ratios of different active metals are also
important to the HDS activity. In this context, a detailed
study of the preparation and application of Co—-Mo-P HDS
catalyst is highly required.
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Herein, we prepared a Co-Mo-P HDS catalyst with high
desulfurization efficiency and selectivity. The influence of
Co/Mo molar ratio on the catalyst activity was investi-
gated. Different characterization techniques were used to
study the morphology, crystallinity, textural properties and
acid property of the prepared catalyst in detail. Further-
more, the HDS performance was also carried out in a high-
pressure microreactor.

Experimental
Materials

Phosphoric acid (AR), molybdenum trioxide (AR), DBT
(98 %), carbon disulfide (CS,, AR), methylbenzene (AR)
were purchased from Sinopharm Chemical Reagent Co.
Ltd. Cobaltous dihydroxycarbonate (industrial grade) was
purchased from Shen Sheng Catalyst Co. Ltd. y-Al,O3
(industrial grade) was purchased from Fushun petrochem-
ical company. All chemicals were used as received.

Preparation of cobalt—-molybdenum—phosphorous
impregnating solutions

Cobalt-molybdenum—phosphoric acid (Co-Mo-P)
impregnating solution was synthesized in the following
way. First, a certain amount of phosphoric acid and 50 mL
deionized water was added to the beaker, heated and stirred
at 90 °C. Then, the required amount of molybdenum tri-
oxide was added to the boiling phosphoric acid solution.
After the solution changed from gray to yellow, a quantity
of cobaltous dihydroxycarbonate was slowly added. The
whole mixture was continuously stirred and heated until it
turned into a burgundy and clear solution. The Co/Mo
molar ratio during synthesis was maintained at 0.20, 0.25,
0.30 and 0.35.

Preparation of desulfurization catalyst

The desulfurization catalyst was prepared via an incipient-
wetness impregnation method using y-Al,O; as catalyst
carrier and Co-Mo-P as an active component. After
impregnation, the samples were dried at 120 °C for 6 h and
then calcined at 450 °C for 3 h to obtain the required Co-
Mo-P HDS catalysts. The total loading of metal oxide
(MoOj3; and CoO) was 26 wt%. The Co—-Mo—P HDS cata-
lysts with different Co/Mo molar ratios were denoted as
HDC-x (where x is the Co/Mo molar ratios and x = 0.20,
0.25, 0.30 and 0.35).
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Characterization of the catalysts

Nitrogen adsorption measurements were performed on a
TriStar 3000 analyzer (Micromeritics, USA). The total
surface area was calculated using Brunauer—-Emmett—
Teller (BET) method. The mesopore surface area, meso-
pore volumes and pore size distribution were obtained from
the desorption branch by Barret—Joyner—Halenda (BJH)
method. X-ray diffraction (XRD) patterns for the samples
were recorded on a Panalytical Xpert PRO X-ray diffrac-
tometer with Cu Ko radiation (y = 1.5406 A 45 kV,
40 mA). FT-IR spectra of samples with pyridine (Py)
adsorption were recorded on a Nicolet 6700 spectrometer
equipped with an MCT liquid-nitrogen-cooled detector and
a KBr beam splitter. In a typical procedure, catalysts were
ground into a fine powder and transferred into a ceramic
cup. The samples were degassed at 400 °C for 2 h under
flowing dry N, (30 mL/min). The system was then cooled
to 50 °C under the vacuum conditions, and sample spectra
without pyridine were recorded as the background spectra.
Pyridine vapor was introduced in an N, stream online for
about 1 h and then shut off. The system was equilibrated at
constant temperature of 150 °C and <2 x 107> Pa for 1 h.
The equilibration time was determined at 1 h, because the
spectra recorded did not show any change after 1 h of
equilibration. Thereafter, the system was cooled to 50 °C,
and the spectra of sample after pyridine adsorption were
recorded by subtracting the background spectra without
pyridine. The spectra of the samples were recorded by
accumulating 64 scans at of 4 cm™' resolution. The
amount of pyridine absorbed on different acid sites of the
catalyst was obtained from infrared transmittance spec-
troscopy. Transmission electron microscopy (TEM) was
performed with JEOL JEM-2100UHRoperated at 200 kV.

Catalytic evaluation

Catalyst activity measurements of DBT desulfurization
were carried out in a high-pressure fixed-bed down-flow
micro reactor. 0.5 g of HDC-x catalyst with particle size of
2040 mesh was mixed with 2.5 ml of quartz sand placed
in the center of the reactor. The catalyst was dried at
120 °C for 3 h and then pre-sulfurized oil (Jet fuel oil with
2 % CS,) was pumped into the reactor. The catalyst was
pre-sulfurized at 330 °C for 8 h. Then, the temperature was
cooled down to 320 °C and 2 wt% DBT toluene solution
was injected by a micro-syringe pump (Beijing Sheng Yi
Tong Technology Development Co., LTD/DSP-2) into the
reactor and the reaction was carried out at a pressure of
2.0 MPa, a Hy/feed ratio of 300 and a weight hourly space
velocity (WHSV) of 2.0 h™! for 4 h. The liquid product
was collected and analyzed by a Varian 3800 gas chro-
matograph (flame ionization detector, a 50 m OV101

capillary column) coupled with a quadrupole mass spec-
trometer (FinniganSSQ710) (GC-MS). Then the tempera-
ture was reduced to 280 °C and reacted for another 4 h to
collected products.

Results and discussions
Texture properties of HDC-x catalysts

N, adsorption—desorption isotherms and pore size distri-
bution of the prepared catalysts are shown in Fig. 1. The
adsorption isotherms of all catalysts are of type IV with a
H2 hysteresis loop at relative pressure ranging from 0.4 to
1.0, which is the characteristic of ink-bottle pores. How-
ever, the hysteresis loops of HDC-x are smaller than that of
v-Al,O5 carrier, owning to the insertion of active compo-
nent in the pore channels (Fig. 1a). As shown in the pore
size distribution curves, the pore size distributed mainly at
7.0 nm which is favourable for the diffusion of sulfides.
The specific surface area and pore volume were decreased
after the active component was loaded over the carrier.
This is because that the active component can occupy a
part of surface area and the pore structure would collapse to
a certain extent. The active components could insert into
the pore channel of y-Al,O; carrier, which would transform
into metal oxide during the calculation and block a part of
pores, resulting in the decrease of specific surface area. In
addition, the pores collapsed partly during the calculation
process, which could also decrease the specific surface
area. All catalysts have similar surface area and pore vol-
ume as they have same active component loading. They all
have an average pore size of 9.2 nm, which is favor to the
diffusion of reactant during the desulfurization process. In
addition, large surface area can provide much more active
sites for hydrodesulfurization, as the reaction mainly
occurred on the surface of the catalysts.

XRD analysis

The HDC-x catalysts were characterized by XRD and the
results are shown in Fig. 2. As can be seen, all catalysts and
carrier exhibited diffraction peaks at 26 of 45.9 and 67°,
which are the characteristic peaks of y-Al,O3 [18, 19]. The
peak at 26.4° is the characteristic peak of AIPO, [20],
indicating that phosphoric acid was reacted with y-Al,O3
carrier during impregnation process. It is worth noting that
there is no characteristic peak of molybdenum and cobalt
species in the XRD patterns, suggesting that the interaction
of phosphoric acid and carrier weakened the connection
between y-Al,O3 and Co or Mo species. Hence, increases
the dispersion of Co or Mo over the surface of carrier,
leading to an increased catalytic performance of the
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catalysts. The XRD patterns of the catalysts after catalytic
reaction were also performed. It can be observed that the
diffraction peak of AIPO, has dispersed while new peaks at
35.5° and 58.6° emerged. These two new peaks confirmed
the existence of MoS, [21], indicating that MoO; has been
converted into MoS, during the pre-sulfurization and
reaction process. The easy and complete transformation of
MoS, makes the prepared catalyst present an excellent
catalytic performance. In addition, the low diffraction peak
intensity demonstrated the small crystal size of MoS,.

Py-FT-IR of HDC-x catalysts

Appropriate acid properties not only optimize the disper-
sion of active component on the carrier, but also improve
the interaction between active component and carrier. In
addition, the appropriate acid can also alleviate the coking
of catalyst to extend its operation life. Meanwhile, the
Brgnsted (B) acid sites have a large promotion to hydro-
denitrogenation reaction. The pyridine adsorption FT-IR
spectra of HDC-x catalysts are depicted in Fig. 3. It can be
seen that all HDC-x and y-Al,O3 present three adsorption
peaks at 1443, 1490, and 1540 cm~!. The bands at 1443
and 1540 cm™" are assigned to the adsorption of pyridine
on Lewis (L) and B acid sites, respectively, while band at
1490 cm™! is attributed to the combined effect of B and L
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Fig. 3 Pyridine adsorption FT-IR diffuse reflection spectra of HDC-x
catalysts

acid sites [22]. From the integral area of the peaks, we can
state that all catalysts possess larger amount of L acid sites
than that of B acid sites. Compared with pure y-Al,O3
carrier, all HDC-x catalysts have more B acid sites which
come from the active component. It is worth noting that
HDC-0.25 has larger amounts of both L. and B acid than
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other catalysts, which play a significant role in the HDS
reaction. Appropriate acidity of HDC-0.25 can not only
optimize the dispersion of MoS, and improve the interac-
tion between MoS, .and y-Al,O;, but also decrease the
coking of catalysts and prolong use life of catalyst.
Moreover, the large amount B acid sites have positive
promotion on the HDN reaction.

HRTEM of HDC-x catalysts

HRTEM characterizations of HDC-x catalysts were carried
out to obtain more information about the structure of active
MoS, nanoclusters on the surface of carrier. The HRTEM
micrographs are shown in Fig. 4. The black thread-like
fringes correspond to the MoS, slabs. The fringes observed
in the images had a spacing of about 0.61 nm that was the
characteristic of (002) basal planes of crystalline MoS,.
Researchers usually collect statistics to analyze the proper-
ties of MoS, crystal cluster. Here we measured the stacking
numbers and slab length of more than 600 MoS, crystal. The
average stacking numbers (N,) and slab length (L,) are
calculated via the following formula and listed in Table 1.

m m

Ny = ZmiNi/Zmi (1)
p) i1

Ly = imiLi/i m; (2)
p) P

where m is the number of the MoS, crystal clusteres that
we measured, N; is the stacking number, L; is the slab
length (nm).

Fig. 4 HRTEM images of

a HDC-0.20, b HDC-0.25,

¢ HDC-0.30, d HDC-0.35 after
HDS reaction

Table 1 Average stacking numbers and slab length of HDC-x
catalysts

Catalysts Ny L/nm
HDC-0.20 2.5 3.58
HDC-0.25 3.1 3.29
HDC-0.30 2.9 3.51
HDC-0.35 2.6 3.95

All catalysts exhibit stacking numbers ranging from 2 to
3 and slab length of more than 3.0 nm. It is obvious that
HDC-0.25 has the highest stacking number and shortest
slab length, suggesting that MoS, was highly dispersed on
the surface of the carrier. Such structure with higher
stacking number and shorter slab length is favorable for
exposing more active sites, leading to higher catalytic
activity. Furthermore, MoS, with higher stacking number
possesses more hydrogenation active centers which could
improve the hydrogenation selectivity of the catalyst.

DBT catalytic evaluation

The hydrodesulfurization reactions of DBT were carried
out in a fixed-bed high-pressure reactor over the HDC-x
catalysts, and the influences of Co/Mo molar ratio on the
conversion of DBT and products distributions were
investigated. The results are presented in Fig. 5. Figure 5a
shows that the hydrogenation desulfurization efficiency
increases with the increase of Co/Mo molar ratio at 280 and
320 °C. It is obvious that almost all the sulfides were
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Fig. 5 a Hydrogenation (a) 100 (b) 100
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removed. When Co/Mo molar ratios were in the range
0.25-0.35, there is not much difference in the desulfur-
ization rate at 280 and 320 °C, indicating that reaction
temperature is not the main factor affecting the desulfur-
ization rate. There are extensive studies on the mechanism
of HDS reaction, revealing that DBT and its derivates
undergo through two reaction routes named as DDS and
HYD [23, 24]. The C-S bonds of DBTs are broken through
hydrogenolysis or elimination (including the anti-elimina-
tion), and biphenyl (BP) is formed in the DDS route,
whereas in the HYD route, one of the aromatic rings of
DBT is first hydrogenated to intermediates such as 1, 2, 3,
4-tetrahydrodibenzothiophene (THDBT) and hexahy-
drodibenzothiophene (HHDBT), and possibly the two
aromatic rings are completely hydrogenated to form
dodecahydrodibenzothiophene (DHDBT). Then, the sulfur
is removed to form cyclohexylbenzene (CHB) [24, 25]. As
shown in Fig. 5b, c, the conversion of DBT increased with
the increase of Co/Mo molar ratio, and BP and CHB are the
main products over HDC-x catalysts under 280 and
320 °C. The contents of BP are much higher than that of
CHB for all catalysts at 280 and 320 °C, indicating that the
HDS are mainly processed via DDS route. The selectivity
of BP over HDC-x catalysts was calculated and the results
are shown in Fig. 5d. From Fig. 5d, the selectivity of BP
was the highest over HDC-0.25 catalyst both at 280 and
320 °C. In addition, the selectivity of BP over all the cat-
alysts are higher at 320 °C than that at 280 °C, suggesting
that HDS prefer to proceed via DDS route at higher
temperature.

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

0.25 0.30 0.35

Conclusion

In summary, a series of cobalt-molybdenum—phosphorus
hydrodesulfurization catalysts with various Co/Mo molar
ratios were synthesized by an incipient-wetness impreg-
nation method. The as-prepared catalysts have large sur-
face area, appropriate pore size and large amount of acid
sites, leading to excellent desulfurization performance.
Furthermore, the addition of phosphoric acid improves the
dispersion of Co and Mo species, which also enhance the
catalytic performance. The results show that the variation
of Co/Mo molar ratio has minor influence on the textual
properties of the as-prepared catalysts while affecting the
acid properties significantly. The hydrogenation desulfur-
ization rate of HDC-0.25 catalyst was especially high and it
was mainly processed via DDS route.
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