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Abstract—The effects of carbon addition on CoMo catalyst performance for sulfidation and hydrodesulfurization
(HDS) were investigated. The carbon-containing catalyst was prepared by impregnation of »~Al,O, support with NH;
aqueous solution containing Co(NO,),-6H,0, (NH,);Mo,0,,-4H,0 and ethylenediamine. The results indicated that the
incorporation of proper carbon on CoMo catalyst can improve its HDS performance. The carbon species on the catalyst
were characterized by temperature-programmed oxidation and reduction, temperature-programmed desorption of am-
monia and ultraviolet-visible diffuse reflectance spectra. Two forms of carbon species were differentiated: one is spread
over the catalyst surface, similar to coke formed from reaction; the other interacts with active phase as an intermediate
support. The carbon species acting as intermediate support may decrease the interaction of active metals with support,
which enhances the sulfidation and HDS activities of CoMo catalyst.
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INTRODUCTION

The legislative specifications for ultra low sulfur transport fuels
demand hydrotreating catalysts with high hydrodesulfurization (HDS)
performance [1,2]. Molybdenum or tungsten sulfides supported on
alumina and promoted by cobalt or nickel are typical HDS cata-
lysts in industry [3,4]. The commercial HDS catalyst is usually avail-
able in an oxide form and a sulfiding process is then needed to trans-
form it to sulfide form before use. The sulfidation and HDS activi-
ties of the hydrotreating catalyst are influenced strongly by the car-
bon species loaded on the catalyst [5].

The effects of carbon on HDS catalysts have been controversial
for many years. It has been recognized in practice that the sulfida-
tion of an HDS catalyst in the presence of oil feed is more efficient
than the sulfidation in gas-phase without oil feed. Hallie [6] found
that the HDS activity for a vacuum gas oil over CoMo catalyst can
be enhanced by using dimethydisulfide instead of H,/H,S as sulfid-
ing agent. Preda Silvy et al. [7,8] found that butanethiol was one of
the most efficient sulfiding agents for model reactions (thiophene
HDS and cyclohexene hydrogenation). Chianelli et al. [9] ascribed
these catalytic enhancements by organosulfide as sulfiding agent to
the formation of carbide-like species on the active phase surface.
Recently, Wen et al. showed by density functional theory (DFT) that
the carbonization of MoS, is thermodynamically favored [10]. When
using organosulfides instead of H,S as sulfiding agent, however,
Texier et al. found no significant difference in catalyst performance
for HDS of dibenzothiophene and 4,6-dimethyldibenzothiophene
[117; the beneficial effect of organosulfides may just dilute the ex-
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othermicity of the oxide-sulfide transformation.

Carbon can improve the support interaction and dispersion of
active phase. Active carbon-supported Co(Ni)Mo catalysts exhibit
higher activity in HDS than the alumina supported counterparts [12-
15]. Glasson et al. observed a positive influence of carbon species
on thiophene and crude oil desulfurization over the carbon-contain-
ing CoMo/Al,O; catalysts [16]; the carbon deposit may isolate sul-
fide particles from each other to maintain a high dispersion of active
phase. Alonso et al. prepared unsupported carbon-containing (Co)
MosS, with alkyl substituted ammonium thiomolybdate [17,18].
They found that the carbon species confine the active phase to small
crystallites and modify the edge of MoS, crystallites to form carbide-
like structures. These may enhance the activity of hydrotreating cat-
alyst [19].

The controversy relative to the effects of carbon on the hydro-
treating catalyst originates from the complication of carbon species
in HDS catalysts; several carbon species may be simultaneously
present on the catalyst surface. Therefore, in this work, carbon-con-
taining CoMo catalysts were prepared by using ethylenediamine
(EN) as carbon precursor, and various characterizations were per-
formed to differentiate the carbon species. The effects of carbon ad-
dition on CoMo catalyst performance for sulfidation and HDS were
investigated.

EXPERIMENTAL

1. Catalyst Preparation

#AlLO; was co-impregnated with an aqueous NH; solution of
(NH,);M0,0,,, Co(NO,), and EN, followed by drying at 110 °C over
night and calcination at 450 °C in N, for 3 h. Catalysts with the mole
ratios of EN/Co=1, 1.5 and 2 were designated as CoMo(C1), CoMo
(C1.5) and CoMo(C2), respectively. For comparison, a catalyst signed
as CoMo(C0) was prepared in the similar way as CoMo(C1.5), ex-
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cept that the subsequent calcination was performed in air. All cata-
lysts contained 16.0 wt% MoO, and 3.1 wt% CoO.
2. Catalyst Characterization

Temperature-programmed oxidation (TPO) and reduction (TPR)
were conducted in a quartz micro-reactor. For TPO, about 100 mg
of catalyst sample was heated from room temperature to 500 °C at
a rate of 5 °C/min in a stream of 5 mol% O, in Ar with a flow rate
of 50 ml/min. CO and CO, in the effluent were detected by a Omni-
Star 200 quadrupole mass spectrometer. For TPR, about 100 mg of
sample was heated from room temperature to 850 °C at a rate of
10 °C/min and kept at this temperature for 30 min in a stream of
10 mol% H, in Ar with a flow rate of 25 ml/min. H, consumption
was measured with a thermal conductive detector (TCD).

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS)
was performed on a Varian Cary300 UV-Vis spectrophotometer.

The acidity of catalyst was measured by temperature programmed
desorption of ammonia (NH;-TPD) in a TP-5000 quartz micro reac-
tor (Tianjing-Xianquan, China). About 100 mg of catalyst sample
was pretreated at 500 °C for 2 h in an Ar flow of 50 ml/min, cooled
down to 120 °C. Then it was saturated with dry ammonia through
pulse-injection. The sample was flushed further with the Ar flow at
120 °C for 1 h to remove any physically adsorbed ammonia. After
that, the sample was heated from 120 °C to 500 °C at a heating rate
of 10 °C/min and the amount of NH, desorbed was measured with
the TCD.

3. Sulfidation and HDS Tests

The sulfidation and HDS tests were performed in a fixed bed tu-
bular flow reactor with an inner diameter of 6 mm. For the catalyst
sulfidation, about 1.0 g of catalyst sample (20-40 mesh) was sul-
fided by a sulfiding feed of 0.1 wt% thiophene dissolved in a de-
sulfurized and hydrogenated C6 solvent in an H, flow under 1.2
MPa, 290 °C, liquid hourly space velocity (LHSV) of 8.6 h™', and
H,/0il volume ratio of 140. During the sulfidation, thiophene con-
version in the effluent was determined with a gas chromatograph
(Shimadzu 9A) equipped with an FID detector. To examine the in-
fluence of olefins and N-containing compounds on the sulfidation,
a solution of 5wt% cyclohexene (or 0.01 wt% pyridine) and 0.1
wt% thiophene in C6 solvent was used as the sulfiding feed; the
conversion of cyclohexene was determined by bromine number cou-
lometric titration with an LC-4 micro coulometer (Luoyang-Shua-
ngyang, China) [20].

For HDS tests, about 1.0 g of catalyst sample was first sulfided
by 4.5 vol% H.S in H, with a flow rate of 33 ml/min at 1.2 MPa
and 400 °C for 2 h. Then the reactor was cooled to 290 °C and the
FCC naphtha containing 866 ppm sulfur was introduced. The HDS
reaction was carried out at 1.2 MPa, 290 °C, LHSV of 8.6 h™' and
H,/oil volume ratio of 140. To ensure a steady-state operation was
achieved, sampling was made after reaction lasted for at least 9 h.
Sulfur content in the effluent oil was then determined with the LC-
4 micro coulometer [21].

RESULTS AND DISCUSSION

1. TPO

The evolution of CO and CO, produced during TPO of various
catalysts is shown in Fig. 1. CoMo(C1) and CoMo(C1.5) exhibit
similar profiles for CO and CO,, while CoMo(C2) presents more
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Fig. 1. TPO profiles of (a) CoMo(C1), (b) CoMo(C1.5) and (c)
CoMo(C2): upper, CO evolution; lower, CO, evolution.

shoulder peaks. The peak area increases with carbon loading in the
catalyst. CO evolution exhibits two main peaks at around 330 °C
and 420 °C, respectively, while CO, evolution only shows one main
peak at about 450 °C. The carbon deposit corresponding to low tem-
perature oxidation may be attributed to the coke-like carbon, and
the carbon species oxidized at high temperature can be attributed
to the carbon species as intermediate support [16]. The former car-
bon species stays on the catalyst surface and is easy to oxidize; the
latter carbon species is located between the active metal and sup-
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Fig. 2. UV-vis DRS of (a) MO, (b) CoMo(C0), (¢) CoMo(C1), (d)

CoMo(C1.5) and (e) CoMo(C2).
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port and needs higher temperature for its combustion. The appear-
ance of shoulder peaks in catalyst CoMo(C2) may suggest a more
complicated distribution of carbon species.

2. UV-vis DRS

The UV-vis DRS of MoO; and various catalysts are illustrated
in Fig. 2. The triple band at about 600 nm is attributed to tetrahe-
dral Co™, which presumably indicates the presence of the catalyti-
cally inactive CoALQ, [22]. This triplet area decreases in the order
of CoMo(C0), CoMo(C1), CoMo(C1.5) and to CoMo(C2). Because
the carbon precursor EN coordinates with Co™* during impregnation,
carbon species deposit around Co*" upon calcination and inhibit the
formation of CoALQ,. These are favorable for Co* ions to form
CoMosS active phase during sulfidation. However, it should be noted
that carbon species may also cover the surface of Co™ ions and pre-
vent Co™ ions from combining with MoS, phase.

The DRS in the region of 200-400 nm for the supported Mo spe-
cies demonstrates that MoOj crystal is not present on the catalyst
surface. The bands at 220-250 nm are attributed to the tetrahedral
molybdate, whereas the band at 320 nm is assigned to the Mo-O-
Mo bridge bond of the octahedral coordination [23,24]. The broad
band at 280-400 nm for CoMo catalysts indicates that both the tet-
rahedral and octahedral molybdates are present on the support. How-
ever, a higher fraction of octahedral molybdate is present in car-
bon-containing catalysts than that in carbon-free catalyst.

3. TPR

H, consumption during TPR reflects the reducibility of molyb-
denum oxide; the contribution from CoO can be negligible [25]. As
shown in Fig. 3, the peak around 481 °C is due to the partial reduc-
tion of polymolybdate-like species (octahedral Mo), i.e., Mo™ to
Mo"". The peak at higher temperature (850 °C) represents the reduc-
tion of polymolybdate and tetrahedrally coordinated molybdate group,
i.e., Mo" to Mo’ and Mo® to Mo** [26]. With the increase of car-
bon loading in catalyst, the TPR peak at low temperature shifts from
481 °C to 409 °C. A shoulder peak is observed at 560 °C for CoMo
(C2). It is generally accepted that molybdate has strong interaction
with Al,O; support [27]. The shift to lower temperature indicates
that interaction between polymolybdate and support decreases with
increasing carbon loadings. The shoulder at 560 °C in CoMo(C2)
may represent the intermediate species between tetrahedral and octa-
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Fig. 3. TPR profiles of (a) }~AlLQO;, (b) CoMo(C0), (c) CoMo(C1),
(d) CoMo(C1.5) and (e) CoMo(C2).
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Fig. 4. NH,-TPD profiles of (a) CoMo(C0), (b) CoMo(C1), (c) CoMo
(C1.5) and (d) CoMo(C2).

hedral Mo species. The high asymmetry of peaks at low tempera-
ture in CoMo(C1) and CoMo(C1.5) also suggests the distortion of
octahedral polymolybdate.
4. NH,-TPD

The position and peak area in NH,-TPD profiles correspond to
the intensity of acidity and the number of acid centers, respectively
[28]. As shown in Fig. 4, the number of acid centers decreases after
introduction of carbon. This can be ascribed to the coverage of acid
centers by carbonaceous species. The acid center number in catalyst
decreases first with increasing carbon loading, reaches the lowest
one for catalyst CoMo(C1.5), and increases afterwards with further
increasing the carbon content. Kiviat and Petakis [29] reported that
the number of Brensted (B) acid sites increases apparently after ALO;
impregnated with MoO;. The B acid sites may originate from Mo-
OH groups in polymolybdate. From the TPR results, the carbon-
aceous species may distort the polymolybdate molecules; this can
enhance the intra-molecular strain and weaken the bond of Mo-O-
Mo to produce Mo-OH groups. For this reason, the excessive car-
bon addition may create more acid centers in CoMo(2) catalyst.
5. Sulfidation by Thiophene
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Fig. 5. Conversion of thiophene versus time on stream during sul-
fidation under 290 °C, 1.2 MPa, LHSV=8.6 h™', V(H,)/V(oil)
=140.
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Fig. 6. Conversion of thiophene versus time on stream during sul-
fidation with a pyridine-containing feed under 290 °C, 1.2
MPa, LHSV=8.6 h™', V(H,)/V(oil)=140.

The thiophene conversion during the catalyst sulfidation by thio-
phene is shown in Fig. 5. The initial activity of sulfidation follows
the sequence of CoMo(1.5)>CoMo(1)>CoMo(2)>CoMo(0). After
about 2.5 h, the thiophene conversion over all the catalysts arrives
at 100%. The introduction of carbon species accelerates the sulfi-
dation of catalysts. However, the degree of acceleration drops with
excessive carbon addition. From the discussion above, the carbon
species in catalysts can be mainly differentiated as intermediate sup-
port carbon and coke-like carbon. The intermediate support carbon
species are expected to facilitate the sulfidation of active metals ow-
ing to decreasing the interaction between active metals and sup-
port, while the coke-like carbon species may inhibit the sulfidation of
Mo and Co cations due to covering the active metals. In CoMo(C1)
and CoMo(1.5), the carbon species as intermediate support may
play the dominant role; whereas the influence of coke-like carbon
species becomes apparent in CoMo(C2).

6. Effects of Pyridine and Cyclohexene on Catalyst Sulfidation

To examine the influence of any N-containing compounds in the
sulfiding feed on the sulfidation of HDS catalyst, pyridine as a model
compound was added into thiophene sulfiding feed. As shown in
Fig. 6, the addition of pyridine decreased the conversion of thiophene.
However, the initial activity of sulfidation still follows the sequence
of CoMo(C1.5)>CoMo(C1)>CoMo(CO0). This suggests that car-
bon-containing catalysts can also be sulfided better than carbon-
free catalyst with N-containing compounds in the feed.

Olefins as impurities are also usually present in the sulfiding feeds.
With addition of cyclohexene in the sulfiding feed, the conversions
of thiophene and cyclohexene versus time on stream during the sul-
fidation are shown in Fig. 7. Unexpectedly, the sulfidation of car-
bon containing catalysts was strongly depressed by cyclohexene.
The sequence of thiophene conversion changes into CoMo(C0)>
CoMo(C1)>CoMo(C1.5), contrary to that of sulfidation with ole-
fin-free feed.

It is generally accepted that the acid centers induce the polymer-
ization of olefins and bring on the coke deposition. NH,-TPD re-
sults indicate that carbon addition in the catalyst decreases the total
acidity. As compared with the carbon-free catalyst, however, the
sulfidation of carbon-containing catalyst here is inhibited by cyclo-
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Fig. 7. Effect of cyclohexene on the catalyst sulfidation by thiophene
under 320 °C, 1.2 MPa, LHSV=8.6 h™', V(H,)/V(0il)=140.

hexene. Kiviat and Petakis [29] found that Lewis (L) acid is domi-
nant on the surface of Al O, support, and B acid increases after
impregnation with CoO and MoO;. In this work, carbonaceous spe-
cies may distort the polymolybdate molecules to form new B acid
sites; these B acid centers may induce the polymerization of ole-
fins, which forms carbonaceous deposit that possibly covers the
surface of Mo species. As a result, the sulfidation of catalysts with
carbon addition was depressed strongly by cyclohexene. As shown
by the tendency of thiophene conversion versus time on stream in
Fig. 7, at the beginning of sulfidation, the carbon-containing cata-
lyst even exhibits slightly high thiophene conversion than the car-
bon-free catalysts. With the accumulation of carbon deposit in catalyst
due to the extension of the sulfidation process, the sulfidation of
carbon-containing catalyst is then depressed.

The evolution of cyclohexene conversion is similar in sequence
to that of thiophene conversion, e.g., CoMo(C0)>CoMo(C1)>CoMo
(C1.5). The conversion of cyclohexene reflects the hydrogenation
activities of catalysts. The active sites of hydrogenation and des-
ulfurization were suggested to be located at different positions in
active phase. Daage et al. proposed that hydrogenation only occurs
at the edge of top and bottom layers in multi-layer hexagon MoS,
crystallites and desulfurization goes at the edges of all layers [30].
Recent observation of scanning tunneling microscopy showed that
the sites of hydrogenation in fact are located at the “brim” region
in base plane near the edge (Fig. 8). This “brim” has metal-like prop-
erties [31]. The conversions of thiophene and cyclohexene decrease
simultaneously over carbon-containing catalysts at start stage; how-
ever, the conversion of thiophene increases again with prolonging
the sulfidation, whereas hydrogenation activities remain constant.

Korean J. Chem. Eng.(Vol. 26, No. 2)
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Fig. 9. HDS efficiency over carbon bearing and carbon-free cata-
Iysts. Reaction conditions: 290 °C, 1.2 MPa, LHSV=8.6 h”,
V(H,)/V(0il)=140.

We suggest that the coke-like carbon species is more favorable to
cover on a base plane than on edge plane. Therefore, the hydroge-
nation activity was inhibited more than HDS activity. These sug-
gest that carbon-containing catalysts should avoid contacting with
olefins during their sulfidation.
7. HDS Activity

The HDS tests of FCC naphtha (containing 866 ppm sulfur) were
performed over carbon-containing catalysts and carbon-free cata-
lyst. The catalysts were sulfided by 4.5 vol% H,S in H,. As shown
in Fig. 9, the carbon-bearing catalysts CoMo(C1) and CoMo(C1.5)
exhibit higher activity than carbon-free catalyst; whereas the CoMo
(C2) shows lower activity than CoMo(CO0). The results illustrate
that proper incorporation of carbon in CoMo/AlLO; can improve
its HDS performance.

CONCLUSIONS

The effects of carbon addition on CoMo catalyst performance
for sulfidation and hydrodesulfurization (HDS) were investigated.
The results indicate that the incorporation of proper carbon on CoMo
catalyst can improve its HDS performance.

Two forms of carbon species were differentiated: one is spread

March, 2009

over the catalyst surface, similar to coke formed from reaction; the
other interacts with active phase as an intermediate support. The
carbon species acting as intermediate support may decrease the in-
teraction of active metals with support, which enhances the sulfi-
dation and HDS activities of CoMo catalyst. However, the coke-
like carbon inhibits the sulfidation as well as HDS activities.

The forms of carbon species become complicated with exces-
sive carbon loadings. The carbon species as intermediate support
may distort the polymolybdate species to form new B acid sites,
which induces the polymerization of olefins and leads to the inhibi-
tion of sulfidation.
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