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Abstract

The effect of boron adtion was studied on the hydrodesulzation (HDS) of thiophene over Ma#/Al,03 and Co-Mo%/B/Al20O3
(CVD-Co/M0S/B/Al203), which was prepared by a CVD technique using Co(§N®) as a precursor of Co. The catalysts were charac-
terized by means of NO adsorption and TEM. The HDS activity of MB#AI,O3 catalysts kept constant up to a boron content of about
0.6 wt% and decreased with a further iease of boron content. With CVD-Co/MgB/Al ,0O3 catalysts, the HDS activity significantly in-
creased as the boron content increased up to about 0.6 wt% of boron, followed by a decrease with a further increase of boron loading. Despite
the activity increase, the amount of NO adsorption on MB#AI,O3 steadily decreased with increasing boron loading, suggesting that the
dispersion of Mo$ particles is decreased by the addition of boron. A selective formation of the CoMoS phase on CVD-@&MbsO3
was achieved by the CVD technique. The TOF of the HDS over the CVD-CoflBadSl ,O3 catalysts, defined by the activity per Co atom
forming the CoMoS phase, increased as high as 1.6 times by the addition of boron, indicating that the active phase of the catalysts shifts
from less active CoMoS Type | to more active CoMoS Type II. A TEM analysis showed that the number of stackingpcfldsSvas only
slightly increased by the addition of boron. It is concluded that the activity increase of the CVD-CgB/la5 03 catalyst is caused by the
formation of CoMoS Type Il because of weakened interaction strength between the CoMoS phase ap@4lseiiéce by the addition of
boron.
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1. Introduction among catalyst performance, preparation, and surface prop-
erty.
Sulfided Co—Mo or Ni-Mo(W)-based HDS catalysts have

Regulations about decreasing the sulfur content in petro- . . :
leum feedstocks have become more and more strict in orderbeen extensively studiefd—7]. Since the proposal by Top-

to protect the environment and living things. Hydrodesulfu- se and co-worke{§-10], the CoMoS model, in which Co

rization (HDS) of petroleum feedstocks has been, therefore,l(flecorr";‘tesbthe edge S|teds of hr']ghly dllsp.ers”ed ; . SSH:' .
an indispensable reaction to produce clean f{il8]. De- Ites, has been accepted as the catalytically active phase in

velopment of highly active catalysts is a challenge for refin- Co—Mo sulfide catalysts. Based on their catalytic activities,
ers and catalyst manufacturers and such a success could b'€re are wo types of the CoMoS phase, namely CoMoS

more easily achieved by better knowledge of the relationship 1YP€ | and CoMosS Type [[4,9,10} Although the origin of
the two types of the CoMoS phase is still under delphié,

it is suggested that the CoMoS Type | is related to highly dis-
* Corresponding author. persed single slab MeSarticles maintaining their interac-
E-mail address: yokamoto@riko.shimane-u.ac.{y. Okamoto). tions with the support, e.g., Mo—O-Al bonds, while CoMoS
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Type Il is related to less dispersed Mofarticles mainly 2. Experimental

stacked and not linked with the support, the latter showing a

higher intrinsic activity for HDS than the form§t,9,10] In 2.1. Catalyst preparation

order to increase catalyst activities, accordingly, we need to

control the interactions between the support surface and ac- A series of Mo/AbOs—B>O3 was prepared by a double
tive phases to obtain enhanced stackings of Mp&ticles impregnation technique-Al ;03 (JRC-ALO-7: 180 g 1)

keeping their dispersion high. was first impregnated with an 3803 aqueous solution,
According to the literature, the addition of boron mod- followed by calcination at 773 K for 5 h. The boron

ifies the dispersion of Mo on the surface of alumiiZ, contents were 0, 0.3, 0.6, 0.9, 1.2, 2.5, and 4.5 wt% B.

13] as well as the acidic properties of alumifted—17] Then, the A}O3—B,0O3 materials were impregnated with

The effect of boron addition on the activity of Co-Mo or (NH4)sM070,4 - 4H,0 and calcined again at 773 K for 5 h.

Ni—Mo/Al O3 catalysts has been widely studigib—21] The Mo loading was fixed at 13 wt% MaO

Although some workers reported that the high acidity of alu-  The catalyst was sulfided in a 10%$fH, flow. The sul-

mina boria catalysts increased the hydrocrackit®] and fidation temperature was raised from room temperature to

HDN [16,17,19]activity of Ni-Mo/B/Al,O3, many conflict- 373 K at a rate of 2 Kmin! and kept isothermal for 1 h.

ing results were obtained in the previous studies. Li et al. Subsequently the temperature was ramped to 673 K at a rate

[16] believed that the addition of boron up to 1 mol% in- of 5 Kmin—! and then kept at 673 K for 1.5 h. After the

creased the activity of Ni-Mo/ADj3 catalysts for the HDS  sulfidation, the sample was cooled in theSfH, stream to

of DBT, in contrast to the results by Lewandowski and Sar- room temperature to prepare @fgle catalyst. The catalyst

bak[17] that the addition of boron did not affect the activity thus prepared is denoted MgB/AIl O3 hereinafter.

of Ni-Mo/Al O3 catalysts for the HDS of coal liquid. Stran- Co—Mo/B/Al,O3 catalysts were prepared by introducing

ick et al.[22] believed that the addition of boron to A3 Co(CO}NO into MoS/B/Al,03 by means of a CVD tech-

can improve the dispersion of Co and change the chemicalnique. The CVD technique has been described in detail pre-

states of Co in Co/AlO3 catalysts. In addition, Morishige  Vviously [23,24] In brief, a vapor pressure of Co(C§NO

and Akai[12] indicated that the addition of boron decreased at 273 K was used to prepare Co(GED/MoS,/B/Al,0s,

the dispersion of Mo in Mo/AlO3 catalysts and weakens followed by the same temperature-programmed sulfidation

the interactions between Mo species and thgdalsurface. in a 10% HBS/H, stream as described above. The cata-

Thus, it is expected that the addition of boron to Co—Mo lyst thus prepared is denoted CVD-Co/Mé&/Al .03 here-

or Ni-Mo/Al,03 modifies both Mo and Co(Ni) species. It inafter. The amount of Co was analyzed by XRF. The de-

will be easy to understand the effects of boron addition if tailed procedures have been described elsewRéie

we could separate the effects of boron addition on Mo and

Co phases. In the present study, we tried to clarify the ef- 2.2. Reaction procedure

fect of boron addition on the Mo sulfide phase supported

on AlOs. The catalyst sulfided in situ was evacuated at 673 K for
No literature can be found explaining the activity increase 1 h before the catalytic reaction. In order to evaluate the ini-

of Co—Mo/B/Al,O3 compared to the boron-free catalyst on tial activity of the freshly preared catalyst, the reaction was

the basis of the number of active sites and their intrin- conducted under mild conditionsing a circulation system.

sic activity, despite the fact that this information is highly The HDS of thiophene was carried out at 623 K and the

important for understanding the nature of the additive ef- initial Ho pressure of 20 kPa. The thiophene pressure was

fects. In the previous studf23-27] we have shown that  keptconstant (2.6 kPa) during the reacti@8]. The reaction

when a supported Mo sulfide catalyst is exposed to a va- products were analyzed by on-line gas chromatography. The

por of Co(CO}NO (CVD (chemical vapor deposition) tech-  products were mainly £compounds and the correspond-

nique), followed by an evacuation and resulfidation, the Co ing amount of HS. The HDS activity was calculated on

species in the resultant CVD-Co/MgS8atalyst are selec- the basis of the accumulated amount ofSHafter 1 h. The

tively transformed into the CoMoS phase and accordingly details of the reaction procedure have been described else-

the amount of Co in the catalyst represents the amount ofwhere[23].

the CoMoS phase. In the CVD-Co/Mg8atalysts, the edge

of MoS; particles is fully covered by the CoMoS phase. 2.3. Catalyst characterizations

It is, therefore, expected that the CVD technique provides

a strong clue to understand the nature of the boron addi-2.3.1. NO adsorption

tion to Co—Mo/AbO3 catalysts. In the present study, we The amount of NO adsorption on M@8/Al,03 was

investigated the effect of boron addition on the HDS ac- measured by a pulse technig[#8]. After cooling in the

tivity of CVD-Co/M0Sp/Al,0O3 catalysts to understand the H,S/H, stream, the sulfided catalyst was flushed at room

effects in terms of the number of active sites and their intrin- temperature with a high purity He stream. The detailed pro-

sic activity. cedures have been described elsewf23e28].
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2.3.2. TEM observation

Transmission electron microscopic (TEM) images of
MoS,/B/Al,0O3 were taken on an electron microscope Hi-
tachi H-800 with an accelerating voltage of 200 keV. The
MoS,/B/Al,0O3 powder sample was evacuated and sealed
in a glass tube without exposure to air. The catalyst sample
was suspended in heptane and placed on a specimen grid in a
glove bag filled with argon to avoid as much contact with air
as possible. The sample was then transferred in a stream of
N> to a sample holder attached to the microscope. The distri-
butions of Mo$ particle size and staakg were calculated
over ca. 400 particles in four arbitrary chosen areas.

w £
1 1

HDS activity (mmol g . h'1)
N

|

3. Resultsand discussion

Table 1summarizes the BET surface area and the pore 0 T T T T
volume of MoQG/B/Al,Os. Slight decreases of these mor- 0 1 2 3 4 5
phological parameters were observed only around the high
boron content (2.5 wt% B). This is consistent with other
workers[15,21] who suggested that at a higher loading of ig. 1. HDS activity of MoS/B/AI,0; (circle), CVD-Co/MoS/B/AI ;03
boron, BO3 particles block the micropores of alumina dur-  double impregnation (square), and CVD-Co/M#SAI 03 simultaneous
ing calcination, yieding a low surface area. impregnation (triangle) as a function of boron loading.

Fig. 1 depicts the HDS activities of the MeB/Al 03
and CVD-Co/Mo$/B/Al,O3 catalysts as a function of activities of these catalysts were essentially identical with
boron content. The HDS activity of MefB/Al,O3 was those prepared by the double impregnation (DI) method.
almost constant up to 0.9 wt% B and decreased with a These results indicate that the impregnation order of B and
further increase of boron content. With CVD-Co/MaB/ Mo (stepwise and simultaneous) causes no effects on the dis-
Al»03, the HDS activity significantly increased with the in- persion and stacking of MeSparticles in MoS/B/Al203
crease of boron content up to about 0.6 wt% B and decreasedatalysts.

Loading of boron (wt% B}

with a further addition of boron. B/AD3 was found to show Nitric oxide is a probe molecule widely used to investi-
a very low activity comprable to that of AIO3 for the HDS gate the dispersion of MeSlabs because NO molecules se-
of thiophene under the present reaction conditions. lectively adsorb on the edge sites of Mgsarticleg28-30]

The activity increases of Co—Mo/B/#03 catalysts com- The amount of NO adsorption on M@B/Al,03 decreased
pared to the boron-free catalysts have also been reported bywith increasing B loading, as shown fig. 2 This is as-
others[20,21] Ramirez et al[21] reported that boron addi-  cribed to a decreasing dispersion of MoS8usters as the
tion into Co—Mo/AbO3 catalysts enhanced thiophene HDS amount of boron increases.
activity and the maximum activity was attained at a boron ~ The amount of Co anchored on M@B/Al O3 is sum-
content of 0.8 wt% B, in conformity with the present re- marized inTable 2 Obviously, it decreased as the boron
sults, taking into consideration that the,® surface area  content increasedsig. 3 shows the Co/Mo atomic ratio of
(180 nt g~ 1) used in the present study is slightly lower than the CVD-Co/Mo$/B/Al,O3 catalysts as a function of the
that of Ramirez et al. (190%gy—1). NO/Mo ratio of the MoS/B/Al,03 samples. The Co/Mo

In the present study, we also measured the catalytic ac-ratio is proportional to the NO/Mo ratio, this being in con-
tivity of CVD-Co/MoS,/B/Al,03 (SI) catalysts prepared by  formity with our previous results for CVD-Co/Me&upport
a simultaneous impregnation technique, in which B and Mo (support: AbOgz, TiO2, ZrO,, and SiQ) [23]. Taking into
were impregnated in one step. As showifig. 1, the HDS consideration selective adsorption of NO molecules on the

edges of Mog particles, the proportional correlation in

Table 1 Fig. 3demonstrates that the Co sulfide species admitted by
Surface area and pore volume of Mg/®/Al,05 catalyst the CVD technique are located on the edge of Mp&rti-
Boron content Surface area Pore volume cles in MoS/B/AI0z3. In our previous study, it was shown
(Wt%) (m2g~1) (mm3g~1) by XPS[23] and CoK-edge XANES[26] spectra that the

0 152 951 Co sulfide species preferentially interact with Mafarticles

0.3 157 957 for CVD-Co/MoS/support. Therefore, we conclude that the
0.6 151 950 Co sulfide species prepared by the CVD technique using
;g igi gig Co(COXNO as a precursor of Co is selectively transformed

to the CoMoS phase irrespective of the presence of boron,
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Fig. 2. NO adsorption of MogB/Al,03 as function of boron loading. Fig. 3. Correlation between the Co/Mo atomic ratio of CVD-Co/Igi3

Al,0O3 and the NO/Mo mole ratio of MogB/Al»03.

and that the amount of Co in CVD-Co/Mg@8B/Al»03 rep-
resents the amount of the CoMoS phase. accordingly, suggests that the addition of boron leads to a
In order to explain the activity increase of CVD-Co/ shift of the catalyst active sites from less active CoMoS
MoS,/B/Al O3 in Fig. 1, the TOF (turnover frequency; ) Type | to more active CoMoS Type Il. Similarly, van Veen et
of the reaction is plotted ifFig. 4 against the loading of  al.[31] showed by means 6f'Co Méssbauer emission spec-
boron. We calculated the TOF on the basis of the Co con- troscopy that the addition of phosphoric acid changed part of
tent in the catalystFig. 4 clearly shows that the TOF is CoMoS Type | to CoMoS Type II. The decrease in the dis-
increased by the addition of boron up to ca. 0.8 wt% B persion of Mo$ particles is compensated by the increase
and become constant with a further addition of boron. The in the TOF, leading to the maximum activity at 0.6 wt% B
increased TOF value is about 1.6 times higher than that (Fig. 1).
for the boron-free catalyst. In our previous Stuf®g], it The TOF on Mo%/B/Al»03, as calculated on the basis
has been shown that the TOF value of thiophene HDS of NO adsorption, is also presentedriy. 4. Fig. 4 shows
over CVD-Co/MoS/SiOy is 1.7 times higher than the val-  that the TOF on Mo8B/Al 03 is also increased by the ad-
ues over CVD-Co/Mo8Al,03, CVD-Co/MoS/TiO»,, and dition of boron. Itis noteworthy ifrig. 4that the TOF values
CVD-Co/M0S/ZrO, under the present reaction conditions. on CVD-Co/Mo$/B/Al>03 and Mo$/B/Al,O3 changein a
Comparing these results with those of CoMoS Type | and similar manner with the loading of boron. These changes in
Type Il, defined by Topsge et 48,10], we have concluded the TOF values may be ascribed to the changes in the mor-
that the CoMoS phase of CVD-Co/M@SiO; is classified phology of Mo$ particles and/or in the interactions between
to CoMoS Type Il, whereas the CoMoS phase of the other the support surface and the Mp@articles by the addition of
supported CVD-Co/Mogcatalysts to CoMoS TypeFig. 4, boron.

Table 2

Amount of NO adsorption, cobalt content, and TOF on the MBB\I,03 and CVD-Co/Mo$%/B/Al, O3 catalysts

Boron content NO adsorption Cobalt loading TOF (1)

(wt%) (mmolgt) (wt%) MoS,/B/Al ;052 CVD-Co/M0S,/B/AI 03P
0 0.157 270 6.8 84
0.3 0153 245 71 107
0.6 0136 233 81 115
0.9 0102 181 106 135
1.2 0101 167 96 133
25 0075 154 88 120
4.7 084 131

& TOF was calculated on the basis of the amount of NO adsorption.
b TOF was calculated on the basis of the cobalt content.
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Fig. 4. Turnover frequencyTQOF) of thiophene HDS on Ma#B/Al,O3
as calculated on the basis of NO adsorption (open circle), and on
CVD-Co/M0S/B/Al»03 as calculated on the basis of Co content (solid

circle), as a function of boron loading. Fig. 5. The distribution of stacking number of Mp%articles as ob-

served by TEM. Black bar, MgAl»,03; dark gray bar, Mo%/B(0.6 wt%
B)/Al»,O3; light gray bar, Mo$S/B(1.2 wt% B)/ALOs; white bar,

The distributions of Mogparticle size and stacking num-  \i55,/B(2.5 wt% B)/ALOs.

ber, as calculated from the TEM images of the MiE%
Al,03, are shown irFigs. 5 and 6respectively. The aver- 60
aged stacking number and slab length are summarized in
Table 3 With the stacking number of MgSslabs Fig. 5), =
the boron addition promotes the formation of highly stacked 50 -
MoS, particles & 2 layer) until 1.2 wt% of boron, and
this trend levels off at a higher loading of boron. The in-
creased stackings of M@Slabs, and thus increased stacking
of the CoMoS phase, are generally correlated to the for-
mation of CoMoS Type I[11]. However, the increase in
the stacking number is not very significant and more than
40% of Mo$ particles are still present as single slabs even
in MoS,/B/Al,03 having high boron contents, as shown in
Fig. 5. Accordingly, we rather conclude that the formation
of CoMoS Type Il on CVD-Co/MogB/Al>03 is mainly
caused by weakened interactions between Mp&rticles
and AbOs surface and in part by the increased stacking of
Mo$S; particles. The formation of CoMoS Type Il on MgS 10 -
single slabs was reported for a carbon-supported Co—Mo sul-
fide catalys{32]. I 1 0
As shown inFig. 4, the high TOF values of the thiophene 0 - 1 , Y
HDS are established at 0.8 wt% B (2.5 B atoms nim?) on 2.4 4-6 68 810 1012 >12
both MoS/B/Al,03 and CVD-Co/Mo%/B/Al,03. Okamo- . .
to and Imanakd33] reported on the basis of the detailed Particle size (nm)
IR St,Udy of the surface hydroxyl groups.onzA‘jg that the . Fig. 6. The distribution of slab length of MeSarticles as observed by
maximum amount of tetrahedral Mo oxide species, which tgm. Black bar, Mo$/Al,0s; dark gray bar, MOS/B(0.6 wt% B)/AbOs;
is formed by the reaction of Mo~ with the basic hy- light gray bar, Mo$/B(1.2 wt% B)/ALOs3; white bar, MoS/B(2.5 wt%
droxyl groups (3785 cmt), is 1.7 Mo atoms nm? and that ~ B)/AI20z.

40 -

30
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Fraction of MoS: particles (%)
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Table 3
Averaged size and averaged number of stacking of ¥®&l,03 as ob-
served by TEM

Boron content Averaged size Averaged number of

(Wt%) (nm) stacking
0 4.42 1.40
0.6 471 1.66
1.2 5.01 1.82
25 5.62 1.71

their formation is completed at 2.5 Mo atomsnfn They
proposed that Mog¥~ anions consume the basic hydroxy!
groups with a stoichiometry of OH/Mo = 1 at a low Mo
loading to form a robust AI-O—Mo bond. It is considered
that B(OH}, a stronger acid than molybdic acid, prefer-
entially consumes basic hydroxyl groups as MéOand
SO4?~ anions do[33]. This was confirmed by a separate
FTIR study on hydroxyl groups of B/AD3 [34]. It is, ac-
cordingly, considered that above 2.5 B atoms®nthe Mo
oxide species having robust Al-O—Mo bonds are not formed
in MoO3/B/Al,03 and that no strong interactions generate
between Mo$ particles and AlO3 surface via Al-O-Mo$%
bondings. It is likely that these weakened interactions by the
addition of boron cause the formation of CoMoS Type I,
accompanying a slightly increed stacking number and ex-
tensively increased size of Mg®articles. When Mo oxide—
support interactions become much weaker as in M8,

[23] or when supported Mogis sulfided at a much higher
temperaturg9], support—-O—Mogbonds are easily cleaved
and highly stacked MoSparticles are formed. The forma-
tion of CoMoS Type Il in these cases is well established
[9,23]. The increased TOF on MefB/Al,03 (Fig. 4) can
also be understood in terms of the weakened supportsMoS
interactions.

It has been reported that the acidity of Bk in-
creases the hydrodenitrogenation (HDN) activity of Ni—
Mo/B/Al,O3 catalysts[16,17,19]and the hydrocracking
(HC) ability of Ni-Mo/B/Al»,O3 [16]. It was found, how-
ever, that B/AYO3 showed only a very small thiophene HDS
activity comparable to that of AD3 under the present reac-
tion conditions, suggesting that the high acidity of B/@§
has no significant contribution to the HDS activity of CVD-
Co/M0oS/Al203 and MoS/B/AIZ03 catalysts. In line with
this, Lewandowski and Sarbdk7] reported that boron dif-
ferently affects HDN and HDS activities; that is, high acidity
of B/Al2,0O3 enhanced the HDN activity, whereas it did not
practically affect the activity of Ni-Mo/B/AIO3 catalysts
for the HDS of coal liquid.

Concerning the size of MgSarticles Fig. 6), the boron
addition obviously increases the size of Mqgfrticles. The
most abundant slab length is in the range of 4-8 nm for
the boron-containing catalysts, in contrast to 2—6 nm for the
boron-free catalyst. The size of MgSlabs seems continu-
ously increased until the highest loading of boron tested in
this research, in conformity with the tendency observed for
the NO adsorptionHig. 2). A larger size of Mo$ patrticles
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will accommodate just a smaller amount of Co forming the
CoMoS phase, in conformity with the decreasing amount of
Co incorporated on the MeSedges of the catalyst by the
addition of boron, as presentedTable 2 These results are
apparently related to the decrease of the HDS activity at a
higher loading of boron= 0.6 wt%) inFig. 1.

4, Conclusions

Summarizing the present study on the effect of boron ad-
dition on the hydrodesulfurization activity of Me®\l 203
and CVD-Co/Mo$%/Al,03 catalysts, the conclusions are as
follows:

1. Boron addition enhances the HDS activity of CVD-
Co/M0S/Al,0O3 catalysts until the boron content
reaches 0.6 wt% of B, followed by a decrease with a
further increase of B content. With the MgB/Al,03
catalysts, the activity is kept constant until 0.9 wt% B
and decreases with a fughincrease of B content.

Boron addition decreases both the dispersion of MoS
particles on the surface of /D3 and the amount of Co
anchored to the MoSedges of Mo&/B/Al203.

The stacking number of MeSparticles is slightly in-
creased by the addition of boron.

The TOF of HDS over CVD-Co/Ma#B/Al»03 is in-
creased by the addition of boron, apparently leading to a
shift of the active phase from CoMoS Type | to CoMoS
Type Il

The CVD technique, in whh Co are selectively an-
chored to the Mogedges of Mog/B/Al 203, combined
with TEM and NO adsorption is a promising technique
for investigating the nature of additive effects on HDS
catalysts on the basis of the number of active sites and
their intrinsic activity.

2.

3.

4,

5.
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