Catalysis Letters Vol. 84, Nos. 1-2, November 2002 (©2002)

Hydrodesulfurization of dibenzothiophene over Ni—Mo sulfides
supported by proton-exchanged siliceous MCM-41
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Strong acid sites on the surface of mesoporous MCM-41 were generated by ion-exchanging siliccous MCM-41 with dilute HNOj5 solution
(0.5M). The XRF determination indicates that most of the sodium cations contained in MCM-41 can be removed by the proton exchange,
and dealuminization was observed during the proton exchange. The acidity of the mesoporous materials was characterized by means of
NH;-TPD and the Hammett indicators. It is revealed that new strong acid sites (—5.6 > H, > —8.2) were generated after the first 2h of
ion exchange and that the following ion exchanges had little effect on the acidic properties. XRD patterns of the mesoporous materials
indicate that the structure of siliccous MCM-41 was improved by HNO; ion exchange. When Ni—Mo sulfides were supported on the
prepared solid acid (HT~MCM-41), high performance in the hydrodesulfurization (HDS) of dibenzothiophene (DBT) was observed.
However, the HDS activity was decreased while the selectivity of biphenyl (BP) was increased, when H'-Si-MCM-41 was ion
exchanged with Na,CO; aqueous solution. TPR profiles of the supported Ni-Mo oxides reveal that the acidic properties of the supports
greatly influence the hydrogenation activities of the bimetallic oxides. The high performance of H'~-MCM-41-supported Ni-Mo
catalysts may be attributed to the enhanced hydrogenation activity. The introduction of Na cation into the support led to the decrease of
the HDS activity due to the poor hydrogenation ability of the supported bimetallic oxides. The HDS activity is well correlated with the
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low H, consumption temperature in the TPR profiles.
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1. Introduction

Mesoporous MCM-41 has been the focus of much
research interest since its discovery because it offers a uni-
form pore of 15 to 100 A, a very high surface area and
mild acidity [1,2]. MCM-41-supported catalysts have
been developed for a variety of reactions [3], including
hydrodesulfurization (HDS) of petroleum fractions [4—8].

It is interesting to note that most of the research on
MCM-41-supported HDS catalysts has focus on Al-
MCM-41 [4-8], probably hoping that the strong acidity
of the support may help to crack the polyaromatic
sulfur-containing compounds so as to improve the HDS
activity. Nevertheless, no great improvement in HDS
activity has been achieved. In contrast to AI-MCM-41,
siliccous MCM-41 (Si-MCM-41) is structurally stable
to thermal treatment up to 700 °C, hydrothermal treat-
ment with steam at mild conditions, mechanical grinding
and acid treatment at mild conditions [9]. It is supposed
that the structural Al in AI-MCM-41 renders the meso-
structure unstable even to mild thermochemical treatment
[10]. Moreover, the incorporation of Al into the Si—
MCM-41 framework causes a deterioration of the textural
characteristics and some loss in the periodicity of the
MCM-41 pore structure [8].
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Recently, we have investigated the HDS of diben-
zothiophene (DBT), a refractory sulfur-containing
molecule in petroleum fraction, over Si—-MCM-41-sup-
ported Co—Mo, Co—W and Ni—W sulfides [11,12]. It is
shown that Si-MCM-41-supported catalysts were super-
ior in HDS activity to the conventional alumina-
supported ones. It is assumed that the high performance
is due to the higher dispersion of the active species on
the surface of MCM-41. Nevertheless, since the silica
source in synthesizing MCM-41 is sodium silicate hydrate,
the sodium cations on the surface of MCM-41 may have
influences on the acidic properties of Si-MCM-41 and
may affect the HDS activity of supported catalysts.

The objective of this paper is to study the acidic
properties of Si—-MCM-41 after being ion exchanged
with dilute HNO; solutions and the performance of its
supported Ni—Mo sulfides in HDS of DBT.

2. Experimental

The materials used were sodium silicate hydrate (com-
mercial GR grade), cetyltrimethylammonium bromide
(CTAB) (A.R. grade), 4M H,SO4, 0.5M HNO; and
0.25M Na,COj;. Both ammonium heptamolybdate tetra-
hydrate [(NH4)¢Mo0;0,4-4H,0] and nickel nitrate hexa-
hydrate [Ni(NO;),-6H,O] were of commercial GR grade
(Dalian Chemical Reagents Co.). Dibenzothiophene
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was synthesized according to the method in the literature
[13]. Decalin was a product of Shanghai Chemical
Reagents Co. and used as solvent without further purifi-
cation. The Hammett indicators included p-(dimethyla-
mino) azobenzene (pKa = +3.3), dicinnamalacetone
(pKa = —3.0), benzalacetophenone (pKa = —5.6), and
anthraquinone (pKa = —8.2) [14].

Si-MCM-41 was synthesized using sodium silicate
hydrate as the source of SiO, and CTAB as the template,
following the procedure reported in the previous paper
[15]. The proton-exchanged MCM-41 was prepared as
follows: 1 g of Si-MCM-41 was added into 10 ml of 0.5
M HNOj solution; the mixture was stirred for 2h at
ambient temperature; the mixture was separated by
filtration and the solid product was washed with the
de-ionized water until the pH of the effluent solution
reached 7; then the solid product was dried at 120°C
overnight. When necessary, the above procedure was
repeated. Finally, the dried sample was calcined at
540°C for 3h to obtain the proton-exchanged MCM-
41. The proton-exchanged MCM-41 was denoted as
H"-MCM-41(t), where t represents the total ion-
exchange time, i.e., 2 multiplied by the exchange times.
To investigate the effect of Na™, the ion exchange of
H*-MCM-41(6) with 0.25M of Na,CO; solution was
performed in a similar way. The product was denoted
as Na—MCM-41.

H"-MCM-41(t) was characterized by means of N,
adsorption, XRD, NH;—-TPD and Hammett indicators.
The X-ray diffraction (XRD) patterns were recorded on
a Rigaku D-Max-2400 diffractometer using CuK,
radiation at 40kV and 100 mA. Nitrogen adsorption—
desorption was performed using a Quantachrome
adsorption analyzer, which reports isotherms and BET
specific surface area and pore volume automatically.
Before the adsorption analysis, the samples were
outgased for 3h at 300°C. The NH;—TPD data were
collected using a Chembet 3000 analyzer. About
200 mg sample was activated in flowing He at 500 °C
for 2h, then cooled to 120 °C under continuous evacua-
tion. The sample was equilibrated with gaseous NH; at
0.04kPa, then ramped up at 10°Cmin~' while He
flows through the reactor at 20cm®min~'. The acidity
of H'-MCM-41(t) was measured by means of the
Hammett indicators mentioned above. The samples
were pretreated in a muffle furnace at 300°C for 2h,
prior to acidity measurement. The contents of sodium
and aluminum of MCM-41 before and after the ion
exchange were determined by means of an XRF analyzer
(RSR 3400 X).

Ni—Mo/H"-MCM-41(t) was prepared in the follow-
ing way: H"~-MCM-41(t) was impregnated with an
aqueous solution of (NHy)sMo0,0,, and Ni(NOj3), for
8 h at room temperature, then the water was evaporated
and the solid product was dried at 120 °C overnight, and
calcined at 450 °C for 5h. A 20 wt% MoOj; loading level
and an Ni/Mo atomic ratio of 0.75 were chosen in this

study. For comparison, Na—MCM-41-supported Ni—
Mo catalyst was prepared in the same way.

The temperature programmed reduction (TPR)
profiles of H ~MCM-41(t)-supported and Na-MCM-
41-supported Ni—Mo catalysts were measured on a
Chembet-3000 analyzer. Before the measurement, the
samples were treated in argon at 200 °C for 12h. A gas
mixture of H, and Ar (5 vol% H, in argon) was used
as the reacting agent. The TPR profiles of the catalysts
were measured from room temperature to 930°C at
10°C min~"'. For comparison, the profile of an Ni-Mo/
~v-Al,O5 catalyst was also measured.

HDS of DBT was carried out in a fixed-bed stainless
steel tubular reactor having a dimension of 8§ mm in
internal diameter. 0.2g of the catalyst was charged.
Prior to charge, the catalyst was pelleted and then
crushed and screened to 20—35 mesh. The HDS activities
of the prepared catalysts were evaluated using a model
fuel: 0.8 wt% DBT in decalin.

The catalysts were presulfided before HDS reaction
by a mixture of H,S/H, (10vol% H,S) at atmospheric
pressure and 400 °C for 3 h. The reaction conditions for
HDS reaction were temperature 260-340°C, total
pressure 5.0 MPa, H,/feed ratio 1200 Nm®*m™, and
WHSV 12h~'. The products were analyzed by an
Agilent-6890" gas chromatograph equipped with an
FID detector using an HP-5 column.

3. Results and discussion
3.1. Characterization of H —MCM-41(t)

The XRD patterns of Si-MCM-41 and its proton-
exchanged products are shown in figure 1. It can be
seen that all the samples show diffraction reflections
at ca 20 = 2°, suggesting that the mesopore structure
undergoes little change during the proton exchange,
and the diffraction intensity increases considerably
after the siliccous MCM-41 is ion-exchanged for 2h
while little changes are observed in the following ion
exchange. However, the diffraction intensity of the meso-
porous material decreases considerably after being
exchanged for 8 h, indicating that part of the mesostruc-
ture may collapse.

The structural parameters characterized by XRD
and N, adsorption are summarized in table 1. It is
shown that the interplanar spacing dy, changes from
38.7 to 42.2A and the pore size from 24.6 to 27.4A,
indicating that the mesopores are enlarged after the ion
exchange. Accordingly, the surface area, pore volume
and relative crystallinity increase remarkably.

Table 2 summarizes the content of sodium and alumi-
num contained in the Si-MCM-41 and its proton-
exchanged products. It is indicated that the sodium can
be completely removed by proton exchange, and de-
aluminization was observed during the proton exchange.
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Table 1
Structural parameters of siliceous MCM-41 and its proton-exchanged products.

Si-MCM-41 H"-MCM-41(2) H"-MCM-41(4) H"-MCM-41(6) H*"-MCM-41(8)

26 (°) 2.28 2.08 2.02 2.06 2.1
dioo (A) 38.7 2.4 43.7 429 'y}
Relative crytallinity (%) 10 89.6 91 100 16
BET specific area (m®g™") 841.1 849.4 875.1 875.0 893.4
Pore volume change after

proton exchange (%) - 12 0.2 13 13.2
Pore size (BJH) (A) 24.6 27.4 27.4 27.4 27.4

However, dealuminization was not observed during the
ion exchange with Na,CO;. The sharp increase of the
diffraction intensity may be attributed to the clearing-up
of the mesopore channels, as reflected by the improvement
of the structural parameters. It should be noted that the
weight of the sample changed a little after the ion
exchange if the weight loss due to the decrease of the
atomic mass of the cations is taken into account. It is
assumed that the increase of crystallinity after proton
exchange might result partly from the clearing-up of the
blocks in the mesopores and partly from the reconstruc-
tion of the mesostructure.

The NH;—TPD profiles of Si—-MCM-41 and the
proton-exchanged products are shown in figure 2. It
can be seen that there is only one peak at low tempera-
ture for siliccous MCM-41, whereas a very strong peak
at high temperature is observed for the proton-
exchanged MCM-41. The appearance of a strong high-
temperature peak indicates that new strong acid sites
might be generated on the surface after the proton
exchange. But it seems that the exchange time has little
effect on the acidity of MCM-41 since no significant
changes of the peak temperature were observed for
H"-MCM-41(4), H'-MCM-41(6), and H'-MCM-
41(8).

The strong acidity of H" ~-MCM-41 is reconfirmed by
the color change method using a Hammett indicator, as
shown in table 3. It can be seen that the Hammett acidity
of Si-MCM-41 is +3.3 > H, > —3.0, whereas the
acidities of the proton-exchanged MCM-41 are rather
stronger (—5.6 > Hy > —8.2). Similarly, little changes

Table 2
The contents of sodium and aluminum in MCM-41 before
and after the ion exchange.

Concentration (%)

Na,0 ALO;
Si-MCM-41 1.1 1.4
HY-MCM-41(2) nd. 0.96
H'-MCM-41(4) n.d. 0.98
H*-MCM-41(6) nd. 0.75
H*-MCM-41(8) nd. 0.67
Na-MCM-41 1.4 0.75

in acidity were detected by increasing the ion-exchange
time, in accordance with the results of NH;—TPD.

The results from both NH;—TPD and Hammett indi-
cators reveal that Si—-MCM-41 only possesses some acid
sites of weak and middle strength (+3.3 > Hy, > —3.0)
similar to Al-MCM-41. However, new strong acid
sites (—5.6 > Hy > —8.2) were generated after the
proton exchange.

3.2. Hydrodesulfurization of DBT

A model fuel containing 0.8 wt% DBT in decalin was
used to investigate the HDS activities of the supported
Ni—Mo catalysts. The main products of HDS of DBT
are biphenyl (BP) and cyclohexylbenzene (CHB). The
HDS reaction path network of DBT is shown in figure
3 [6]. HDS of DBT mainly takes place in two paths,
i.e., HDS via C-S bond scission to form BP (hydrogeno-
lysis path) and hydrogenation followed by desulfuriza-
tion to form CHB (hydrogenation path). Since it is
difficult to hydrogenate BP to form CHB, the selectivity
of BP (Sgp) is usually used to represent the hydrogen-
olysis path and that of CHB (S¢gp) to determine the
hydrogenation path. Benzene and cyclohexane are

Vo oa O

Figure 1. XRD patterns of siliccous MCM-41 and the proton-exchanged
products. (a) Si-MCM-41, (b) HF~-MCM-41(8), (c) HF ~-MCM-41(2), (d)
H™-MCM-41(4), (¢) H -MCM-41(6).
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Figure 2. NH3;-TPD profiles of siliceous MCM-41 and the proton-
exchanged products. (a) Si-MCM-41, (b) H'-MCM-41(2), (c) H" -
MCM-41(4), (d) HF ~-MCM-41(6), (¢) HF -MCM-41(8).

derived from C—C bond hydrogenolysis of BP and CHB;
thus the selectivity of the total of benzene and cyclo-
hexane (Sp,¢) is used to evaluate the hydrocracking
activity.

Figure 4 shows the variation of DBT conversion with
temperature. It is indicated that Ni-Mo/HT-MCM-
41(t) showed higher activity than Ni-Mo/Si—-MCM-41
in converting DBT into hydrocarbons, yielding almost
complete conversion at temperatures over 320 °C. Both
Ni-Mo/H"-MCM-41(6) and Ni-Mo/H"-MCM-41(8)
exhibit the highest activities for DBT hydrodesulfuriza-
tion. In contrast, the introduction of Na® to the
MCM-41 matrix significantly decreases the catalytic
activity of Ni-Mo/H"~MCM-41(6), indicating that Na
cations have negative effects on the HDS activity of the
supported Ni—Mo catalysts.

The proton exchange of MCM-41 with HNO; also
leads to a dramatic increase of the ratio of Scyp to
Spp, as shown in figure 5. The higher Scyp/Spp implies
that the proton-exchanged supports favor the formation
of the hydrogenation active sites on the surface. On the
contrary, the introduction of Na™ to the support leads
to the decrease of Scyp/Spp, suggesting that Na™ is
detrimental to the formation of the hydrogenation
active sites and thus to the HDS activity. These results
indicate that the HDS of DBT takes place mainly

through hydrogenolysis for Ni-Mo/Si-MCM-41 and
Ni—-Mo/Na-MCM-41, whereas both hydrogenolysis
and hydrogenation play important roles for H'—
MCM-41-supported Ni—-Mo catalysts.

Earlier research [16] has shown that hydrogenation
and hydrogenolysis occur on different kinds of catalytic
sites. The different performance of Ni-Mo/H"-MCM-
41(6) and Ni—-Mo/Na-MCM-41 suggests that Na
cations contained in MCM-41 may hinder the formation
of the hydrogenation sites, leading to the low hydrogena-
tion activity of Ni-Mo/Na—MCM-41, and the higher
hydrogenation activity of Ni-Mo/H*-MCM-41 may
be attributed to the removal of Na®™ by the proton
exchange.

Figure 6 illustrates the variations of the S, with
temperature. It is shown that the S, for Ni-Mo/
H"-MCM-41 increased with increasing temperature,
while that for Ni-Mo/Si-MCM-41 and Ni—-Mo/Na—
MCM-41 decreased with increasing temperature.
Among the Ni-Mo catalysts supported on the proton-
exchanged MCM-41, Ni-Mo/H*-MCM-41(8) exhibits
the highest hydrocracking activity, increasing almost
linearly with temperature in the temperature range
investigated. The dramatic increase in the S, of
Ni—-Mo/H"-MCM-41 indicates that the hydrocracking
activity of Ni-Mo/MCM-41 was enhanced by the
proton exchange of MCM-41 with HNOj. The increased
hydrocracking activity may be attributed to the strong
acid sites on the proton-exchanged MCM-41. Since the
Na™* in MCM-41 may kill the acid sites of the support,
both Ni-Mo/Si—-MCM-41 and Ni—-Mo/Na-MCM-41
exhibit low hydrocracking activity.

The TPR profiles of MCM-41-supported Ni—Mo
catalysts and Ni-Mo/y-Al,Oj5 are illustrated in figure 7.
Three TPR peaks were observed for Ni-Mo/y-Al,O3,
i.e., low-temperature (LT) peak (470°C), medium-tem-
perature (MT) peak (590 °C) and high-temperature (HT)
peak (720°C). These peaks are in accordance with the
Moy, Ni; and Moy + Nipp peaks respectively, as described
by Brito and Laine [17]. Generally, the LT peak is assigned
to partial reduction of highly dispersed polymolybdate-
like species (Moy), while the MT peak corresponds to a
surface interaction compound (Ni;) where Ni cations are
all octahedrally coordinated [18]. Since the Moy and
Nip; peaks are completely superimposed, the HT peak is

Table 3
The surface acidity of Si-MCM-41 and the proton-exchanged products determined by the Hammett indicators.

Indicator (Hy) Si-MCM-41 H*-MCM-41(2) H'-MCM-41(4) H*-MCM-41(6) H*-MCM-41(8)
p-(Dimethylamino)azobenzene + + + + +

(+3.3)

Dicinnamalacetone (—3.0) — + + + 4
Benzalacetophenone (—5.6) - + + + +

Anthraquinone (—8.2) — _
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Figure 3. The reaction path network of DBT hydrodesulfurization.

assigned to the peak of (Moy + Nip). The Nip peak is
identified with bulk-like NiAl,O, [19], whereas the Moy;
peak is thought to be the composite of the subsequent
reduction of such species plus the reduction of more
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Figure 4. Variation of DBT conversion with temperature during HDS over
the supported Ni—-Mo catalysts. ((0) Ni-Mo/Si-MCM-41, (®) Ni—-Mo/
H"-MCM-41(2), (O) Ni-Mo/H"-MCM-41(4), (A) Ni-Mo/H*-MCM-
41(6), (A) Ni-Mo/H*~MCM-41(8), (W) Ni-Mo/Na—MCM-41.
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Figure 5. Scyp/Spp versus temperature during HDS of DBT over MCM-
41-supported Ni—-Mo catalysts. () Ni-Mo/Si-MCM-41, (®) Ni—-Mo/
H"-MCM-41(2), (O) Ni-Mo/H"-MCM-41(4), (A) Ni-Mo/H"-MCM-
41(6), (A) Ni-Mo/H"-MCM-41(8), (W) Ni-Mo/Na-MCM-41.
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Figure 6. The variation of S, -~ with temperature during HDS of DBT. (0J)
Ni-Mo/Si-MCM-41, (®) Ni-Mo/H"-MCM-41(2), (O) Ni-Mo/H" -
MCM-41(4), (A) Ni-Mo/H*~-MCM-41(6), (A) Ni-Mo/H* ~-MCM-41(8),
(M) Ni-Mo/Na-MCM-41.
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Figure 7. TPR profiles of the supported Ni-Mo catalysts. (a) Ni-Mo/Si—
MCM-41, (b) Ni-Mo/H"-MCM-41(2), (c) Ni-Mo/H"-MCM-41(4), (d)
Ni-Mo/H"~-MCM-41(6), (¢) Ni-Mo/H'~-MCM-41(8), (f) Ni-Mo/Na—
MCM-41, (g) Ni-Mo/v-Al,05.
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Table 4
The main H, consumption temperatures in the TPR profiles of
the supported Ni—-Mo catalysts.

Catalyst The LT peak temperature (°C)
Ni—-Mo/Na-MCM-41 559
Ni—Mo/Si-MCM-41 493
Ni—Mo/H*-MCM-41(2) 467
Ni-Mo/H"-MCM-41(4) 447
Ni-Mo/H"-MCM-41(6) 436
Ni-Mo/H"-MCM-41(8) 428

refractory entities, including tetrahedrally coordinated
molybdate groups [20,21]. It has been proposed that
polarization effects of AI** jons may affect the covalence
of the Mo—O bonds, and thus their reactivity toward
hydrogen [22]. Accordingly, the less polarized bonds of
polymolybdates are reduced more easily than those of
the species directly tied to y-Al,O;.

As for Ni—Mo catalysts supported over Si-MCM-41,
only the LT peak was clearly observed. The disappearance
or the decrease in intensity of the HT peak can be
attributed to the decrease of the population of the
more refractory species. It is assumed that the difference
between Ni-Mo/MCM-41 and Ni—-Mo/v-Al,O; may
result from the high dispersion of the active species and
the interactions between the active species and the
supports. The main H, consumption temperatures of
Ni-Mo/H"~-MCM-41(t) are summarized in table 4.
The main consumption temperature Ni—Mo/H"—
MCM-41(t) decreases with the increase of the proton
exchange time. It is shown that Ni-Mo/Na—MCM-41
showed the highest consumption temperature, indicating
that this catalyst has lower reducibility. It is assumed
that Na™ is detrimental to the formation of hydrogenation
active sites.
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Figure 8. The DBT conversion at 320 °C versus main H, consumption tem-
peratures in the TPR profiles of the MCM-41-supported Ni—Mo catalysts.
(a) Ni-Mo/Na-MCM-41, (b) Ni-Mo/Si-MCM-41, (c) Ni-Mo/H*~
MCM-41(2), (d) Ni-Mo/H"-MCM-41(4), (¢) Ni-Mo/H"-MCM-41(6),
(f) Ni-Mo/H"~MCM-41(8).

The DBT conversion at 320 °C is plotted against the
main H, consumption temperature for the supported
Ni—Mo catalysts, as shown in figure 8. It is indicated
that DBT conversion is well correlated with the
consumption temperature for the MCM-41-supported
Ni—Mo catalysts.

4. Conclusions

It is observed that the mesostructure of siliceous
MCM-41 was improved by ion exchange with dilute
HNO; solutions. Most of the sodium cations contained
in MCM-41 were removed by proton exchange, and de-
aluminization was observed during the ion exchange.
New strong acid sites (—5.6 > H, > —8.2) were gener-
ated by the proton exchange, but the following proton
exchange has little effect on the structural and acidic
properties of siliccous MCM-41. It seems that HNO;
clears the pore channels of MCM-41 during the ion
exchange and reconstruction of the mesostructure
may contribute to the increase of the crystallinity. Never-
theless, destruction of the structure of the mesoporous
material was observed when the proton exchange time
reached 8 h. The results of both NH;—TPD and Ham-
mett indicators indicate that strong acid sites might be
generated after the proton exchange.

When Ni—Mo species were supported on the proton-
exchanged MCM-41, great improvement in HDS
activity was observed, and it is indicated that the
improvement is accompanied by the increase of Scyp/
Spp, suggesting that the proton-exchanged supports
favor the formation of the hydrogenation active sites
on the surface. On the contrary, the introduction of
Na™ into the matrix of the support leads to the decrease
in both HDS activity and Scyp/Spp, indicating that
Na™ is detrimental to the formation of the hydrogena-
tion active sites and thus to the HDS activity of DBT.
The proton exchange of MCM-41 also leads to the
increase in the hydrocracking activity of Ni-Mo/H"—
MCM-41(t). The higher hydrocracking activity may be
attributed to the strong acid sites on the surface of
H*"-MCM-41. The TPR results indicate that DBT
conversion is well correlated with the main H, con-
sumption temperature, suggesting that the HDS
activity is improved by the enhanced reducibility of the
catalysts.
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