
NiMo/MCM-41 Catalysts for the Hydrotreatment
of Polychlorinated Biphenyls

Franklin J. Méndez • Ernesto Bastardo-González •
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Abstract MCM-41 type mesoporous materials of pure

silicon and aluminosilicates (with Si/Al atomic ratios of 20

and 40) were prepared by a facile synthesis method and

used to support NiMo catalysts. Characterization by XRD

showed typical patterns of this type of mesoporous solids

with a partial collapse of the structure on increasing Al

content. In addition, signals attributed to the formation of

MoO3, NiO and Al2(MoO4)3 in the transition-metal con-

taining catalysts were observed. The 29Si-NMR-MAS

spectra showed that local arrangement of the Si–O–Si

bonds was regular, independently of the solid being pure or

modified with Al, while the 27Al-MAS-NMR spectra of the

aluminosilicates showed both structural and non-reticular

species. The N2 adsorption–desorption curves showed type

IV isotherms, with considerable diminution in the BET

areas once the metals were incorporated. The catalytic

results in thiophene hydrodesulfurization (HDS) and

polychlorinated biphenyl hydrodechlorination (HDCl)

revealed a considerable catalytic activity for all prepared

catalysts as compared with a commercial NiMo/Al2O3 one,

being highest in the case of the NiMo/Al-MCM-41(40) one

for HDS, and for NiMo/Al-MCM-41(20) in HDCl. The

excellent properties for HDCl can be attributed to good

dispersion of Ni and Mo active phases and to the bifunc-

tional character of the catalysts, namely, to the participa-

tion of both coordinatively unsaturated sites of the NiMoS

active phase and Brønsted acid sites of the support.

Keywords Hydrodechlorination � Hydrodesulfurization �
MCM-41 synthesis � NiMo � Sulfided catalysts

1 Introduction

Considerable effort is aimed nowadays at improving

hydrotreatment (HDT) catalysts, especially for the hydrode-

sulfurization (HDS) reaction [1]. From an environmental

point of view, the main purpose of removing sulfur from

petroleum and its derivatives is to reduce the sulfur dioxide

emissions that result from using fossil fuel. Another

important reason is that sulfur, even in low concentrations,

poisons the noble metal catalysts in the catalytic reforming

units that are used subsequently to HDT in order to upgrade

the octane rating of the naphtha streams [1, 2]. Finally,

sulfur compounds have a deleterious, corroding effect on

refinery equipment.

Polychlorinated biphenyls (PCBs), on the other hand, are

considered priority pollutants [3] due to their widespread

presence in the environment and tendency to increasingly

accumulate in the fatty tissues of living beings along the chain

food up to humans. The disposal of PCBs is principally carried

out by high-temperature incineration. However, this method

may promote the formation of even more toxic polychlori-

nated dibenzofurans and polychlorinated dibenzodioxins [4].
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Therefore, much research has been conducted on non-thermal

oxidation methods of degrading PCBs with simultaneous

recovery of the hydrocarbons formed and their recycling as

valuable products [5]. The catalytic hydrodechlorination

(HDCl) is a potential technology to carry out complete

removal of such persistent pollutants.

Noble and transition metal catalysts loaded on alumina,

silica and carbon have been usually employed for HDCl

reactions. The dechlorination of organic chlorinated com-

pounds using supported Pd, Pt, Rh and Ni has been widely

reported [6–16]. A few studies on the HDCl process of

PCBs were carried out using commercial-like hydropro-

cessing catalysts, mainly NiMo/Al2O3 and CoMo/Al2O3

[17–22]. These catalysts were found to be more resistant to

deactivation by HCl formed as compared to noble metal

based catalysts, operating, however, under more severe

conditions (250–350 �C, high pressure of hydrogen). NiMo

catalysts can be used in their oxidic (reduced) or sulfided

forms, although it was reported that the sulfided NiMo/

Al2O3 catalyst shows a higher activity [23]. Compared to

the catalytic processes, the thermal hydrogenolysis of

chloroarenes, including PCBs, in hydrogen atmosphere

requires much higher temperatures, in the range of

700–925 �C [24].

The need to improve the efficiency of industrial catalysts

in several processes has prompted the study and develop-

ment of new formulations, based on support modification

that can provide a suitable porous structure [25]. Research

has shown that the proper choice of support is of great

importance for the enhancement of catalytic HDT in gen-

eral and to work under less severe reaction conditions in

particular. Mesoporous molecular sieves, with pores of

20–35 Å in diameter, surface areas of 700–1,000 m2 g-1

and intermediate acidity, have attracted much interest for

petroleum HDT processes [1, 26–28]. The silica based

M41S materials, discovered in the early 1990s [29], are a

very interesting class of mesoporous materials. The

Si-MCM-41, which has a hexagonally-ordered pore struc-

ture, is the most stable and important phase in the M41S

family. As is the case with other zeotypes, it is possible to

partially substitute Al3+ for Si4+ ions (herein designated

both as (Si/Al)-MCM-41-(X) and Al-MCM-41-(X), where

X stands for the atomic Si/Al ratio). The hexagonal mes-

oporous system with high surface area opens possibilities

for accepting the impurities with high kinetic diameters

contained in the oil fractions, as well as other large mol-

ecules such as PCBs. Indeed, conventional supports

employed for HDT catalysts, usually consisting mainly of

c-alumina, possess an important fraction of mesopores as

part of bimodal porous systems [1]. However, it can be

expected that a more ordered structure such as that of

M41S solids provides larger surface areas and easier

acces to the internal porous structure. The formation of

Si-MCM-41 and (Si/Al)-MCM-41 phases occurs according

to the liquid crystal template mechanism, in which SiO4 and

AlO4 tetrahedra react with the surfactant template under

hydrothermal conditions, generally involving the use of an

autoclave and/or long aging times at high temperatures.

Several works have been published concerning NiMo

catalysts supported on Si-MCM-41 and (Si/Al)-MCM-41 for

thiophene and dibenzothiophene HDS reactions [30–35].

These catalysts have shown good catalytic properties during

HDS when they are compared with the conventional cata-

lysts. To our best knowledge, however, no study has been

done by using NiMo or CoMo catalysts supported on MCM-

41 supports for HDCl reactions. Instead, a few works have

been reported on the use of monometalic catalysts based on

Ni, Pd and Pt on mesoporous MCM-41-type materials. Thus,

Ni/Al-MCM-41 was tested in gas phase HDCl of 1,2,4-tri-

chlorobenzene, showing high activity and selectivity

towards benzene at reaction temperatures between 473 and

523 K with values of 100 % conversion and 100 % selec-

tivity at 523 K [36]. Subsequently, Pd/Si-MCM-41 catalyst

showed high activity for the hydrodehalogenation of aryl

halides [37]. Furthermore, supported Pd catalysts prepared

by the template-ion exchange method on Al-substituted

MCM-41 presented high activity in the HDCl of aryl chlo-

rides substituted by hydroxyl, methoxy, methyl, nitro and

phenylcarbonyl group at the p-position. These compounds

were efficiently dechlorinated in the presence of triethyl-

amine over Pd/Al-MCM-41 catalyst [38]. More recently,

Pt/Si-MCM-41 and Pd/Si-MCM-41 were tested in the HDCl

of 1,2-dichloroethane. The improvement of activity was

related to the higher surface area of the support, as well as to

the higher concentration of (–OH) terminal groups, which

induced a better dispersion of the metal particles [39].

It is reported in this work an easy method of synthesis of

(Si/Al)-MCM-41 mesoporous materials and their perfor-

mance as supports of NiMo phases in the HDT of thiophene

and polychlorinated biphenyls. Due to the versatility and

efficiency of NiMo/Al2O3 catalysts in the HDS and HDCl

reactions, coupled with exceptional properties shown by the

Ni, Pd and Pt catalysts supported on Si-MCM-41 and (Si/Al)-

MCM-41 for HDCl, it is expected that the NiMo/(Si/Al)-

MCM-41 formulations might also show excellent catalytic

behavior in both these HDT reactions.

2 Experimental

2.1 Synthesis of Si-MCM-41

NaOH/SiO2 solution (SOL-I) was prepared with 400 mol of

NaOH (Riedel-de Haën) in 80 mL of deionized water fol-

lowed by addition of 200 mol of SiO2 (Sigma-Aldrich). The

initial suspension was maintained under magnetic stirring at
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*70 �C until obtaining a homogeneous solution. Afterwards,

magnetic stirring was kept while cooling down until reaching

room temperature. In parallel, a surfactant solution (SOL-II)

was prepared, homogenizing 48.0 mol of tetramethylammo-

nium hydroxide (TMAOH, Sigma-Aldrich) in 150 mL of

deionized water followed by addition of 50.0 mmol of cetyl-

trimethylammonium bromide (CTMABr, Sigma-Aldrich),

until complete dispersion. Subsequently, SOL-I was added to

SOL-II, pH was adjusted to *9.0 with H2SO4 (Fluka),

keeping under magnetic agitation for 2 h. The resulting

mixture was aged for 24 h. The gel formed was vacuum-

filtered and the resulting solid was dried, pulverized and cal-

cined at 550 �C for 8 h.

2.2 Synthesis of (Si/Al)-MCM-41(X) (X = Si/Al

Atomic Ratio)

SOL-III was prepared by dispersing aluminum isopropox-

ide (Sigma-Aldrich) in 35.0 mL of isopropanol (Sigma-

Aldrich) and heating by means of a glycerol bath (Fluka) at

*70 �C. On the other hand, 46.0 mL of tetraethylortho-

silicate (TEOS, Sigma-Aldrich) was added to 80.0 mL of

absolute ethanol (Riedel-de Haën) (SOL-IV). This solution

was added to SOL-III, previously cooled to room temper-

ature. The resulting suspension (SOL-V) was placed in a

glycerol bath, under magnetic stirring at *70 �C for 4 h.

Simultaneously, it was prepared a surfactant solution

(SOL-II) and added to SOL-V. The gel formed was treated

in the same way as above (pH adjustment, aging, drying

and calcining), obtaining the aluminosilicates with Si/Al

atomic ratio X = 40 and 20.

2.3 Supported Bimetallic Catalyst Preparation

Ni and Mo species, in atomic ratio 1:3, were deposited on

either support by the successive incipient impregnation

method. First, the support was impregnated with an appro-

priate amount of Ni(NO3)2•6H2O (Riedel-de Haën) in aque-

ous solution, dried (60 �C/2 h) and calcined (500 �C/4 h).

Subsequently, the Ni-containing sample was impregnated in

same way with (NH4)6Mo7O24�4H2O (Riedel-de Haën), and

then dried and calcined under the same conditions, thus

obtaining the supported NiMo catalysts.

2.4 Physicochemical Characterization

Powder X-ray diffraction (XRD) was carried out with a

Phillips PW710 diffractometer using Cu-Ka radiation

(k = 1.5456 Å) and Ni filter. The small-angle XRD pattern

was scanned between 0.5� and 10�, while wide-angle XRD

measurements was set between 20� and 50�, both with a

step rate of 0.02�/s. The identification of the different

phases was made using the JCPDS library [40].

Solid state magic angle spinning-nuclear magnetic res-

onance (29Si and 27Al-MAS-NMR), was carried out using a

Bruker ADVANCE 300. The spectra were recorded at

25 �C, at a source frequency of 59.63 MHz (29Si) and

78.219 MHz (27Al).

Nitrogen adsorption/desorption isotherms were measured

with a Micromeritics-ASAP 2010 automatic analyzer at

liquid N2 temperature. Prior to the experiments, the samples

were degassed overnight under vacuum at 60 �C. Specific

surface areas were calculated by the Brunauer-Emmett-

Teller method (SBET), the pore volume (Vp) was determined

by N2 adsorption at a relative pressure of 0.98 and pore size

distributions from the desorption isotherms by means of the

Barret-Joyner-Halenda (BJH) method.

2.5 Catalytic Activity Measurements

2.5.1 Thiophene Hydrodesulfurization

Catalyst samples (300 mg) were activated in situ in a

100 mL/min flow of a CS2/H2 mixture (1 vol% CS2) for

2 h at 300 �C. Tests of thiophene HDS were carried out as

reported elsewhere [41] at 400 �C and atmospheric pres-

sure under a 100 mL/min flow of a thiophene/H2 mixture

(2.27 mol% thiophene). Reaction products were analyzed

by means of FID gas chromatography, with sampling of the

gas effluent occurring typically at 8 min intervals.

2.5.2 Polychlorinated Biphenyl Hydrodechlorination

The experimental reaction system was designed to work

under high pressure. A fixed-bed flow reactor (stainless-steel

tube with an internal diameter of 16 mm) was packed with

300 mg of catalyst particles. The catalyst was presulfided

using a mixture of 2 vol% H2S in H2 at 300 �C for 1 h. After

presulfidation, the reactor was cooled down in the H2S/H2

stream to the desired temperature and thereafter it was

pressurized with hydrogen. The reactant solution (PCBs in

heptane) was then introduced into the reactor by means of a

high-pressure liquid pump (Isco 65D). The PCB HDCl

reaction was carried out under the following conditions:

temperature 350 �C; total pressure 3.5 MPa; WHSV 28 h;

flow rate of liquid 32 mL/h; flow rate of H2 25 L/h; initial

concentration of PCBs 0.05–1.0 wt%; H2S partial pressure

0.3 9 105 Pa. Aroclor� 1242 was a sample taken from

laboratory stock (kindly supplied by PDVSA-Intevep).

After steady state was reached (about 2 h), three samples

of liquid products were collected from a gas–liquid separator

every 30 min. The activity was taken as the mean value

obtained for three samples. For each set of experiments a

back point was taken to check if any deactivation occurred.

The collected samples were analyzed by GC–MS with a HP

5973 mass detector coupled to an HP 6890 GC, equipped

NiMo/MCM-41 Catalysts for the HDT 95

123



with an HP-5MS capillary column of 30 m 9 0.25 mm, film

thickness 0.25 lm. The oven temperature program was

an initial hold for 1 min at 50 �C, followed by a ramp at

10 �C/min, to 300 �C and another hold for a further 3 min

prior to cooling down. Calibration was performed by the

method of external standards and as the final stage of sample

preparation; hexadecane was added to all samples as an

internal standard.

It must be stressed that the analysis on PCBs is rather

difficult due to accuracy problems in PCBs detection which

are attributed to deterioration in sensitivity and background

induced by interfering components in analytical media.

However, we employed an accepted standard method

(ASTM D4059) [42]. The presence of HCl was detected

both in the gas phase and on the catalyst after extraction

with alkaline solutions. However, the amount of HCl

measured generally did not satisfy the mass balance. In this

work the effect of the produced HCl on HDCl was not

studied.

3 Results and Discussion

The synthesis method described in this work allowed to

obtain solids with M41S structure without employing

hydrothermal conditions and using shorter times and lower

temperatures than most reported synthesis procedures. Both

the uncalcined and the calcined Si-MCM-41 samples were

examined by XRD, and the patterns are shown in Fig. 1.

It can be seen that, before calcination, this solid exhibits an

intense reflection at 2h = 2.84� and three weaker ones at

4.36�, 4.92� and 6.26� assigned respectively to the (100)

(110) (200) and (210) characteristic reflections of Si-MCM-

41. The calcined sample shows the reflections mentioned

above with a greater definition and sharpness, indicating that

the Si-MCM-41 mesostructure is retained after calcination

[29]. Additionally, upon calcination it can be seen the shift of

these reflections toward higher 2h values, indicating a con-

traction of the structure, due to the removal of the organic

part of the micelles and condensation of silanol groups

(Si–OH), resulting in a more compact structure with higher

structural order. This produces a larger amount of fully

condensed Si atoms, Si(OSi)4 [29, 43].

Several authors have reported that the incorporation of

cationic elements, such as aluminum, in Si-MCM-41 pro-

duces significant changes in the structure and properties of

the resulting materials [25, 44, 45]. Figure 2 shows the

decrease in the relative intensities and partial disappearance

of the (110) (200) and (210) reflections and the increased

width of the basal reflection with increasing amount of alu-

minum. These results suggest a deterioration of the hexag-

onal structure as a result of isomorphic substitution, as well

as a decrease in particle size [29, 33, 45–47]. Additionally,

the basal reflection shifts towards lower values of 2h, indi-

cating the incorporation of aluminum, which results in an

expansion of the structure. These results were confirmed by

the increased wall thickness (d), lattice parameters (ao) and

interplanar distance (d100), as can be seen in Table 1.

Figure 3 shows the XRD patterns of calcined catalysts.

It can be noticed an intense reflection at 27.30� and six

weaker ones at 23.34�, 25.68�, 28.72�, 33.72�, 38.88� and

49.24�, assigned to orthorhombic MoO3 (JCPDS card

5-0506) [40]. Furthermore, a smaller reflection at 2h of

43.22� is assigned to NiO in the hexagonal phase (JCPDS

card 44-1159) [40]. The intensities of the peaks located at

23.34� and 25.68�, especially the latter one, increase with

Al loading, suggesting the formation of Al2(MoO4)3

(JCPDS card 23-0764) [33, 40], confirmed by a peak

located at 26.22� and two smaller reflections at 23.22� and
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Fig. 1 Small-angle XRD patterns of calcined and uncalcined samples
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23.50�. This mixed phase is probably formed at the

expense of extra-reticular Al species (see below).

Solid-state 29Si-MAS-NMR and 27Al-MAS-NMR spectra

are shown in Figs. 4 and 5, respectively. Figure 4 shows

similar spectra for the different solids, indicating that the

local arrangement of the Si–O–Si bonds at the pore walls is

regular and that the angle between these bonds varies over an

ample range. This figure also shows that similarly to amor-

phous silica, part of the Si atoms exist as silanol groups. The

resonance peaks at -112.14, -102.72 and -92.02 ppm

have been attributed to the Si(OSi)4, Si(OSi)3OH and

Si(OSi)2(OH)2 environments, generally labeled as Q4

(framework), Q3 (silanol) and Q2 (disilanol), respectively.

The presence of Al atoms in the network may generate

Si(3Si,Al) and Si(2Si,2Al) environments, which might be

contributing to the resonance peak intensities at -102.72 and

-92.02 ppm [48]. On the other hand, the 27Al-MAS-NMR

spectra of the calcined (Si/Al)-MCM-41(X) samples

(Fig. 5), present a resonance peak at 53.79 ppm which is

attributed to structural tetrahedrally coordinated aluminum.

Furthermore, a peak around 0 ppm is representative of

hexacoordinated aluminum belonging to extra-structural

species formed during calcination [48, 49].

The Si-MCM-41 sample presented a bimodal adsorption

isotherm characteristic of well-formed M41S materials

(Fig. 6) with micro- and mesoporosity, and showing the

highest surface area and the smallest pore wall thickness

among these samples (Table 1). Incorporation of Al during

the synthesis produces a drop in surface area and total pore

volume that is more significant at higher Al content

(X = 20). The shape of the adsorption isotherms of the

aluminosilicates is similar to that of Si-MCM-41. However,

as the Al loading increases, the adsorption at low relative

pressure (p/p0 between 0.2 and 0.3), characteristically high

for Si-MCM-41, becomes substantially smaller indicating

less microporosity and a relatively broad pore size distribu-

tion [48].

The increment of the pore wall thickness is an evidence

of the isomorphous substitution of the larger Al3? for Si4?

ions (Table 1). However, the decrement in surface area and

pore volume together with the small-angle XRD observa-

tions that show a decrease in the intensity of the (100)

reflection and its broadening, following incorporation of Al

atoms (Fig. 2), indicate that the local structure of alumi-

nosilicate is less uniform than that of the purely siliceous

material [50]. This suggests partial destruction of the pore

arrangement and possibly the existence of some amorphous

domains in the (Si/Al)-MCM-41 samples.

A significant decrease in surface area and pore volume is

observed when Ni and Mo oxides are incorporated to the

supports (Table 1). This decrease is more pronounced for

the catalysts supported on the pure siliceous material,

which could be due to pore blockage caused by a low

dispersion of the metal phases (Mo and Ni), in agreement

with earlier published data that evidenced the low disper-

sion of molybdate in SiO2-supported catalysts [51, 52].

The catalytic performance of supported NiMo catalysts

was first evaluated through the HDS of thiophene. Figure 7

shows the thiophene conversion percent as a function of

reaction time. In all cases, high initial values of conversion

were obtained which decreased progressively and reached

a steady state value after more than 60 min of reaction

Table 1 Textural and structural characteristics of solids

Sample d100

(Å)

a0

(Å)a
SBET

(m2/g)

Vp

(cm3/g)

Dp

(Å)b

d
(Å)c

Si-MCM-41 35.3 40.8 1,124 0.88 30 11

Al-MCM-41(40) 36.6 42.3 898 0.87 30 12

Al-MCM-41(20) 39.0 45.0 784 0.65 27 18

NiMo/Si-MCM-41 – – 763 0.68 28 –

NiMo/Al-MCM-41(40) – – 678 0.67 30 –

NiMo/Al-MCM-41(20) – – 609 0.58 25 –

a Lattice parameter (a0) for a hexagonal structure: a0 = 2d100/
ffiffiffi

3
p

b Pore diameter (Dp) determined from the desorption isotherms

by the BJH method
c Pore wall thickness (d) estimated by d = a0 - Dp

NiMo/Si-MCM-41

NiMo/Al-MCM-41 (40)

NiMo/Al-MCM-41 (20)

20 25 30 35 40 45 50
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Fig. 3 XRD patterns of calcined, MCM-41 supported NiMo catalysts
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time. Taking in consideration the conversion values obtained

at 180 min, the following order was observed: NiMo/(Si/

Al)-MCM-41(40) [ NiMo/(Si/Al)-MCM-41(20) [ NiMo/

Si-MCM-41. Similar results, as regards to M-41S type

support composition, have been observed previously [31,

33]. In the case of NiMo/Al2O3 commercial sample, the

conversion at 180 min was similar to that of the NiMo/

(Si/Al)-MCM-41(20) sample, although the extent of deac-

tivation was lower.

The HDS activity trend with the composition change of

the Al-containing MCM-41 supports would be the result of

two opposite effects: On one hand, the incorporation of

aluminum onto the mesoporous support surface provides a

larger number of hydroxyl groups as compared to the

support with only silicon, allowing a better dispersion of

the molybdenum and nickel oxidic and sulfided phases [31,

33]. This is the result of formation of a high number of

stronger Bronsted acid sites in the mixed support as com-

pared with those of pure silica. On the other hand, too

strong metal-support interaction inhibits the reduction and

sulfidation of Ni and Mo species, processes which are

required to generate the active phases, thus resulting in

decreased HDS activity. This would be the case of NiMo/

(Si/Al)-MCM-41(20) catalyst, due to the presence of

stronger acid sites at higher Al contents [33].

The initial deactivation of the catalysts could be ascri-

bed to carbon deposits formation [41] and/or rearrange-

ments of the active sulfided phases during the first stage of

reaction. The formation of carbon residua would be more

important in the more acidic solids (silico-aluminates) than

on the commercial catalyst, as observed in Fig. 7. The

strong deactivation of the pure silica supported catalyst

could be due to the lower interaction between active phase

and support, allowing restructuring of the supported sul-

fides whose dispersion would be decreased [51, 52].

ppm-60          -80  -100 -120  -140        -160        ppm

Al-MCM-41(40)

Al-MCM-41(20)

Si-MCM-41

-112.14 ppm

-102.72 ppm

-92.02 ppm

Si-MCM-41

Al-MCM-41(40)

Al-MCM-41(20)

Fig. 4 Solid-state 29Si-MAS-NMR spectra of the mesoporous supports

ppm80      60  40 20 0            -20        ppm

Al-MCM-41(40)

Al-MCM-41(20)
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53.79 ppm

Al-MCM-41(40)

Al-MCM-41(20)

Fig. 5 Solid-state 27Al-MAS-NMR spectra of aluminosilicate supports
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Fig. 6 Nitrogen adsorption–desorption isotherms of mesoporous supports
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The catalytic activities of the sulfided MCM-41 supported

catalysts were examined in the HDCl of Aroclor� 1242, and

compared with the commercial NiMo/Al2O3 catalyst.

Figure 8 shows the HDCl conversion in function of time for

all the catalyst samples. Similarly to the results for HDS in

Fig. 7, the initial activity is higher and decreases with

increasing time, however, the activity loss is lower for the

HDCl reaction. In Fig. 8 it can be observed that PCBs con-

version reached at 2 h varies with support composition in a

wide range. Thus, high catalytic activity (49 % of PCBs

conversion) is reached for the catalysts supported on (Si/Al)-

MCM-41(20). PCBs conversion of NiMo catalyst supported

on (Si/Al)-MCM-41(40) is lower and equal to that of the

catalyst supported on the pure silica support (34 %). The

commercial NiMo/Al2O3 catalyst shows the lowest HDCl

conversion (8 %). Elsewhere [18–22] it has been reported

that the commercial-like CoMo and NiMo catalysts sup-

ported on alumina are very effective catalysts for HDCl of

BPCs, hence, the inclusion of MCM-41 type supports has

improved significantly the HDCl catalytic properties. This

considerable improvement would be the result of a more

uniform pore size distribution with larger pore diameters,

favoring the diffusion into the porous system of the big PCBs

molecules. For the case of the smaller thiophene molecule,

employed in this work for the HDS experiments, no such

effect is observed but it would be more noticeable if bulkier

benzo- and dibenzothiphenes were emoployed as feeds.

The HDCl activity trend with the change of the Al

content of the MCM-41 support is different than that

observed above for HDS. Thus for the highest Al content

the maximum HDCl conversion was observed, while the

support with lower Al content shows a similar conversion

than the siliceous material. This suggests that the NiMoS

active phases behave distinctly for either reaction.

It is known that the HDCl of PCBs occurs through several

consecutive reaction steps each of them determining the

substitution of a single chlorine atom [6, 18–21]. When

Al-atoms are incorporated into the MCM-41-support, the

amounts of HDCl products increase, probably because of

better dispersion of the MoS2 active phase. Additionally, for

the NiMo catalysts supported on (Si/Al)-MCM-41(20) it was

observed the preferential formation of the hydrogenated

isomers (chlorocyclohexyl-chlorobenzene) of the dichlori-

nated BPCs (Table 2). This observation points out the

bifunctional character of these active catalysts. Both types of

sites, coordinatively unsaturated sites (CUS) of the NiMoS

active phase and Brønsted acidic protons of the support,

participate in the catalytic transformations of PCBs. The

Brønsted acid site isomerizes the PCBs changing the position

of the chlorine substituent in the molecule. This reduces the

steric hindrance of chlorine groups and makes the following

dechlorination on CUS more facile. In addition, the better

dispersed NiMoS phases in the highest Al content support

favour the hydrogenation of the aromatic cycle. Therefore,

high catalytic performance of these catalysts in HDCl of

PCBs can be attributed to the synergism between both types

of active sites.
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Fig. 7 Thiophene HDS over MCM-41 supported NiMo catalysts
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Fig. 8 HDCl of Aroclor� 1242 over MCM-41 supported NiMo

catalysts

Table 2 Selectivity to dichlorinated products of HDCl

Sample % Selectivity

CCH-CB DCBP

NiMo/Si-MCM-41 8.6 0.4

NiMo/Al-MCM-41(20) 14.0 1.5

NiMo/Al-MCM-41(40) 9.1 3.0

CCH-CB chlorocyclohexyl-chlorobenzene, DCBP dichlorobiphenyl
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4 Conclusions

A facile synthesis method for MCM-41 materials, which

does not involve hydrothermal treatments, has been

employed to synthesize both siliceous and silico-aluminous

supports for HDT catalysts. It has been found that varying

Si/Al ratios lead to different reactivities in HDS and HDCl,

likely as result of distinct characteristics of the active

phases on the supports. Thus, the NiMo/(Si/Al)-MCM-

41(40) material showed the highest conversion levels of

thiophene HDS, while the NiMo/(Si/Al)-MCM-41(20) one

was the most effective for BPCs HDCl.
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