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Abstract

Rhodium containing mesoporous siliceous materials with MCM-41 pore architecture have been prepared via a template directed hydrolysis-
polycondensation of tetracthoxysilane and rhodium(III) chloride in aqueous ammonia. The effect of aging and hydrothermal conditions on rhodium
incorporation and on the porous structure of the resulting solids has been examined using elemental analysis, powder X-ray diffraction (XRD),
N, sorption measurements and transmission electron microscopy (TEM). Optimized synthetic conditions afforded MCM-41 materials with Si/Rh
1400 and 120. Subsequent reduction of rhodium oxides species by hydrogen emphasized that the growth of Rh° particles (2—3 nm) is controlled by
the porosity of the support. The conditions and efficiency of this step were evaluated through H,-TPR (temperature programmed reduction) and IR
monitored CO adsorption studies. The resulting materials showed a good catalytic activity and stability in the hydrogenation of arene derivatives
under mild pressure and temperature. Cis/trans selectivity of dimethylcyclohexanes was discussed in the light of dispersion measurements.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Silica or aluminosilica materials with an hexagonal struc-
tured mesopore network like MCM-41 or SBA-15 have been
extensively studied since the first reports dealing with their syn-
thesis [1,2]. Their high specific surface area, porous volume and
adjustable pore size diameter make them ideal supports for the
preparation of highly dispersed heterogeneous catalysts [3,4]. To
meet this goal, various heteroelements and mainly metals have
been introduced in order to get active materials in acid [5], oxi-
dation [5,6] or hydrogenation reactions [5]. Zero-valent metals
including rhodium are usually incorporated via salt precursors
which are reduced in situ. Particle growth during the reduction
process is thus expected to be limited due to the confinement of
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the metal inside the mesopore channels [7]. Synthetic pathways
involving mesoporous silica or aluminosilica described up to
now are mainly based on impregnation processes [8—11] or ion
exchanges between rhodium(III) species and protons [10,12,13].
Grafting of Rh complexes through organic linkers [14-20] has
also been investigated. However, less studies are concerned by
the addition of rhodium salts into the synthesis gel of meso-
porous solids [21-23] or xerogels [24,25]. Rh heterogeneous
catalysts are usually tested either in gas/solid or liquid/solid
hydrogenation [13-16,18,21,22], hydroformylation [17,18,26]
reactions or in pollutants removal [10,12].

In this work, we describe the incorporation of Rh(IIl) into a
siliceous MCM-41 via a sol-gel pathway in aqueous ammonia
and the reduction of the resulting Rh oxides into Rh(0) parti-
cles. The active phase will be characterized by IR monitored CO
adsorption and hydrogenation tests performed under mild condi-
tions. The present study takes part to our effort to develop simple
inorganic heterogeneous Rh(0) catalysts for liquid phase hydro-
genation of arene derivatives [27,28]. Such solids could be used
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for the reduction of aromatic content in oils [21,22] as well as
for the conversion of phenol into a cyclohexanol/cyclohexanone
mixture which is the starting material for adipic acid synthesis
[29]. Furthermore, partial incorporation of the particles in the
walls of the mesopores could lead to a better anchorage of the
catalyst and induce unusual selectivities.

2. Experimental
2.1. Materials

RhO,-MCM41 materials, denoted RhO,-M, were prepared
by modifying the method described for pure silica MCM-
41 reported by Brithwiler and Frei [30]. The chemicals
used were: cetyltrimethylammonium bromide (CTAB, Aldrich),
tetraethoxysilane (TEOS, Fluka), aqueous ammonia (30 wt.%
NHj3, Carlo/Erba) and rhodium chloride hydrate (RhCl3-xH;O,
% Rh=40.79, x=2.25, Strem chemicals).

CTAB (2.2 g) was dissolved under slight warming (308 K)
in a mixture of 52mL of distilled H,O and 24 mL of aque-
ous ammonia. Rhodium chloride hydrate was introduced into
the solution which was stirred for 15 min until it became clear.
Then, 10 mL of TEOS were slowly added. The resulting gel
composition was 1510;:0.13CTAB:yRh:8.4NH3:83H>0. The
gel was aged for t;=3h (or 24h) at room temperature, then
transferred into a Teflon® bottle and was hydrothermally treated
at T, =383 K (or 423 K) for #, =48 h (or 96 h). The solid product
was filtered, washed with distilled water, dried at 333 K for 24 h
and calcined in air, first at 573 K for 2 h then at 823 K for 12h
(heating rate was 2K min~1).

The desired catalysts Rh-MCM41, denoted Rh°-M, were
prepared by the reduction of the calcined solid RhO,-M in
the presence of Hj. In a typical experiment, the sample was
pre-heated under vacuum from 298 to 573 K (ramping rate:
60Kh™1). After cooling, Hp gas (flow 8.3 mLmin~!) was
passed through the sample while heating from 298 to 493 K
(ramping rate: 12Kh™!). The temperature was maintained at
493 K for 1 h and hydrogen gas was then evacuated. Finally, the
sample was further heated from 493 to 673 K (ramping rate:
60K h~!) and kept at 673K for 12h before cooling to room
temperature under vacuum.

2.2. Characterization

2.2.1. X-ray diffraction

The calcined or reduced samples were evaluated by powder
X-ray diffraction using a Bruker D8 Advance X-ray diffractome-
ter at Cu Ka radiation (A =0.15418 nm). PXRD measurements
were performed from 1° to 7° (20) in steps of 0.02° with a count
time of 6 s at each point.

2.2.2. Nitrogen sorption

The specific surface area, pore volume and pore diameter of
all calcined or reduced samples were determined from N sorp-
tion data obtained at 77 K using an ASAP 2010 micromeritics
instrument. Prior to the analysis, the samples were outgassed
at 473K until a stable static vacuum of 2 x 1073 Torr was

reached. The pore diameter and specific pore volume were cal-
culated according to the Barrett—Joyner—Halenda (BJH) model.
The specific surface area was obtained with the Brunauer—
Emmett-Teller (BET) equation.

2.2.3. Chemical analysis

Silicon and rhodium compositions of the various materials
were determined by ICPAES in the CNRS center at Vernaison
(France).

2.2.4. Transmission electron microscopy (TEM)

Transmission electron analyses were performed using a
JEOL TEM 100CXY electron microscope. The powdered sam-
ples were dispersed in ethanol and the resulting suspensions
deposited on a copper grid coated with a porous carbon film.

2.2.5. Temperature-programmed reduction (TPR)
measurements

TPR studies were carried out with a TPD/R/O instrument
(ThermoQuest) which consists of a cylindrical quartz micro-
reactor, a vertical furnace and a gas chromatograph equipped
with a thermal conductivity detector (TCD). A typical experi-
ment was conducted using 50 mg of RhO,-M. First, the reactor
was purged by passing He gas (10 mL min~") through the sample
at 323 K for 30 min. The treatment of the solid was carried out in
an oxygen gas flow (10 mL min~!) by heating the sample from
323 to 973 K (ramping rate: 20 K min~!), and keeping the final
temperature at 973 K for 1 h. The reactor was cooled to 323 K
before analysis. The thermoreduction process was performed
by passing a 5% Ha/Ar gas mixture (20mL min~!) through
the sample while heating from 323 to 773K (ramping rate:
5K min~). The final temperature was kept at 773 K for 30 min.

2.2.6. Infrared spectroscopy

IR spectra were recorded on a Nicolet Magna 550 FT-IR spec-
trometer (resolution: 4 cm™!, 128 scans). Samples were pressed
into pellets (ca. 20 mg for 2cm?) and activated at 423 K. The
solids were first heated under vacuum at 423 K (30 min). This
step was followed by a treatment in Hy (Peguilibrium = 13.3 kPa,
30min) and an evacuation (30 min) at 423 K before cooling
down to room temperature (RT). CO was introduced at RT and IR
spectra were recorded at different equilibrium pressures (from
26.6Pa to 4.0kPa). In the v(CO) region (2200-1750 cm™ ),
spectra were obtained by subtracting the spectra of activated
catalysts from those after CO adsorption.

The amount of CO involved in each of the observed
species, namely Rh!(CO); cations (gem-dicarbonyls), linearly
and bridged bonded CO on Rh?, was calculated from Eq. (1):

ey

where nco x (pwmol g~ 1 ) stands for the number of CO involved in
the species X, Ax the integrated absorbance (cm™!) of the bands
attributed to the species X, S the surface of the pellet (cm?), £CoX
the integrated molar absorption coefficient of CO (cm wmol~!)
for the species X and m is the weight (g) of the pellet. In order to
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evaluate the integrated absorbance of the bands characteristic of
the three CO adsorption states, spectra were curve-fitted keeping
the FWHM and the position of a given peak essentially constant.
Best fits were generally obtained with Gaussian peaks. The use
of aLorentzian profile did not significantly affect the quantitative
results. The different molar absorption coefficients (cm wmol~ 1)
were previously determined by Rasband and Hecker [31]:

£(CO, linear) = 13 =2cm Mmol_l;

£(CO,bridged) = 42 £ 6cm pdmolfl;

£(CO.gem) = 130 £ 50 cm pumol ™!

Based on the amount of CO adsorbed, the number of accessible

Rh atoms (nrp) was calculated using Eq. (2):

nCo,gem
2

This value was used to determine the dispersion percentage
(D) and the average particles size (/). The latter was calculated
assuming cubic shapes where only five of the six faces of the
cube are exposed to the gas phase.

@

NRh = NCO,linear T 21CO, bridged +

2.2.7. Catalytic tests

Rh%-M samples were used as catalysts in the hydrogenation
of different arene derivatives (styrene, o-, m- and p-xylene, phe-
nol) at room temperature using two sets of hydrogen pressure
(0.1 and 1 MPa). Whatever the conditions, the catalyst (50 or
100 mg) was dispersed in hexane (10 mL) under magnetic stir-
ring during 15 min prior to the introduction of the substrate
(100 equiv. metal~!). Products were quantified with n-decane
as internal standard using a Delsi Nermag gas chromatograph
equipped with a SPB™.5 capillary column and a FID detec-
tor. Recycling of the catalysts was tested by the renewal of the
substrate once it is consumed.

3. Results and discussion

Rhodium supported catalysts are very attractive for many
reactions as the production of adipic acid or the removal of
pollutants [10,12]. Many Rh-mesoporous systems have been
described up to now [8—13,21-23] but the combination of the use
of RhClj3 salt in aqueous ammonia with the subsequent reduc-
tion of Rh oxide as well as their use in the hydrogenation of
arene derivatives under mild conditions have not been explored.
The procedure retained was motivated by the fact that, unlike
aqueous Rh species, ammine Rh(II) complexes [32,33] are not

Table 1

reducible at 383 K by the ethanol [34,35] formed during the
hydrolysis and condensation of TEOS.

All samples described in this work were obtained by a proce-
dure adapted from the preparation of Si-MCM41 according to
Briithwiler et al. [30]. The optimization of the synthesis condi-
tions has been achieved by varying the hydrothermal time and
temperature, as well as the aging time.

3.1. Characterization of the support and active phase

The reference synthesis involves an aging time of 3h and a
48 h-hydrothermal treatment at 383 K. Table 1 shows that, for
a molar ratio Si/Rh=80 in the reaction mixture, the obtained
value can vary in the range of 85-165 depending on the synthesis
parameters.

Sample RhO,-M(I) obtained under Briihwiler’s conditions
is characterized by slightly lower surface area and pore volume
than for pure Si-MCM41. The final Si/Rh value of the solid is
120. Indeed, the insertion of Rh(III) in the silica framework is
difficult due to size considerations (ionic radii of Rh3* and Si**
are 66.5 and 40 pm, respectively). The analysis of all the results
shows that the insertion of Rh(III) cation in the MCM-41 mate-
rial is facilitated by reducing the aging (¢,) and hydrothermal (#,)
times, and increasing the hydrothermal treatment temperature
Th (Table 1). However, at T, =423 K (RhO,-M(V)), one can
observe a significant decrease in surface area and pore volume.
It can also be noticed that partial reduction of rhodium(III) is
observed during the 423 K hydrothermal treatment.

Nitrogen sorption isotherms of Si-MCM41 and RhO,-M(I, II
and IIT) samples are characterized by a quite sharp inflection at
P/Py=0.2-0.35 (Fig. 1). As aresult, the corresponding materials
can be considered as MCM-41 solids. On the other hand, the high
incorporation of Rh in RhO,-M(IV) has led to the collapse of
the mesopore structure. Moreover, the isotherms of all RhO,-
M samples as well as those of the parent one present a large
type H4-hysteresis loop at P/Py between 0.5 and 1.0. This could
indicate the existence of some structural void defects [36,37].
According to Lin et al. [36], the size and shape of these voids
are mainly affected by the Si/heteroelement ratio and the water
content in the synthetic gel. It can be noticed that RhO,-M(I) is
characterized by the smallest H4-hysteresis loop.

Powder XRD patterns of RhO,-M(I-III) samples show the
strong reflection typical for the (1 0 0) plane of MCM-41 (Fig. 2).
Secondary peaks are also well-resolved indicating long range
ordering of the hexagonal mesopore structure. RhO,-M(V) is
definitely not a structured mesoporous material.

Influence of the synthesis parameters on the composition and textural data of RhO,-M (Si/Rh =80 in the initial reaction mixture)

Sample Aging time, t, (h) Hydrothermal conditions Rh (wt.%) Si/Rh Surface area Pore volume Pore diameter
(mol/mol) (m? g’l) (cm? g’l) (nm)
1 () Ty (K)
Si-MCM41 3 48 383 - - 800 0.70 2.6
RhO,-M(I) 3 48 383 1.30 120 720 0.64 2.8
RhO,-M(II) 24 48 383 1.05 150 640 0.62 3.1
RhO,-M(III) 3 96 383 0.95 165 600 0.51 2.9
RhO,-M(1V) 3 48 423 1.80 85 260 0.17 52
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Fig. 1. Nitrogen adsorption/desorption isotherms of silica MCM-41 and RhO,-
M(-1V) samples (Si/Rh =280 in the initial reaction mixture): (—) Si-MCM41,
(A) RhO,-M(1), () RhO-M(II), (x) RhO,-M(III), and (O) RhO,-M(V).

As a result of the preliminary study, synthetic conditions of
sample RhO,-M(I) were retained and the validity of the “one-
pot” procedure was further investigated by expanding the range
of Si/Rh ratio. New samples (RhO,-M(I)/experimental Si/Rh
ratio), were thus obtained with Si/Rh values between 70 and
1400. Whatever the amount of rhodium introduced, XRD pat-
terns are typical of hexagonal MCM-41 (Fig. 3). As expected,
increasing amounts of Rh lead to the gradual decrease of the
intensities of each peak. Indeed, the reflections corresponding
to the (1 10) and (200) planes cannot be easily discerned for
RhO,-M(I)/70 indicating that it is much less structured than
other samples.

Nitrogen adsorption—desorption isotherms of the different
solids are still characteristic of MCM-41 with more or less
structural defects (Fig. 4). As long as the effective rhodium
content is low (Si/Rh>120), i.e. RhO-M(1)/1400 and RhO,-
M(I)/330 samples, it appears that the textural parameters are
similar (+5%) to those of the pure silica material Si-MCM41
(Table 2). More significant changes (—10 to —25%) are observed
for RhO,-M(1)/120 and RhO,-M(I)/70. The decrease of the BET
surface area and pore volume is the result of the perturbations
of the self-assembly of surfactant aggregates due to the incor-
poration of bigger amounts of metal during the co-condensation

(@)
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Intensity (a.u.)

26 (degree)

Fig. 2. Small angle X-ray diffraction patterns of RhO,-M(I-IV) samples
(Si/Rh =80 in the initial reaction mixture): (a) RhO,-M(I), (b) RhO,-M(II),
(c) RhO,-M(III), and (d) RhO,-M(V).
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Fig. 3. Small angle X-ray diffraction patterns of silica MCM-41 and RhO,-
M() samples vs. Rh loading: (a) Si-MCM41, (b) RhO,-M(I)/1400, (c) RhO,-
M(1)/330, (d) RhO,-M(1)/120, and (e) RhO,-M(1)/70.

process. Whatever the sample, the mean porous diameter does
not seem to change significantly.

Air-calcined rhodium containing RhO,-M(I) solids have
been converted at 493 K (see Section 2.1) to Rh®-M(I) using
H» as a reducing agent. The treatment conditions used have
been established in accordance with the results of temperature
programmed reduction studies (Fig. 5). The different solids are
reduced at a temperature lower than 450 K. Excepted for RhO,-
M(I)/1400, the reduction profiles are characterized by a main
peak at 370 K and a minor one at 416 K, respectively. Given that
Rh(IIT) species are relatively easier reduced compared to lower
oxidation states, the first peak might be attributed to RhyOs.
As a consequence, the second one might be assigned to Rh,O
and RhO [38]. The occurrence of two signals can also be inter-
preted by differences in the location and/or in the sizes of RhyO3
particles [23].

Nitrogen sorption data of Rh°-M(I) and RhO,-M(]) indicate
that the reduction process does not affect strongly the textural
parameters of the solids (datanot shown). The intensities of XRD
reflections are also comparable but the diffraction peaks of the
reduced samples are shifted to lower angles. For example, values
of the hexagonal parameter, ap, of RhO-M(I)/ 120 and RhO,-
M(1)/120 are 4.95 and 4.7 nm, respectively. This implies that

(=)
[=
(=]

500

400 1
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200

Adsorbed volume (cm’ g" STP)
8

0 0.2 04 0.6 0.8 1
P/P,

Fig. 4. Nitrogen adsorption/desorption isotherms of silica MCM-41 and RhO,-
M() samples vs. Rh loading: (—) Si-MCM41, (|) RhO,-M1)/1400, ((J) RhO,-
M(1)/330, (A) RhO,-M(1)/120, and (O) RhO,-M(1)/70.
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Table 2

Influence of the Si/Rh initial ratio on the composition and textural data of RhO,-M(I) samples

Sample Si/Rh (M) Rh (wt. %) Surface area (m? g_l) Pore volume (cm?® g_l) Pore diameter (nm)
Si-MCM41 - - 800 0.70 2.6
RhO,-M(1)/1400 1400 0.10 850 0.75 29
RhO,-M(1)/330 330 0.50 800 0.68 2.7
RhO.-M(1)/120 120 1.30 720 0.64 2.8
RhO,-M(I)/70 70 2.05 600 0.48 2.7

the wall thickness of MCM-41 increases during the reduction
step.

TEM images of Rh’-M(I)/120, Rh%-M(I)/330 and Rh®-
M()/1400 (Fig. 6) indicate that channels are still structured.
Dispersed particles of rhodium(0) are observed inside the
pores of Rh°-M(I)/120 and Rhg—M(I) /330. Their average size
(2-3nm) is very close to the pore diameter of MCM-41, thus
evidencing the influence of the support in the control of par-
ticles growth. TEM analysis of Rh®-M(I)/1400 revealed fewer
particles with a 4 nm-mean diameter.

Carbon monoxide adsorption followed by infrared spec-
troscopy is a powerful tool for the characterization of supported
metal particles [39]. Indeed this technique provides informa-
tion about the oxidation degree of rhodium [40]. The higher the
metal oxidation state, the higher the frequency of adsorbed CO.
Quantitative treatment of the adsorption data leads also to the
evaluation of the number of metal atoms which are accessible
to the gas [31] and hence to the determination of the metal dis-
persion and the average size of the particles.

The IR spectra of CO adsorbed on the samples Rh%-M(1)/120,
Rh)-M(1)/330 and RhY-M(1)/1400 under an equilibrium CO
pressure of 1.33 kPa exhibit three main bands situated at 2092,
2070, 2040 cm™! and a broader one around 1960-1800cm™!.
According to the literature, the band at 2070 cm~! could be
attributed to CO linearly bonded to Rh® atoms [40,41]. Evolution
of the broad band with increasing amounts of CO (spectra not
shown) suggests the presence of two components centred at 1915
and 1880cm™! (Fig. 7). These latter have been attributed to
bridged CO adsorbed on different crystallographic plans of Rh
particles [42]. Bands at 2092 and 2040 cm~! can be assigned
to symmetric and anti-symmetric stretching vibration modes of

(d)

| (©)
)

(a)

H, consumption (a.u)

323 373 423 473 523 573 623 673 723 773
Temperature (K)

Fig. 5. H,-TPR profiles of RhO,-M(I) samples: (a) RhO,-M(I)/1400, (b) RhOx-
M(D)/330, (¢) RhO,-M(1)/120, and (d) RhO,-M(I)/70.

50 nm

Fig. 6. Transmission electron micrographs of (a) RhO-M(1)/120, (b) RhO-
M(D)/330, and (c) Rh-M(I)/1400 samples.



96 M. Boutros et al. / Journal of Molecular Catalysis A: Chemical 259 (2006) 91-98

20|7'0

Absorbance (a.u)

T T T
2000 1900 1800

Wavenumbers (cm-')

T T
2200 2100

Fig. 7. IR spectra of CO adsorbed onto Rh%-M(I) samples: (a) Rh-M(I)/1400,
(b) Rh%-M(1)/330, and (c) Rh®-M(1)/120. (Spectra measured and normalized to
100 mg of powder under a CO equilibrium pressure of 1.33 kPa.)

gem-dicarbonyl species (i.e. RhL(CO),), respectively [40]. The
absence of bands at higher frequencies (>2092cm™!) proves
that Rh-M(I) samples do not contain Rh?* or Rh3* ions.

The evolution of the amount of CO involved in each of the
three adsorption states (linear, bridged and gem) (Fig. 8) shows
that the number of all rhodium species progressively increases as
a function of the Rh loading. According to these results, most of
the CO are bonded to Rh°. The weak proportion of Rh! species
indicates that reduction of Rh** to zero-valent Rh is complete at
423 K under H».

40
50
30 - 30 &
s
£
=
S
=
10

ne, (umol g)
=)
(=)
(=]

0 0.2 0.4 0.6 0.8 1.0 1.2 14
Rh (wt. %)

Fig. 8. Evolution of the amount of CO (nco) involved in linear (M), bridged
(O), gem (@) adsorption states vs. Rh loading. Inset: Total number of Rh atoms
(nRrp) accessible to CO molecules (O) vs. Rh loading. (Error bars are linked to
the accuracy of the eco x values.)

Table 3
Amount of accessible Rh atoms (nRp), dispersion percentage (D) and average
particles size (/) of the RhO-M(I) samples

Sample Rh (wt.%)  ngp (umolg™!)  D? (%) I® (nm)

RhO-M(I)/1400  0.10 2.6 +£05 244442 39407
RhO-M(D)/330  0.50 20.7 + 3.3 426+69 23+04
RhO-M()/120  1.30 482 + 7.7 3854+ 62 25+04

# D= (nRrn/NRh tota) X 100.

b I = 5[mgu/(nRuNaprhor)], Where mgp: Rh weight per gram of catalyst (g);
Na: Avogadro’s number; prp: Rh density (1.24 x 10-20 gnm_3); ORnh: surface
occupied by one Rh atom (0.072 nm?).

The quasi-linear increase of the number of Rh atoms acces-
sible to CO versus Rh loading suggests a similar Rh dispersion
on all samples (Fig. 8 inset). Indeed, dispersion values for Rh’-
M(I)/120 and Rh°-M(I)/330 are close to 40% which is in good
accordance with values for other silica supports [43]. The Rh
dispersion mesurement in RhO-M(I)/1400 is less accurate due
to the weak absorption bands of CO. Its low value could be
associated to the aggregation of particles during the reduction
treatment (Table 3). The average particle sizes calculated from
CO adsorption, assuming cubic shapes, are in good agreement
with those determined from TEM images. According to IR and
TEM results, it can be deduced that all the Rh is incorporated
in relatively small particles exposed to the gas phase. Thus, the
presence of Rh embedded in the wall of the mesoporous silica
and then inaccessible to the probe molecules can be ruled out.

3.2. Catalytic performances of the materials

Catalytic hydrogenation of different arene derivatives
(styrene, xylenes and phenol) has been performed with RhO-M(I)
solids in hexane at room temperature. The tests were carried out
either under 0.1 or 1 MPa H (Table 4). Complete hydrogenation
of the aromatic rings occurred in all the conditions. Quasi-
quantitative (90-100%) yields of products have been obtained
under atmospheric hydrogen pressure within 24 h whereas a
complete conversion has been reached in all cases under 1 MPa
in less than 3 h. Results are similar for Rh-M(I)/330 and Rh°-
M(I)/120, the two catalysts being tested with substrate/Rh = 100.
The catalysts could be reused for a second run without loss of
activity. In the case of styrene, hydrogenation of the vinyl sub-
stituent occurred before that of the phenyl ring. Products with
partially hydrogenated benzenic rings could not be detected
excepted for the test with phenol. In this last case, the com-
pletion of the reaction (i.e. 100% cyclohexanol) under 1 MPa
was obtained after 2.8 h. The detailed kinetic profile (not shown
here) indicates that the intermediate, cyclohexanone (2 mol of
H> consumed per mole of phenol), can be obtained in signifi-
cant amounts. Its yield rises up to 45% at 0.5 h. As a result the
cyclohexanone/cyclohexanol ratio is close to 50/50 before 0.5h
and slowly decreases to 0/100.

Hydrogenation of disubstituted benzene derivatives such
as xylenes is very informative. Whatever the xylene isomer
considered, the selective formation of the thermodynamically
less favourable cis dimethylcyclohexanes products is observed.
Hydrogenation of the more symmetrical isomer, p-Xylene, turns
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Table 4
Hydrogenation of typical arene derivatives
Substrate Catalyst Products Cis/trans selectivity (%) Py, (MPa) Reaction time (h) Yield (%)
RhO-M(1)/330 - 0.1 24 92
Styrene RhO-M(1)/330 Ethylcyclohexane - 1 1.2 100 (100)*
RhO-M(1)/120 - 0.1 24 94
RhO-M(1)/330 76/24 0.1 24 100
RhO-M(I)/330 . 81/19 1 0.7 100 (100)*
m-Xylene RhO-M /120 1,3-Dimethylcyclohexane 76/24 0.1 24 100
RhO-M(1)/120 80/20 1 0.5 100 (100)*
o0-Xylene RhO-M(1)/330 1,2-Dimethylcyclohexane 89/11 1 0.75 100 (100)*
p-Xylene RhO-M(1)/330 1,4-Dimethylcyclohexane 72/28 1 0.75 100 (100)*
Cyclohexanol 55 (100)°
0 _
Phenol Rh™-M(1)/330 Cyclohexanone ! 05@28) 45 (0)°

Catalyst (50 mg and 100 mg at P=0.1 and 1 MPa, respectively), substrate/Rh =100 (molar ratio), hexane (10 mL), temperature (293 K).

2 Yield of the second run after a new loading in substrate.
Y Yields of products after 2.8 h.

out to be the less selective transformation in agreement with
the results of other catalytic systems [44,45]. Selective for-
mation of cis products is also reported by literature data
on rhodium-catalyzed hydrogenation reactions performed with
homogeneous [46], biphasic [44,46,47], gas/solid [48,49] and
liquid/solid [50,51] catalytic systems. Formation of the cis iso-
mer is generally interpreted as the addition of six hydrogen atoms
from the metal surface to the aromatic ring. Trans compounds,
commonly observed as minor products, are related to the out-
come of the partially hydrogenated intermediates. Precisely, they
are formed when a dimethylcyclohexene derivative dissociates
from the catalyst surface and then re-associates with the oppo-
site “face” before further hydrogenation. Whatever the isomer of
xylene considered, it can be noticed that the values of cis/trans
ratio are higher than unity and increase with hydrogen pressure.
This suggests that trans products are formed through the “roll-
over” mechanism. Dimethylcyclohexenes would isomerize on
the surface, roll over and be hydrogenated to give trans deriva-
tives. Such reaction scheme is in agreement with the absence of
dimethylcyclohexenes in the liquid phase [48]. It is interesting to
note that similar cis/trans ratio of 1,3-dimethylcyclohexane were
obtained for Rh®-M(I)/120 and Rh?-M(1)/330. These results,
which need further confirmation, could be associated with their
similar values of Rh dispersions (40%) (vide supra). Indeed,
various studies dealing with the gas-phase hydrogenation of
xylene showed that metal dispersion could influence the cis/trans
dimethylcyclohexane ratio [48,49,52].

4. Conclusion

The present work reports on the synthesis of MCM-41 type
mesoporous solids by the co-condensation of rhodium(III) chlo-
ride and tetraethoxysilane in aqueous ammonia. Preliminary
studies were performed to optimize the synthesis conditions
(aging time, hydrothermal time and temperature) in order to
get a good compromise between the mesopore structuration and
rhodium contents of the resulting solids. RhO,-M(I) materials
witha MCM-41 type structure and an effective Si/Rh molar ratio
between 120 and 1400 have thus been obtained.

The procedure used allowed the synthesis of RhO,-M(I)
and the corresponding Rh%-M(I) samples in two distinct
steps. Similarities between the mesopore diameters and the
rhodium particle sizes are compatible with the control of the
particle growth by the silica support. The efficiency of Rh(III)
reduction and the size of the nanoparticles are confirmed by
IR monitored CO adsorption data. RhO-M(I) materials with
metal dispersion value of 40% turned out to be interesting
heterogeneous catalysts for the hydrogenation of different arene
derivatives at room temperature under mild hydrogen pressures.
Complete hydrogenation of the aromatic rings occurred in all
the conditions. Xylene isomers are mainly converted to cis
dimethylcyclohexanes with values of the cis selectivity between
70 and 90%. Rhodium (0) particles formed inside MCM-41
materials lead to an efficient and reusable catalytic system.
Further studies are in progress in order to precise the role of the
metal environment on the selectivity.
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