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a b s t r a c t

Rhodium composite nanomaterials were synthesized by an innovating process called dry impregnation in
a fluidized bed. It consists in spraying an aqueous colloidal suspension of rhodium on silica porous parti-
cles. The use of this precursor solution containing preformed nanoparticles avoids calcination/activation
step.

Different composite nanomaterials were prepared displaying various metal loadings. The operating
conditions were tuned to modify �s, the solvent vapour saturation rate value, in order to influence the
deposit location: either uniform on the whole silica particles or at the particles surface like a coating. �s is
defined as the ratio between solvent content in the bed atmosphere and the maximum solvent content.
perating conditions
upported catalysts
romatic compounds
ydrogenation

The obtained samples were investigated in catalytic hydrogenation of aromatic compounds under very
mild conditions. Their catalytic performances were compared to those of the original colloidal suspension
in one hand and of a similar catalyst prepared through wet impregnation in another hand. Interesting
activity and selectivity were observed.

This illustrates the interest of the dry impregnation method: this way allows an easy control of the
metal loading as well as of the metal loading location in the support particles. Moreover, the support
particle size and morphology are preserved.
. Introduction

The interest in metal nanoparticles for applications in catalysis
s now well-known [1–4] and mainly results from their high specific
urface area due to their small size giving rise to high active sites
umbers. Metal nanoparticles are generally considered as species
t the frontier between homogeneous and heterogeneous catalysts.
rom this particular matter state, catalytic specificities, which are
ot offered by classical catalysts, could be expected and several sys-
ems are now available in the literature illustrating their particular
ehaviour [5–7].

The preparation of metallic nanospecies in liquid-phase is possi-

le through various chemical syntheses and the reduction of metal
alts in aqueous media is one of the most known methods [8].
or example, colloidal suspensions of rhodium can be prepared by
hemical reduction of RhCl3 and stabilized by highly hydrosolu-
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ble quaternary ammonium salts and they have proved to be active
catalysts for hydrogenation of various aromatic compounds [9].
Nevertheless, colloidal suspensions display some disadvantages as
their lack of stability at elevated temperatures (agglomeration is
often observed at temperature higher than 100 ◦C) or their recycling
with soluble products. It appears then clearly that the deposition of
metal nanoparticles onto a support would circumvent these draw-
backs and afford the advantages of traditional supported catalysts.
The way followed to prepare supported nanocatalysts is generally
the wet impregnation method [10]. It consists in the immersion of
the chosen support in a colloidal suspension under stirring to favour
the diffusion of the nanoparticles inside the support grains. This
technique is easy to carry out but can present some weak points
such as: loss of precursor, reduction of the support particle size
(most of the porous supports, prepared by sol–gel process, disag-
gregate in solution under stirring) and dependence of the deposit

location on the physico-chemical properties of the solution-support
couple.

Taking into account these different points, the preparation
of supported catalysts following a dry impregnation method
appears as an interesting alternative technique. The preparation of

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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depending on the metal precursor nature. The reactor is a stain-
less steel conical column with a 30 mm base diameter, a 112 mm
top diameter and 300 mm in height (Fig. 2). Its dimensions make
it possible to reduce the metal precursor consumption and the
impregnation time since it operates at laboratory scale (production

Table 1
Physical and hydrodynamic characteristics of the silica particles used as supports.

Characteristics Si 120 Si 80

Mean diameter dp (�m) 120 80
Pore diameter d (nm) 5.5 5.4
L. Barthe et al. / Chemical Engi

omposite nanomaterials by dry impregnation in a fluidized bed
as been developed by [11]. Its principle consists in spraying a solu-
ion containing a metal source into a hot fluidized bed of porous fine
articles. After the impregnation step, metallic precursor decompo-
ition and/or activation can be performed in the same apparatus. Up
o now, this technique has been successfully applied using solutions
f metal salts (iron, manganese and copper nitrate) or organometal-
ic complexes (bis(dibenzylidene)palladium, [Pd(dba)2] or pal-
adium allyl chloride [PdCl(allyl)]2) as metal sources. Most
articularly, the deposition of metal salts gave rise to interesting
omposite nanomaterials displaying catalytic properties [12].

This dry impregnation technique offers several advantages. For
xample, the whole sprayed metal precursor is deposited and
he metal loading is thus controlled by the impregnation time.

oreover the initial size of support grains is conserved. But, its
ajor advantage concerns the deposit location that can be ori-

nted depending on the targeted composite nanomaterials [12,13].
ndeed, previous works with metal complexes showed that a com-
etition between two phenomena, the drying and the capillarity,
ontrols the deposit location. An adequate choice of operating con-
itions (bed temperature, liquid and fluidization gas flow rate),
therwise the appropriated values of �s, the solvent vapour sat-
ration rate, and IM, the impregnation module, permit to predict
he deposit location. �s is defined as the ration the ratio between
olvent content in the bed atmosphere and the maximum solvent
ontent. IM is defined as the ratio between a drying characteristic
ime, tdry, and a capillary penetration time, tcap.

tcap, the time necessary for liquid penetration in the pores, can
e estimated from the following equation taken from the model of
he parallel capillary beam [14]:

cap = 2�x2

�LV cos �rpore
(1)

here � is the liquid viscosity, x the pore length equivalent to the
adius particle multiplied by the tortuosity factor, �LV the interfacial
ension, � the contact angle and rpore the pore radius.

tdry, the time necessary for a particle saturated by pure sol-
ent to be transformed into a dry particle under defined fluidized
ed conditions (temperature and humidity). The calculation of this
haracteristic time is based on the mass and energy balances on
single wetted particle considering that the mass transfer is con-

rolled by external resistance (gas phase). The model’s equations
escribed in previous works [13,15] lead to this last equation:

dry = dp��s

6ky(Yi − Ȳ)
(2)

here dp is the particle diameter, � the internal support porosity,
s the solvent density, ky the overall mass transfer coefficient, Ȳ

he average solvent content in the bed atmosphere determined by
verall mass balance on the reactor, and Yi the absolute solvent
ontent at the interface (depending on the particle temperature
nd humidity [13]).

According to these two parameters, homogeneous deposit of
anoparticles is located inside or at external surface of the support.
or example, in the case of dry impregnation of fine silica particles
y an iron nitrate aqueous solution, our experimental results show
hat soft drying conditions (�s ≥ 0.2 and IM ≥ 30) lead to a homo-
eneous deposit while under fast drying conditions (�s < 0.2 and
M < 30), the deposit is located at the particle external surface.

After these findings, a new challenge for us consisted in the

se of aqueous colloidal solutions containing preformed metal
anoparticles to check the applicability of our process to another
etal source. This approach using metallic nanospecies could be

romising since it avoids thus the necessary step of decomposi-
ion/activation of metal complexes. Nevertheless, this project was
g Journal 151 (2009) 372–379 373

ambitious because no deposition of colloidal solution was known
in the literature and this could present some technical difficulties.

This paper describes the dry impregnation of fine porous sil-
ica particles by a rhodium colloidal suspension. The so-prepared
samples were characterised to follow the impregnation kinetics
and check the metal deposit location. Finally, the activity of these
composite nanomaterials was compared to that of colloidal suspen-
sion on one hand and to that of similar catalysts prepared with the
same materials (colloidal suspension and support) by classical wet
impregnation on the other hand.

2. Methods and materials

2.1. Starting materials

2.1.1. Metal source
Rhodium chloride hydrate was obtained from Strem Chemicals.

Sodium borohydride and all aromatic substrates were purchased
from Aldrich or Fluka and were used without further purification.
Water was distilled twice before use by conventional method. The
surfactant HEA-16Cl was prepared as previously described in the
literature [16].

2.1.2. Solid supports
Fine porous silica particles of two different sizes but with similar

physical properties were used as catalysts support (silica gel Merck
60). Their average pore diameter was 5.5 nm. Their other physical
and hydrodynamic characteristics are listed in Table 1.

2.2. Experimental procedures

2.2.1. Preparation of rhodium colloidal suspensions
The rhodium colloidal aqueous suspensions containing rhodium

(0) nanoparticles were prepared as previously described (Fig. 1a)
[17]. More precisely, sodium borohydride (36 mg, 9.5 × 10−4 mol)
was added to an aqueous solution of N,N-dimethyl-N-cetyl-N-(2-
HydroxyEthyl)Ammonium chloride salts, namely HEA16Cl (95 mL,
7.6 × 10−3 mol L−1). This solution was quickly added under vigor-
ous stirring to an aqueous solution of the precursor RhCl3.3H2O
(100 mg, 3.8 × 10−4 mol). The initial red solution darkened imme-
diately, proving the formation of the aqueous Rh(0) colloidal
suspension. Transmission Electron Microscopy (TEM) images
revealed well-dispersed rhodium nanoparticles (Fig. 1b) with a
mean size of 2.4 nm (Fig. 1c). It was verified that such colloidal
solutions are stable for several months at room temperature.

2.2.2. Preparation of supported nanoparticles by dry
impregnation in fluidized bed (Dry Imp catalysts)

The experiments were carried out in a batch fluidized bed, allow-
ing syntheses under controlled atmosphere (inert or reductive)
pore

Specific surfaces Sbet (m2/g) 530 490
Pore volume Vp (cm3/g) 0.81 0.77
Internal porosity � (%) 60 58
Umf at 25 ◦C (minimum fluidization velocity) (m/s) 0.0035 0.0022
Ut at 25 ◦C (terminal velocity) (m/s) 0.23 0.15
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2.3. Characterization methods
ig. 1. (a) Preparation of surfactant-stabilized Rh(0) nanoparticles, (b) TEM obser-
ations of the colloidal suspension and (c) nanoparticles size distribution.

f catalyst: 30 to 100 g). The gas distribution at the column base is
nsured by a stainless steel perforated plate with a porosity of 0.5%
12 holes of 1 mm, organized according to a triangular mesh of 5

m). Before entering the bed, the fluidizing gas flow rate is mea-
ured by a rotameter and preheated by an electrical heater. The
ed temperature is controlled by means of a PID regulator which
ommands the furnace heating power. At the outlet of the col-
mn, the elutriated particles are separated from the gas phase by a
yclone.

The impregnating solutions are placed into two reservoirs, one
ontaining pure solvent for experiment starting, and the second
ontaining the metallic precursor solution. The solution is drawn

p by a volumetric pump from a reservoir to a spray nozzle. The
tomizer is a downward facing nozzle and is located in the bed.
emperature and pressure drop monitoring is achieved throughout
ll the impregnation.

Fig. 2. Experimental set up for rhodium nanop
g Journal 151 (2009) 372–379

The general experimental protocol is as follows:

• The column is initially charged with a given mass of porous silica
particles.

• The powder is fluidized by a fixed hot gas flow rate.
• The pure solvent (water in the present case) is sprayed within the

bed, at the same flow rate as the colloidal suspension.
• As soon as the bed temperature is stabilized, the solvent is

replaced by the solution containing metallic nanoparticles.

For all the experiments carried out, the solution flow rate (50 g/h)
and the support mass (30 g) were maintained constant. The fluidiza-
tion gas flow rate is adjusted according to the particles diameter
(0.8 m3/h when dp = 120 �m and 0.6 m3/h when dp = 80 �m). It
should be noted that the selected gas flow rate is about 10 times the
minimum fluidization velocity at 25 ◦C. For each experiment, the
bed temperature, the final metal loading, �s and IM are presented
in Table 2.

A study of the impregnation kinetics can be obtained from exper-
iments 1 to 4. The influence of the bed temperature parameter on
the rhodium nanoparticles dispersion in the porous silica particles
can be studied considering experiments 3 and 5 while the support
particle size effect can be determined from experiments 3 and 6.

2.2.3. Catalytic tests: hydrogenation of arenes
Catalytic reactions were carried out under mild conditions

(ambient temperature, 1 atm of H2). A 25 mL round bottom flask,
charged with silica-supported Rh(0) catalyst (1 g, 10 mL solvent)
and the appropriate aromatic substrate ([substrate]/[Rh] = 100), is
connected to a gas burette (500 mL) with a flask to balance pres-
sure. Then, the system is filled with hydrogen and the mixture is
magnetically stirred at 1500 min−1. The reaction is monitored by
gas chromatography analyses.
To determine the textural properties of the different sam-
ples obtained after impregnation of silica particles with colloidal
rhodium suspension, various characterization techniques were

articles deposition by dry impregnation.
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Table 2
Operating conditions used for the preparation of supported rhodium nanoparticles by Dry Impregnation in fluidized bed.

Dry Impregnation samples Particle diameter dp (�m) Bed temperature Tbed (◦C) Impregnation time (min) Final metal loading (%) �s IM

Dry Imp 1 120 45 23 0.02 0.77 400
Dry Imp 2 120 45 43 0.04 0.77 400
Dry Imp 3 120 45 108 0.08 0.77 400
Dry Imp 4 120 45 156 0.16 0.77 400
Dry Imp 5 120 106 108 0.08 0.01 28
Dry Imp 6 80 51 108 0.08 0.76 400

Table 3
Theoretical and experimental rhodium loadings for Dry Impregnation catalysts 1 to
4.

Dry Imp 1 Dry Imp 2 Dry Imp 3 Dry Imp 4

Theoretical rhodium 0.02 0.04 0.08 0.16
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xperimental rhodium
loading (%)

0.015 0.035 0.08 0.15

sed such as:

Laser granulometry (particles mean diameter and size distribu-
tion),
Helium pycnometry (apparent and real bulk density),
Mercury porosimetry (pore volume),
N2 adsorption–desorption (BET specific surface and pores size
distribution),
Transmission electron microscopy (TEM) (topology of the cata-
lysts and metal nanoparticles size)
Elemental analysis for metal content determination (metal load-
ing).

. Results and discussion

We have studied the influence of various parameters on the
orphological characteristics and the catalytic properties of solids

btained through dry impregnation.

.1. Morphological characteristics of the samples prepared by dry
mpregnation (Dry Imp catalysts)

.1.1. Kinetic study
Experiments 1 to 4 were carried out using different impregna-

ion times and constitute thus a kinetic study.
The first observation concerns the colour of the obtained com-

osite materials which is grey. Since silica particles have a white
olour and the colloidal suspension a black one, this grey colour
vidences that a metal deposit took place in the support grains.
o confirm that the whole sprayed rhodium nanoparticles were
eposited within the support, the solid metal loading was deter-
ined for all samples. The results are gathered and compared with

he theoretical values in Table 3.

The results show that the experimental loadings obtained are

ery close to the expected theoretical values. It thus appears that
ll the sprayed colloidal suspension was deposited in the support.
here is no metal loss. Therefore, at a given precursor concentration,
he spraying time determines the metal loading.

able 4
hysical properties of the virgin support and Dry Impregnation catalysts 1 to 4.

Silica Dry Imp 1

xperimental rhodium loading (%) 0 0.015
pecific surface Sbet (m2/g) 500 498
ore volume Vp (cm3/g) 0.81 0.80
Fig. 3. Pore size distributions obtained for pure silica and Dry Impregnation catalysts
2 to 4.

Two parameters could be controlled during the catalyst prepara-
tion. The impregnation module, IM, is defined as the ratio between
a drying time and a capillary penetration time. A solvent vapour
saturation rate is also considered, �s, defined as the ratio between
solvent content in the bed atmosphere and the maximum solvent
content. The experimental results show that soft drying conditions
(�s ≥ 0.2 and IM ≥ 30) lead to a homogeneous deposit inside the
support particles while under fast drying conditions (�s < 0.2 and
IM < 30), the deposit is located at the particle external surface.

For experiments 1 to 4, the solvent vapour saturation rate �s

is equal to 0.77 > 0.2 and the Impregnation Module IM is equal to
400 > 30, favouring an uniform deposit inside the support parti-
cles. To check that deposited nanoparticles are well dispersed on
all the support grains volume and that they remained individual
(no agglomeration), the samples were analyzed by granulometry.
It appears that the average diameter of the silica particles remains
the same and does not increase during the deposit. This indicates
that no agglomeration phenomenon took place. However, the quan-
tity of added metal being rather weak, it may be not detected by
granulometry that make it impossible to conclude on the deposit
location. It was thus necessary to use other techniques.

The porosity of the four catalysts has then been determined.
In spite of the small quantity of deposited rhodium, the results
presented in Table 4 show a tendency towards a reduction of the
specific surface (from 500 to 485 m2/g) and pore volume (from 0.81

to 0.75 cm /g). This leads to think that the metal deposit was carried
out in a homogeneous way within the silica grains.

This hypothesis was confirmed by analysing the evolution of the
pore size distribution for each rhodium loading (Fig. 3). The pattern
is not modified and the curves are very close.

Dry Imp 2 Dry Imp 3 Dry Imp 4

0.035 0.08 0.15
493 488 485

0.79 0.77 0.75
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The effect of the size of the silica particles can be determined
comparing experiments 3 and 6. The same operating conditions
were followed in these two experiments, using supports present-
ing the same characteristics (specific surface, pore volume, pore
ig. 4. (a) TEM micrograph (magnification: 200,000); (b) nanoparticles size distri-
ution for Dry Impregnation catalyst 3.

The different samples have also been observed by Transmis-
ion Electronic Microscopy after ultramicrotomy preparation to
heck rhodium nanoparticles dispersion. The analysis of various
ilica particles regions showed rhodium nanoparticles homoge-
eously dispersed in the support (Fig. 4a). From TEM micrographs
e could also determine the rhodium nanoparticles size distribu-

ion and their mean diameter by manual counting (Fig. 4b). The
ize distribution can be represented by a Gaussian model and the
hodium nanoparticles mean size is 5.5 nm (standard deviation
nm). After deposition, the rhodium nanoparticles have an aver-
ge size of around 5.5 nm corresponding to the silica pore average
iameter (5.5 nm). It seems thus that the pore diameter controls
he nanoparticles maximum size.

.1.2. Deposit location
The influence of the temperature of the fluidized bed on rhodium

anoparticles dispersion in the porous support was studied from
xperiments 3 and 5. The same colloidal suspension quantity was
prayed for these two experiments, but during experiment 5 the
alues of �s and IM were reduced to obtain a deposit on the silica
articles surface, like a coating. So, the fluidized bed temperature
as increased from 45 to 106 ◦C, which reduces �s from 0.77 to 0.01

nd IM from 400 to 28 (Table 2).
The samples obtained were analysed by elemental analysis. The

xperimental rhodium loadings are very close to the expected the-
retical values. This confirms the good deposit efficiency.

A granulometry analysis was carried out on the two solids. The
verage diameter of the silica particles is quite the same for the
wo samples, the difference being not significant. This result was
xpected as the deposit thickness at the particle surface would not
xceed 1 �m.

The porosities of the samples were also determined and com-
ared. The pore size distribution pattern is similar for the two
roducts and also close to the one of the virgin support (Fig. 5). For
he two impregnated solids, a very light reduction of the porosity
as observed, slightly more pronounced in the case of experiment
corresponding to �s and IM weak.

This is confirmed by the observation of a low reduction in pore
olume. In the same way, the specific surface decreases in a more
ignificant way when �s and IM are weak.

The different samples were also observed by Transmission
lectronic Microscopy after ultramicrotomy preparation to check
hodium nanoparticles dispersion. Sample 3 has been previously

escribed (see kinetic study and Fig. 4) for which a uniform dis-
ersion of the rhodium nanoparticles in the silica support was
bserved. Concerning Sample 5, at low magnification (×10,000),
dark zone has been observed on all silica particle circumference,
Fig. 5. Pore size distributions obtained for pure silica and Dry Impregnation catalysts
3 and 5.

Fig. 6a. Thus in this case, the deposit took place on the silica parti-
cles surface, forming a coating of approximately 500 nm thickness.
This was confirmed at higher magnification (×100,000), Fig. 6b. The
nanoparticles detected on the silica particles surface are individ-
ual nanoparticles (diameter around 5 nm), or assembled into small
agglomerates (size around 30 nm). No rhodium nanoparticles were
detected in the core of the silica grains.

3.1.3. Support particles size
Fig. 6. TEM micrographs for Dry Impregnation catalyst 3 (a) magnification 10,000
and (b) magnification 100,000.
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Table 5
Toluene hydrogenation in aqueous phase by various catalytic systems (Dry Impreg-
nation Catalyst 3, Wet Impregnation Catalyst and the colloidal suspension)a.

.

Entry Catalystb Time (h) Conversion ratec(%) TOFd (h−1)

1 Dry Imp 3 2.25 100 167
2 Wet Imp 2.5 100 150
3 Rh-HEA16Cl suspension 3.6 100 83

a Conditions: Catalyst Rh-SiO2 (1 g, 0.08 wt% Rh), toluene, [S]/[M] = 100, 10 mL
H2O, 1 atm H2, RT.

b Dry Imp and catalyst s prepared according to dry impregnation approach. Rh-

of the silica-supported nanoparticles, which constitutes one of the
main advantages of supported catalysts, in toluene hydrogenation
in hexane at 20 ◦C and 1 atm H2. The catalyst was easily recovered
after each run by simple filtration and dried at 60 ◦C before another

Table 6
Toluene hydrogenation by Dry Impregnation catalyst 3 in various solventsa.

Entry Catalystb Solvent nature Time (h) Conversion
ratec(%)

TOFd (h−1)

1 Dry Imp 3 Hexane 1.33 100 282
2 Dry Imp 3 Water 2.25 100 167
3 Dry Imp 3 Dichloromethane 5.5 27 18
L. Barthe et al. / Chemical Engi

iameter) but having different particle diameters (respectively 120
nd 80 �m).

The silica particles being finer, we had to decrease the fluidiza-
ion gas flow rate to get satisfying fluidization regime. This led to
reduction of heating by the gas used for solvent evaporation. To

ircumvent this lack, the temperature of the inlet gas and conse-
uently the bed one were increased, to maintain �s and IM at the
revious value.

The obtained product, Sample 6, was characterized by the same
echniques as those previously used. Results were perfectly identi-
al to those obtained for Sample 3:

All the metal sprayed is deposited. The operation efficiency is
about 100%.
The silica particles diameter is not affected significantly by
rhodium nanoparticles deposit.
Specific surface and pore volume decrease very slightly compared
to virgin support.
The pore size distribution pattern is the same before and after
deposit.
The TEM micrograph after ultramicrotomy revealed a good dis-
persion of the rhodium nanoparticles in the support grains.
The detected rhodium nanoparticle average size is around 5.5 nm.

Taking into account all these results, it appears that the support
article size modification (between 80 and 120 �m) does not affect
he rhodium nanoparticles deposit.

In conclusion of this part, we can say that the dry impregnation
echnique is very flexible. First, the metal loading can be fixed by
he spraying time. Secondly, the deposit location can be oriented by
hoosing correctly the operating conditions: the metal deposit can
e either only at the surface of the support particles like a coating or
omogeneously distributed on the whole particle volume. Finally,
he support particle size and morphology are preserved and the
ilica particles pore diameter controls the nanoparticle maximal
ize. The choice of the support is thus very important, at least in
he case of silica gel.

.2. Investigation in catalytic hydrogenation of aromatic
ompounds

The rhodium based composite nanomaterials prepared by dry
mpregnation in a fluidized bed (Dry Imp catalysts) as previously
escribed have been tested in catalysis. The hydrogenation of aro-
atic compounds has been chosen to evaluate these catalysts in

erms of catalytic performances in comparison with the original
olloidal suspension [16] and with similar catalysts obtained by
et impregnation method [10]. For that purpose, several parame-

ers have been evaluated in the hydrogenation of toluene as model
ubstrate. Then, based on optimized conditions, alkylated, func-
ionalized and disubstituted substrates have been studied to check
fficiencies of Dry Imp catalysts.

.2.1. Comparison of catalytic performances of rhodium colloidal
uspension, Wet Imp and Dry Imp catalysts in toluene
ydrogenation

The performances of a Dry Imp catalyst have been investigated in
oluene hydrogenation reaction in aqueous phase and compared to
hose of colloidal rhodium suspension [16] and a Wet Imp catalyst
10] already known. For this study, the selected catalyst is the solid
ry Imp 3, which presents the same rhodium content as the cata-
yst prepared by wet impregnation as well as that of the colloidal
uspension. The results are reported in Table 5.

This comparison evidences that higher activities are obtained
ith supported catalysts: a total conversion is obtained in 2.25 h

nd 2.5 h respectively with Dry Imp and Wet Imp catalysts against
HEA16Cl suspension and Wet Imp catalysts prepared as described previously.
c Determined by GC analysis.
d Turnover frequency defined as mol of H2 per mol of rhodium per hour.

3.6 h with the colloidal suspension. In addition, the Dry Imp catalyst
is slightly more active than the Wet Imp one. These findings show
that the diffusion phenomenon in the solid is not the limitation step
in reaction process.

Moreover, these results highlight the interest to deposit the
rhodium nanoparticles on a support to enhance their catalytic prop-
erties. This deposition probably permits to avoid their aggregation.
Moreover, the catalyst recuperation is easier in this case.

3.2.2. Investigation of Dry Impregnation catalysts in various
reaction conditions and other substrates hydrogenation
3.2.2.1. Effect of the solvent. The influence of various solvents
(water, hexane, dichloromethane) has been investigated in the
hydrogenation of toluene. The results obtained with Dry Imp 3
catalyst are summarized in Table 6.

Dry Imp catalyst shows a slow catalytic activity in
dichloromethane since only 27–33% conversion is obtained in
5.5 h (Entry 3). However, as already reported in previous works
with the Wet Imp, [10], total conversion in water has been achieved
with quite interesting Turnover Frequency (TOF) of 167 h−1 (Entry
2). Finally, the best catalytic activity has been reached in hexane
with total conversion in methylcyclohexane (TOF of 282 h−1) with
Dry Imp (Entry 1).

The difference of catalytic activity observed in hexane and water
may be explained by a better solubilisation of the substrate in
hexane and thus a better diffusion of the substrate to the metal-
lic species inside the support grains. It could be attributed to the
surface quality of the catalysts grains and their affinity with hexane.

3.2.2.2. Catalyst recycling. We have also investigated the recycling
a Conditions: Catalyst Rh-SiO2 (1 g, 0.08 wt% Rh), toluene, [S]/[M] = 100, 10 mL
solvent, 1 atm H2, RT.

b Dry Imp catalyst prepared according to dry impregnation approach.
c Determined by GC analysis.
d Turnover frequency defined as mol of H2 per mol of rhodium per hour.
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Table 7
Hydrogenation of toluene by catalysts prepared by Dry Impregnation on various sized silica and with various deposit locationa.

Entry Catalystb Silica particle diameter (�m) Deposit location Time (h) Conversionc (%) TOFd (h−1)

1 Dry Imp 80 Uniform 1.33 94 265
2 Dry Imp 3 120 Uniform 1.33 100 282
3 Dry Imp 5 120 At the surface 1.33 100 282

a xane,
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Conditions: Catalyst Rh-SiO2 (1 g, 0.08 wt% Rh), toluene, [S]/[M] = 100, 10 mL he
b Dry Imp catalyst prepared according to dry impregnation approach.
c Determined by GC analysis.
d Turnover frequency defined as mol of H2 per mol of rhodium per hour.

un with a new addition of substrate. The kinetics of the two runs
re presented on Fig. 7, using Dry Imp catalyst.

The two runs present the same kinetics curves. However, the
eaction is slightly slower in the second run with a complete con-
ersion in methylcyclohexane after 90 min, compared to 80 min for
he first run. This slight fall in catalytic activity could be related to a
hodium loss during recycling. However, elemental analysis of Dry
mp catalyst has proved that the metal loading remains the same
etween the two runs. Another explanation could rely on the filtra-
ion step. To justify this hypothesis, we have reloaded the reaction

ixture with the same quantity of substrate (toluene) at the end of
he first catalytic run. For two consecutive tests performed with Dry
mp catalyst, we have observed the same catalytic activity (com-
lete conversion in 80 min), and thus no loss of activity between
he different runs. It is important to notice that this refill protocol
s very used in industry.

.2.2.3. Effect of the support and of deposit location. We have first
nvestigated the effect of the support, thus modifying the grains
ize of catalysts. Two kinds of silica have been evaluated: the clas-
ical one, which has been used for all the previous experiments,
ith a particle diameter of 120 �m and a finer one, possessing a
iameter of 80 �m. The two catalysts have been tested in toluene
ydrogenation in hexane, under standard conditions (1 bar H2 and
T). The results are given in Table 7.

It appears that the grains size of the two tested silica has no sig-
ificant influence on catalytic performances since TOFs (Turnover
requency) are quite similar. These results confirm again that the
iffusion process is not the limitation factor in our operating con-
itions.

It should be noted that the catalysts particles desagglomerate

n solution during the catalysis. So the support particle size can
ot really be studied in the application. This size reduction of
he support grains could be explained by the silica preparation.
t’s a material presenting a pellet-grains morphology formed by

ig. 7. Recycling of Dry Impregnation catalyst in toluene hydrogenation in hexane.
1 atm H2, RT.

small particles agglomerates [18]. It appears that, in solution and
under stirring, the particles desagglomerate due to low cohesion
forces.

As previously mentioned, the interest in using dry impregnation
method is the possibility to orient the deposit location. In that con-
text, the influence of the rhodium nanoparticles location on toluene
hydrogenation has also been studied, comparing the activity of two
catalysts having different metal location (Dry Imp 3 and Dry Imp 5).
Dry Imp 3 displays an uniform distribution of metal nanoparticles
in the support, whereas Dry Imp 5 possesses at the silica parti-
cle surface a coat of approximately 500 nm constituted by rhodium
nanoparticles. The results are reported in Table 7.

As expected, these tests reveal that the deposit location has
a weak influence on the catalytic activity: the results are similar
whatever the deposit location is. Whatever the location of metal is,
all rhodium becomes accessible. This would explain why the same
catalytic activities are obtained.

3.2.2.4. Effect of the rhodium loading. Dry Imp catalysts with differ-
ent rhodium loadings have been prepared and evaluated in toluene
hydrogenation in hexane using the standard conditions and a sub-
strate/metal ratio of 100. The results are reported in Table 8.

These experiments highlight that the catalytic activity increases
with the increase in rhodium loading. At very low rhodium load-
ings (Entries 1 and 2), very low conversions between 4 to 39% are
obtained in 2.75 h. However, at higher metal loadings (Entries 3
and 4), the toluene is totally converted in methylcyclohexane in
less than 1.33 h. We could presume that all the deposited rhodium
is active and accessible to the substrate.

3.2.2.5. Hydrogenation of various aromatic derivatives. The per-
formances of Dry Imp catalysts have been investigated in the
hydrogenation reactions of monofunctionalized and disubstituted
arene derivatives, such as toluene, anisole and o-xylene, respec-
tively. All the tests were carried out in hexane under standard
conditions (1 bar H2, RT). The results are presented in Table 9.
In all cases a complete conversion of the substrate in the
totally hydrogenated compound has been observed. Moreover,
the hydrogenation of o-xylene (Entry 3) leads to the forma-
tion of 1,2-dimethylcyclohexane with a 92/8 cis/trans ratio. This
result has already been reported in the literature for aqueous

Table 8
Influence of rhodium loading of Dry Impregnation Catalysts in toluene
hydrogenationa.

Entry Catalystb Rhodium loading (%) Time (h) Conversionc (%)

1 Dry Imp 1 0.015 2.75 4
2 Dry Imp 2 0.035 2.75 39
3 Dry Imp 3 0.08 1.33 100
4 Dry Imp 4 0.15 1 100

a Conditions: Catalyst Rh-SiO2 (1 g), toluene, [S]/[M] = 100, 10 mL hexane, 1 atm
H2, RT.

b Dry Imp catalysts according to the dry impregnation method.
c Determined by GC analysis.
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Table 9
Hydrogenation of various substrates by Dry Impregnation Catalysta.

.

Entry Substrate Catalystb Time (h) Conversionc (%) TOFd (h−1)

1 Toluene Dry Imp 3 1.33 100 282
2 Anisole Dry Imp 3 1.25 100 300
3 o-Xylene Dry Imp 3 3.33 94 (cis/trans = 92/8) 120

a xane, 1
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[17] J. Schulz, S. Levigne, A. Roucoux, H. Patin, Adv. Synth. Catal. 344 (3) (2002)
Conditions: Catalyst Rh-SiO2 (1 g, 0.08 wt% Rh), toluene, [S]/[M] = 100, 10 mL he
b Dry Imp catalysts according to the approach dry impregnation.
c Determined by GC analysis.
d Turnover frequency defined as mol of H2 per mol of rhodium per hour.

EA16Cl-stabilized Rh(0) colloidal suspensions [17] and also for
anoparticles inserted into mesoporous siliceous materials [19].

. Conclusion

The deposit of a rhodium colloidal suspension on porous sil-
ca particles by the dry impregnation technique in a fluidized bed
as carried out successfully. The kinetic study of the impregna-

ion revealed that the deposit of the colloidal suspension presents
he same behaviour as that of a metal salt: the operation efficiency
s about 100%, the impregnation time controls the metal loading
nd the deposited nanoparticles maximal size is controlled by the
atrix pores diameter. The deposit location can be chosen, by fixing

he value of �s. A value of �s < 0.2 led to the silica particles coating
y rhodium nanoparticules while a value included between 0.2 and
.8 permit to obtain a uniform deposit.

The prepared and characterized composite materials were
ested in catalysis of aromatic compounds hydrogenation, inter-
sting reaction at the economic as well as environmental levels.
e could note that the solids prepared by dry impregnation in a

uidized bed are active under very soft conditions. They present
atalytic performances equivalent to those of catalysts prepared in a
raditional way but higher than those of the corresponding colloidal
uspension. Hydrogenation of compounds such as toluene, anisole
nd orthoxylene were carried out with good conversions and an
nteresting selectivity for the last substrate. The various catalytic
ests permit to conclude that for these aromatic compounds, hex-
ne is the better solvent and the consecutive refills lead to the same
erformance. The rhodium loading is a key parameter whereas the

eposit location is not very important for these tested reactions as
he catalysts particles desagglomerate in solution under stirring.

Indeed, to obtain a dry catalyst this catalyst preparation tech-
ique presents several advantages such as: (1) the support particles
orphology and size are preserved, (2) no loss of precursor is

[

[

atm H2, RT.

observed, (3) the metal loading can be fixed and (4) the metal
deposit location can be oriented.
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