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Abstract: The nanoparticles synthesis and depaositan be carried out using an
innovating technique named dry impregnation inugdfzed bed. Its principle consists in
the spraying of a solution containing a metallieqursor or preformed nanoparticles into
a hot fluidized bed of porous particles.

The solvent vapour saturation rate valug,defined as the ratio between the solvent

content in the bed atmosphere and the maximum Bbleentent, appears as a key

parameter allowing predicting the deposit location.

Three operation conditions can be distinguished:

» "Unstable conditions" for highs (between 1 and 0.8). The operation is unstable: a
low increase of the liquid flow rate, or a reduntiof the gas inlet temperature, can
lead to wet quenching.

» "Operating conditions" or "slow drying condition§dr intermediate values ofg
(between 0.8 and 0.2).

« "Fast drying conditions" characterized by high hethperatures and low solvent
saturation rates{< 0.2).

This paper presents experimental results obtaingihgl the dry impregnation of coarse

and fine porous particles using different types poécursors: inorganic precursors

(metallic salts), metal organic complexes and &dl suspension containing preformed

metallic nanopatrticles (rhodium). The operatingditons were chosen in order to study

the three operation conditions previously described

Interesting results were obtained concerning thgosi¢ distribution within the support

grains at the local scale, Indeed, it appearedatast drying leads to a deposit located

only at the external particle surface (like coatinghereas a uniform deposit on the
whole particle volume is obtained with slow dryicgnditions.

Keywords: metallic nanoparticles, fluidized bed,y dmpregnation, solvent vapour
saturation rate, deposit location, porous support.

1. INTRODUCTION

Usually, the preparation method of composite malesuch as supported catalysts consists in thesisiom of
the chosen support in a precursor solution undieingt to favour the diffusion inside the supporaips. After
this impregnation, the composite material succe$givundergoes the stages of filtration, drying and
calcination/activation. This technique is easydorg out but presents a weakness: the dependenhbe déposit
location on the physico-chemical properties of simution-support couple. Indeed, a control of tlepaksit
location represents a real challenge, particularlgatalysis (Fulton, 1986; Lekhat al, 2001). Moreover, to
obtain a high metal loading, these four steps shbalrepeated several times.

Supported catalysts synthesis can also be achiessg another innovating technique, namely dry
impregnation in a fluidized bed (Bartlet al. 2007b). This technique is a “one pot process’tahsists in
spraying a precursor solution into a hot fluidizeed of porous particles. The penetration of eadp df the
metallic solution in the porous solid particles ahe solvent evaporation take place at the same. tirhe
efficiency of the metal deposition is close to 0and the metal loading is directly related to dperating
time and the liquid flow rate and concentrationisltfound that a competition between the two phesztan
drying and capillary suction, controls the deptmsiation.

In order to determine the importance of the soheamtporation process compared to the solution petiat by
capillarity, an impregnation module, IM, was detinét is the ratio between the drying charactegititne (t,)
and a capillary penetration time,f.



t.ap the necessary time for liquid penetration in ploges, can be estimated from the following equation
taken from the model of the parallel capillary beg@uardine, 1953):
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where  is the liquid viscosity, x the pore lengtjuivalent to the radius particle multiplied by tioetuosity

factor, |, the interfacial tensiorf the contact angle ang,kthe pore radius.

* tgy is the time necessary for a particle saturategrg solvent to be transformed into a dry particieer
defined fluidized bed conditions (temperature andidity). The calculation of this characteristimé is
based on the mass and energy balances on a simglasticle considering that the mass transfer is
controlled by external resistance (gas phase).nid@el’'s equations described in previous works (Desgs,
2005; Bartheet al, 2007b) leads to the following equation:
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where d is the particle diametery the internal support porosityp, the solvent densityky the overall mass

t 2

transfer coefficientY the average solvent content in the bed atmosphetermined by overall mass balance
on the reactor, and; the absolute solvent content at the interface€déimg on the particle temperature and
humidity).

Moreover, another criterion was considered to deitez the deposit location, the solvent vapour saturation
rate value. It is defined as the ratio betweeneuivontent in the bed atmosphere and the maxinuivers

content. It should be noted thaidepends orY and bed temperature.

In conclusion, the adequate choice of the operatinglitions (bed temperature, liquid and fluidieatgas flow

rate) based on the two key parameterand IM, allows controlling the deposit location.

* For hight (0.8<t< 1) and high IM, the operation is unstable and quetnching is observed.

» For slow drying conditions (0.2t< 0.8 and IM greater than 10), the metallic precudsposit is located
inside the porous matrix.

» For fast drying conditions{< 0.2 and IM less than 10), the deposit is locatethe support particle surface.

This study gathers experiments carried out to peegamposite materials, using various types of ymsw's
(metallic salts, metal organic precursors soluti@ml colloidal suspensions containing preformedamet
nanoparticles) and various particle sizes (from [160to a few millimetres). This work aims to shdwttt is a

key parameter, and when coupled with IM, it perrtetsontrol the deposit location. With an approgriehoice

of the operating conditions, it is possible to atljtnets value, and consequently IM thus governs the deposit
location.

Il. METHODS AND MATERIALS
2.1 Supports and metal sources

Two solids, different in their nature and grairnzesiwere used as catalysts supports: fine portioa piarticles
and coarse activatgdalumina particles. Their principal physical prapes are reported in Table 1.

Table 1 Physical properties of the porous supports

Properties Silica gel Alumina
Mean diameted, (Lm) 120 2 400
Specific surfaceS,e; (M?9) 530 330
Pore volumeV, (cnt/g) 0.8 0.3

Various types of precursors were sprayed on th@atg metallic salts (Iron nitrate and Manganeisete),
metal organic precursors solutions (Palladium adlyoride) and colloidal suspensions containingfgrraed
metal nanoparticles (Rhodium suspension).



2.2 Experimental set-up

Depending on the metal source nature, the expetim@are carried out under air or controlled atmesph
(inert or reductive) in a batch fluidized bed. Thasctor is a stainless steal cylindrical columthvdi.1 m inner
diameter and 0.5 m in height, described by Bar2087a).

The gas distributor is a stainless steel perforptate with a porosity of 0.5 %. The fluidizing giew rate is
measured by means of a rotameter and preheated blgetrical heater before entering the bed. Theiated
particles and solvent vapours are collected attthemn outlet respectively by a cyclone and a coede

The metallic precursor solution is drawn up by &umtetric pump from a reservoir to an internal mgitwo—
fluid spray nozzle. The atomizing gas flow ratedntrolled by a needle valve and measured by anetter.
The bed temperature is controlled by means of areétiilator. Monitoring of temperature and pressinegp
takes place during operation.

The solid sampling system is achieved with a vacwincuit. The sampling with a controlled atmosphere
done through a nitrogen circuit. In addition it bles working with oxygen and water sensitive praguc

2.3 Characterization methods

The metal deposit location of the samples was studsing different techniques. The composite neltevere
analysed by an optical microscope and a Transmis&itectron Microscope (TEM). In case of TEM
observations, the samples were cut by ultramicrgtom

2.4 Operating conditions

The different operating conditions are listed inblEa2. The first six experiments were carried outhw
inorganic precursors. Organometallic complexes Heaan used in experiment 7 while for experimenan® 9
a colloidal suspension was sprayed. For each @wectype various experiments were carried out spoeding

to different values of IM and; (and to the three zones previously defined).
The pure solvent used is water except for expetirefor which tetrahydrofuran (THF) was used sitice
corresponding precursor is water sensitive.

Table 2 Experimental conditions

Experiment number S1 S2 S3 S4 S5 S6 S7 S8 S9
Precursor name Iron nitrate Manganese Palladm_m ally Rhodium suspension
nitrate chloride
Support Silica gel vy Alumina Silica gel Silica gel
Solvent nature water water THF water
Gas flow
rate (mi/h) 0.8 0.8 0.8 0.8 31 28 0.8 0.8 0.8
Fluidized k()fg)temperat“re 46 64 86 136 27 45 25 45 106
IM (-) 380 80 40 20 20 4 21 400 28
Solventvapour o0 550 014 001 070 008 0.11 077 001

saturation rate; (-)

The operating conditions choice to obtain varioapasit location of the precursor in the support bardone
very easily. The experiments should be carriedkegiping the same solution and fluidisation gas fteve,
modifying only the bed temperature. It is the cafsthe experiments S1 to S4 (for iron deposit) exeriments

S8 and S9 (for rhodium deposit). Then, it is pdssib plot the evolution of the two parametegand IM
according to the bed temperature (Figure 1 a and@ti® graph can be divided into the three zonesiquisly
described: unstable (1), slow drying (2) and fagird) (3).

According to the operating conditions and to thiea oftsand IM, the experiments S1 to S4 can be plotted on
the graph of Figure 1a. It is possible to confitra bperation conditions and predict the deposétioo through

the choice of the bed temperature. The same cdoie with the experiments S8 and S9 (Figure 1b).
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Fig. 1. IMandt; evolution with the bed temperature (a: Iron defpoli Rhodium deposit)

IIl. RESULTS AND DISCUSSION

The deposit location of Palladium-, Iron- and Mamgge- composite materials was studied after amagictn
step leading to the formation of metallic nanoées. In the case of organometallic precursordd@iaim) the
activation step is operated under a nitrogen/hyanogixture at 80 °C during 90 minutes, while fooriganic
precursors the samples are heated up in air ta°@5@or Iron) or to 300 °C (for Manganese). Actieat and
calcination conditions were chosen to favor theriation of easily observable metaltianoparticles clusters.
These conditions were not optimized to obtain simalividual nanoparticles (Barthet al, 2008b). In case of
rhodium composite materials, the deposit is alrdadyed by metallic nanoparticles.

3.1 Unstable conditions

A few experiments were carried out in "unstabledittons" (s> 0.8) in the case of iron nitrate spraying on fine
porous silica particles. It was verified that thesperiments could not be completed due to wet chiag.

3.2 Slow drying conditions

Some of the experiments were carried out underadipgrconditions corresponding to slow drying (81 0.8
and high IM) using inorganic precursors (S1, S2 @hyland a colloidal suspension (S8).
The samples S1 and S8 were analysed by TEM (Fiyarand b).
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Fig. 2. TEM micrographs of various metallic nandjzdes on silica a) Iron (S1) b) Rhodium (S8)

The micrographs shows that the deposit, charaetkby the most darkened zones, is quasi uniforiindrentire
particle volume in case of Iron nanoparticles (ajl ®&hodium nanoparticles (b). In slow drying coiodis,
whatever the precursor nature, dry impregnatiofirenporous particles leads to homogenous deposit.

Thus, experiment S5 was carried out with coarseniga particles, to verify if this result, obtaindth fine
particles, is similar with bigger particles. Thengde was prepared by spraying an inorganic precuns@oarse
alumina particles. Three samples were removed ftben fluidized bed at different operation times to
characterize the evolution of the deposit distitoutiuring the impregnation. They are numbered fiotm 3, in
the ascending order of time residence in the bedl sn of the metal deposit quantity. The cross secti
photographs are presented in Figurc

Fig. 3. Microscope micrographs of Manganese depos#lumina particls at different operating tin(8s)
1 corresponds to 30 minutes, 2 to 90 minutes aodl30 minutes

These images show that the aqueous solution péetirdo the alumina particles. Moreover, the preou
deposit inside the solid is similar to the disptaeat of a front from the particle periphery towaitdscentre
(Samples 1 to 3). This internal position of the fggmation front is a function of the impregnatia@ter For
samples 1 and 2, the precursor is rather on thileaborders (egg shell catalysts). For sampletig8precursor
reached the particle centre. The deposit is théommin the whole particle volume.

This phenomenon is comparable to a heterogene@giae between a gas and a porous solid when the
diffusion penetration time of the reactive gasesywhigh compared to the chemical reaction timehla case,

the reaction proceeds following a shrinking coradelaleveloped in a previous article (Baréieal, 2008a).

3.3 Fast drying conditions

Other experiments were carried out under fast dryéonditions {s < 0.2 and low IM) using inorganic
precursors (S3, S4 and S6), an organometallic ppecS7) and a colloidal suspension (S9).

Samples obtained for experiments S4, S7 and S9 amab/sed by TEM (Figure 4 a, b and c). For each
micrograph a deposit at the particle surface ieplesl, like a surface coating. The thickness o doiat can be
controlled by the precursor quantity (and thus bg toperation time) and is composed of individual
nanoparticles into clusters. In fast drying comdis, whatever the precursor nature is, the dehkitated at
the silca particles surface.

To verify again that the conclusion obtained wittefparticles can be extended to coarse partielg®riment 6
was carried out. S6 was analysed by microscopyfdsbrdrying conditions, micrographs of the extémaface
and the cross section of the samples presentedgjime-4 d reveal that the deposit is located atpasicle
surface, with the intermediate and central zonesneing virgin.
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l%l'g“. 4. TEM or microscope mlrogp or the vasianetallic nanoparticles a) Iron (S4) b) Pallad($7)
¢) Rhodium (S9) and d) Manganese (S6)

IV. CONCLUSION

A key parameter allowing the prediction of the daptcation was identifiedts, the solvent vapour saturation
rate, defined as the ratio between the solventetrih the bed atmosphere and the maximum soharient.
Three operation conditions can be distinguished:

e "Unstable conditions" are observed for high0.8 <t< 1) and are characterized by a fast decrease of IM.
The operation is unstable: a low increase of tipaidi flow rate or a reduction of the gas inlet temgture can
lead to wet quenching. The deposit is not possible.

¢ "Slow drying conditions" are characterized by intediate values af; (0.2<1< 0.8) and IM greater than 10.
The solid precursor deposit takes place homogehemssde the particles homogeneously.

¢ "Fast drying conditions" are characterized by higld temperatures and low solvent saturation ratgs (
0.2). The deposit is then located on the partigteraal surface (egg shell catalysts).

Moreover, all results show that the deposit locatoian be controlled during the dry impregnationcpss

whatever the precursor nature (organic, inorgamicalloidal suspension) and for a large range qfpsut

particle sizes (from 100 um to few millimetres).
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