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Abstract

We have studied nickel classical catalysts supported e@AKIO, and Nk Os oxides, using simple (SIM) or EDTA-double impregnation
(DIM) methods. Non-classical catalysts were obtained by pretreatment of the SIM or DIM nickel precursors in aqueous hydrazine at 353 K.
The catalysts were characterized by-&tisorption, H-TPR, isopropanol decomposition and FTIR measurements. They have been tested in
the gas phase hydrogenation of benzene. The results obtained show that the support surface acidity order<swslsOgONb,Os. The
catalysts exhibited various nickel species due to the existence of various metal-support interaction strengths. As a consequence, e reducibilit
surface or hydrogenating properties changed as a function of the nature of the support or method of preparation. The best performances were
obtained with the silica support which seemed to interact less with the nickel. The metal-support interactions are highest when niobium oxide
is used as the matrix. Ni impregnated on niobia was not active at all, due to very strong metal-support interactions. The interaction of aqueous
hydrazine with the catalyst in the reduction conditions was examined. It was shown that hydrazine formed stable complexes with nickel,
whereas it adsorbed on the support with a strength depending on the nature of the oxide.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction lites by co-precipitation, but such catalysts are very difficult
to reducq7].

The activity and selectivity of a supported metal catalyst ~ Supported nickel catalysts are most effectively prepared
are strongly influenced by the amount of metal, the size of through the optional combination of high dispersion and
dispersed metal particles, the preparation method and the supmetal loading. Small metal particles may be formed on the
port compositiorj1-3]. To improve the catalyst activity and  surface of the support to which they are more or less firmly
its durability, it is necessary to obtain a well-dispersed active anchored, and on which they are effectively separated from
phase in the cataly$#]. Several methods can be applied to each other. The average distance between the particles will
obtain highly dispersed metals on the support surfage depend on the metal content, the particle size and the surface
Supported metal catalysts are commonly prepared by metalarea of the suppof8].
saltimpregnation. If the supportis microporous, itwillimbibe Nickel catalysts were prepared by the double impregnation
a solution of a metal salt; drying, calcination (optional) and method (DIM)[9,10]. Previous findings and literature data
reduction will generate small metal particles. The classical allow to conclude that this preparation method is suitable for
method of the supportimpregnation results in obtaining small producing well-dispersed nickel/alumina-supported catalysts
metal crystallites but only at very low metal contents in the [9-12]. In DIM, there are two stages, one by one. The first
catalyst[6]. It is also possible to obtain small metal crystal- one is the impregnation of inorganic support byNéEDTA

solution and then (after drying) impregnation by solution con-
T . taining active metal ions. In contrast to the classical simple
orresponding author.
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EDTA introduced by impregnation and dried; the following a better approach of the particle size effect in the behavior
preparation steps are the same as in §1¥]. Modification of supported nickel catalysts. Moreover, generally speaking,
of the support using impregnation byNaEDTA has influ- nickel-supported catalysts have been concerned with high
ence on the way of metal bonding, which is added in the next surface area supports and nickel loading higher than 5 wt%.
stage of preparation. It changes the concentration of metal inAlso, the use of silica of low surface area and low nickel load-
catalyst and decreases average nickel crystals size. Applicaing in the preparation of nickel based catalysts was expected
tion of HoNaEDTA on the stage of preparation favored high to give rise to an important contribution to the existing corpus
active phase dispersion. of literature on Ni/SiQ systemg20]. We were also encour-
Presence of the EDTA adsorbed on the support surfaceaged in this way because preliminary results showed that, in
assures homogenous distribution of the metal ions. The effectaqueous medium, the nickel reduction process was enhanced
of the presence of EDTA is particularly visible in the low and in the presence of low surface area silica, whereas silica of
average concentrations of metal ions. As the concentrationhigh surface area tended to inhibit it.
of metal is increasing in impregnation solution, participation In spite of the high number of studies published in the past
of favorable interaction EDTA—ion is gradually decreasing, decades, an increasing attention is paid to the hydrogenation
which is caused by accelerated adsorption in support poresof aromatics because of the stringent environmental regula-
and the increase of the interactions between metal ions andions governing their concentration in diesel fuf5—58]
hydroxyl surface groupf 5]. Benzene hydrogenation has been chosen as the model aro-
Conventional supported metal catalysts are prepared bymatic feedstock59,60] This reaction has also been used as
in situ reduction of a metal salt. The catalytic activity of model reaction in heterogeneous catalysis by metals where
the metal particles is strongly influenced by their size and metal-support interactions are involVi&8—62]
shape[1,2,16-19] However, it is often difficult to control In this paper, we show how the different methods of prepa-
the morphology of the final material, notably forimpregnated ration change the properties of metal containing catalysts
catalyst4§16—23] An alternative method to obtain supported supported on different oxides. We have been working on
catalysts with well-defined metal particles is the preparation nickel catalysts supported onAD3, SiO, and N Os oxides.
of supported catalysts from metal colloids. The catalysts were characterized by hydrogen chemisorption,
Metal nanoparticles research has recently become theH;-TPR technique, isopropanol decomposition and FTIR
focus of intense work due to their unusual properties com- measurements. They have been tested in benzene hydrogena-
pared to bulk metal. The reason for such avid research arisegion. The catalysts were prepared with 1% Ni loading, using
fromthe drastic increase of the surface to volume ratio to such nickel acetate as precursor. The supported precursors were
an extent that the material properties are determined muchprepared by simple or double impregnation methods. Clas-
more by the surface atoms than by the framework atoms, sical catalysts were obtained by calcination in air at 773K,
with the result that the physical and chemical properties of the then reduction under hydrogen flow at 773 K. Non-classical
particles differ considerably from those of bulk sol[8s8]. catalysts were obtained by reduction of the precursor in aque-
They hold promise for use as advanced materials for elec-ous hydrazine at 353K, then treated under hydrogen flow at
tronic, magnetic, optical and thermal propertj@sl0] and 673K (2h) for activation. The study was carried out with
have also been applied in heterogeneous catdyg4—27] catalysts of 1% Ni content because stronger metal-support
The chemical route for the preparation of such materials is of interactions were expected to occur than for catalysts with
particular interest since it allows a better control of the struc- greater nickel conten{4,2,15]
ture at the microscopic levg8-40] The chemical methods
have generally involved the reduction of the relevant metal
salt in the presence of a stabilizer such as linear polymers2. Experimental
[6,41-44] ligandg[44,45], surfactant§40,46—48] tetraalky-
lammonium salt§49,50] or heterogeneous suppofid—53] 2.1. Preparation
which prevent the nanoparticles from agglomerating.
Recent works have pointed out the interest of working 2.1.1. Classical catalysts
in aqueous medium as a practical solution for the future  HoNaEDTA-2H20, Ni(CH3COOQ),, alumina, silica and
in homogeneous and heterogeneous catalfi. This hydrated niobium oxide were purchased from POCH
prompted us to undertake a study of nickel nanoparticles (99.9%), Fluka (99.0%), ALFA Johnson Matthey Company
obtained by reduction of nickel salts in aqueous medium and (99.97%), Ventron (99.8%) and CBMM (99.97%), respec-
stabilized on a silica support of low surface area. The surfacetively. The supports were dried at 363K for 1 h before the
properties of the obtained catalysts were tested in gas phasémpregnation procedure.
hydrogenation of benzene. For the SIM, the appropriate quantity of the support was
Hydrazine was used because recent studies showed that ipoured over nickel acetate solution with the appropriate con-
is a good reducing agent in aqueous medium for noble andcentration. After 15 min of rotation under vacuum, the mix-
transition metals ionf53,63—-65] As to the silica support, it  ture was heated and evaporated for 1 h. The obtained solid
is known not to give rise to nickel mixed oxides and to allow was dried at 383 K for 1 h (temperature ramp 3 K mipand
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then calcined (temperature ramp 5 K miyat 773K for 4 h Isopropanol decomposition was performed using a pulse
in an air flow of 150 crAmin—1. microreactor and a helium flow of 40 émin—1. The cat-

For the DIM, the appropriate quantity of the support was alyst bed (0.05 g) was first activated at 673K for 2 h under
poured over a solution of #NayEDTA with the appropri- heliumflow. The isopropanol conversionwas studied at523 K

ate concentration and stirred for 15 min. After filtrating and using Sul pulses of isopropanol. The gases were analyzed
drying at 383K for 1h (temperature ramp 3K mi), the by CHROM-5 GC (2 m column with Carbowax 400 (80-100
obtained solid was impregnated with Ni(@EOO) and cal- mesh) at 338 K in helium flow) on line with microreactor and

cined as described above for the simple impregnation. detected by TCD.
The gas phase hydrogenation reaction was carried out in

2.1.2. Non-classical catalysts a fixed bed quartz reactor. The reactant and product analyses

In the preparation of nickel catalysts by the reduction with Were conducted on line in a Hewlett Packard 5730A FID

hydrazine, the metal phase is expected to proceed according@S chromatograph. Benzene, cyclohexane, cyclohexene and
to the following reactioi26]: methylcyclopentane were analyzed with TCEP (2m, 1/8in.)

and Sterling (3m, 1/8in.) columns, respectively. A Kontron
NiZt 4+ NoHg4 +20H™ — Ni° + No+2H,0 + H» (1) software was utilized for data processing.

The preparation was performed under argon atmospheres 2 7. Chemisorption and thermal treatments

(flow rate =100 crimin~?) in a three-necked reaction flask The chemisorption or thermal treatment was carried out
of 250 ml dipping in a water bath. The reaction flask was over 0.1 g samples. The gases were purchased from Air Lig-
fitted with a reflux condenser and a thermocouple for the jge. Oxygen traces were eliminated from argon (99.995%)
control of the reaction temperature and connected to a gasgng hydrogen (99.995%) by using a manganese oxytrap
microchromatograph (Agilent G2890A) for the analysis of (Engelhardt), whereas helium (99.999%), air and oxygen
the gases evolved during the reduction process. A suspendiluted in argon were used as received.

sion of the supported nickel precursor was stirred for 20min  The H,-TPR study was carried out using#Ar (1000 ppm

atroom temperature. The reaction mixture was slowly heatedH,) mixture as a reductant (flow rate =90%min—1). The

from room temperature up to 353 K. Then, 5ml of 24-26% sample was first flowed with argon at room temperature

aqueous hydrazine in excess (>99%, Fluka) was added. Thgor 1h, then heated at a rate of 5Kmhto 1123K

pH of the solution was 10—1.2 and remained almost constant.ynder the reductant mixture. Hydrogen consumption was

The green cz:?lor of the solids changed to blue, that of the measured with a thermal conductivity detector in Agilent

[Ni(N2H4),]=" complex formed27,72] Unfortunately, no  G2890A series Micro GCs gas chromatograph operated at

reduction of nickel occurred: the blue color of the solid was 333 k.

notchanged to dark and no hydrogen or nitrogen was detected - The degree of reduction was determined according to ref-

in the exit gas [see Eq1)]. _ erencd66). For all the catalysts, the sample was heated at rate
In case of the 1% NI/EDTA/SI® catalyst, the treat-  of 10 K min—2 to 673K for 2 h reduced in a flow of hydro-

ment with aqueous hydrazine provided desorption of nickel gen pure (flow rate = 50 ctimin—1). After the reduction, the

complex from the support surface. After hydrazine injec- sample was treated in a flow of argon at the reduction tem-

tion, the reactant solution became blue while the support perature for 1h with a flow rate of 100 émin~1. It was

changed.color from green to white. This phenomenon co_uld again purged at 723K for 1h. The oxygen adsorption was

be explained by low Ni/EDTA complex compound stabil-  carried out using a mixture of £Ar (100 ppm @) which

ity in high pH conditions. When hydrazine was introduced \yas injected to the reactor at the same temperature with a

in the liquid media, the Ni-EDTA complex desorption was f|ow rate of 100 crd min—1.

observed; also, a more or less significant part of active phase  For the H-adsorption study, all the catalysts were previ-

was out of catalyst. The blue color is ascribed to the formation ously reduced, then purged as described above. The reduced

of [Ni(N 2H4)]?* complex[72]. sample was cooled to room temperature under argon atmo-
sphere and the reactant gas (100 ppgfakjon) was injected
2.2. Equipment to the reactor ever 2 min.

Assuming spherical metal particles, the metal mean size

A Bruker FTIR Vector spectrometer was used to detect was calculated from the following relatid67]: d=971D,
infrared spectra of the samples. One milligram of sample where D is the metal dispersion as determined by-H
was dispersed in KBr pellet with slight grinding for FTIR  adsorption.
measurements at room temperature.

Chemisorption and thermal treatments experiments were2.3. Catalyst testing
carried outin a pulse chromatographic microreactor equipped
with the catharometric detector of a microchromatograph (AT ~ The hydrogenation of benzene was carried out in a fixed
M200, Hewlett Packard) fitted with molecular sieve columns bed quartz reactor. The catalytic experiments were carried
and MTI software. out over 0.1 g of catalyst under a total flow of 50tmin—1
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under atmospheric pressure and in the temperature range 27
348-498 K. ;: C

Each reaction temperature was maintained constant until 2al
the steady state was reached, as indicated by gas chromatog 23f
raphy analysis of the exit gases. The reactant feed gas was 22
obtained by flowing Hin benzene (Merck, 99.5%) placedin 5 2!
a saturator maintained at 278.4 K in order to obtain a mixture

of 1% benzene diluted in hydrogen.
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The acidity of the supports used in this work was estimated
onthe basis of isopropanol dehydration. Intramolecular dehy-
dration towards propene as well as intermolecular reaction
pr(_)d.ucmg diisopropyl ether occurs with the partlcllpatlon of Fig. 2. IR spectra of isopropanol adsorption on the niobium-supported cat-
acidic centers on the catalyst surface. For all matrices tested s,
propene was the main reaction product indicating acidity of
the materials. However, the conversion of alcohol (indicating port. The Ni/NbOs system is known to give rise to strong
acidity) depended on the nature of the suppeig (1) in the metal-support interactioj68—72]
following order: SIQ <Al,03<NbyOs.

Because acidity of the supports is different, one can expect 3 » H>-TPR profiles
various strength of their interaction with nickel salt. In fact,
the m_atrix exhibiting the highest acidity _(hydrate_dglmg) In the TPR conditions used, the Si@nd AbO3 sup-
chemically reacted with Ni-acetate during the impregna- s did not consume hydrogen. In contrast, the control TPR
fuon _and calcination, as e\/_ldenced from IR spectra shpwn experiments with blank N¢Ds support showed that, when the
in Fig. 2 In case of both impregnated methods, the final ,yiqe alone was heated in hydrogen, it started to turn blue at

materials exhibit well-resolved bands in the 500-1000tm g3k and was reduced, in good agreement with the literature
region not characteristic for the initial support. It suggests data[69,72]

the chemical reaction between nickel species and niobia sup-

-1
Wavenumber, cm

3.2.1. Classical catalysts

The H-TPR profile of 1% Ni/SiQ (Fig. 3 exhibits a
broad peak at 892 K with shoulders at around 600 and 1050 K
as a result of the formation of several nickel species. The
profile of the 1% NI/EDTA/SIQ (Fig. 3) catalyst differs from

1% Ni/SiO,

| 1% NI/EDTA/SIO,

i-PrOH conversion, %

Rate of H, consumption, a.u.

228 =0 200 400 600 800 1000 1200

Nb205 Al203 Si02 Temperature, K

Fig. 1. Isopropanol decomposition at 523 K. Fig. 3. TPR profiles of classical Ni/SiCratalysts.
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mation of stable nickel-hydrazine surface species. Indeed,
it is known that unsupported Rii ions form a blue com-
plex [Ni(N2H4)3]2* in basic hydrazine medig27,73] This
complex is formed via the substitution of water ligands by
hydrazine ligands. When the temperature is increased, the
complex decomposes and the reaction media progressively
changes to a dark black colloidal solution of metallic nickel
and gaseous Nevolves according to Eq1). Moreover, for
silica-supported Ni* ions, it was shown that the reduction
B occurs in the same hydrazine media with a rate and conver-
I sion depending on the nickel content and reaction conditions
[27]. Itis believed that a supported [NigN4),]%* complex,
) . ) , ) , ) . ) more or less stable, is intermediately formed. It could more
200 400 600 800 1000 1200 or less rapidly decompose to metallic nickel and gasequs N
Temperature, K The non-classical catalysts exhibited typical HPR pro-
files. The peaks observed correspond to the reduction of
Fig. 4. TPR profiles of classical Ni/Ns catalysts. supported Ni* ions by the hydrogen since aqueous hydrazine
reduction was inefficient, as mentioned above. The reducibil-
that of 1% Ni/SiQ one. There is only one sharp peak with ity of these species depended on the nature of the support
the maximum at 1013K. This lets us to suppose that the and method of preparation and was different from that of
catalysts containing EDTA have a better nickel dispersion Ni2* jons stemming from classical catalysts. In addition,
and the nickel active phase is more homogeneous but it isa|l the non-classical catalysts, strikingly, produced nitrogen
more difficult to reduce. The high temperature reduction peak around 450K and hydrogen at higher temperatures. These

1% Ni/Nb,O,

| 1% NI/EDTA/NDb,O,

Rate of H, consumption, a.u.

comes from the reduction of the nickel cationic form. gases are ascribed to the decomposition of surface NH species
Alumina-supported catalysts are not reduced in TPR. It previously formed during the hydrazine aqueous treatment.
can be caused by strong interaction between tif¢ Mns During the TPR experiments, under heating in the gas

and the support. The reducibility of Ni-species depends on phase, it decomposed at a higher temperature on the catalyst
the nickel-support interaction, which seems to be very high syrface.
when AbQOs is used as the matrikl9]. The more intense A detailed examination of the TPR profiles shows that the
the interaction, the stronger is the connection of Ni-oxide temperature of hydrazine decomposition changes with the
with the matrix. This leads to more difficult interaction with  nature of the support and method of preparatiabie 7). The
hydrogen. At a low nickel loading, a great number of nickel amount of nitrogen evolving also changed with the nature of
atoms are in close contact with the support so they are morethe catalyst and, moreover, were larger than that of nickel
difficult reduced. At the concentration of the lih the gas loading (Table 1. This strongly indicates that hydrazine
flow (1000 ppm), these ions cannot be reduced. In contrast,jargely adsorbed on the support in the aqueous media at
they are reduced in pure hydrogen at 773 K. 353K, in a way which depended on the nature of the sup-
The H-TPR profile of the classical niobia-supported cat- port, in very good agreement with the support acidity reported
alysts Fig. 4) shows two broad peaks, with the maximum ahove. The presence of niobiaand EDTA complex gave rise to
centered around 800 and 960 K, which originates from the the largest amounts of hydrazine adsorption and highgst N
reduction of the different nickel species strongly interacting desorption temperature. The results obtained are described
with the suppor{72]. Reduction of nickel species depends pelow in more details.
on the nature of the support. The very strong Ni—niobium  The 1% Ni/SiQ(HYDZ) exhibits a broad B TPR peak
oxide interactions are very well know68-72] Catalysts,  (Fig. 5) at a higher temperature (1024 K) than that of the
prepared by SIM and DIM, showed nearly the same profiles 19 Ni/SiO; classical catalyst (1013 K)F{g. 3. This may
of the reduction peakd={g. 4). However, in case of the 1%
Ni/EDTA/Nb2Os5 catalyst, the broad peak starts to appear ata
lower temperature. Moreover, the quantity of hydrogen con- Table 1

sumed confirmed the higher degree of reduction found for Nz desorption during bTPR studies
this catalyst. Catalyst Temperature of N desorbeck 10-3
N2 desorption  (molg})

(K)

3.2.2. Non-classical catalysts

; . . 1% Ni/Al,03(HYDZ) 458 2.0
The'reductlon of the supported nickel phase did not OCCUT o Ni/EDTA/ALO5(HYDZ) 453 86
according to Eq(1) when the precursors were treated in 19, Ni/SiOy(HYDZ) 439 292
agueous hydrazine media at 353 K: the solids became blue1% Ni/EDTA/SIO(HYDZ) 456 2.0
and this color was not changed to dark and no nitrogen was1% Ni/Nb;Os(HYDZ) 428, 830 11,04
1% NI/EDTA/Nb,Os(HYDZ) 480, 838 151,11

detected in the exhaust gas. This may be ascribed to the for
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1% Ni/SiO,(HYDZ)

ption, a.u.

A\
\K

A\
AAY

consum

I M

3 ) . 1% Ni/Al,O,(HYDZ)
| 1% NI/EDTA/SiO,(HYDZ)

I / \ 1% Ni/SiO,(HYDZ)

200 400 600 800 1000 1200

Nitrogen production, a.u

Rate of H,
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200 300 400 500 600 700 800 900 1000 1100 1200

Temperature, K (A) Temperature, K

Fig. 5. TPR profiles of non-classical Ni/Si@atalysts.

be due to a stronger interaction with the support which, in
turn, probably results from the formation of smaller par-
ticles. In contrast, the double impregnation catalyst 1%
Ni/EDTA/SiIO>(HYDZ) is not reduced at the same con-
ditions (Fig. 5. This confirms desorption of the active
phase from the surface of the catalyst during the prepa-
ration in hydrazine media (see Secti@). The desorp-
tion can be caused by a low stability of Ni/EDTA com-
plex in high pH conditions. Evolution of nitrogen was
observed with both silica SIM and DIM non-classical cat- r

alysts Fig. 6A). For these catalysts, the evolution of nitrogen .00 200 600 800 . 1000 1200
means that the adsorbed hydrazine species decompositiorg) Temperature, K

occurs at 450K. The H atoms of hydrazine probably des-

orbed as gaseous ammonia which was not analyzed duringrig. 6. N> production during the TPR for Ni/ADs(HYDZ) and
the TPR measurements. Gaseous hydrazine could decompog¥/SiOz(HYDZ) catalysts (A) and K production for 1% Ni/AbO3(HYDZ)
as mixtures of nitrogen +ammonia or nitrogen + hydrogen ¢2@st ().

[74,75]

In TPR experiments of non-classical alumina-supported
catalysts treated by hydrazine, no hydrogen consumption
was observed as a result of a very strong anchorage of the
nickel ions on the support. In contrast, a hydrogen produc-
tion was observed besides that of nitrog&ing( 68). Two 5
types of hydrogen species are observed. The first one appear:s
at around 450 K, concomitantly with nitrogen desorption and
the second one at higher temperatures. The peaks at 450 K are
ascribed to the partial decomposition of adsorbed hydrazine
as nitrogen and hydrog¢n4,75] As to the high temperature
peak of hydrogen, it could be due to the formation and incor-
poration of H-species in the catalyst at 450 K, then desorption
at higher temperatures.

The TPR profiles of the niobium-supported catalysts pre-
pared with hydrazineHig. 7) differ from those of classical
catalysts Fig. 4). There is only one well-defined peak with ———
maximum at 780—790K which originates from the reduc- 300 400 500 600 700 3800 900 1000 1100 1200
tion of nickel species. Similar TPR profiles were reported Temperature, K
for niobia-supported catalysts with larger nickel content
(2—15%)[72]. However, the nickel—niobia interaction seems Fig. 7. TPR profiles of non-classical Ni/N0s(HYDZ) catalysts.

H, production, a.u.

1% Ni/AlL,O,(HYDZ)

1% Ni/EDTA/Nb,O (HYDZ)

1% Ni/Nb,O (HYDZ)

Rate of H, consumption
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to be weaker than in case of classical catalyiig.(). The stronger interaction of nickel with the support for the HYDZ
N> desorption, due to the decomposition of hydrazine ions catalysts.

adsorbed on the surface, was also observed. The degree of reduction was found higher for the catalysts
supported on AlO3 than that on Si@ On SiG, the catalyst
3.3. Degree of reduction prepared with HNaEDTA presented a very low degree of

reduction (27%), whereas the catalyst 1% Ni/Separed

The degree of reduction was determined after a treat- by simple impregnation showed degree of reduction more
ment under pure hydrogen for 2h at 673K and 773K for than two times higher (68.7%). It could be explained by the
non-classical and classical catalysts, respectively. In theseTPR study. The TPR profile of this catalyst shows one high
conditions, all the catalysts were reduced. The amount of temperature reduction peakig. 3. It originates from the
reduced nickel atoms was measured by oxygen adsorptionreduction of nickel in cationic form. The temperature of the
at 723 and 823K for non-classical and classical catalysts, reduction used in this study was not high enough to provide
respectively. The obtained results show that the method ofthe higher reduction of this catalyst. The SIM catalyst pre-
preparation or nature of the support determined the degree ofpared by the chemical treatment with hydrazine showed a
reduction. These results are reportedables 2 and 3 higher degree of reduction than the classical one. This is in

The 1% Ni/ALOs catalyst showed the total reduction contrast with the alumina catalysts as a result of the support
(103%), whereas the catalyst prepared by double impreg-effect.
nation was only 86.1% reduced. It can be concluded that Itis known that the high temperature reduction ot
double impregnation with pJNa,EDTA does not facilitate ~ with hydrogen gives the bluish-black dioxide Npthat has a
the reduction of the Ni/AO3 system. The AlO3 catalysts distorted rutile structurf69,76]. This reduction is reversible
prepared by the hydrazine reduction exhibited lower degree so the NbQ reoxidized gives the NiDs. Taking into account
of reduction, in good agreement with the TPR study which this reaction, the degree of reduction after treatment at
showed that they were of lower reducibility. In the hydrazine 773 Kwas 54.4% for calcined Ns. This reaction was also
treated catalysts, the supported nickel acetate precursor wagaken into account for calculation of the degree of reduction
directly reduced under the hydrogen flow, whereas the clas-of the nickel-niobia catalysts.
sical precursor was previously calcined. Earlier studies have The classical 1% Ni/EDTA/NfOs catalysts showed a
shown that, in some cases, a more complete reduction tohigher degree of reduction than that of the SIM catalyst
metallic nickel could be achieved when the supported nickel (89.3% against 78.2%). One can suppose that EDTA ions
salt was directly reduced with hydrogen than when a reduc- could facilitate the reduction of nickel species formed on the
tion followed previous calcinations in d86]. This is not the surface when NfOs support is applied. For Ni®s support,
case here; also, as suggested above, this may be a result of gompared to the classical catalysts, the non-classical cata-

Table 2
Characteristics of the classical catalysts
Catalyst h-adsorptionx 103 Dispersion (%) Particle siZgnm) Degree of TOF (molec Bz hlsite 1)

(molgy) reduction (%)

373K 398K

1% Ni/Al,03 0.35 4.1 24.7 103 6.86 11.71
1% NI/EDTA/AI>O3 0.44 5.2 19.5 86.1 10.07 26.84
1% Ni/Si0, 0.86 10.2 9.9 68.7 37.15 72.11
1% NI/EDTA/SIO, 0.44 5.0 20.0 27.0 14.24 46.75
1% Ni/Nb,O5 0.00 - - 78.2 0 0
1% Ni/EDTA/Nb,Os 0.00 - - 89.3 0 0

a From Hy-adsorption.

Table 3
Characteristics of the non-classical catalysts
Catalyst H-adsorptionx 103 Dispersion (%) Particle sizZénm) Degree of TOF (molec Bz ! site™1)
(molgy;) reduction (%)

373K 398K
1% Ni/Al,O3(HYDZ) 0.79 9.5 10.6 42.7 2.99 4.06
1% NI/EDTA/Al,O3(HYDZ) 0.24 3.0 33.7 70.6 19.48 29.99
1% Ni/SiG;(HYDZ) 0.71 8.4 12.0 84.6 22.10 46.73
1% NI/EDTA/SIO:(HYDZ) 0.00 0.0 - - 0 0
1% Ni/Nb,Os(HYDZ) 0.00 - - 86.6 0 0
1% Ni/EDTA/Nb,O5(HYDZ) 0.00 - - 104 0 0

2 From Hy-adsorption.



88 A. Jasik et al. / Journal of Molecular Catalysis A: Chemical 242 (2005) 81-90

lysts showed higher degree of reduction reaching 100% for 110 ————"—-—

the 1% Ni/EDTA/NBOs(HYDZ) material. 100 [—e— 1% NVEDTA/ALO,
90 [—0—1% Ni/SiO,

r—=—1% Ni/EDTA/SiO,

80 - g

3.4. Hj-adsorption study

The Hy-adsorption was used for the determination of the i
dispersion and particle size of the metal active phase aftera £ 0
pretreatment under a hydrogen flow at 673 or 773K for the % 50 -
non-classical or classical catalysts, respectively. The results § 40 -

onversion, %

obtained are reported ifables 2 and 3 g 30[
SiOy, Al,O3 and NBOs as well as EDTA/SIO, @ 0L
EDTA/AI;,O3 and EDTA/NBOs supports did not adsorb 10 L
hydrogen after the hydrogen thermal pretreatment. ol
For the classical catalysts, the higher dispersion and 340 360 380 400 420 440 260 280 500

smaller nickel particle sizes were found in case of the;SiO
catalysts. Moreover, the dispersion of the 1% Ni/Si@talyst
is two times higher than that of 1% NI/EDTA/Sj@atalyst. Fig. 8. Conversion of benzene for classical catalysts supported on alumina
Contrary to that, the dispersion of the double impregnated 1% and silica.
NI/EDTA/AI ;03 catalyst is higher than that of the SIM cata-
lyst. It could be concluded that introduction of EDTA allows to cyclohexane, except of niobia catalysts. No activity was
reaching a better dispersion for the catalysts supported onobserved without this treatment. The bare silica, alumina
Al>,03 while for the silica-supported catalysts EDTA pro- or hydrated niobium supports, previously treated or not in
vides growth of the nickel particles. Moreover, the EDTA aqueous hydrazine, were inactive. The results are reported in
addition seems to incorporate the nickel ions at the cationic Figs. 8 and 9
position into the pores of the catalyst while simple impreg- ~ The catalysts exhibited a maximum of activity as a func-
nation allows creating the surface nickel species. The verytion of the reaction temperature. The temperature of this
high temperature reduction peak (1013 K) observed for this maximum depends on the method of preparation and nature
catalyst is similar to the TPR profiles showed in the literature of the support. It is attributed to the competitive adsorption
for the catalysts prepared by ion exchange me{@l of the benzene and Heactant moleculef26,57,58] The
Non-classical 1% Ni/EDTA/Si@catalyst did not adsorb  activity of the catalysts in the benzene hydrogenation strongly
the hydrogen at all, which again confirms desorption of the depends on the particle size. It was found that the hydrogena-
Ni—EDTA complex during the reduction by hydrazine. The tion of benzene reaction is a structure sensitive[@8e-20]
more significant part of active phase was out of the catalyst In the case of highly dispersed materials, the changes in the
providing absence of the activity for this catalyst. Gener- catalytic activity were related to the combined effects of par-
ally, the classical catalysts prepared by DIM adsorbed moreticle size, surface coverage with adsorbed species and active
hydrogen than the double impregnated catalysts prepared bysite dimensiorj21].
the hydrazine reduction. The classical and non-classical cat- The best catalytic performances are obtained with the 1%
alysts without EDTA adsorb nearly the same quantities of Ni/SiO, catalyst which is active from 348K (6% of con-

Temperature, K

hydrogen.
The SIM as well as DIM prepared catalysts supported 110
on NipOs did not adsorb hydrogen. It could be attributed 100 o 1o ::;::;‘T’;:;T%ZzHYDZ) .
to a very strong interaction of nickel particles with the 90 [—o—1% Ni/SiOi(HYIZDZS) .
matrix [69,72] As suggested from the IR spectra, the nickel o go [—=—1% NVEDTA/SIO,(HYDZ)
ions react with the niobium oxide providing the block- € 7ol
age of the hydrogen adsorption capacity of the nickel. The s 6oL
same results were obtained for the niobium-supported cata- g 5o |
lysts prepared with the hydrazine. Hydrogen adsorption on 3 i
Nb,Os-supported nickel catalysts has been reported with @ “°T
higher nickel contents (2-15%J2]. Very low surface areas & 3T
were found when the reduction temperature was 673K & 20
(<1m?g1), i.e. nickel atoms were not very accessible to 10 -
hydrogen with the niobia support. 0 ————f——d——a——a——s—un

340 360 380 400 420 440 460 480 500

3.5. Catalytic activity Temperature, K

After a H2 th.ermal treatment, the catalysts _became active Fig. 9. Conversion of benzene for non-classical catalysts supported on alu-
and selective in the gas phase hydrogenation of benzenenina and silica.
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version) and totally converts benzene at 44849( 8). The on nickel not enough sufficient for the further hydrogenation
double impregnation method leads to a dramatic decreaseprocess.

of the activity: the maximum of conversion hardly reaches

30% for 1% Ni/SIQEDTA. For the catalysts supported on

SiOy, the activity increases with increasing the dispersion 4. Conclusions

and decreasing the particle size of the nickel. It could be

explained by the reducibility of this catalyst. The maximum  The surface acidity of the supports used changes as
of the reduction peaks are 892 and 1013Hg( 3 and the =~ Manifested by the isopropanol test-reaction: St@l203
degrees of reduction 27 and 68%, respectivéable 2. The <Nb,Os. The incorporation of Ni* ions in the oxide matrix
nickel present on the surface is less reduced and the nickelPy simple or double impregnation method gives rise to

oxide is not an active phase. metal-support interactions which are the strongest for the
The alumina support decreases the maximum of conver-niobia support as showed by the IR study.
sion to 45% and at a higher temperature (473Ky(8) as Various nickel surface species were evidenced by the H

compared to the silica support. In contrast, the double impreg- TPR study. According to the method used or/and support, the
nation method enhances the activity since the maximum of nickel phase exhibited various reducibility, surface or hydro-
conversion increases to 71%, whereas the temperature of thi§l€nating properties, after calcinations, then reduction under
maximum shifts to 175C. The lower activity of the alumina & hydrogen atmosphere. These properties also changed when
catalysts, as compared to that of the silica ones, is due tothe supported precursors were treated in aqueous hydrazine,
their lower reducibility as showed from the TPR results (see then directly reduced in hydrogen atmosphere. As a gen-
above). In case of the catalysts supported on alumina, theeral trend, the best performances are obtained with the sil-
higher degree of reduction was found for the Cata'yst pre- ica Support, which seems to interact less with the nickel.
pared by double impregnatiofidble 2. Its activity is also The metal-support interactions are highest when niobium
higher than that of the Cata|yst prepared by Simp|e impreg_ oxide is used as the matrix for nickel. AISO, Ni Supported on
nation. hydrated niobia was not active towards hydrogen or hydro-

The non-classical 1% Ni/SiDcatalyst exhibits similar gen +benzene systems.
activity as classical one for the simple impregnation method ~ The supported precursors were shown to be not reduced
(Fig. 9). In contrast, the non-classical double impregnation in aqueous hydrazine at 353K, as initially desired, because
catalyst is completely inactive in benzene hydrogenation. & stable blue surface complex [NifNg4),]?* was formed. In
It confirms the desorption of the Ni~EDTA complex when the mean time, hydrazine molecules adsorbed on the catalyst
hydrazine was introduced in the liquid media. The more sig- supportin the aqueous media. These molecules decomposed
nificant part of active phase was out of catalyst, providing the t0 gaseous mixturesaN+NHz) or N2 + Hp according to the
absence of the activity for this catalyst. nature of the support with amounts and at a temperature

When alumina is the support, the non-classical catalyst depending on the support acidity, in good agreement with
is more active than the classical one for simple impregna- the isopropanol test-reaction and IR studies.
tion method: the maximum of conversion passed from 45 to
92% at 474 KFigs. 8 and ¥ In contrast, the double impreg-
nation decreases the maximum conversion from 71 to 58% References
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