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Abstract

12-Tungstophosphoric acid zAW;2040 (HPW), was supported over conventional mesoporous silica and MCM-41. The
acidity of these supported materials and their catalytic activity-foutane isomerisation were investigated. The differences
in activity between these two series of supported HPW were ascribed to different HPW dispersion. Modification of the
mesoporous silica and MCM-41 by treatment with cesium carbonate increased their catalytic activity. It was shown that the
subsequent impregnation of the HPW resulted in the formation of the cesium ssM&E,40) supporting the HPW. An
optimum of Cs:HPW ratio was observed, which was interpreted as due to a competition between dispersing the HPW on
Cs salt formed and the acid site neutralisation by €ation. The optimised catalyst, obtained by supporting HPW over Cs
modified MCM-41, was found to be more active in the reaction-@f; isomerisation than the conventional acidic Cs salt,
CsHPW;2,040. Pyridine adsorption over supported HPW and microporoy$i8V1,040 was investigated by in situ FTIR
spectroscopy and compared to bulk HPW. Pyridine adsorption over bulk HPW lead to a peculiar spectrum ascribed to the
formation of the bis-pyridinium species. Over supported HPW and microporous Cs salt, the classical spectra of the pyridinium
species were observed. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: RButane isomerisation; Acidity; Heteropolyacids; Supported catalysts; Mesoporous silica; MCM-41; Cs modified silica and
MCM; Brgnsted sites

1. Introduction effects of chlorine on the environment, the search
of environmentally friendly strong solid acids is jus-
The n-paraffin isomerisation into branched hydro- tified. Heteropolyacids have been identified to be
carbons with higher octane number is an important good candidates for this challenge due to their strong
process of the petrochemical industry. This trans- acidity [1]. Among them, 12-tungstophosphoric acid,
formation is favoured at low temperature, which is H3PW;2040 (HPW) has attracted most attention due
why strong solid acid catalysts are required such to its highest acid strength in the series. Nevertheless,
as Pt/chlorinated alumina. However, due to negative the main drawback of such materials for catalytic ap-
plication is their low specific surface area. Therefore,
* Corresponding author. for many catalytic applications, the dispersion of the
E-mail address:essayem@catalyse.univ-lyon.fr (N. Essayem). heteropolycompound onto a high surface area carrier
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is necessary. For this purpose, two main approachesthose described previously. It combines both the bene-
have been followed in the literature: the direct prepa- ficial effect of the alkaline cation for the improvement
ration of acidic porous salts or the dispersion of the of HPW dispersion and stability and the advantages

heteropolyacid on classical supports. linked to the use of a high surface area carrier with
The first approach concerns the acidic alkaline salts, a controlled porosity. This approach, first described
abbreviated conventionally M3, PW12040 (M = to our knowledge in 1997, was applied to acidic

Cs", K*, Rb" or NHsT). Among them, the acidic Cs  type reaction [16—18] and to redox transformation
salt, Cs 5Ho5PW12040, was first reported by Misono  as well [19].
and co-workers to be highly active in many acid-type  In the recent years, we have focused our efforts
reactions [2]. These salts, when prepared in aqueousin improving and controlling the acidic properties of
solution by partial neutralisation of the proton of the HPW based materials. The aim of the present work is
heteropolyacid by alkaline cations and recovered from to evaluate this new way of supportingsPMW;2040
the mother solution by centrifugation, correspond to with respect to the more conventional microporous
higher surface area solids with a global composition CHPW;2040 and to HBPW;204¢ dispersed on un-
M, H3z_PW;2040, with x-value larger than 2 [3]. Un-  modified silica.
fortunately, via this method the protonic content and
the textural features of the precipitated salt vary in a
opposite way [3]. In terms of protonic surface density, 2. Experimental
the more acid catalyst corresponds to a composition
near CsHPW,,040 if prepared as described previ- 2.1. Catalyst preparation
ously [3]. These porous acidic salts;M3_,PW;2049
were shown to be composed of an acid phase dispersed The preparation of bulk and porous heteropolyacids
on the microporous neutral saltg®W;2040 [4]. Re- was carried out by conventional methods described
cently, the characteristic features of their protonic sites elsewhere [3]. For the synthesis of supported HPW,
were observed to be similar to those of the parent acid two types of silica supports were used: a commercial
indicating that CsPW1204g is likely an ideal support ~ mesoporous silica—gel, Grace Davison 432, with pore
for H3PW;2040 [5]. diameters ranging from 9 to 15 nm and a BET surface
The second approach, which was also the subject of area of 304 rAg—! (denoted hereafter Sip and an
extensive investigations, is the direct dispersion of the ordered pure siliceous MCM-41 whose pore diame-
heteropolycompound on a conventional support such ter is 2.8 nm (N adsorption, BJH determination) and
as silica [6-11], Ti@, carbon, AyO3 or ZrO, [12-15]. its BET surface area 988%g~1. This MCM-41 silica
Because of its inertness towards the heteropolycom- sample was prepared following a well known proce-
pound structure, silica is probably the most suitable dure [20].
carrier for supporting heteropolyacids. However, even  Two series of supported HPW samples were pre-
with silica support, it is not clear whether or not for pared. The first ones were obtained by direct incip-
low HPW loading, the heteropolyanion structure is ient wetness impregnation of the silica support by
preserved. Nevertheless, high activities were usually a 12-phosphotungstic aqueous solution. The result-
reported with supported HPW compared to that of the ing samples are abbreviated mld3P/silica, n being
bulk acid ascribed to an enhanced dispersion of the P mol% (P:Si ratios of 1:100, 2:100, 3:100). The
HPW. Moreover, from published data, the second point second series corresponds to HPW impregnated on
which remains to be elucidated is, whether or not, the Cs-modified silica supports. The Cs modified silicas
intrinsic acidity of the bulk HPW is maintained after were prepared by impregnation with a dilute;C&z
dispersion on the carrier as in the case of acidic porous aqueous solution using various Cs:Si molar ratios, fol-
salts such as GBIPW;2040. lowed by drying and calcination in air at 573K. Then
More recently, alkaline modified silica was used to the solids were impregnated with an aqueous HPW
prepare supported HPW. Enhanced HPW dispersionssolution of the appropriate concentration. Finally, the
and catalytic performances were reported by this way. resulting solids were dried and calcined at 573 K.
This method of synthesis is intermediate between These samples are abbreviated r@id3P/MCs-silica,
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Table 1

Characteristics of supported HPW samples: compositisgar and HPW coverageSpw/Ssio,)

Support Abbreviation n? mP S50, (M? geat ™) Shpw/Ssio, wt.% HPWe Sser (M2gY)

SIO SiO 0 0 304 0 0 304
H3P/2Cs-SiQ 1 2 188 0.5 38.1 163
H3P/Cs-SiQ 1 1 188 0.5 38.3 195
2H3P/2Cs-SiQ 2 2 148 0.9 51.1 186
4H3P/4Cs-SiQ 4 4 100 1.9 67.4 85

MCM-41 MCM 0 0 988 0 0 988
HsP/MCM 1 0 642 0.15 35.0 702
2H3P/MCM 2 0 472 0.3 51.8 463
3H3P/MCM 3 0 377 0.4 61.8 310
H3P/Cs-MCM 1 1 — — 36.0 194
4H3P/4Cs-MCM 4 4 - - 68.0 206
4H3P/8Cs-MCM 4 8 - - 69.1 189
8H3P/8Cs-MCM 8 8 - - 80.1 80

2nis P mol% (P:Si ratiox 100).
bmis Cs mol% (Cs:Si ratiox 100).

¢ Deduced from experimental total surface area assuming no modification of the silica surface.
d Assuming that one Keggin unit occupiesid x 10~18 2,
€ Deduced from the chemical analysis of W and Si contents.

wheren is P mol% (P:Si ratiox 100) andm the microreactor under the following conditions: catalyst
Cs mol% (Cs:Si ratiox 100). The HPW loadings, weight = 200 mg, T reaction = 473 K, 4.4%n-butane
deduced from the chemical analysis of Si and W el- in Ny, total flow rate= 2.61h~1. In some cases, the
ements, are ranging from 38wt.% forsPVCs-silica catalysts were pre-treated for 1 h at room temperature
up to 80wt.% for 8HP/8Cs-silica. The two series  with a water saturated Nlow followed by a treatment

of catalysts are listed in Table 1 together with their at 473K in nitrogen for 2 h. They will be designated
chemical composition, the total BET surface areas with w as a subscript.

and calculated HPW coverag®ipw/Ssio,, assuming

uniform HPW dispersion on the support and that one

Keggin unit occupies 44 x 10718 m?2, 3. Results and discussion

2.2. Catalyst characterisation 3.1. Catalyst characterisation

Several parameters were investigated, as the textu-3.1.1. X-ray diffraction study
ral features of the silica, the HPW and the Cs loadings.  XRD data indicate that the MCM-41 sample ex-
Supported materials were characterised by chemical hibits the ordered hexagonal structure characterised by
analysis, X-ray diffraction (XRD)3P MAS-NMR, an intense reflection peak atlapacing of 3.8 nm. The
and N adsorption isotherms. The acidic properties of intensity of this low angle reflection peak decreases
supported HPW were characterised by in situ FTIR progressively as the HPW loading increases (Fig. 1).
spectroscopy by means of pyridine adsorption and After Cs impregnation, at a loading as high as 4 mol%
compared in detail to that of bulk HPW and microp- (4Cs-MCM), the intensity of this low angle peak de-
orous salts. creases strongly and more drastically after the HPW
impregnation (Fig. 1). Cs and HPW loadings induce
2.3. Catalytic testing a drastic decrease of the intensity of the low angle re-

flection peak which may indicate a structural distor-
The n-butane isomerisation reaction was used as a tion of the MCM-41 or more simply a reduction of its

test reaction. It was carried out in a differential flow long range order. At higher2angle, the diffraction
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Fig. 1. XRD patterns, recorded at low angles, réfizP/MCM,
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4Cs-MCM and 4HP/4Cs-MCM samples.
Fig. 2. XRD patterns recorded from 3 to 8(29) of nHsP/MCM
and 4HP/4Cs-MCM samples.
lines of bulk HPW were observed even for the low-
est HPW loading (35wt.% for §P/MCM) (Fig. 2).
The XRD pattern of 45P/4Cs-MCM exhibits also
the lines of the cubic HPW structure. However, the
peaks are broadened indicating a higher dispersion of3.1.2. 3P MAS-NMR study
the heteropolyanion. In addition, the unit cell parame- 3P MAS-NMR spectra ofnH3P/MCM-41 with
ters are near the values reported for the acidic cesiumincreasing HPW loadings show a main peak at

salts, 1.184 nm. Consequently, it seems reasonable to
propose that such salts are formed at the silica surface.
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Fig. 3.3IP MAS-NMR spectra ohHzP/MCM samples. Fig. 4. 3P MAS-NMR spectra of 45P/8Cs-MCM, 4HP/4Cs-

MCM and hydrated 45P/4Cs-MCM samples.

—14.8ppm and a shoulder at15.5ppm (Fig. 3).
The relative intensity of the shoulder at15.5 ppm MCM-41 show a principal sharp resonance line at

increases progressively with the HPW loading. It is —14.8 ppm and a smaller one at13.9 ppm (Fig. 4).
well known that theé!P NMR chemical shift of HPW  The intensity of this former peak decreases when the
is very sensitive to its hydration level. A chemical Cs content increases. The chemical shift of the dom-
shift of —15.5ppm is characteristic of its hydrated inant peak at—14.8 ppm is in agreement with the
form. Dehydrated bulk HPW shows a low field shift 3P NMR chemical shift measured on the neutral salt
of 31P NMR peak indicating local structural changes CsPW;2049 [21]. The small peak at-13.9 ppm is
of the Keggin anion [21]. presumably related to the presence of the acid phase
Consequently, it seems reasonable to ascribe thewithout Cs™ as countercation since its intensity is re-
shoulder at-15.5 ppm to hydrated HPW crystallites duced when higher Cs loading are used. However, this
weakly bonded to the support while the main peak non-exchanged acid phase could be immobilised in a
at —14.8 ppm could correspond to heteropolyanions partially dehydrated state.
showing a slight distortion with respect to bulk hy-
drated HPW. Since the materials were analysed in an 3.1.3. Textural features
equivalently hydrated form, this distortion of the Keg- The textural features were drawn from N
gin unit should result from the interaction with the sil- adsorption—desorption isotherms. Commercial sil-
ica support and/or the presence of different states of ica loaded with increasing amounts of HPW shows
hydration generated also by the presence of the sup-mainly a decrease of its adsorption capacity, resulting
port. The spectra of HPW supported on Cs-modified in lower BET surface area values. The isotherms are
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) L . Fig. 6. N; isotherms of MCM-41nH3P/MCM-41 and 4HP/4Cs-
of IV type according to IUPAC classification, given mMcMm samples.

by mesoporous materials (Fig. 5). The BET surface
values fall down to 85rhg~1 for 4H3P/4Cs-SiQ
(Table 1). However, if we consider the high HPW not in the pores. For HPW dispersed on Cs modified
loading in mass and refer the surface area per gramsilica, this phenomenon is more pronounced. Cs and
of silica alone, we get only small changes in surfface HPW impregnation might have disrupted the long
area values (column 5 in Table 1). In addition, the range order of the MCM-41 as indicated by the XRD
isotherm shape and the hysteresis loop remain almostdata resulting in its decreased adsorption capacity.
unchanged indicating that the pore/shape was not However, high external surface areas were measured
changed by the HPW, i.e. that the heteropolyanions even for the highest HPW loading, 189 and 8bgn’
were either introduced in the porosity, filling pro- for 4H3P/8Cs-MCM and 8BP/8Cs-MCM, respec-
gressively the pores and/or being deposited on the tively.
external surface of the silica particles.

N> isotherms performed on MCM-41 samples give 3.2. In situ FTIR study
a reversible type IV isotherm and the pore diameter
calculated from BJH method equal 2.8 nm, against The IR spectra of the various catalysts were investi-
3.8nm from thed spacing from XRD, as shown gated in order to collect information on the structural
above. We are of the opinion that the 2.8 nm from BJH features of the supported HPW in order to assess the
method is more realistic. Unlike commercial silica, the nature of the interaction of the HPW with the support,
mesopores filling by Mlat 77 K takes place reversibly on one hand, and to probe the acid properties of the
over a short range d¥/Pg (Fig. 6). The samples with  material, on the other hand. To achieve this goal, two
increasing amounts of HPW on MCM-41 evidenced different techniques were used:
a progressive clogging of the regular mesoporous
structure (Fig. 6). The step in the isotherm branch,
nearP /Py = 0.35, which indicates the occurrence of
capillary condensation in the regular mesopores, is
progressively reduced as theP content increases.
These data indicate that the pore dimension of the The former technique produced higher quality spec-
MCM-41 (2.8 nm) does not allow the penetration of tra in the Keggin unit domain, while the latter pro-
the heteropolyanionx{1.2 nm) into the regular pores duced improved spectra in the high frequency domain,
of the carrier. More likely, the heteropolyanions may particularly for the adsorption of surface species as
stick on the surface of the MCM-41 particles and pyridine.

(i) a suspension of the material in water was sprayed
over a silicium wafer and dried;

(ii) the material was pressed into self supported wafer
in the usual way.
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The absorption bands related to the Keggin unit are
those which may indicate the conservation of the in-
tegrity of the parent structure together with the occur-
rence of an interaction of the HPW (or acid salt) with
the support.

The spectrum of the HPW supported over unmod-
ified MCM-41 is shown Fig. 7. The Keggin unit
absorption domain is partially obscured by the absorp-
tion originating from the MCM-41 network. However,

3747 and 3502 cm' due to both OH groups from the
MCM-41 and HPW (Fig. 8). More interestingl§yon
dual absorption is clearly seen at 1700 and 1642%m
respectively, due to protonated water, presumably
HsO,% generated by HPW, and water physisorbed
onto MCM-41. The presence of tligy at 1700 cnit

is a clear evidence that the supported HPW has
retained, at least, part of its acidic properties. How-
ever, pyridine adsorption investigated using IR spec-

all the usual bands of the heteropolyanion are presenttroscopy shows differences compared to bulk HPW.

and experience a general high frequency shift and
broadening [5]. This is in agreement withP NMR
results which also show th&tP has experienced a
significant shift from that of hydrated HPW. In addi-
tion to the Keggin unit fingerprint,ony are observed at

Indeed, as shown in Fig. 9, the spectrum recorded over
3H3P/MCM, after pyridine adsorption and evacuation
at 423K, revealed a single 19b vibration mode ab-
sorption at 1540 cmt. This result is at variance with
what is observed over bulk HPW (Fig. 9b): a dual 19b
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Fig. 8. In situ FTIR spectra of MCM or Cs-MCM supported HPW samples recorded at 293K after treatment under vacuum at 293K for
30 min.

vibration mode at 1531 and 1542 cthis observed. supported materials is again in line with the formation
Through adsorption of gaseous pyridine over bulk of the corresponding acid salt as may be seen from
HPW, bulk pyridinium salt is formed with the well  the oy vibration which exhibited a dual adsorption
defined structure associating two pyridine molecules at 1700 and 1642 crt (Fig. 8).
[22]. Over supported HPW, a surface pyridinium ion The intensity ratio of the high frequenc§on
was formed very much like on other acid surfaces such absorption is within the reciprocal of the corre-
as silica—alumina, zeolites . This suggests an im- sponding Cs:P ratio, the higher the Cs content,
portant modification of the HPW structure originated the lower the intensity of the band at 1700t
from dispersion and/or interaction with the support.  taken as a reference. This is an indication that the
When MCM-41 material was treated with Cand non-stoichiometric supported salt contains acid sites
subsequently impregnated with HPW to achieve Cs:P strong enough to protonate water molecules to form
molar ratio of 2:1 or 1:2, the IR spectrum exhibited a the HsO,* complex proportionally to the residual
Keggin unit pattern almost identical with that of the protons.
acid salt for the highest Cs loading (Fig. 7). Therefore,  Pyridine adsorption as monitored by IR con-
this result reinforces the idea that the acid has reactedfirmed the Brgnsted acidic character of the supported
with Cs' cation to form a cesium salt deposited on the non-stoichiometric salts (Fig. 9). It is also noteworthy
surface of MCM with a very loose interaction, if any. to mention that the pyridinium ions are similar in
At this stage it is not clear whether the excess structure to conventional surface pyridinium ions ob-
acid part is dispersed over the neutral salt, as it was served on other surfaces by contrast to their structure
established earlier in the absence of a support, orin bulk pyridinium salt of HPW, again indicating a
interacting directly with the MCM surface. Since the high dispersion of the HPW over Cs-MCM or most
interaction of the acid with the MCM is only wit- probably over the corresponding cesium salt. Note
nessed by a small high frequency shift of the W—O also that over the conventional microporous acidic
vibration, it seems more reasonable to assume that thesalt, CsHPW;2040, only surface pyridinium ions are
acid part is dispersed on the salt via epitaxial growth observed in agreement with the fact that these mate-
of the excess acid over the salt formed by the early rials can be considered as an acid phase dispersed on
neutralisation of the added acid. The acidity of such the microporous gPW;2040 [4].
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3.3. Catalytic activity in n-@
isomerisation reaction

3.3.1. Influence of the silica nature

Table 2 shows the effect of the nature of the sil-
ica support on the initial rate afC4 formation. It
is worthwhile to mention that the initial activity of
HPW supported on Cs-modified MCM-41 is always
higher than that of HPW supported on Cs-modified
commercial silica in spite of similar HPW loadings
and surface area values. As described previously, the
main difference between the two types of catalysts
is the site of the HPW grafting. The regularity of
the MCM-41 pore system coupled with their relative
small dimension (2.8 nm) leads to the adsorption of
the heteropolyanions on the external surface of the
particles rather than in the pores.

To generate highly active catalysts, it was reason-
able to expect that the penetration of the heteropolyan-
ions inside the porosity might favour their dispersion
and consequently catalytic activity. The present re-
sults are in favour of an enhanced accessibility to the
heteropolyacids using MCM with respect to the other
mesoporous silica with larger pores. Surprisingly, the
entrance of the 2.8 nm pores of the MCM does not
allow the penetration of the heteropolyanions, but
leads, nevertheless, to a larger external active surface,
presumably by favouring HPW dispersion on the
external surface.

3.3.2. Influence of Cscation

To examine the influence of the Csation, the
initial catalytic activity of 4HP/4Cs-MCM, and
3H3P/MCM,, are compared in Table 3. These sam-
ples were chosen due to their nearly equald¢dntent
assuming the formation of acidic cesium salts at the
silica surface. As shown in Table 3, the initial activity

Table 2

Initial rate of i-C4 formation for HP/Cs-silica samples

Catalysts i-C4 formation rate SeT (m2 g i-C4 formation rate
(107"molh~1g™1) (10" molh~tgnbw)

H3P/Cs-SiQy 0.75 195 2.0

H3P/Cs-MCMy 2.9 194 8.1

4H3P/4Cs-SiQy 2.5 85 3.7

4H3P/4Cs-MCMy, 4.7 206 6.9

Conditions:mca = 0.2 g; total flow rate= 2.6 |h™1; n-C4: 4.4% in Np; Treaction= 473 K; catalyst pre-treatment: hydration at ambient

temperature followed by flushing withJNfor 2h at 473 K.
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Table 3
Initial rate ofi-C4 formation on 4HP/mCs-MCM and 3HP/MCM
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Table 4
Initial rate of i-C4 formation onnHzP/MCM and bulk HP

Catalysts i-C4 formation rate

(10 "molh1g1)

i-C4 formation rate
(10 "molh~t gt

4H3P/8Cs-MCM, 2.0 2.9
4H3P/4Cs-MCM, 4.7 6.9
3H3P/MCMy 18 2.9

Conditions: mcat = 0.2g; total flow rate= 2.61h~1; n-Cs:
4.4% in No; Treaction= 473 K; catalyst pre-treatment: hydration at
ambient temperature followed by flushing with for 2h at 473 K.

of 4H3P/4Cs-MCMN, is more than twice that of
3H3P/MCM,, in spite of a lower BET surface area
value (206 against 3100y 1, respectively). There-
fore, the higher activity of HPW supported on
Cs-modified MCM can be ascribed only to the pres-
ence of C$ cation. These catalytic results clearly
indicate that the acid properties of HPW dispersed

Catalysts i-C4 formation rate i-C4 formation rate
(10 "molh~1g™h) (10 "molh~t g3ty

H3P/MCM 1.3 3.7

2H3P/MCM 1.7 3.3

3H3zP/MCM 1.6 2.6

Bulk H3P 0.95 0.95

Conditions:mcat = 0.2g; total flow rate= 2.6 |h=1; n-C4: 4.4%
in N2; Treaction= 473 K; catalyst pre-treatment: flushing withp N
for 2h at 473K.

Table 4 together with that of the bulk HPW. One can
observe that the specific activity of MCM-41 sup-
ported HPW varies slightly with HPW loading, what-
ever the activity is referred per gram catalyst or gram
HPW and is definitely higher than for bulk HPW,

over Cs treated silica are enhanced compared to thatwhich is due to HPW dispersion. Higher HPW load-
for HPW supported over unmodified silica. These ing did notincrease the initial activity and the catalyst
catalytic data are in agreement with the previétR decay was more pronounced which may be linked to
NMR and FTIR results which have shown that the a higher protonic density coupled to an unfavourable
Cs" cations prevent the Keggin structure distortion texture.
caused by strong interaction with the carrier surface  Tables 5 and 6 show the catalytic activity of the
in the absence of cationic centres. Paradoxically; Cs two Cs-modified silica supports loaded with different
cations should contribute to the acidity enhancement HPW amounts. On the commercial mesoporous silica
by this way. Note that the HPW peaks in XRD patterns
(Fig. 2) are broader when Cs is present, indicating a
better dispersion of HPW species.

To clarify the role of the C$ cation, the catalytic
activities of 4P/8Cs-MCM, and 4HP/4Cs-MCM,
are reported in Table 3. These two catalysts have about

Table 5
Initial rate of i-C4 formation onnH3P/MCs-SiQ

Catalysts i-C4 formation rate

(10" molh~1g-1)

i-C4 formation rate
(10 "molh g k)

the same HPW loading but differ by their molar Cs:P HsP/Cs-SiQw ~ 0.75 2.0
ratio (1 or 2). A clear relationship between the ini- 2HgP/2Cs-SiQy 1.9 37
: P AH3P/ACS-SIQy 2.4 3.6

tial activities and their Fi content appears: the initial
activity of 4HzP/4Cs-MCM is more than twice that
of 4H3P/8Cs-MCM. This result suggests strongly that
the C¢ cation dispersed on the silica support is ef-
fectively in the position of countercation relative to
the Keggin anion. These catalytic results show that if
the presence of Cscations is beneficial for the cat-

Conditions: mcat = 0.2g; total flow rate= 2.61h~1; n-Cy:
4.4% in Nb; Treaction= 473 K; catalyst pre-treatment: hydration at
ambient temperature followed by flushing with for 2h at 473 K.

Table 6
Initial rate of i-C4 formation onnHzP/mCs-MCM

alytic activity, their concentration is to be optimised Catalysts i-C,4 formation rate i-C4 formation rate

with respect to the HPW loading, presumably avoid- (10 "molh~*g) (10" molh* g3,

ing the over neutralisation of the protonic sites of the HsP/Cs-MCM, 2.9 8.1

supported HPW, while favouring HPW dispersion. 4H3P/4Cs-MCM, 4.7 6.9
8H3P/8Cs-MCM, 3.5 4.4

3.3.3. EﬁeCtS_Of HPW Ioadlng . Conditions: mcat = 0.2g; total flow rate= 2.61h~1; n-Cy:
_ The catalytic activity of HP/MCM W!th INCr€as-  4.4% in Ny; Treaction= 473K; catalyst pre-treatment: hydration at
ing HPW amount (1, 2 and 4 mol%) is reported in ambient temperature followed by flushing with Ffor 2 h at 473 K.
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(Table 5), the initial activity increases progressively rehydration of 4HP/4Cs-MCM enhanced the initial
with the HPW loading. Using MCM-41 as a support, a activity may be explained by the contribution of two
maximum catalytic conversion was obtained for inter- phenomena:
mediate HPW and Cs loadings if expressed per gram : . :
: e A likely enhancement of the HPW dispersion. As a
catalyst and decreased regularly if expressed per gram . . ;
S . matter of fact in a previous work [23], it was shown
HPW, all catalysts being initially more active than for o
- that the mobility of HPW over GPW; 2040 support
mesoporous silica. . "
was increased under wet conditions.

e The hydration of the supported HPW to its maxi-
mum level may produce an increase of the number
of protonic sites assuming that the supported HPW
were initially immobilised on the MCM support in
a partially dehydrated state.

3.3.4. Influence of water pre-treatment

Most of the catalytic results described above have
been obtained over hydrated supported catalysts. Such
catalysts were designated as folloaldsP/MCM,, or
nH3P/SiG,, instead ofnH3P/MCM or nH3P/SIiG in
absence of water in the pre-treatment flow. To elucidate the effect of such pre-treatmert®

The effect of such treatment on the activity of the MAS-NMR analyses were realised on wet and dry
HPW supported on the commercial silica is shown samples. The dry catalyst 4R/4Cs-MCM exhibits
in Fig. 10. Hydration pre-treatment has a beneficial two distinct sharp resonance peaks: the main one at
effect on the stability of the catalyst and little effect —14.9 ppm, characteristic of the symmetrical Keggin
on the initial activity. This effect is not dependent on anion CgPW;,040 and a smaller one at13.9 ppm
the Cs™ amount. On HPW/MCM samples, only slight which can be attributed to HPW in interaction with
modifications were observed (Fig. 11). the CgPW;1204 salt. Upon exposure to water vapour,

Results in Fig. 11 show that when Cs-MCM was the two resonance lines were shifted by 1ppm to-
employed as a support, water pre-treatment inducedwards higher field and the two lines were broadened
mainly an increase of the initial activity. The fact that (Fig. 4). These two modifications may result from a

8.0E-08 -

6.0E-08 -

4.0E-08 A

2.0E-08 -

rate iC4 formation (mol.s-1.g-1)

0.0E+00 ; + t i
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Fig. 10. Influence of water treatment on the activity ofAACs-SiQ and HP/2Cs-SiQ in n-C4 isomerisation reaction at 473 K.
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Fig. 11. Influence of water treatment on the activity ofsB#MCM, 4H;P/4Cs-MCM and microporous eldPW;2040 samples inn-Cy
isomerisation reaction at 473 K.

strengthening of the interaction of the HPW with the activity of the resulting material compared to the bulk
silica support which may be due in turn to an im- acid in the reaction ofi-C4 isomerisation.
proved HPW dispersion. These NMR results support  Improved HPW dispersion and catalytic activity
our earlier assumption that the water pre-treatment was achieved upon treated MCM-41 with cesium
could favour the HPW dispersion onto the silica sup- cations even though some structural disruption of the
port [23]. MCM-41 framework was observed. The dispersion
The catalytic activity of pure microporous was shown to occur via formation of a cesium salt
CoHPW12040 is also reported in Fig. 11 for com-  serving subsequently as an anchor site to additional
parison. Unlike supported HPW, this material is HPW. In other words, it is concluded that the disper-
almost insensitive to the wet pre-treatment. Further- sion of the HPW over MCM-41 is favoured by in-
more, data in Fig. 11 demonstrate that the optimised creasing the cesium content, i.e. the number of anchor
4H3P/ACs-MCM, exhibits a higher initial specific  sites. However, the Cs:P ratio needs to be optimised

activity than microporous G8PW;2040, to prevent the total neutralisation of the Brgnsted
sites.

Pyridine adsorption, monitored by IR spectroscopy,

4. Conclusions confirmed the presence of acid Brgnsted sites with

formation of conventional superficial pyridinium

MCM-41 was shown to provide a better support for species on HPW dispersed on MCM, mesoporous
HPW than a conventional mesoporous silica, on the silica, Cs-MCM and microporous @dPW);204¢.
basis ofn-C,4 isomerisation reaction activity. Thiswas The formation of bis-pyridinium species was only
assigned to a better dispersion of the HPW species, observed and is characteristic of the bulk HPW. Proto-
particularly on the external surface. In addition, it nated water clusters were identified on the supported
has been shown that the dispersion of HPW over un- HPW showing that these Brgnsted sites are able to
modified MCM-41 does not enhance significantly the protonate water molecule.
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Finally, water treatment prior to the catalytic reac-
tion was also shown to improve the activity which was
assigned to additional dispersion of HPW.
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