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The heteropolyacid of Keggin structure (H3PW,040) and several of its cesium salts have
been synthesized and characterized for their acidic properties. Chemical analysis, TGA, NHj
adsorption—desorption and ¥P MAS-NMR techniques permit the characterization of the
Bronsted acidity. The catalytic properties were studied for n-butane isomerization and for
methanol conversion to dimethyl ether at 200 and 180°C, respectively. Our conclusion is that,
in term of conversion, the more acidic catalysts are in the range Csy/5 7 if considering a wide
range of acid strengths evidenced by methanol conversion. The range is Cs,/Cs, ; if one consid-
ers only very strong acidity as evidenced by n-butane isomerization.
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- 1. Introduction

The heteropolyoxometallate materials have been used successfully as catalysts
either in their acidic form for acid type reactions or in their cationic exchanged or
substituted forms for acidic and oxidation catalytic reactions [1-6]. Among the
acid forms, the most acidic corresponds to the Keggin structure H;PW 2049 [7-
10].

Such compounds exhibit very particular properties, namely their NH}, Cs*,
K+, or Rb™ salts (cations of large atomic radius) have a much higher surface area
[4,11-13], a higher thermal stability [4,14] and a much lower water solubility [4,15],
than their H* or Na* analogs. Another striking property, related to surface area
enhancement, is that the acidic Cs* salts, Cs3_,H,PW;,04 exhibit much higher
specific rate conversion than their H* analog, a fact that is at variance with what
could be expected from their chemical formula. For example, Ai[14] has observed a
maximum activity in catalytic dehydration of 2-propanol for the Cs;PMo2049
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compound (x = 2). In contrast, the Csy sPW 3,049 compound (x = 2.5) was claimed
to exhibit the highest activity for liquid phase reactions such as cyclohexyl acetate
decomposition[16], alkylation of trimethylbenzene with cycohexene [17] or esterifi-
cation and hydrolysis reactions [18,19] and for gas phase reactions such as dimethyl
ether or methanol conversion [20,21] and n-butane isomerization [22]. The reasons
for this activity was attributed to a very high surface protonic acidity with high
acid strength of the proton associated to the polyanion [4,16,21].

In this work, we have tried to elucidate some problems and particularly to discri-
minate between the influences of surface area and of non-exchanged protons using
methanol dehydration as a “bulk-type” reaction [23,24] and isomerization of n-
butane as a “surface-type’’ reaction [23,24].

2. Experimental

Pure heteropolyacid H;PW ;049 sample was prepared in a classical way [15]
including the synthesis of the sodium form and the extraction of H3PW ;049 by
diethyl ether.

The cesium salts were prepared by adding a CsCl solution (5 M) to an aqueous
solution (0.1 M) of H;PW;;04 with a stoichiometry corresponding to
Cs;H3_.PW1,040 with x = 3, 2.5, 2 and 1. The precipitates were washed twice with
distilled water at room temperature and separated from the liquid phase by centri-
fugation (4500 t min~! for 30 min). The solid was finally dried by removing water,
at 40°C, under reduced pressure. Chemical analysis was effected using induced
coupled plasma technique for W and P elements and atomic technique for Cs.

Samples were characterized by X-ray diffraction using a Siemens diffractometer
and Cu Ka radiation and were examined by TEM with a 2010 Jeol microscope,
the samples being dispersed on a microgrid from a n-pentane suspension.

The surface area and the pore size distribution were determined by N3 adsorp-
tion at —196°C. The samples were outgassed 2 h at 300°C under vacuum before
measurements. The pore size distribution, in the microporosity range, was calcu-
lated according to the MP method using ¢-curves [25]. Thermal analyses (TGA and
DTA) were carried out, under nitrogen flow, with a Setaram 92-12 apparatus.

Ammonia adsorption and desorption experiments were performed with a home
made equipment described elsewhere [26], NH3 being analyzed by catharometry
and quadrupolar mass spectrometry. NHj; 1% vol/vol in argon was used. This set-
up allows us to identify qualitatively and quantitatively the eluted compounds.
The samples were treated 2 h at 300°C under flowing nitrogen before NH3 adsorp-
tion which was performed at 100°C.

MAS-NMR experiments were carried out with a MSL 300 Brucker spectrom-
eter. The samples were heated at 280°C under vacuum and transferred into a zirco-
nia holder in a glass glove box to avoid rehydration by air moisture.
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Fig. 1. tcurves of the different Cs compounds drawn from N, adsorption for samples:
A: CssPW04, B: Csp7Ho3PW1p049, C: Csp1HooPWi2049, C': Cs19H; 1 PW1204, and
D: Cs; sH; 2 PW12040.

Catalytic tests were performed using a differential flow microreactor in gas
phase and atmospheric pressure, using 20-200 mg of catalyst, with gas chromato-
graphy analysis on line. Two reactions were chosen: (i) methanol conversion to
dimethyl ether, which is sensitive to acidic properties within a rather wide range of
acid strength and which is considered as a “bulk-type” reaction for heteropolyacids
because of its polar nature [23,24]; (ii) n-butane isomerization to isobutane which
is sensitive only to very strong acidity and is considered as a “surface-type”” reac-
tion [23,24]. Before reactions, the solids were treated 2 h at 300°C under flowing
nitrogen.

3. Results and discussion

The chemical compositions of the samples are givenin table 1. Itclearly appears,
for samples B and D, discrepancies between the chemical composition and the theo-
retical values drawn from the stoichiometries used for the preparation. These two
samples have Cs amounts higher than expected while, in good agreement with
Moffat et al. [12], sample A is slightly substoichiometric.

Note that Misono [24] has observed that the CsH,PW 1,04 salt obtained upon
precipitation without washing was a mixture of Cs;HPW1,04g salt and H;PW {5,040
which was transformed into the acidic salt CsH;PW;,049 upon calcining at
300°C.

In our case, where washing of precipitate was performed, the composition values
for B and D samples suggest that the precipitation of Cs3PW;,04q is favored rather
than that of the acidic salts Cs;_,H,PW,049 and that washing has partly elimi-
nated H3PW;,04 which was not precipitated as Cs; PW ;04 salt.
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Table 1

Chemical analysis and BET surface area data

Samples Theoretical Content (wt%) Atomicratio Surface
composition area

w P Cs W/Cs Cs/P2 (m?/g)

A Cs3PW1,049 60.0 - 10.8 4.04 2.97 147

B CSZA5H0.5PW12040 63.4 - 10.5 4.4 2.7 138

C Cs;HPW 1,040 65.9 - 8.4 5.7 2.1 71

(o4 Cs; HPW15049 66.4 - 7.6 6.3 1.9 72

D CsH;PW1,04 68.1 - 7.5 6.6 1.8 26

E H;PW12049 67.7 0.93 0 - 0 2

2 Calculated from W/Cs ratio values taking W/P = 12 as for H;PW;,04q.

Two different solids corresponding to the theoretical stoichiometry
Cs;HPW ;04 were prepared independently (catalysts C and C'). The chemical
analysis and the BET surface data are very close, which shows that our preparation
procedure is rather reproducible. Note that, surprisingly, Okuhara et al. [21] found
much lower surface area for all cesium samples except for Cs; sHy sPW 12049 and
C83 PW12040.

XRD patterns shown in fig. 2 clearly indicate that one has the cubic phase for
all Cs compounds with the same unit cell, ap = 1.184 nm, in good agreement with
previous data [27-29]. These results may indicate the presence of one unique crys-
talline Cs phase which is likely to be Cs;PW1,049. However, it is to be noted that
the peaks are broad, which means that the presence of intimately mixed microcrys-
talline cubic H; PW3049 phase of which the unit cell parameter (g = 1.216 nm) is
very close to that of Cs3PW,049 cannot be ruled out.

From X-ray peaks broadening, one may calculate the average size of the micro-
crystalline domains using Scherrer’s relationship. For all the cesium compounds,
the average sizes vary from 9 to 14 nm whatever the diffraction planes and particu-
larly the (110) and (222) planes, which is coherent with a spherical shape of the crys-
talline domains. Note that the relative intensity of the peaks relative to the planes
(110) and (222) was considered as a measure of microporosity by Moffat et al. [30].
In our case, the relative intensity I119/ I is equal to 0.25 for all cesium samples
although the microporosity varies from one sample to others as shown below.

By TEM, the samples, A, B, and C appear in the form of fine particles and of
spongy agglomerates, composed of fine particles. The size of the fine particles var-
ies between 6 and 15 nm and that of the agglomerates between 50 and 300 nm.
Decreasing the Cs content from samples A to C results in no striking difference,
only a more compact stacking of fine particles without modification of their size.
Such a morphology was already described for Cs; PW1,040[11,31].

Using the MP method derived from z-curves in N; adsorption measurements,
one can calculate the surface of the micropores. The experimental data are given in
table 2 and the z-curvesinfig. 1.
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Fig. 2. XRD patterns of the different samples in their hydrated form. A: Cs3PW;304,
B: Cs;7Ho3PW12049, C: Cs21HosPW12049, D: Cs18H1 2PW12049, and E: H3PW15049-nH>0.

It can be noted that for the D sample, the contribution of ultramicroporosity to
the total surface area is rather high: 60% against about 30% for the others. The
solids C and C', prepared with the same stoichiometry Cs/P = 2 present mainly
ultramicropores and micropores. Nevertheless, we can observe a slight difference

Table 2
Textural features drawn from N adsorption (MP method)
Samples BET Surfacearea (m? g™1)
surface area
m?g™) ultramicroporosity microporosity mesoporosity
(pore diameter (pore diameter (pore diameter
<0.6 nm) = 0.6-1.8 nm) >3.6nm)
A 147 41 60 46
B 138 46 48 44
C 71 21 43 7.3
o4 72 13 51 8
D 26 16 - 10
E 22 - - -
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in their micropore size distribution: higher contribution of ultramicropores to the
surface area for solid C. For the solids A and B, prepared with the highest Cs/P
ratios, mesoporosity increases. It is worth noting that, depending on the Cs/
H3PW 1,04 ratio of the synthesis, we have obtained two types of compounds (C or
C' and D) with about the same chemical composition, Cs;HPW ;04 (table 1),
but with different textural features (table 2).

In order to determine the number of acid Brensted sites several experiments
have been performed, namely thermogravimetric analysis, ammonia adsorption
and thermodesorption and 3!P MAS-NMR. All the results are summarized in
table 3.

For cesium salts, two water losses were observed by TGA as shown in fig. 3.
Assuming the typical thermogram interpretation for 12-tungstophosphoric acid
[32], they were ascribed as follows: the first loss, before 150°C for the solids A, B
and before 200°C for the solids C, D, corresponds to the departure of physisorbed
water and/or crystallization water. It is noteworthy that the water was removed
more slowly from samples C and D. By comparison with the H;PW ;5,049 thermo-
gram, and considering their textural features, we can suggest that this slower dehy-
dration could be due to the departure of crystallization water from a hydrated
H3;PW ;04 form or of physisorbed water entrapped in ultramicropores. These
losses, expressed as HyO molecules per Keggin unit, correspond respectively to 7.6,
6.3, 6.8, 10.5 and 7.2 H,O, for samples A, B, C, C’ and D against 19.5 H,O for
H3;PW12040.

The second water loss, occurring between 350 and 550°C is ascribed to the depro-
tonation process, as already observed for H;PW;,04¢ [32], and corresponds respec-
tively to 0.2, 0.33, 0.56, 0.52 and 0.57 H,O for samples A, B, C, C' and D against
1.6 H,0 for H3PW{,04. In terms of number of protons, solids C, C' and D appear
equivalent. One proton per Keggin unit for solid D is an unexpected value, but cor-
responds actually to the result given by chemical analysis.

Ammonia TPD curves are shown in fig. 4. For Cs compounds, two peaks are
observed, at about 250°C and 610-640°C, while for H3PW ;5,049 only the high tem-
perature peak is present. Note that mass spectrometry analysis shows that the low

Table 3

Acid sites determined by different techniques and expressed in mol per Keggin unit

Samples TGA Chemical NH; NMR
deprotonation analysis desorption

A 0.4 0.03 0.33 0.26

B 0.7 0.3 0.42 0.47

C 1.1 0.9 0.84 0.52

(o4 1.0 1.1 - -

D 1.1 1.2 1.3 0.75

E 3.2 3.0 2.7 3.02

2 Theoretical value.
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Fig. 3. Thermogravimetric variations of the different samples versus degassing temperature.
A: CssPW12049, B: Csp7Ho3PW12040, C: CsyiHgoPW12040, D: CsigH12PWi2049, and
E: H3PW;,040-nH,0.
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Fig. 4. Thermodesorption of NH; for the different samples. A: Cs3PW15049, B: Csy 7Hg 3PW1,040,
C: Cs21HosPW12040, D: Csy3H12PW 12049, and E: H3PW1,040-#H,0. A, B, C, D: m = 200 mg,
E: m =50 mg.
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temperature peak is only due to NH; desorption but reveals for the high tempera-
ture peak the simultaneous degassing of NH3, N,, H,, H,O. The latter compound
presumably arose from sample reduction by H; coming from NH; decomposition.
Due to the simultaneous presence of NH;, N, and H;, quantitative data cannot be
obtained from the catharometric peaks. However, the mass spectrometry results
have permitted the estimation of both the amount of desorbed NHj as such and as
decomposed NHj; (taking N, as a probe since H; arising from decomposition can
partly be degassed and can also reduce the sample giving rise to H,O in addition to
water coming from dehydroxylation of the samples).

The first peak at 250°C is attributed to weakly adsorbed NHj. It is worth noting
that this peak appears particularly for the samples C and D from which water de-
sorbed slowly (see TGA curves). This may be due to either the desorption of NH;
entrapped in ultramicropores or to NH; adsorbed on acid sites of moderate acidity
which were shown to disappear with dehydration [8].

The second peak at 610-640°C corresponds to the decomposition of the ammo-
nium salt, (NH4),;PW 1,049 [33,34]. This salt is formed stoichiometrically by reac-
tion of gaseous NH; with the acid at 100°C [33,34]. So, the desorption temperature
cannot be used to characterize the acidity strength as one should expect from
TPD experiments. Nevertheless, the total amount of ammonia desorbed at high
temperature can be used as a measure of the number of protons in the different sam-
ples. Quantitative results are reported in table 3 (column 4). These values decrease
with the theoretical H* content as expected, NH3 being polar enough to dissolve
into the whole crystallites and to neutralize all the bulk protons. However, for
Cs;PW,049, the value is abnormally high: 0.3 H* per KU against 0.03 from chem-
ical analysis. But, it is known that the precipitation of alkaline salts of heteropolya-
cids is incomplete and, in ref. [12], the cesium salt Cs;PW3,049 was shown to
contain 0.1 H* per KU [12]. In our work, the good agreement between TGA and
NH;-TPD experiments suggests that the discrepancies in the H* content are due to
a lack of precision in the chemical analysis.

The MAS-NMR technique has also been used for the characterization of the
environment of the 3! P nucleus. The spectra measured after outgassing the samples
at 280°C are shown in fig. 5. Such a temperature was chosen from TG analysis
(fig. 3) since it corresponds to the plateau ascribed to the anhydrous acid. The 3P
MAS-NMR spectra are composed of two peaks at —13.2 ppm and —14.6 ppm for
all Cs samples. Their relative intensity depends on the Cs content. The intensity of
the first peak (—13.2 ppm) follows the inverse of the Cs content and shifts to
—14.9 ppm upon water adsorption. The E sample exhibits one peak near
—10.6 ppm in its anhydrous form and —15.1 ppm in its hydrated form, in good
agreement with literature data [35,36]. By contrast, our results for cesium salts do
not agree with previous descriptions. For pure Cs3PW13049, only one peak at
—14.9 ppm was observed [35] and for Cs3_,H,PW 1,040 salts, the presence of four
peaks at —10.9, —12.1, —13.4 and —14.9 was mentioned assigned respectively to
HPA units in interaction with 3, 2, 1 or 0 H* [4,17,21]. The presence of several ip
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Fig. 5. MAS-NMR spectra of 3!P for the different samples outgassed at 280°C before being

transferred to the sample holder rotor in a glass box free of moisture and analysed in the

following hour, at room temperature. A: Cs3PW1,049, B: Cs3,7H3PW15049, C: Csy1Ho9PW 3040,
D: Csl,nglzPWuO‘;o,and E: H3PW12040-nH20.

NMR peaks was also described in the case of K;_,H,PMo,,04¢9 compounds [37]
but it was attributed to the presence of an epitaxial surface layer of more or less
dehydrated H;PMo;,04 forms, dispersed on the particles of K3PMo15,04g.

In our opinion, the presence of several NMR peaks should be attributed to the
presence of different structures rather than to a random distribution of protons
around the Keggin units, that may lead to an average environment for the P
nucleus, and therefore to an average shift, as expected for a solid solution.

Assuming that the peak at —14.6 ppm is due to the Cs;PW ;049 pure compound,
one may tentatively attribute the peak at —13.2 ppm, to a H;PW 304 in a partly
dehydrated form entrapped in the Cs3PW1,04g structure (since it differs from a free
H3PW ;04 dehydrated form at —10.6 ppm) which greatly depends on its
environment (shift to —14.9 ppm upon hydration). According to this assumption,
one can then calculate the relative amounts of entrapped H3PW,04 and
Cs3PW 13049 by the ratio of the —13.2 ppm peak area to the total spectrum area,
namely, 8.6, 15.2, 17.1 and 25% respectively for samples A, B, C, and D. These
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values correspond to 0.26, 0.45, 0.52 and 0.75 protons per Keggin unit assuming
3H for the —13.2 ppm peak and no H for the —14.6 ppm peak. In table 3, these
values are compared with TGA, NH;3;-TPD and chemical composition data.
The good correlation observed between the different values supports nicely our
interpretation.

Catalytic results concerning isomerization of n-butane and dehydration of
methanol are summarized in table 4. They are expressed as intrinsic and specific
rates. The intrinsic values are probably reliable for n-butane isomerization since »-
butane does not dissolve into the H3PW ;049 compound while methanol or any
polar compound as NH3, H,O, CH3;0H, . . . does dissolve at least partly in catalytic
conditions [33,38,39].

For the n-butane isomerization reaction, the samples deactivated slowly with
time on stream, which makes valid the results given after 4 min of time on stream
(table 4). The selectivity to i-C4 was about 90%, the other products being propane,
i-pentane and n-pentane. It is noteworthy that, in term of conversion (or of specific
rates), the values vary by a factor 150 between C', the most active catalyst and A
the less active.

Except for the D sample, the intrinsic rates increase with the amount of bulk pro-
tons suggesting that the activity can be correlated with the amount of active sites
on the surface. For the D sample, the low activity may be due to the presence of
ultramicropores unaccessible to reactant.

Note, that for the same reaction but at 300°C, Na et al. [22] observed isobutane
formation rates equal to 2 x 108 and 0.4 x 1073 mol s~ g~ for Cs, sHpsPW12040
and H3PW,04, respectively. Such low activity values as compared to ours may
be due to a too high reaction temperature (300 instead of 200°C).

Now, let us consider the methanol dehydration reaction. For this reaction, all
the catalysts were stable with time on stream, except sample E which was activated

Table4
Catalytic data for methanol conversion to dimethyl ether at 180°C and n-butane isomerization at
200°C after activating the sample under N, flow at 300°C

Samples  Rate of DME formation? Rate of isobutane formation b

(10%mols'm2)  (10%mols'g™!) (10~ mols'm™2) (10~ 3mols~1g™)

A 2.6 332 0.0008 0.11
B 74 1018 0.016 2.2
C 9.9 707 0.186 13.2
c - - 0.236 16.9
D 5.4 141 0.04 1

E 204.1 430 0.737 1.6

2 Catalyst weight: 20 mg, reaction temperature = 180°C, total flow rate = 0.11 mol h™! 1.5%
MeOHin N,.

b Catalyst weight: 300 mg, reaction temperature = 200°C, total flow rate = 0.045 mol h™! 5%
n-butanein H,.
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during the first two hours. At 180°C, the selectivity to dimethyl ether is 100% in
all cases. In contrast with the isomerization reaction, the conversion (or specific
rates) varies only by a factor 7 from sample B to sample D. If the reaction was really
of “bulk-type” for all the samples, the specific activity should vary with the proton
content, which is not the case, the samples B and C being more active than the
sample E.

We consider that, for the cesium compounds, the reaction occurs with all the
superficial acid sites while the presence of an activation period for H3PW,049 and
its high activity as compared to the superficial protonic acidity argue for the exis-
tence of a pseudoliquid phase reaction. However, as compared to the number of
“bulk” protonic sites its activity is very low, which let us suppose that only some
surface layers may be involved by the pseudoliquid reaction. This is in line with the
observations by Nishimura et al. [39].

In contrast with the butane isomerization, sample B has the highest specific
activity, as already described in the literature, and it is observed that the intrinsic
activity varies only slightly for all the cesium compounds. Since for the dehydration
of methanol moderate and strong acid sites are active, it may be suggested that
the cesium samples contain, besides strong protonic acid sites, a large distribution
of acid strength and particularly of moderate acid strength.

In view of the results in the two catalytic reactions, the main conclusions which
can be reasonably drawn are as follows. For all cesium samples, the two reactions
are mainly of “surface-type” while for H;PW ;049 the C; isomerization is of
“surface-type” and the methanol dehydration is partly of “bulk-type”. The
Cs;HPW,04 sample (C and C') appears to be the more efficient catalyst since it
contributes both by its high acid strength (determined by n-butane isomerization
reaction) and its high surface area. This result which seems in contradiction with lit-
erature [16-22] is easily explained by the high surface area of our sample. The
cesium samples, besides strong protonic acid sites, probably contain superficial
sites of moderate strength which contribute to the high activity in methanol dehy-
dration. In addition to the number of protons and to the extent of surface area, the
pore distribution of the samples has to be considered in order to explain the cat-
alysts results. Sample D shows both a medium surface area and a high number of
protons. Nevertheless, the surface of this sample is majoritarily due to ultramicro-
pores and the proton accessibility seems to be prevented. In the same way, sample
C' is slightly more active than sample C. The contribution of ultramicroporosity to
the surface area is lower in the case of samples C'.

The question which remains is: what is the exact nature of the cesium com-
pounds? If they are partly exchanged salts with random distribution of protons in
the structure, it is difficult to explain the formation of sample D with a substoichio-
metric composition, the absence of shift for the XRD peaks with the composition
and the presence of only two species by 3'P NMR. Therefore, it is suggested that
such samples correspond to the Cs3PW 504 salt with a given amount of highly dis-
persed H3PW1,04 entrapped at the bottom of the pores and then more or less
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accessible to n-butane or methanol molecules. Such a structure allows us to attri-
bute the NMR peak at —13.2 ppm to partly dehydrated H3PW ;04 species
entrapped in the Cs3PW1,04 structure.

4. Conclusion

It is confirmed that the cesium salts of H;PW,,04 exhibit a much higher surface
area than their acid analog and to show that ultramicroporosity (< 0.6 nm), micro-
porosity (0.6-1.8 nm range) and mesoporosity (> 1.8 nm) are created. An enhance-
ment of the surface area results obviously in a strong increase in specific catalytic
activity. Moreover, the pore size distributions of the different Cs,Hz_,PW;,04¢
samples are not equivalent and appear to be an important parameter.

We have also shown that the acidic features as characterized by ammonia
adsorption—desorption are not simply related to the catalytic features which
depend both on acidic strength and on acid site accessibility. Moreover, it is con-
cluded that NH;-TPD is not a reliable technique to characterize acidic strength of
heteropolyacids since the desorption temperature corresponds to the ammonium
salt decomposition and not to the acid strength.

For the n-butane isomerization reaction, which is sensitive to very strong acid
sites, the best catalysts, in term of conversion, turn out to correspond to samples
with a Cs content near 2 per KU, due both to their high proton content and to their
high surface area. For the methanol dehydratation reaction which is sensitive to a
wider range of acid strengths compared to the n-butane isomerization reaction,
samples with Cs content between 2.7 and 2 per KU appeared to be the most effi-
cient. Our conclusion is then that, in terms of conversion, the more acidic catalysts
may be in the range Cs; /5 7 if considering a wide range of acid strengths but rather
Csy/Cs, 1, if one considers only the very strongacidity.
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