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Abstract

Tungstophosphoric acid (HPW) has been investigated using different spectroscopic and chemical techniques. Bulk-sensitive technique
such as X-ray diffraction (XRD) and infrared (IR) spectroscopy indicate that the acid is stable at temperatures as hi§ as Bigfher.
However, our work suggests that, besides the surface dehydration, HPW starts loosing stability at temperatures as1GwvRs 2@6tance,
P 2p peak was not detected in the synchrotron radiation XPS spectrum of HPW preheatetCatil@®vas clearly observed after preheating
the acid at 200 and 40. This suggests the destruction of the molecules of the surface leading to the apparent enrichment of surface with
phosphorous. These results may explain why HPW deactivates very fast, e.g., 8 mir?@t 20Bexane-cracking experiments. This could
limit the use of HPW in surface reactions that even require moderate temperatures. Detailed infrared spectroscopic investigation of the HPV
as a function of temperature showed a gradual increase in absorbance of the W—O-W corner-shared vibration relative to the absorbance
the other bands. This indicates that the symmetry, and hence the stability, of the molecule was decreased upon heating.
0 2003 Elsevier Science (USA). All rights reserved.

1. Introduction the HPW acid. However, alkylation of aromatics, nonpolar
molecules, takes place on the surface of the catalyst.

The utility of heteropoly acids (HPA) as catalysts has ~ Stability of the HPW is very important for its chemical
stimulated considerable interest in these compounds [1—17] 2€tiVity, especially for high-temperature reactions. Although

The tungstophosphoric acid §AW:2040) is reported to itis reportgd thatHEW is a stable mole_cule up to 60Q1],
be among the strongest acids in the series of heteroponOther studies considered that the major drawback of HPA,

acids [1,5,6,16]. Some studies showed that HPW has supei! 9eneral, is its thermal stability [9]. In a previous work,
acid characteristics [5,6,16]. The Keggin structure of HPw We have found that preheating HPW at 3&Ddeactivates

as shown in the literature is composed of a central PO it toward hexane cracking; the conversion was less than
tetrahedron surrounded by 12 W@®ctahedra arranged in ~ +7¢: 8t 300°C, compared to 28.5% without preheating [18].
four groups of three-edge-sharings®3 octahedra [1,2,4]. Similar results were obtained by Oulmekki and Lefebvre

There are four types of oxygen sites: internal, edge sharing,glz’lg’]' Hcijweverl, n hexa}ne-lcra}:klng expgnr_nents the HPW
corner sharing, and terminal. eactivated nearly completely after 20 min time on stream.

When a heteropoly acid is used as a heterogeneousSUCh fast deactivation prevents utilizing the catalyst in high-

catalyst, the nature of the reactants often determines Whetheﬁmhperart]ture ;ggétlor? S'JSVV?/S. also shown thathatdtemperr? tures
the reaction takes place on the surface or in the bulk of l'g ert anld b .’t N ide f IS prgese:t as a{] Iyt' roust'p.tase
the heteropoly acid where they are activated and form the[ ] or could be in oxide form [9]. Any catalytic activity

desired products. For example, the dehydration of propanol,?ﬁ h]i(gher ;tgmpefratgre, et.g., 4ﬂ?’ cqgld betr?ttritbhutedt toth
a polar molecule, is believed to take place in the bulk of € formation ot unique types ol oxides rather than fo the
presence of intact Keggin units [9].

Some chemical methods, e.g., slurry calorimetry [15] and
* Corresponding author. hexane cracking [12-14,18], were used to study the solid
E-mail address: jpabdel@kfupm.edu.sa (P.A. Jalil). acidity of HPW. Calorimetric studies gave same heat of pro-
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tonation upon heat treatments of HPW at 162 and°ZD0 tal electron yield modelp signal from a freshly evaporated

[5,15]. However, slurry calorimetry is not only a surface- gold grid was used to normalize the spectra.

sensitive technique but also a bulk-sensitive one [15]. There-

fore, these results cannot explain the behavior of the reac-2.3. Hexane-cracking test

tions that only occur at the surface. Techniques that are more

sensitive to the surface are needed for better understanding ,-Hexane cracking was carried out in a fixed bed reactor

of the reactions that occur at the surface of HPW. using 0.30 g of fresh HPW (§#PW;2040 - 25H,0). Satu-
Some of the previous studies used conventional X-ray rated nitrogen—hexane mixture is introduced at atmospheric

photoelectron spectroscopy (XPS) to investigate the struc-pressure and flow rate of 3 yimhin using a bubbler at OC.

ture of heteropoly acids [19-22]. In this work we report Under these conditions the partial pressure:dfexane is

for the first time the use of synchrotron radiation XPS and 45 mm Hg. The reactor effluent was analyzed using gas chro-

XANES techniques as tools to study the surface of HPW pre- matography. More details about hexane-cracking analysis
heated at different temperatures. The results are comparegan be found elsewhere [18].
to the results of hexane-cracking reactions, IR spectroscopy,

and powder X-ray diffraction (XRD) techniques. 2.4. XRD
_ X-ray powder diffraction measurements were carried out
2. Experimental on a Siemen instrument. Each sample was ground in an agar
pestle and mortar. The fine powder was packed into a sample
Polycrystalline tungstophosphoric acid 3fPWW12040 - holder having a diameter of 25 mm and depth of 3 mm. The

25H,0) was obtained from Aldrich. Samples were pre- surface of the packed sample was smoothed with a piece of
heated for 1 h at a given temperature just before XPS, flat glass. The diffraction pattern was recorded fram=24
XANES, XRD, and IR spectroscopy analyses. to 50°. More details can be found elsewhere [18].

2.1. XPS 2.5. IR spectroscopy

High-resolution XPS spectra of the HPW samples were  KBr pellet technique was used to record the IR spectra.
obtained using the Advanced Light Source at Lawrence The IR spectra were taken immediately after the preheat
Berkeley National Laboratory on beamline 9.3.2 [23]. The treatment of the samples.
photon energy used was 650 eV and the base pressure
in the analysis chamber was maintained at #0Torr.

The kinetic energy of the photoelectrons was analyzed by 3. Results and discussion

a Scienta-hemispherical energy analyzer with an energy

resolution better than 0.2 eV. Conventional laboratory XPS  Fig. 1 shows high-resolution XPS spectra of the P 2p re-
spectra of the samples were also obtained, in order togjon in HPW preheated at different temperatures. Surpris-
clarify some questions raised during the data analysis, usingingly the phosphorous was not detected in the kD@am-
nonmonochromatic Al-i photons (1486.6 eV) at 130 W  ple even after 40 scans. However, it was detected in the
as the incident beam. The binding energy of adventitious

carbon 1s core level, which is 284.6 eV [24], was used to 134.2 a0
correct for the energy shift due to surface charging. e - 200%
100 °C
2.2. XANES @ )
5 N
X-ray absorption near edge structure (XANES) mea- g / \
surements were also performed using the Advanced Lights /
Source at Lawrence Berkeley National Laboratory on beam- © R "
line 9.3.2. High-resolution XANES spectra were taken in [ ---_..-=="" 'y
the O K absorption edge region, while the monochromator T
was set at a resolving powéE /A E) of > 7000. The pho- o Seeeel
ton flux at the sample was about®@hotongs. The base L
pressure in the experimental chamber was aboutATorr. 128 130 132 134 136 138 140 142

Since the size of the synchrotron radiation photon beam at
the sample was. 1 mm, it was not difficult to align the sys-
tem to make sure that only the sample was illuminated by the Fig. 1. High-resolution XPS spectra of the P 2p region in HPW preheated
photon beam. XANES measurements were performed in to-at different temperatures.
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Fig. 2. High-resolution XPS spectra of the W 4f region in HPW preheated

at different temperatures.

200 and 400C samples. Note that the P 2p peak in a well-
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arbitrary units
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Fig. 3. High-resolution XPS spectra of the O 1s region in HPW preheated

at different temperatures.

crystallized structure consists of a doublet with 0.84 eV sep- [25,26]. The peak C at 535.7 eV disappeared in the 200 and
aration due to the spin-orbit splitting. Although the energy 400°C samples, in agreement with our assignment.

In order to verify that some of the features observed
gle broad phosphorous peak was detected in 200 an8iGl00 above are related only to the sample surface, we repeated
samples. Furthermore, the FWHM of the observed peak in- some of the experiments using laboratory XPS. This is due
to the fact that at higher photon energy and thus higher
observations suggest deterioration of surface crystallinity askinetic energy of photoelectrons, the inelastic mean free
a result of the destruction of the Keggin structure of the path of the photoelectrons is larger. This allows one to
HPW molecule and an apparent enrichment of the surfaceprobe relatively deeper in the sample with higher photon
with phosphorous. The absence of the phosphorous signaknergy. Indeed the P 2p signal was observed even in the
in the 100°C sample may also be due to the presence of @ 100°C sample unlike in the case of synchrotron XPS (see
thin water-enriched layer on the surface of the sample as dis-Fig. 4). This confirms our explanation suggesting that a thin
hydrated adlayer masks the signal when low photon energy

Fig. 2 shows high-resolution XPS spectra of the W 4f re- is ysed as in the case of synchrotron XS £ 600 eV).

gion in 100, 200, and 400 samples. Note the presence of Npote that the 200C spectrum shows a broad shoulder at
about 132 eV, suggesting the presence of another form of P,
ple. This spectrum was fitted with three different doublets of possibly phosphate [24].

resolution in our case was better than 0.2 eV, only a sin-

creases from 2.4 eV at 20C to 3.8 eV at 400C. These

cussed below.

two shoulders besides the main doublet in the kD@am-

W 4f with 4f7,> located at 34.3, 35.8, and 37.3 eV. The ma-
jor contribution is from the second peak. The spectra of 200

and 400 C samples show only one form of W having; Af

binding energy at 35.8 eV. Therefore, we conclude that the

115 | Conventional XPS

ts

first and the third peaks are related to the presence of water 5

on the sample surface. g s
Fig. 3 shows high-resolution XPS spectra of O 1s region ~—

in 100, 200, and 400C samples. The spectrum of 100 § 105 L

sample shows two strong peaks at 531.2 eV (labeled A) £

and at 535.7 eV (labeled C). Note that peak C is broad ¢ I /

and is skewed toward lower binding energy. This suggests % 0-

the existence of at least one more peak at about 532.6 eV &
(labeled B) between A and C. This suggestion is reinforced
by the observation of an asymmetric tail of peak A toward

higher binding energy in the 200 and 400D spectra. Peak

A is assigned to W-O-W, and to carbonates [24]. Peak B
is assigned to W-O-P and W-O-H. The broad peak C is
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assigned to water species on the sample surface. Recent
high-pressure XPS studies on water show that the bindingFig. 4. Conventional XPS spectra of the P 2p region in HPW preheated at
energy of O 1s in water precipitates is about 535.5 eV different temperatures.
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Fig. 6. XRD spectra of the preheated HPW at 100 and°400

Photon Energy (V) from monoclinic WQ to layered hexagonal W§J28]. This
analogy further supports our conclusion that structural re-
arrangement takes place, at least at the surface, upon heating
HPW at temperatures as low as 2@ Peak C is attributed
The laboratory XPS data showed only one form of W' to the W 5d(g)-O 2p hybridized band strongly influenced
with 4f7/> binding energy at 39 + 0.3 eV for all three  py the O 2p-H 1s interaction. Increased intensity of peak C
samples. This confirms our earlier conclusion, based on themeans partial covalent interaction between O and H atoms
synchrotron XPS results, that the first and the third peaks [27,28]. It was also reported that the resonance of W-O
in the W 4f region of the 100C sample are related to the ponds of WQ in this energy range is strongly dependent
water species on the surface. As the sample is heated tan the geometric structure. Note that the intensity of peak C
200 and 400C, the water is removed from the surface. The decreases as the sample is heated at higher temperatures.
laboratory XPS data also showed only two O 1s peaks A The XRD spectra of the heated HPW at different temper-
and B at 5312+ 0.3 and 5326 + 0.3 eV, respectively, for  atures are shown in Fig. 6. As can be seen, the crystallinity
all three samples. This again confirms our assignment of of HPW is maintained even at 40C. However, there is a
the broad peak C at 535.7 eV in the O 1s region of the considerable broadening upon heating at 4DQindicating
100°C sample, seen in the synchrotron XPS spectra, to a reduction of the crystallinity of the acid in the bulk. In
water species on the sample surface. contrast to the XPS and XANES results, XRD suggests that
Fig. 5 shows XANES data of 100, 200, and £@Dsam- the crystallinity is maintained even upon heating at 4Q0
ples of HPW at the O K edge. It shows three prepeaks labeledThis is due to the fact that XRD is not a surface-sensitive
A, B,and Catabout530.5,531.5, and 535.0 eV, respectively, technique.
for the 100°C sample. Peak A is attributed to the W ¢t The infrared spectra of the fresh and the heated HPW are
O 2p hybridized band [23,24]. Peak B is related to the shown in Fig. 7. As in the case of XRD, the IR features
anisotropy of thejy band caused by nonequivalent O atoms of the acid did not change upon heating, indicating the
presentin the Keggin structure [27,28]. It was suggested thatstability of the bulk even at 400C from an IR point of
the intensity of peaks A and B in the,M/O3 compound view. However, detailed investigation of the HPW bands as
is a measure of W—O covalency strength; the higher the in-a function of temperature shows a gradual increase in the
tensity the higher the covalency [27]. Note, in Fig. 4, that absorbance of the W—O-W corner-shared vibration relative
the peak intensity in HPW decreases as the preheating tem+o the absorbance of the other bands. Table 1 shows that
perature increases. This means that the covalency strengtithe maximum percentage difference among the ratios of the
of W—O bonds in HPW becomes weaker as the tempera-fresh and the heated HPW is 25% faggy/ Agoo, 2% for
ture increases. In other words, the Keggin structure of the Aggs/Agoo, and 6% for A10g2/ Agga bands. These results
HPW molecule has been changed upon heating at 200 andeveal that the relative proportion of corner-shared bonds
400°C. This supports the conclusion derived from our XPS increased as a result of the destruction of the acid upon
results that HPW becomes unstable at temperatures as low akeating.
200°C. While the peak position of B does not change signif- n-Hexane (GH14) cracking is a very useful technique
icantly, peak A shifts to lower energy values by about 0.5 eV for studying the surface acidity of solid catalysisHexane,
for the samples preheated at 200 and 400t is interesting a nonpolar molecule, is expected to occur on the surface
to note that Purans et al. have observed that the peak po-of the HPW acid. The catalyst has no chemical activity in
sition of A shifted to lower binding energy by 0.4 eV while hexane cracking at 10€. On the other hand, it is active
the peak B position was almost unchanged when they movedat 200°C, but dies completely (conversion 0.01%) after

Fig. 5. XANES at the O K edge of HPW preheated at different temperatures.
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Table 1
The ratio of some IR absorbance bands of fresh and heated HPW

Ager?/ Agoo® Agg2/Aggs” Agga/ Agoo A1082"/ Agga
Fresh HPW 0.64 0.70 0.92 0.79
HPW heated at 300C" 0.72 0.79 0.91 0.80
HPW heated at 350C 0.80 0.85 0.94 0.84
Maximum % differencé 25% 21% 2% 6%

@ Corner-shared bridged bond W—O-W.
b Edge-shared bridged bond W—-O-W.
¢ Terminal W-O.

f P—O bond.

Heated for 1 h.
™ [{Maximum value — minimum valueyminimum value]x 100.

800.0, 1.43A

49634.0; 1.32A
984.0; 1.48A
800.0; 1.62A

1080.0; 1.0
892.0; 0.91A
984.0; 0.87A
798.0; 0.92A

1080.0; 1.18A
892.0; 1.16A

1082.0; 0.73A
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Fig. 7. Infrared spectra of (a) parent HPW, (b) heated HPW at°80fbr
1 h, and (c) heated HPW at 33Q for 1h.
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Fig. 8. Conversion of hexane over HPW at 200 and 400

20 min. As could be seen in Fig. 8, the catalyst lost most
of its activity after 8 min of the reaction. This deactivation

could be related to the formation of coke and/or to the
destructive reduction of HPW. However, at AW the

reactivity of the catalyst almost equals to zero, even at the
beginning of the reaction. This means that the surface is
no more acidic enough to crackhexane, indicating the
destruction of the surface.

Some studies usedP NMR or IR spectroscopy to study
the stability of the pure and supported HPW [6,8,12-14,17].
Based on the above discussion, we believe that the results of
bulk techniques should be analyzed carefully to explain the
behavior of HPW.

4, Conclusions

High-resolution XPS and XANES results show the dete-
rioration of surface crystallinity at temperatures as low as
200°C due to the destruction of the Keggin structure of the
HPW molecule. As a result, the chemical stability and ac-
tivity of the acid molecules are decreased, which limits their
use in high-temperature surface reactions. Indeed, the cat-
alyst died very fast at 200C and was almost inactive at
400°C in hexane cracking.
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