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Abstract

The acidic properties of the alkaline earth salts of 12-tungstophosphoric acid were investigated using ammonia absorption microcalorimetry.
The number and the strength of acid sites of these catalysts as well as differential heats of ammonia absorption were determined. As a result of
substitution of two protons with one alkaline earth cation, the decrease of both the total number of acid sites and the number of the strongest
acid sites characterized by differential heats higher then 150 kJ/mol, compared to the values found in the case of initial 12-tungstophosphoric
acid, were noticed. While all protons seem accessible for ammonia in Mg, Ca and Ba salts, in the case of Sr salt less then stoichiometric
ammonia sorption was detected which can be explained by steric effect of these divalent cations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ing to those classified as strong acjd§ Heteropoly acids
exhibit Brgnsted acidity, significantly higher compared with
Keggin-type heteropoly compounds (HPC) have attrac- the acidity of traditional mineral acid cataly4t0], which
tive and important characteristics in terms of catalysis: the together with special structural properties has rendered this
versatility of these materials and their compatibility with en- class of compounds as promising catalysts. HPA may po-
vironmentally and economically attractive conditions led to tentially replace corrosive liquids in acid-catalyzed reactions
their utilization in a variety of reactions, e.g. they are known thusleadingto more environmentally friendly procegsés
to be effective catalysts for various kinds of acid-catalyzed Furthermore, HPA and its derivatives have been shown to be
reactiong1-3]. Importantly, solid HPC have been used for valuable and significantly superiorto HPC containing molyb-
synthetic processes in both homogeneous and heterogeneouwtenum in the removal and conversion of nitrogen ox[d2%
phase$3-5]. These compounds exhibit high tunability to ex- Ammonium salt of WPA has been shown to be effective for
perimental conditions: HPC have been used in both gas phasehe reduction process of N@ N [12]. Recently, it has been
[2-5] and liquid phase reactiori6—8]. They consist of het-  shown that heteropoly acids can act as photocatalysts in the
eropoly anions and counter cations such asE€t', NH", processes of a decomposition of environmentally persistent
etc. When the counter cations are protons, they are called hetpollutants[13]. But, characteristics of HPA strongly depend
eropoly acids (HPA), also known as “super-acids”. An im- on temperature and relative humidity and it is necessary for
portant characteristic of HPA, like 12-tungstophosphoric acid industrial processes to have catalysts less sensitive to the sur-
H3PW12040 (WPA), is the presence of acid sites correspond- roundingg14-16].
The charge balancing protons of HPA can be substituted
* Corresponding author. Tel.: +381 113282394: fax: +381 11187133, DY cation exchange via salt formation. Substituted cations de-
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and have large effects on the acidity, stability and the mi- onaPerkin-Elmer 983G spectrophotometer using KBr pellets
crostructure, thus may strongly affect catalytic properties of technique, in the wavenumber range from 4000 to 250'cm
the HPC. Such salts are more stable systems and less sensitiveowder X-ray diffraction patterns were recorded on a Bruker
to humidity and temperature than acids themselves. As an ex-(Simens) D5005 diffractometer at room temperature using Cu
ample, Cs salt of tungstophosphoric acid{€ldo sWPA) ex- Ka radiation from 26= 3° to 80° in a 0.02 steps with 1 s per
hibit importantly different physico-chemical characteristics step.3!P MAS NMR spectra were obtained on Bruker DSX
in comparison with a parent acjii4]. Quite contrary to the 400 spectrometer at 161 MHz with a spinning rate of 10 kHz
parentacid, CssHo sWPA and Pt—CssHg sWPA are known and repetition time of 60s. Phosphoric acid (85% solution)
as “water tolerant catalysts” and have been employed in dif- was used as external reference.
ferent important industrial reactiofi$5,16]. While the acid A Stanton Redcroft STA 1000 thermal analyzer in the tem-
forms and salts of monovalent cations have received the mostperature interval from 20 to 80@€ and at a heating rate of
attention15], there are only few reports of studies describing 10°C/min in nitrogen atmosphere was used for determina-
the catalytic properties of WPA and 12-molybdophosporic tion of hydration degrees of obtained salts. The beryllium,
salts with divalent cations and characterization of the surface magnesium, calcium, strontium and barium salts of WPA,
and bulk properties of these materifl3—20]. kept at 35% RH, had 12, 11, 10, 6 and 7 water molecules,
An important step towards better understanding of cat- respectively.
alytic properties of the alkaline earth salts of WPA is the The microcalorimetric study has been performed using
characterization of their acidic features, including the na- a heat-flow microcalorimeter C80 from Setaram. The sam-
ture, strength and number of acid sites. Microcalorimetry of ples were outgassed under vacuum at 573K prior to ab-
sorbed ammonia is known to be a powerful tool in elucidation sorption of ammonia or sulfur dioxide in the calorimet-
of these important characteristics. It has been employed forric cell maintained at 423 and 353K, respectively. Suc-
the investigation of the acidity of heteropolyacids containing cessive small doses of NHr SOQ were introduced onto
tungsten and molybdenuf,21]. The aim of this work was  the samples until a final equilibrium pressure of 66 Pa was
to measure the acidity of the alkaline earth salts of WPA using achieved. The equilibrium pressure corresponding to each
ammonia absorption microcalorimetry, and to determine, to absorbed amount was measured by means of a differential
the best of our knowledge, for the first time the number and pressure gauge from Datametrics. Subsequently, the sam-
the strength of acid sites of these solid materials as well asple was pumped, desorption peak was recorded and a re-
differential heats of ammonia absorption. In order to inves- absorption was performed at the temperature of absorption.
tigate whether the presence of alkaline earth cations in theThe irreversibly absorbed amount of a chemisorbed gas was
WPA structure caused the appearance of basic active sitecalculated from difference between primary and secondary
or not, microcalorimetric measurements of S&bsorption isotherms.
were also performed. Additionally, TPD of ammonia which Ammonia desorption experiments were performed using
may be the most widely used method for the characterizationthe TPD technique, performed on a Setaram TG-DSC 111
of site distribution in solid acids, was also performed in this equipment coupled with a mass spectrometer (Thermostar
work. from Pfeifer) as a detector. Capillary-coupling system was
used. The TPD experiments were carried out in a flow, with
helium as the carrier gas (10 ml/min). For each experiment,
2. Experimental ca. 40 mg of a sample with ammonia absorbed in previously
done microcalorimetric experiment was used. Initially, the
The magnesium, calcium, strontium and barium salts of samples were purged with helium at room temperature for
WPA were prepared by adding equimolar amounts of the 15min and then heated at 5 K mihin helium up to 823 K.
appropriate alkaline earth chloride to aqueous solution of the During this temperature increase, the mass spectrometer was
H3PW;2040-6H20 (WPA-6), at 298K, in order to prepare set atm/e=15 in order to avoid the interference of water
acid salts where two protons, i.e. oxonium ions are exchangedfragmentation masses.
with divalent cation, analogous to the synthesis of acid salts
of monovalent cationR2]. Recrystallization was performed
three times. The overexchanged sample of beryllium WPA 3. Results and discussion
salt was obtained by addition of excess of Bes§ilution to
aqueous solution of WPA-6, at 298 K. The obtained samples  Well-resolved XRD patterns of alkaline earth WPA salts,
were kept in a desiccator above Ca@H,0 at the constant  kept at the RH of 35%, showed that all investigated samples
humidity (RH = 35%). were crystallineFig. 1. The highest crystallinity was ob-
Resulting materials were characterized by atomic absorp-served for overexchanged Be salt and crystallinity decreases
tion spectroscopy, IR spectroscopy, powder X-ray diffraction, inorder Mg, Ba, Caand Sr. Inthe case of Ca and Sr salts lower
MAS NMR and DTA measurements. crystallinity and/or the presence of an amorphous phase is
The cations content was determined by AAS using a Var- more pronounced compared to other investigated samples.
ian AA-775 spectrophotometer. The IR spectrawere recordedThe details about crystal structure are known only for MgH-
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Fig. 1. XRD patterns of the alkaline earth salts of WPA kept at the RH of 35%.

WHPA [23], while crystallographic studies of other alkaline 31p MAS NMR spectrum of the WPA-6 exhibited only one
earth WPA sallts are in progress. narrow line with maximum at a chemical shift 6fL5.6 ppm
Results of infrared spectroscopy measurements, as a conindicating the uniformity and high symmetry of the structure,
venient and powerful tool for investigation of the primary in accordance with previously reported res{fis 31P MAS
(anion) structure of HPC, showed four peaks characteristic NMR spectra of all alkaline earth WPA salts, kept at RH

of the Keggin structure in the region 1200-600¢nj24] of 35%, also showed only one narrow line at the chemical
confirming that Keggin polyanion is formed in all investi- ~ shifts of: —15.1; —15.4; —15.6; —15.5 and—15.5 ppm for
gated sampledg. 2). Be, Mg, Ca, Sr and Ba salts of WPA, respectively. Hence

the observed chemical shifts confirm that the Keggin anions
have been preserved following the preparative procedures,

-3,
33404 in accordance with the IR results, even though some local
S distortions had ocgurred_.
3.0x10°| DSC curves of investigated samples showed an exother-
mic peak at 598C for WPA and at 582, 583, 582, 582, 597
SIHWEA for Be, Mg, Ca, Sr and Ba salts of WPA, respectively (to be
2.7x104‘mw published). These peaks are assigned to the Keggin anion
CONES decomposition, since it is known that Keggin anions trans-
- ws_‘M/\/L_qu form at about 600C in a new monophosphate bronze type
BRSNS [ MghHWEA compound PWO,¢ [25].

The experimental results of microcalorimetric measure-
BeHWPA ments are shown iRigs. 3 and 4.

Absorbance/a.u.

2.1x10°3
WFh The differential heats of ammonia absorption versus gas
uptake obtained for a parent WPA and all investigated
1200 1000 800 600 400 salts are shown ifrig. 3. At low coverage (ammonia vol-

ume < 30Qumol/g) allinvestigated samples, except the beryl-
lium salt, display a plateau of NfHabsorption heats, indi-
Fig. 2. IR spectra of the alkaline earth salts of WPA kept at the RH of 35%. cating the existence of homogeneous acid sites active in the

Wavenumber /cm™!
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Fig. 3. Differential heats of ammonia as a function of coverage for the different alkaline earth salts and parent acid. Inset shows expanded differential hea
curves.

absorption of base molecules. The acid strengths of the active  Table 1compiles the total volumes of absorbed ammo-
sites of WPA appear to be rather homogeneous with the pres-ia, and the amounts of NHabsorbed evolving the heats
ence of a plateau at around 200 kJ/mol, in accordance withhigher than 150 kJ/mol. Evidently, both the total amounts of
previously reported resy1]. The length of plateau, propor-  absorbed ammonia and the amounts of ammonia absorbed at
tional to the number of the strongest acid sites, decreasesin orthe strongest acid sites are lower for the alkaline earth salts
der Mg, Ca, Sr salt. At higher coverages (3000l/g <NHs than found for WPA itself. These results are confirmed by
volume <80Qumol/g), all differential heat profiles exhibit  corresponding volumetric isotherms, presentefgign 4, and

a continuous decrease, indicating the heterogeneity of acidsuggestthatthe acidity of investigated salts is lower compared
sites strength. Contrary to all other investigated samples, theto that of the parent WPA. It is well known that a so-called an-
absorption profile obtained in the case of Be salt shows ahydrous protons act as Brgnsted acid sites and each unit cell
continuous decrease, in the whole range of surface coverageof WPA possesses three anhydrous prof@bs27]. Quanti-
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Fig. 4. Absorption isotherms of ammonia for the different alkaline earth salts and parent acid.
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Table 1
Chemical analysis and the amounts of ammonia absorbed on the investigated samples
Sample Mass(mg/g) The exact formula Irreversibly absorbed N{ ViH; (Quit > 150 kd/mol)
pmol/g Molecules/unit cell wmol/g Molecules/unit cell
WPA H3PWi12040 660 3.0 393 18
BeHWPA 3.00 Overexchanged Be salt of WPA 84 0.4 25 0.1
MgHWPA 8.08 Mgo_87H1_13PW12040 307 1.1 165 0.6
CaHWPA 13.22 Cap.98H1.02PW12040 308 1.0 178 0.6
SrHWPA 28.50 Sr0_92H1_08PW12040 209 0.8 95 0.4
BaHWPA 43.96 Bag gsH1.15PW12040 367 11 285 0.8

@ Mass of alkaline earth cation (mg) per gram of sample.

tative results obtained in this work and expressed as numbemal Qg and a bridging @ atom of the Keggin anion. These
of absorbed NBmolecules per unit cell of investigated solid protons are located in the area between Keggin units where it
(seeTable 1), clearly show that one molecule of ht¢acted will be more difficult for reactant molecules to access them
with Brgnsted acid site in the case of parent WPA and its Mg, [29]. One proton from the alkaline earth WPA salts can oc-
Ca and Ba salts. In other words, all protons seem accessiblecupy any of these positions, depending on particular crys-
for ammonia in the mentioned materials, while in the case talline structure of each salt and it will be influenced by the
of Sr salt less then stoichiometric ammonia sorption was de- cation position. Evidently, the energetic heterogeneity of the
tected which can be explained by steric effect of this divalent investigated systems originates from these different positions
cation. Result obtained for overexchanged Be salt shows ab-where anhydrous proton can be located.
sorption of 0.4 molecules of Ndper unit cell (sedable 1). Results of TPD experiments performed in this work ad-
It is known for WPA salts of monovalent cations that even ditionally explain the heterogeneity of the investigated salts.
when they are prepared to be stoichiometric residual quanti-Fig. 6 shows the TPD spectra of ammonia preabsorbed on
ties of protons remaif®]. Result of microcalorimetric mea-  the investigated samples. As it can be seen from the figure,
surements obtained in this work shows that residual acidity the absorption of ammonia on parent WPA results in the for-
is present even in the overexchanged Be salt of WPA. mation of strongly bonded species on the surface. The TPD
The alkaline earth cations act as counter ions to Keggin profile is sharp; the desorption takes place in the high tem-
anion in materials investigated in this work. In order to check perature region (around 60Q), indicating energetic homo-
whether the obtained salts of WPA have the alkaline charac-geneity. This is in accordance with our previously published
ter or not, the absorption of SQvas performed. However,  results[27] but also with the other found in the literature
the absorption of SPwas not found in any of the samples [8,9,30]and it is a clear indication of very strong interaction
investigated in this work. between ammonia and Brgnsted acid sites of WPA. In fact,
As it can be expected, the results presented so far indi-from the results obtained in this work, it could be inferred
cate that a substitution of two protons with the alkaline earth that a true chemical reaction (forming of a salt) took place
cation results in decrease of the total number of sites activeinstantaneously after the chemisorption step. These results
in ammonia absorption. Additionally, the number of strong are compatible with those obtained employing photoacous-
acid sites important in possible catalytic reactions, charac- tic FT-IR spectroscopy to study the absorption of ammonia,
terized by differential heats higher then 150 kJ/mol, becomeswhich have shown that after the absorption of 3 ammonia
also lower, as a result of Hsubstitution with alkaline earth
cation. A plateau at+200 kJ/mol, similar to that one obtained 300 -

for WPA is obtained only for Ba salt. In addition, it could be 2100>Q (kJ/mol)> 50 N
concluded that, except for the parent WPA, energetic hetero- 250 | 0150>Q (kJ/mol)>100 \
geneity is noticed for the investigated salts. §200>Q (kJ/mol)>150 N

Fig. 5presents the distributions of acid site strengths found ¢ | m250>Q (kJ/mol)>200 N

by ammonia absorption for all investigated samples. It is
known that there are four types of oxygen atoms (internal, g {5, |
edge-sharing, corner-sharing, and terminal) in the Kegginf
structure characteristic for WPR6]. The anhydrous pro-
tons can exist as “free protonfgZ8] and/or can interact with
bridging or terminal oxygen atoms where the energy differ-
ence between these sites is small and depends on the relativ
location of other protons. Besides these positions, computa- - . : N
tional results indicate that protons in the anhydrous structure WPA  BeHWPA MgHWPA CaHWPA SrHWPA BaHWPA
also prefer to bridge between Keggin units where they are

shared between two terminaj@toms or between a termi- Fig. 5. Acid site energy distribution for the alkaline earth salts of WPA.
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nia. Performed absorption of $S®as proved that the exam-
ined salts show no alkaline character.

1.0x10"12 The acidity of investigated systems originates form the so-
called anhydrous protons, which act as Brgnsted acid sites,
their number being determined by the stochiometry of a Keg-
8.0x101% WPA gin anion and the presence of other counter cations. The re-
sults obtained in this work show that in the case of a parent
acid and its Mg, Ca and Ba salts all protons seem accessible

3

S, 6.0x10"- for ammonia molecules. Quite contrary, less then a stoichio-

"g:: ' ' ' ' ‘ ' metric ammonia sorption was f_ound for Sr. _ _

2 100 200 300 400 500 600 700 Very strong Bransted acid sites are detected in the inves-

Py tigated systems, characterized with the heat of ammonia ab-

§ sorption higher then 150 kJ/mol. The number of these strong
5.0x10°% Brgnsted acid sites depends on the cation presentin the struc-

BaHWPA ture.
Generally, the acidity of the investigated systems can be
\_/,\___/Lsmwm described as strong. However, it is uniform only in the case
of parent tungstophosphoric acid. Quite contrary, energetic
heterogeneity of other investigated solids is evidenced, both
—_— MgHWPA from differential heats versus ammonia uptake profiles and
T

~— —————__A____BeHWPA from the results of temperature programmed desorption of
" o0 T a0 b T ammonia.

CaHWPA

0.0 T T
100 200 300 400 500 600 700

Temperature /°C

Fig. 6. TPD spectra of 12-tungstophosphoric acid and its alkaline earth salts.
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