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Potassium and silver salts of tungstophosphoric acid (HPW)
with varying amounts of the cations K,H; ,PW;;,04 and
Ag,H;_,PW1,040 have been prepared as pure or supported on sil-
ica using the incipient wetness method. Their catalytic properties
in two reactions have been studied. The vapor-phase dehydration
of ethanol carried out in a conventional flow-type reactor under at-
mospheric pressure at temperatures varying from 398 to 773 K, and
hydration of ethylene in a stainless-steel batch reactor at 478 K un-
der the pressure of 42 atm. K, H3_,PW1,04¢ in the range 0 < x < 2,
is composed of two phases, H;PW{,049 and K;H;PW{,04; in the
range 2 < x < 3 the solid solution is formed. Their catalytic activity
in both dehydration of ethanol and hydration of ethylene decreases
with increasing x, with K,H{PW1,049 and K3PW{,049 being inac-
tive in the hydration. Ag,Hz_,PW;,049 forms one phase of the solid
solution in the whole composition range 0 < x < 3. The catalytic ac-
tivity in both reactions increases. It has been shown that catalytic
activity is related to acid protons and protons generated by dissoci-
ation of water molecules coordinated by silver cations. At tempera-
tures higher than 573 K the oxidative dehydrogenation of ethanol to
acetaldehyde with high yield is observed on the Ag,H3;_,PW1,049
series of catalysts.  © 2002 Elsevier Science (USA)

Key Words: tungstophosphoric acid; potassium dodecatungsto-
phosphate; silver dodecatungstophosphate; ethanol dehydration;
ethylene hydration.

1. INTRODUCTION

Heteropolyacids and their metal salts are well-known
acidic and oxidative catalysts. They are efficient catalysts
for such reactions as hydration of olefins (1), metanol con-
version to hydrocarbons (2), synthesis of MTBE (3), and
oxidation of metacrolein (4). The protons in the secondary
structure of the heteropolyacid can easily be exchanged,
completely or partially, with different cations without af-
fecting the primary Keggin structure. Polar molecules like
water or alcohols can easily enter and exit the bulk, ex-
panding or contracting the distance between the Keggin
anions in the crystal lattice, while nonpolar molecules (i.e.,
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hydrocarbons) cannot enter the bulk. Due to this nature of
the secondary structure, some reactions may proceed in the
bulk at the state called the “pseudo-liquid phase.” Unlike
polar molecules, nonpolar reactants are incapable of being
absorbed in the bulk of a heteropolyacid. They interact only
with the surface of the catalyst (5).

However, heteropolyacids are characterized also by
some properties which make their use in catalysis difficult.
Their good solubility in water results in the removal of het-
eropolyacids from the catalyst in the presence of water va-
por, formed in the course of the catalytic reaction or added
asareagent, e.g., in electrophilic addition of water to olefins,
resulting, in deactivation of the catalyst. A method of pre-
venting heteropolyacids from being leached is their partial
neutralization with different cations (e.g., K™, Ag™) to form
insoluble salts. These metal salts are also active in reactions
catalyzed by heteropolyacids (6-8). Generally, it is assumed
that the salts of heteropolyacids of different amounts of
cations are heterophase mixtures and their final formula is
an average of pure heteropolyacid and a neutral salt.

The catalytic behavior of metal salts of heteropolyacids
attracts considerable interest, because the formation of salts
may lead to the appearance of a bifunctional or multifunc-
tional catalysis (9). Most of the reactions proceed not only
on the acidic form of the heteropoly compound but also on
the neutral salts, even in the case of reactions catalyzed by
acids (10).

The purpose of the present study is to explain how cata-
lytic activity and acidity can be controlled by the incorpo-
ration of potassium and silver cations into the heteropoly
structure, deposited on silica support. In the acid-catalyzed
reactions in the presence of solid acid catalysts, control of
the number of active centers and their acid strength is an
important factor, because each reaction to proceed selec-
tively requires proper acidity.

A series of potassium and silver dodecatungstophos-
phoric acid (HPW) salts K, H;—,PW,O40,where x =1, 1.5,
2,2.5,3,and Ag,H;_,PW5,049, wherex =1, 1.5, 2, 3, were
prepared. They are designated K, ..., K3 and Ag;,...,
Ag;. Also samples of these salts supported on silica
were synthesized. To this end the heteropolyacid was first
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supported on the surface of silica. Two series of samples
were then prepared. In the first series the heteropoly-
acid after deposition on silica was treated with appropri-
ate amounts of potassium or silver salts. These samples are
denoted Me,/SiO,, e.g., K1/SiO; or Ag;/SiO;. In the sec-
ond series the heteropolyacid after deposition on silica was
washed with water to dissolve that part of the heteropoly-
acid which was present in the form of small crystallites
and was not bound to the support, and then it was reacted
with the appropriate salt. These samples are denoted as
Me,/SiO} . In the case of Me,/SiO, samples the bulk acidity
was measured. The catalysts were tested in the vapor-phase
dehydration of ethanol, which is often employed as a “test
reaction” for acidic catalysts. Then their catalytic activity in
high-pressure hydration was studied.

2. EXPERIMENTAL

2.1. Materials

Potassium dodecatungstophosphate (K,) was obtained
by mixing an aqueous solution of an appropriate amount
of potassium carbonate with an aqueous solution of het-
eropolyacids. Silver dodecatungstophosphate (Ag,) was
obtained as precipitate by adding an appropriate amount
of silver nitrate to an aqueous solution of heteropolyacids.
The resultant salts were dried in an oven at 363 K.

Two silica supports were used. The silica having a BET
surface area of ca. 306 m?/g, a pore diameter of 90 A, and
a pore volume of 0.90 ml/g was used as support for the
catalysts in the dehydration of ethanol. It was crushed and
sieved into grains of 0.2-0.4 mm. In the reaction of ethylene
hydration the catalysts were prepared using the silica having
aBET surface area of ca. 510 m2/g, a pore diameter of 150 A,
and a pore volume of 0.65 ml/g, crushed and sorted into
grains of 0.5-2.0 mm. The silicas were then dried in a hot-air
oven at 395 K. Pure dodecatungstophosphoric acid (Merck)
was supported on silica by means of incipient wetness im-
pregnation with a coverage of 30% of the monolayer, as-
suming the cross section of a Keggin unit to be 144 A.
These amounts corresponded to the loading of 24.2 wt%
for the silica having 306 m?/g and 33.5 wt% for the silica
having 510 m?/g. The known amount of tungstophosphoric
acid was dissolved in water and the hot silica was added to
the solution. The whole solution was absorbed by the silica
grains. The resulting slurry was mixed for 15 min at room
temperature and dried in the oven at 363 K for a few hours.
The salts of tungstophosphoric acid were also prepared
using the incipient wetness method. To prepare so-called
“unwashed” catalysts the known amount of heteropoly-
acid supported on silica was reacted with the appropriate
amount of potassium or silver compound, dissolved in wa-
ter, to form suitable tungstophosphate salt Me, /SiO,. In the
second series the washed samples were prepared by mixing
the dried samples of supported tungstophosphoric acid with
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distilled water and stirring for ca. 1 h at room temperature
to remove that part of the heteropolyacid which was loosely
bound to the surface. The surface coverage of the samples
after the water treatment decreased to 18.2+0.4% of the
monolayer. Heteropolyacid salts Me, /SiO} were then pre-
pared on the surface of silica covered with heteropolyacid
strongly bound to the surface by reacting the appropriate
amount of potassium or silver compound with HPW/SiO¥.
The synthesized catalysts were tested in the dehydration of
ethanol and hydration of ethylene.

2.2. Nitrogen Physisorption Measurements

BET surface areas and pore size distributions of the cata-
lysts were calculated from nitrogen adsorption isotherms at
77 K in an Autosorb-1, Quantachrome equipment.

2.3. UV-Vis Spectroscopy

Ultraviolet—visible (UV-vis) spectroscopy was per-
formed with a Shimadzu UV-vis 160 A double beam spec-
trophotometer with built-in recorder, using quartz cells of
1-cm optical path.

2.4. Thermal Analysis

Thermal analysis was carried out in static air in a Paulik,
Paulik, and Erdey DTA-TG thermal analyzer. Samples of
about 500 mg were heated at a rate of 10 K/min up to
1273 K.

2.5. X-Ray Diffraction

X-ray diffraction (XRD) patterns were obtained with a
Siemens D5005 automatic diffractometer using Cu K « ra-
diation (55 kV, 30 mA) with a graphite monochromator
in the diffracted beam. The samples were dried at 363 K
before each measurement.

2.6. Infrared Spectroscopy

Fourier transform infrared (FT-IR) spectra were rec-
orded on a Nicolet 800 spectrometer in KBr pellets in the
range of 400-1400 cm~! under atmospheric conditions.

2.7. Catalytic Tests

The dehydration of ethanol was carried out in a con-
ventional flow-type reactor under atmospheric pressure.
Typically, a 0.3-ml sample was packed into a quartz reac-
tor. Ethyl alcohol was introduced into the helium stream
(5.7 mol% in He) by an evaporator-saturator set placed in
a thermostat. The total flow rate of alcohol in the stream
of the feed gas was 1.8 L/h. Before the test a catalyst was
heated to 623 K at the rate of 100 K/h and activated in a
helium flow for 2 h. All the reactions were carried out ac-
cording to the same temperature and time scheme. In the
catalytic tests the catalysts were heated at a rate of 2 K/min
to the reaction temperature, the reaction was carried out at
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this temperature for 0.5 h, and then the sample was heated
to the next reaction temperature. The products were ana-
lyzed by means of a Perkin—Elmer 900 gas chromatograph
equipped with a flame ionization detector and Porapak S
column.

The ethylene hydration reaction was performed in a
stainlees-steel batch reactor system at the optimum tem-
perature of 487 K and under a pressure of 42 atm, with the
reagents molar ratio being C;H4 : H,O = 3:1. Uniformity
of temperature was reached by placing the reactor in the
heating oven. A 4-ml sample of the catalyst fraction was
encapsulated in a small space inside the reactor. The cata-
lyst remained isolated from the reagents but was heated
together with the whole system until the required temper-
ature was obtained. In due time the catalyst was jetted into
the reaction mixture by means of an overpressure of he-
lium and the reaction started. After 3 min, the reaction was
terminated by immersing the hot reactor in a cold water
bath. The condensate was analyzed for ethanol content by
means of the SRI 8610 B gas chromatograph equipped with
a katharometer and HayeSep D column.

3. RESULTS AND DISCUSSION

3.1. Structure of the Catalysts

3.1.1. Bulk potassium and silver salts. The structure of
salts of heteropolyacids depends on the type of counterca-
tion present. Salts with small cations have properties similar
to the parent HPA: they are soluble in water, nonporous,
and characterized by small surface areas. In contrast, salts
with large monovalent cations such as NH**, K+, and Cs*
are water insoluble, have rigid micro/mezoporous tertiary
structure, and show high surface areas. In this case, de-
pending on the nature of the heteropolyacid and on the
countercation-to-proton ratio M* : H™, either a heteroge-
neous mixture of the solid acid and salt or acidic salts
(a solid solution of acid and salt) are precipitated. On
the basis of ample studies of the K,H3;_,PMo01,049 - nH,O
system by differential thermal analysis (DTA), XRD, *'P
nuclear magnetic resonance (NMR), transmission elec-
tron microscopy, electron spectroscopy for chemical anal-
ysis, and diffuse reflectance IR spectroscopy it has been
claimed (11) that in this system no significant formation
of solid solution takes place. A heterogeneous mixture
of the acid and neutral salt KsPMo1,04 is precipitated
and at high M: H ratios an epitaxial isostructural layer of
H;PMo1,049 - nH,O becomes stabilized at the surface of
K3PMo1, 0y particles. Such layers have also been obtained
by impregnating this salt with the acid (12). On the other
hand, it has been established (13, 14) that in the case of
Cs,H;_,PW,04 at MT:H™ ratios surpassing the value
of 2, solid solutions of Cs;PW1,049 and H3PW,04 are
formed after heat treatment, with compositions varying
between Cs;H1PW1,049 and Cs;PW,049. Formation of
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FIG. 1. Powder X-ray diffraction patterns of potassium salts: (a) K,
(b) Kis, (¢) Kz, (d) Kas, () K3, and (f) HPW.

such solid solutions has been confirmed by *'P NMR spec-
troscopy. It should be mentioned, however, that also in the
case of this system it has been claimed that acid salts corre-
spond to Cs3PW;,04 with highly dispersed H3PW1,040
layers (15). Results obtained in the present paper seem
to indicate that—as could be expected—there is an anal-
ogy between the structure of K,H3_,PW;,04 and that of
Cs, H3;_,PW1,049 whereas different behavior is shown by
Ag . H3_ PW504.

The structures of a series of bulk salts with changing stoi-
chiometry K,H;_.PW,04 and Ag,Hs_PW,04 were
studied by means of XRD and DTA. The diffraction pat-
terns of K; and K s salts reveal the presence of additional
reflexes shifted from those originating from the heteropoly-
acid. The intensities of these peaks, visible in Fig. 1, increase
and the intensity of heteropolyacid peaks decreases when
the content of potassium in the synthesized sample grows
and they disappear when the composition K: H = 2:1 is
reached. It may thus be concluded that in the case of potas-
sium salts with the content of potassium ions changing in the
range 0 < x < 2 the reaction of HsPW;,049 with K,COj re-
sulted in the formation of mixtures of the KoH{PW,049
salt and an unreacted heteropolyacid, while in the case
of the K;H1PW;,0y4 salt no traces of free heteropoly-
acids were found. The reaction proceeds according to the
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following equation:

2H3PW1,049 + xK,CO3
— xXKoH{PW{,049+ (2 — x)H3PW1,040+xH,CO3. [1]

The amount of H3PW1,049 decreases in the synthesized
samples from unity to zero when x changes from 0 to 2.
The unreacted heteropolyacid can easily be removed by
washing the sample with water, as indicated by compari-
son of X-ray patterns of the acidic K; 5 salt before and af-
ter the washing treatment (Fig. 2). In the case of K5, K 5,
and K3 salts no traces of pure heteropolyacids were de-
tected, proving the presence of only one phase with good
crystallinity, representing a solid solution with changing
composition.

The conclusion that a solid solution of H3;PW,049 and
K3PWi,04 is formed in the range 2 < x < 3 is supported by
a linear change in the lattice parameter with x, which fol-
lows the Vegard law. It may be mentioned here that accord-
ing to the model (16) of the dehydrated H3PW1,04 each
proton is shared by four equivalent terminal oxygens, be-
longing to four different heteropoly anions. The same struc-
ture was suggested for Cs;PW1,0yg, in which each Cs* ion
has four equivalent terminal oxygens as closest neighbors
(17). The secondary structure of acidic salt K;H; PW1,049
may be thus envisaged as composed of Keggin anions with
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FIG.2. Powder X-ray diffraction patterns of potassium salt: (a) K; s,
(b) K; 5 washed with water, and (c) HPW.

299

a

b
M

d

e

f

T T T T T T T T T
400 600 800 1000 1200

Temperature, K

FIG.3. DTA profiles of potassium salts: (a) K;, (b) Kis, (c) Ko,
(d) Ky, (€) K3, and (f) HPW.

H* and K" ions distributed inside between four terminal
oxygens.

The thermal analysis fully confirms the results obtained
with X-ray diffraction. In Fig. 3 DTA profiles for potassium
salts were compared with those for pure heteropolyacids.
In the case of HPW two large endothermic effects, at 396
and 537 K, are visible. The first one is connected with the
loss of crystallization water and the other originates from
the loss of water hydrating protons. The complete decom-
position of the heteropolyacid with the formation of WO;
and P4Oqp corresponds to the large exothermic effect at
890 K.

The two types of endothermic effects responsible for the
loss of water are also observed for potassium acidic salts.
The size of those effects is strictly connected with the num-
ber of potassium cations incorporated. The sample with the
largest content of water hydrating protons is the K; sam-
ple, which has relatively low potassium content. The K3 salt,
which is neutral and has no protons, demonstrates only one
small endothermic effect. The exothermic effect observed
at about 873 K is the largest in the case of the K salt, hav-
ing the largest amount of unreacted heteropolyacids. This
effect is absent in the case of K, K; 5, and Kj salts. These
facts prove that the synthesis of the K;, K, 5, and K3 salts
leads to the formation of monophase structures.
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The endothermic effect corresponding to the decompo-
sition temperature is a characteristic value for every struc-
ture. In the case of biphasic mixtures such as K; or K; 5 salts
it is difficult to determine the exact temperature of decom-
position. The ebulioscopic effect is responsible for those
difficulties. This effect is connected with the appearance of
WO3;, formed due to heteropolyacid decomposition, which
disturbs the assignment of an exact decomposition tempera-
ture of these salts, shifting it considerably. For this reason as-
synthesized heteropoly salts were washed with water to re-
move excessive heteropolyacid before DTA analysis. DTA
analysis showed that decomposition temperatures of the K;
and K s salts after washing are equal to 1143 K, characteris-
tic for the K salt. This observation indicates that in the case
of K; and K 5 salts, except for unreacted heteropolyacid,
the acidic K;H1PW1;0y salts is formed. The synthesis of
K, salts also leads to the formation of K,H;PW1,0y4 salts.
The synthesis of the K, 5 salt results in the K, sHog sPW1204
monophase, which decomposes at 1148 K. The K3 salt is the
most stable and decomposes at 1153 K. It may be thus con-
cluded that the K, salts, where 2 < x <3, are monophase
solid solutions and the decomposition temperature changes
from 1143 to 1153 K.

Taking into account the fact that the radius of Ag* ion
(1.26 A) is similar to that of Kt (1.33 A) it could have
been expected that the silver salts of HPW will have similar
properties to those of potassium salts. This is however not
the case.

The formation of silver salts of tungstophosphoric acid
during the synthesis of catalysts proceeds according to the
following equation:

H3PW,04 + xAgNO; — Ag H3_PW3,04 4+ xHNO;s.
(2]

The diffraction patterns of silver tungstophosphates in-
dicate the existence of one crystalline phase only, which
means that acidic salts of heteropolyacid are formed.
Figure 4 compares the XRD patterns of all synthesized sil-
ver heteropoly salts. The reflexes assigned to the Keggin
salts are shifted in comparison with the pure heteropoly-
acid, toward lower lattice parameters, with the increase
in silver cation content ranging from ag =11.9959 for Ag;
salts to ap = 11.9242 for Ags salts. The silver salts satisfy
the Vegard law (Fig. 5). As shown by thermal analysis the
Ag™" cations are hydrated. The exchange of acidic protons
present in the secondary heteropoly structure in the form
of dihydronium ions HsOj for hydrated silver cations is
responsible for the contraction of the unit-cell parameters.

Thermal analysis shows the presence of three types of
water. The first two types are characteristic of the het-
eropoly structure. While the first effect observed, at about
373 K, related to the removal of crystallization water, is
independent of the number of silver cations present, the
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FIG.4. Powder X-ray diffraction patterns of (a) Agi, (b) Agis,
(c) Agz, (d) Ags, and (e) HPW.

second effect (361-477 K) originates from the loss of water
hydrating protons and decreases with the increase in sil-
ver content in heteropoly salts. This type of water disap-
pears completely when Ags salt is formed. However, next
to the water mentioned above and normally present in a
heteropoly structure, another kind of water appears, which
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FIG. 5. Lattice constants as the function of the composition of the
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FIG. 6. DTA profiles ofssilversalts: (a) Agy, (b) Agys,(c) Aga, (d) Ags,
and (e) HPW.

becomes removed between 623 and 633 K (Fig. 6). The ex-
istence of this effect can be explained by the presence of
water which coordinates silver cations in the structure. It is
observed that when the number of silver cations increases,
the size of this effect grows.

Silver tungstophosphates are stable up to 890 K. The
decomposition temperatures of the described samples are
very similar, varing from 878 to 890 K. The larger the num-
ber of silver cations present in the structure, the more stable
the heteropoly salt.

3.1.2. Heteropolyacid supported on SiO;. In the stud-
ies of the structure of H4yPMo;1VOyy deposited on silica
(18) as a function of the coverage it has been shown by
X-ray photoelectron spectroscopy and ion-scattering spec-
troscopy that the deposited phase forms blocks of the het-
eropolyacid, which cover maximally 20% of the SiO; sur-
face. It could be expected that the tungstophosphoric acid
will similarly form crystallites of heteropolyacid, sticking to
the surface of silica, and that only the first layer at the inter-
phase with silica will be modified by the interaction with the
support. Being soluble in water the acid crystallites should
be washed away by water treatment, leaving at the surface
of the silica monomolecular islands. Thus, the amount of
HPW taken for preparation of the catalyst was calculated
under the assumption that 30% of silica should be covered
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with the active phase, and the excess present as crystalline
phase was removed by washing with water, leaving islands
of monomolecular layers of Keggin anions strongly bound
to the surface of the support.

After washing away with water the loosely bound amount
of heteropolyacid supported on silica, the solid was sepa-
rated from the solution and dried again in the oven at 363 K.
The amount of heteropolyacid dissolved in the solution was
analyzed by means of UV-vis spectroscopy. The quantita-
tive determination of the amount of tungstophosphoric acid
in the solution is based on the fact that the Keggin anions
have a charge transfer band at ca. 260 nm (19). The calibra-
tion curve of tungstophosphoric acid was prepared based on
standards provided by our laboratory for absorbance values
varying from 0.0 to 2.5. In this region the calibration curve
is almost linear (Fig. 7). The monolayer coverage of het-
eropolyacid onsilica after washing was calculated as the dif-
ference between the initial amount of HPW and the amount
of HPW in the solution. To establish the efficiency of HPW
removal by water from the surface of the support the fol-
lowing experiment was performed. Two grams of silica were
dried for 5Shin the oven at 393 K. Then 0.74 g of H3PW1,049
was dissolved in 3 ml of water and the hot SiO; was jetted
into the solution. The slurry was stirred for about 0.5 h and
was dried at 363 K for 5 h. The sample was treated with water
under stirring four times, every time for 15 min, using each
time a portion of 10 ml of distilled water. The obtained so-
lutions were analyzed by UV-vis spectroscopy. The results
are summarized in Table 1. The main amount of acid was
removed from the surface during the first minutes of wash-
ing. The next portion of water removed 10 times smaller
amounts of HPW. After 45 min only traces of acid were
found in the solution. This experiment sets the time needed
for washing the heteropolyacid out of the catalyst at 1 h.

The surface coverage of the samples after water treat-
ment decreased to 18.0%, which is in very good agreement

3,59
3,01
2,54
2,04
1,5
1,0
0,54

0,0

Amount of HPW moles in 50 mi
of water solution x 10°

0,5 T . . . . . . .
0,0 0,5 1,0 1,5 2,0 2,5

Absorbance

FIG.7. Calibration curve of HPW solutions prepared by UV-vis spec-
troscopy.
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TABLE 1

Efficiency of the Removal of Tungstophosphoric Acid
from the Surface of Silica by Washing with Water

Amount of HPW removed
from SiO; (g)

Time of water
treatment (min)

15 0.2342
30 0.0235
45 0.0034
60 0

with the above-described observation (18) that the blocks of
the vanadomolybdophosphoric acid cover maximally 20%
of SiO;.

This model is consistent with the results of other ex-
periments described in the literature. Supporting HPW on
silica was found to result in a shift and a line-broadening
in the P3! NMR spectrum, indicating the distortion of the
HPW structure in comparison with the bulk (20). The
two detected peaks, one at —15.1 nm and the other at
—14.5 nm, were assigned to the bulk crystalline phase and
to the “interacting form,” respectively (21). The interacting
species could be formed by proton transfer according to the
equation

H;PW;,04 + Si—OH — (Si—OH,) " (H;PW1,04) . [3]

The formation of a new type of proton site on the silica
surface results in a decrease in HPW acid strength. Accord-
ing to Kozhevnikov et al. (22) interaction with the surface
occurs very readily for samples with loadings lower than
30 wt%. In our case the layer strongly interacting with the
surface corresponds to the coverage of 18.0%, equivalent
to a loading of 14.4 wt%.

The BET measurements confirm the existence of the
monolayer after the water treatment (Table 2). The BET
surface of SiO, (306 m?/g) after impregnation with het-
eropolyacid decreases by about 100 m?/g to a value of
211 m?/g for the loading amounting to 30% monolayer cov-
erage in the sample HPW/SiO,. This is due to blocking of
the pores of silica support by the crystallites of HPW. After
water treatment the surface area grows, approaching the
value (278 m?/g) which is close to the area of the silica sup-

TABLE 2

Changes in Silica Porosity Due to Heteropolyacid Deposition

BET surface area Total pore volumne

Sample (m?/g) (cm?/g)
SiO, 306.03 0.89
30% HPW/SiO, 211.81 0.56
18% HPW/SiO, 287.02 0.8

HABER ET AL.
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FIG.8. FT-IR spectra of (a) 18% HPW/SiO,, (b) 30% HPW/SiO,,
and (c) HPW.

port. The removal of heteropolyacid excess from that sam-
ple causes the increase in pore volume to the value which
is close to pure SiO; (see Table 2).

The FT-IR spectra of heteropolyacid supported on silica
are presented in Fig. 8. The tungstophosphoric acid shows
five characteristic bands in the region 1100-400 cm™', ob-
served at 1080, 982, 893, 812, and 595 cm~!, which can be
assigned to the stretching vibrations of P-O, W=0O, and
W-0O-W and the bending vibration of P-O, respectively
(23). Supporting heteropolyacid on silica results in lower-
ing the intensities of characteristic IR vibrations, while their
positions do not change. The spectrum of 30% HPW/SiO,
contains all the characteristic bands. The removal of bulk
heteropolyacid from the silica surface by water treatment
results in a further reduction of the band intensity and in
the disappearance of W—O-W vibration at 893 cm~!. The
vanishing of this band may be due to the hydrolysis of the
W-O-W bonds linking the triads of octaedra, as postu-
lated for the case of the HPMo/SiO, system, in which the
Mo-O-Mo bonds undergo hydrolysis (24). It may be taken
as an indication that Keggin anions are present at the silica
surface in molecular dispersion. P-O vibration, normally
observed at 1080 cm ™!, disappears, most probably screened
by a very strong absorption band of SiO, present exactly in
this region.
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3.2. Catalytic Activity in Dehydration of Ethanol

3.2.1. Potassium salts supported on SiO,. The catalytic
tests were performed for the K,/SiO, and K,/SiO} sam-
ples, where x =1, 2, 3. For comparison, the catalytic ac-
tivities of the HPW/SiO, and HPW/SiO} catalysts were
also measured. In the case of the Me,/SiO, samples
the heteropolyacid crystal phase is present on the sur-
face. Because of the high absorptivity of heteropolyacid
crystals toward ethanol the reaction takes place in the
bulk (25, 26). In the case of the Me,/SiO} catalysts,
the reaction is carried out on the surface of the mono-
layer.

In order to distinguish the catalytic activity of the Keggin
anions in monolayer dispersion from that of the bulk of
the heteropolyacid supported on silica two samples with
the same heteropolyacid concentration of 18% HPW/SiO,
were prepared and tested in the dehydration of ethanol.
The first one was obtained by water treatment of the parent
sample, 30% HPW/SiO;, after which only Keggin anions in
monolayer dispersion were left at the surface, and the other
was prepared by depositing the amount of heteropolyacid
corresponding to 18% of the monolayer (Fig. 9). Although
the concentrations of HPW were in both cases the same,
their catalytic activities were different. The catalyst covered
with the bulk heteropolyacid is far more active than the one
with monolayer dispersion. When the bulk heteropolyacid
is present on the silica surface the reaction may proceed
according to the pseudoliquid-type catalysis. In the bulk
HPW all protons are easily available for the reagents except
those directly bound to the surface. When the monolayer of
HPW is formed on the silica surface, some protons linking
the Keggin anions become engaged in protonation of the
surface Si-OH groups and fewer protons are available for
the catalytic reaction.
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FIG. 9. Difference in catalytic activity between the bulk heteropoly-

acid supported on silica: (a) the monolayer catalyst 18% HPW/SiOy,
(b) 18% HPW/SiO,, and (c) 30% HPW/SiO,.
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hydration of ethanol.

Figure 10 compares catalytic activities of HPW/SiO,,
K1/Si0;, K;/SiO,, and K3/SiO; catalysts. No difference
in overall conversion was observed in the case of the
HPW/Si0,, K;/Si0,, and K,/SiO, samples. Apparently, at
the surface composed of deposited blocks of HPW and K,
salt the properties are determined by the acidity of HPW.
Surprisingly, the K3/SiO, catalyst is also active in this reac-
tion, although its activity is markedly lower. Since the K3
salt is neutral and has no acidic protons, its catalytic activity
must have a different origin. Two explanations may be of-
fered: the acidic properties of this salt may come from the
Lewis acidity (26), or the K3 salt may also contain the resid-
ual protons in the solid lattice (27). The pure, unsupported
K3 salt was also active in this reaction. On the other hand,
the K3 salt supported on silica was easily separated me-
chanically from the surface simply in the course of washing
the sample with water, so that the catalyst was composed of
a heterogeneous mixture of two solids. After their separa-
tion, the catalytic activity of the catalyst dropped down to
the activity of pure silica (Fig. 11). This fact indicates that
the K3 salt formed by reacting the bulk heteropolyacid de-
posited at the surface of silica is only weakly bound to this
surface.

Generally, the catalytic activities of the K,/SiO} samples
in dehydration of ethanol are considerably lower than those
of salts of the K,/SiO; series. In case of the salts of the
K,/Si0¥ series, the highest catalytic activity is observed for
the samples with the lowest potassium contents (Fig. 12).
The activity of K,/SiO} and K3/SiO} catalysts is close to
the activity of silica.

In the course of the preparation of the K;/SiO, sam-
ple, only 50% of the total amount of heteropolyacid reacts,
forming K, H; PW1, 04 salt. The second half of heteropoly-
acid does not participate in the reaction, proceeding ac-
cording to Eq. [1]. Thus, in the case of the K;/SiO¥ catalyst
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FIG. 11. Activity of the catalysts: (a) 30% K3/SiO, and (b) SiO, after

separation of Kj.

the concentration of unreacted HPW amounts to 9% of
the monolayer, compared with the initial concentration of
HPW/SiOY, which was equal to 18%. Taking into account
this concentration of unreacted heteropolyacid a catalyst
having 8.3% surface coverage of heteropolyacid was pre-
pared. Its catalytic activity appeared to be very similar to
the activity of the K;/SiO¥ catalyst (equimolar mixture of
KoHiPW 1,040 and H3PW1,040). This proves that catalytic
activity of K;/SiO¥ is due to the presence of unreacted
HPW. The K,/SiO} catalyst is inactive in this reaction be-
cause no unreacted heteropolyacid is present in the sample.
The salt, while being supported on SiO,, transfers one pro-
ton to the silica surface (21) and, as a consequence, it has
no strong Brgnsted acid sites which could be responsible
for that reaction.

3.2.2. Silver salts supported on SiO,. The catalytic tests
were performed for silver salts supported onssilica Ag,/SiO;
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FIG. 12. Catalytic activity of the catalysts: (a) 18% HPW/SiOY,
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and Ag,/SiOY, where x =1, 2, 3. For comparison, the cata-
lytic activities of the HPW/SiO, and HPW/SiO} catalysts
were also measured.

In the series of silver salts of tungstophosphoric acid
Ag,/Si0O; the catalytic activities of Ag; and Ags are sim-
ilar. The activity of the Ag, salt is much higher, even higher
than the activity of pure heteropolyacid (Fig. 13). A similar
phenomenon observed for Cs; s salts is primarily consid-
ered a result of its high surface area (28).

The plot of overall conversion against the reaction
temperature for the series of Ag,/SiOY catalysts and
HPW/SiO} is shown at Fig. 14. In this case, the catalytic
reaction proceeds on the surface of the catalysts populated
with both Brgnsted acid sites and the redox centers. The
products of ethanol dehydration proceeding on the first
type of site are ethylene and diethyl ether, while the product
of dehydrogenation on redox sites is acetaldehyde (Fig. 15).
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dehydration and in (b) oxidative dehydrogenation.

The conversion along the dehydration pathway is clearly
connected with the presence of protons of the HPW and
protons generated from water coordinated to the silver
cations. On heating, the water hydrating protons is removed
from the Ag, H;_,PW1, 04 salts at about 523 K and the wa-
ter coordinated to the silver cations vanishes above 623 K
(see Fig. 6). As more and more silver cations become incor-
porated, the number of water hydrating protons decreases
while the amount of water coordinated to silver cations
increases. Niiyama et al. (29) suggested that water coor-
dinated to the metal cation generates additional protons
according to the following reaction:

M + mH,0 — [MH,0),,]""
— [M(H,0),,1(OH)]"~V + H*. [4]

The protons of the heteropolyacid and the protons gener-
ated by dissociation of water coordinated to the silver atoms
influence the yield of ethylene, and the more water present
in the Ag,/SiO} samples, the more ethylene formed.

The second mechanism of proton generation consists of
the reduction of the metal cation (6, 30):

1
Agt + SH — Ag’ +HT. [5]

XPS analysis of our Agz/SiO, samples before and after
the catalytic reaction did not reveal any reduction in sil-
ver cations, which seems to exclude the redox mechanism
of the generation of protons.

In the temperature range up to 523 K the influence of acid
protons on the conversion of ethanol is visible (Fig. 14). The
largest effect is observed for the Ag;/SiO} catalyst and a
smaller one for Ag,/SiOY for the Ag;/SiO} sample, which
has no acid protons, this effect does not occur. On further in-
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crease of the reaction temperature above 523 K the catalytic
activity of the catalysts changes. The Ags/SiO} sample be-
comes the most active catalyst in the dehydration reaction.
The Ags/SiO} catalyst with the largest amount of coordi-
nated water shows the highest conversion of ethanol. This
influence is lower for the Ag,/SiOY catalyst and, finally, for
the Ag;/SiO} sample it is smallest. Apparently, conversion
of ethanol is strictly connected with the amount of water
coordinated to the silver cations. The catalytic activity is
constantly growing up to 623 K and at that temperature
the sudden breakdown is observed. The cause of such be-
havior is the loss of water coordinating the silver cations.
This effect is most significant for the Ags salt. At about
648 K all three salts exhibit almost the same catalytic activ-
ity and from that moment on their activities again slowly
Srow.

Figure 15 shows the yield of ethylene and acetaldehyde
observed in the reaction of ethyl alcohol on the Ag;/SiO¥
catalyst. At temperatures lower than 523 K dehydration of
ethanol to ethylene is the main reaction, the yield increasing
strongly with temperature. In the temperature range 523—
573 K, when dehydration of acid protons takes place, selec-
tivity changes dramatically and oxidative dehydrogenation
of ethanol to acetaldehyde becomes the most important re-
action. The yield attains at 623 K the value of about 40%
and remains at this level on further increase in the reac-
tion temperature. Above 673 K an increase in the yield
to ethylene is simultaneously observed. As the removal of
water coordinating silver cations is observed at 623 K some
other mechanism must be responsible for the dehydration
of ethanol.

3.3. Catalytic Activity in Hydration of Ethylene

Catalytic activities were measured for the samples of
potassium K, /SiO; and silver Ag,/SiO, salts supported on
silica, where x = 0.5, 1, 1.5, 2, 3, and were compared with
the activity of the parent heteropolyacid, HPW/SiO,, in the
reaction of ethylene hydration.

3.3.1. Potassium salts supported on SiO,. As shown in
Table 3 the catalytic activity of the K,/SiO; catalysts de-
creases stepwise when x changes from 0 to 2. The K;/SiO,
and K3/SiO; catalysts were not active in that reaction.

As discussed above, the X-ray diffraction pattern and the
thermal analysis of potassium tungstophosphates clearly
show that K, salts, where 0 < x < 2, are mixtures of unre-
acted heteropolyacids and Ko H{PW,04 salts. The K, and
K3 salts were found to be single-phase materials. Obviously,
when the number of potassium cations in the heteropoly-
acid supported on silica is increased, going from the Kg 5 to
the K, salt, the acidity of the catalyst originating from the
heteropolyacid decreases, resulting in lower catalytic activ-
ity. The reaction proceeds through the formation of car-
benium ion as the intermediate, which probably interacts
with the catalyst surface, in analogy to the mechanism of
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TABLE 3

Catalytic Activity of K, and Ag, Salts of Tungstophosphoric Acid
Supported on SiO; in Ethylene Hydration

Catalyst supported on SiO, Ethylene conversion (%)

Si02 0
H3PW12049 5.61
H;3;PW;,04—washed Traces
KosH25sPW1204 4.32
KiHPW15049 2.53
KisH15sPW1204 0.57
KoHPW ;04 0
K3PW1,04 0
AgosHasPW12040 2.76
AgiH,PW 1,049 3.94
Ag1sH1sPW12040 4.95
AgyHPW 5,049 5.74
AgzPW 5,04 6.42

isobutylene hydration, as proposed by Izumi and coworkers
(31). The mechanism involves the formation of a complex
of heteropolyanion with the carbenium anion, which is as-
sumed to be responsible for promoting the reaction by sta-
bilizing the intermediate carbenium ion.

3.3.2. Silver salts supported on SiO,. Quite an oppo-
site situation is observed for the Ag,/SiO; catalysts. The
XRD pattern revealed the formation of monophase acidic
silver salts. Similarly to the case of dehydration of ethanol
the growing number of silver cations in the discussed sam-
ples is accompanied by an increase in their catalytic activity
despite a decrease in acid proton content. These facts con-
firm the suggestion that silver cations must be responsible
for the generation of additional protons, which are formed
by dissociation of water molecules coordinated to these
cations.

In our case, the water is present in the reaction mixture
as a reactant for the hydration of ethylene. Therefore, it
is probable that in our reaction system the high activity of
silver salts is due to the generation of acid sites accord-
ing to Eq. [4]. The strength of acidic sites in silver salts
was examined in the decomposition of isopropanol, the
model reaction (32) for the characterization of acid and
redox centers in catalysts. It was observed that with an in-
crease in silver content the amount of acetone formed in
the reaction decreases while the amount of propene formed
ErOwsS.
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