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Abstract

Isopropanol chemisorption and temperature programmed surface reaction analyses were used to determine the nature, amount and acic
strength of the active sites of bulk WW{Omonolayer supported tungsten oxide over titania and phospho-tungstic Wells—Dawson and Keggin
type heteropoly-acids.

The temperature conditions were adjusted in order to cover the surface of the catalysts with a stable monolayer of intermediate chemisorbed
isopropoxy species avoiding the adsorption of molecular isopropanol (non reactive) or surface reaction during the chemisorption process.

Chemisorbed isopropoxy species dehydrate towards propylene (no other redox products were observed) over the investigated catalysts. The
number of active sites\;) was determined as the amount of propylene desorbed during the temperature programmed reaction analysis.

Heteropoly-anions possess the highest amount of active sites and acid strength among the investigated solid catalysts. Isopropanol chemisorb
both at the surface and the bulk of the heteropoly-anions due to the pseudo-liquid phase property of these materials. Moreover, the high acidity
of the Bronsted and Lewis acid sites of the heteropoly-acids catalyze the reaction of the adsorbed isopropoxy species at a lower temperature
(~100°C) than WQ and monolayer supported tungsten oxide speciesANO,.

Additionally, the influence of the degree of hydration on the amount and acid strength of the active sites of the Wells—Dawson acid was
investigated. The results showed that the fully hydrated acid possesses a higher amount of accessible sites than the fully dehydrated acid
therefore, the amount of propylene is almost double in the first condition. However, no modification of the temperature of reaction of the
isopropoxy species was observed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion/dehydration of methanol therefore, the quantification of
the amount of methoxy species allows calculating the num-
The chemisorption of probe molecules is a well known ber of surface active sites in methanol selective oxidation
method to characterize the surface of catalytic materials. [1]. The method was applied successfully on bulk metal
Recently, the chemisorption of methanol was proved as molybdates and vanadates, bulk metal oxides and monolayer
a reliable method to determine the nature and number of vanadium, molybdenum and tungsten supported catalysts
surface active sites of oxide cataly$is-6]. Briand et al. [1-6]. More recently, the technique was also extended to
demonstrated that methanol chemisorbs as a stable monoisopropanol chemisorption in order to establish the number
layer of methoxy species on an oxide surface exposed to anof surface active sites and the turnover frequency of bulk
atmosphere of 2000 ppm of methanol at 200 Methoxy metal oxide catalysts towards isopropanol reacfign
species CHO- are the intermediates in the selective oxida- A similar procedure, based on methanol adsorption at
room temperature was applied by Farneth et al. on phospho-
* + Corresponding author. Tek+54-221-4211353; molybdic Keggin-type compound & H.PMo12040 [8].
fax: 154-221-4254277. The analysis of adsorbed species at 160showed the
E-mail addressbriand@quimica.unlp.edu.ar (L.E. Briand). presence of surface methoxy species. Again, temperature
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programmed reaction analysis demonstrated that methoxysmethanol reaction at temperatures higher than 373K were
are the intermediate species towards dehydration and oxi-performed.

dation products. The literature shows a variety of methods to study the
Similarly, photoacoustic Fourier-transform infrared spec- acidity of heteropoly compounds. These methods, mainly
troscopy studies performed by Moffat et al. on—Cy applied on Keggin type structures, evaluate the acid strength

alcohols adsorbed over phospho-tungstic Keggin acid and the amount of molecules adsorbed with probe molecules
H3PW;2040, demonstrated the formation of alkoxyl in- (ammonia, pyridine) different from actual reactants. The
termediates[9]. The authors observed the adsorption of studies that used actual reactant molecules such as, alco-
3—4 isopropanol molecules per Keggin anion after 5-10h hols, determine the total amount of adsorption sites rather
of exposure to the alcohol at 298 K. The alcohol initially the number of active acid sites at a certain temperature of re-
adsorbs as a protonated speciegzH;OH,* and forms action. The studies reported on the literature focused on the
isopropoxyl species upon evacuation at about 323 K. intermediate adsorbed species rather than the in situ iden-
The activity towards isopropanol dehydration is used tification and quantification of the products of reaction and
to characterize the acidity of heteropoly-acid compounds the relationship between that information and the density of
since the products distribution depends on the nature ofactive sites. Moreover, a detailed review of the literature of
surface active sites (and bulk active sites considering thethe past 10 years shows almost no studies of the acidity of
pseudo-liquid behavior of heteropoly-compounfs)-12] Wells—Dawson structures with probe molecu&s].
Strong Bronsted (H) and Lewis acid sites catalyze the The present investigation screens isopropanol adsorp-
dehydration of isopropanol to propylene (di-isopropyl ether tion on a series of tungsten based catalysts, specially
for weak Lewis acid sites) and redox/basic sites lead to the phospho-tungstic Wells—Dawson type heteropoly-acid
the dehydrogenation of the alcohol to acetdi¢ The HeP2W15062-nH20 under different temperatures in order
process of isopropanol dehydration to propylene involves to reach the maximum coverage of intermediate reactive
the adsorption of the alcohol through the OH group and a species towards dehydration products. The in situ tempera-
B-hydrogen, the abstraction of the OH group to produce an ture programmed surface reaction of the adsorbed species
intermediate carbocation species and the abstraction of theallows to determine the temperature of desorption and the
B-hydrogen to yield the olefifiL3,14] guantity of propylene. Th@jy is an indication of the acid
The acid strength of solid heteropoly-acid compounds strength of the active sites and the quantity of propylene is
(mainly of the Keggin type structure) is also measured proportional to the number of active acid sites.
through the heat of adsorption and the temperature of des- The aim of this study is to obtain the fundamentals of a
orption of ammonidl5]. Additionally, Misono et al. studied  technique based on in situ chemisorption and TPSR in order
the surface acidity of phospho-tungstic cesium salts throughto applied an actual reactant as a probe molecule to measure
the infrared analysis of CO adsorbed at 110K. The inter- the available active sites of an heteropoly compound at a
action of the probe molecule with the HPA generates three desired temperature of reaction.
different signals depending on physisorbed or chemisorbed
specieq16].
The kinetics of adsorption and the amount of polar (al-
cohols) and non-polar molecules adsorbed on Keggin type 1. Synthesis and characterization
compounds was extensively studied through infrared spec-
troscopy and thermogravimetric analy$is—18] Misono The synthesis of the Wells—-Dawson heteropoly-acid
et al. established that the rate of alcohol sorption dependsHgP,W15062-nH20 through the “etherate method” was pre-
on the size of the probe molecule and that the amount of viously published20]. The method involves the reaction of
adsorbed molecules ingRW12040 is an integral multiple an aqueous solution ofgR,W180g2-:10H,O salt with con-
of the number of protonfl5]. The observation of the dif-  centrated HCI (37%). The mixture is shaken with diethyl
fusion coefficients and adsorption of polar molecules into ether in order to separate three phases: an upper ether layer,
the bulk structure of the HPAs proved unequivocally the an aqueous layer and a heavy oily layer. The bottom layer
“pseudo-liquid phase” behavior of those compounds. that contains an etherate of the heteropoly-acid, is separated
Bielanski et al. performed a detailed study of methanol and the etherate is decomposed with the addition of water.
adsorption—desorption on dehydrateglSiiW;2,040 through The solution is evaporated until the acid crystallizes.
infrared spectroscopy and thermogravimetric analy- 3P NMR and infrared analysis assured the purity of the
sis in order to obtain evidences on the mechanism of heteropoly-acid (data not shown).
methyltert-butyl ether synthesis[16,17] The authors Monolayer tungsten oxide supported on FiDegussa
demonstrated that up to 16 molecules of methanol are ad-P-25) was synthesized through incipient-wetness impregna-
sorbed per Keggin unit at 291 K. The formation of dimethyl tion with an aqueous solution of ammonium metatungstate
ether and water was observed upon heating the catalyst ugNH4)sH2W12040 (Fluka AG) according to the method de-
to 373K although methanol is not completely desorbed scribed in the literaturi21]. The sample was dried at 100
out of the structure even at 523 K. No in situ studies of and calcined at 500C for 12 h.

2. Experimental
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Fig. 1. Flow diagram of the TPSR equipment. (---) Heated lines.

Additionally, commercial phospho-tungstic Keggin acid isopropanol reaction are detected in the mass spectrometer

H4PW12040-xH20 (Fluka puriss.) was used. and recorded in a computer.
Neither adsorption nor reaction of isopropanol was de-
2.2. Specific surface area analysis tected in a blank experiment.

The BET surface area of the dehydrated samples was de2.4. Calibration of the mass spectrometer for isopropanol
termined through Bladsorption at 77 K with a Micromerit-  and propylene quantification
ics Accusorb surface area analyzer.
The characteristien/e = 45 spectrometric signal of iso-
2.3. Chemisorption and temperature programmed surface propanol was calibrated in order to establish the amount of
reaction spectroscopy adsorbed alcohol. A one-point calibration was performed
with successive doses of Qubof isopropanol in a flow of
Chemisorption and TPSR analysis were performed with 35cn?® (NTP) min~t of helium (similar conditions as in
the equipment presented Fig. 1L The system possesses the adsorption experiment). The mass spectrometer analysis
a controlled flow of high purity oxygen for pretreatment was performed under a similar background pressure and ac-
and helium for adsorption—desorption studies. The samplequisition speed as in the adsorption-TPSR experiments. An
is placed insid a U shape quartz reactor that is heated with average area of 13841 318 counts of thene = 45 signal
an electric furnace. The heating rate is electronically con- was obtained after repeating the procedure 10 times.
trolled and registered with a computer. Typically, 100mg  Additionally, isopropanol generates a signahofe = 41
of the sample is used during the experiments. The samplesimilarly to propylene [signalgm/e = 45)/(m/e = 41)
is pretreated at 400C for 1 h under a flow of pure oxy- ratio equal 6.25]. This contribution of isopropanol to the
gen prior to chemisorption and TPSR analysis. Then is al- m/e = 41 signal of propylene was subtracted in the adsorp-
lowed to cool down to the adsorption temperature under ation and TPSR experiments.
flow of helium (35 cni (NTP) min~1). Successive pulses of The reaction of isopropanol over the heteropoly-acid at
0.5ul of isopropanol (Merck P.A., 100%) are dosed through 100°C allowed to calibrate then/e = 41 spectrometric
a heated septum until the saturation of the heteropoly-acidsignal of propylene (see details in the following section).
is reached. The lines connecting the septum and mass spedsopropanol is completely converted to propylene over the
trometer are heated at 120 to maintain the alcohol and  Wells—Dawson heteropoly-acid at 100 therefore the sig-
products in the gas phase. The adsorption process is moninal registered in the mass spectrometric analysis corresponds
tored in situ through a mass spectrometer and a conductivityto the stoichiometric amount of propylene obtained by iso-
cell that detect the non-adsorbed alcohol and/or the speciegpropanol dehydration according to the following reaction:
desorbed from the sample. After the saturation, the sam-
ple is allowed to cool down to room temperature and then CaH7OH = CaHe + H20 @
heated up to 400C at 10°C/min for the temperature pro- Isopropanol was dosed five times over the heteropoly-acid at
grammed reaction experiment. The species resulting of the100°C. The dehydration of 0.3I of isopropanol produces
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3.90p.mol of propylene that generates a signal of 45853 doses the amount of isopropanol adsorbed and dehydrated
counts in the mass spectrometer. reaches a steady state.
The adsorption of isopropanol at 40 does not produce
propylene during the chemisorption experiment (data not

3. Results and discussion shown).

Temperature programmed reaction spectra show that only
3.1. Number of adsorption-active sites for isopropanol propylene and water are produced through the dehydration
reaction over dehydrated gfP>W150g2 of chemisorbed isopropanol at 40 and°@ (Fig. 3). No

products were observed during the TPSR after chemisorp-
Previous studies demonstrated that the Wells—Dawsontion at 100°C.

type heteropoly-acid kP,W1g062-nH20O contains crystal- The observation that no molecular isopropanol is detected
lization water (typically, 24 molecules per formula unit) inthe TPSR spectra indicates that no physisorption (or weak
that is associated with the protons of the acid agHtp0O),, chemisorption) of the alcohol is produced even at@0

H30" and H0,* species. The water molecules are re-  The adsorption and TPSR experiments give important in-
moved upon calcination at 40C leaving dehydrated H formation about the maximum number of available sites for
species and keeping intact the primary structure of the acidisopropanol adsorption. Moreover, these experiments allow
[20,22] Therefore, the pretreatment at 4@ under an calculating the number of adsorption and active sites at a
oxygen atmosphere ensures the complete dehydration ofcertain temperature.
the acid and the oxidation of the tungsten addenda atoms.  Previously, it was shown that isopropanol adsorption and
Isopropanol adsorption was performed at 100, 70 and dehydration towards propylene reaches a steady state dur-
40°C to determine the more suitable conditions for the al- ing the adsorption experiments (sE&. 2). The quantity
cohol chemisorption on the active sites avoiding further re- of propylene produced in the steady state is proportional to
action (a fresh sample was used in each experiment). the amount of active acid sites. Moreover, the quantity of
The adsorption and dehydration of isopropanol occurs isopropanol adsorbed without reaction in the steady state is
rapidly at 100 and 70C producing propylene and water (see desorbed as propylene during the TPSR experiment. This
Fig. 2for adsorption at 70C). Moreover, the Wells-Dawson amount is proportional to the number of adsorption sites
heteropoly-acid is highly reactive towards dehydration at that are occupied by intermediate alkoxy species at a cer-
100°C since no isopropanol is detected during the adsorp- tain temperature. The addition of the number of active and
tion experiment, which indicates that the alcohol is com- adsorption sites is the maximum amount of sites available
pletely converted to propylene. No oxygenated products suchfor isopropanol adsorption/reaction of the Wells—Dawson
as acetone or COwere detected during the adsorption ex- heteropoly-acidTable 1show the number of acid sitebld)
periment over the dehydrated acid. obtained through the methods described above, the fraction
Fig. 2shows that the first dose of the alcohol is adsorbed of active sites and the fraction of sites covered with a sta-
with almost no dehydration to the olefin and in the successive ble layer of intermediate species. The maximum amount

H,O (m/e = 18)

mass spectral intensity (a.u.)

\ (CH,),HCOH
i\“ (m/e =45)
.

T T T f T T |
0 1000 2000 3000 4000 5000 6000
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Fig. 2. Non-adsorbed isopropanol, water and propylene evolved during isopropanol chemisorption on dehydrated Wells—Dawg&h\VegiOdr at
70°C. Isopropanolm/e = 45 (up triangle); propylenen/e = 41 (solid line) and watenn /e = 18 (square).
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Fig. 3. Temperature programmed reaction analysis after isopropanol adsorption on dehydrated Wells—DawsgR,¥%¢ig0s> at 40°C. Propylene,
m/e =41 and waterm /e = 18.

of adsorbed isopropoxy species is achieved through iso-adsorption at 110C according to the technique reported

propanol adsorption at 4€ that avoids further reaction by Wachs and Kulkarni7]. Monolayer supported tungsten

towards propylene. Under these conditions, the maximum oxide species produces propylene during isopropanol ad-

number of active acid sites is suitable to be determined assorption at 100C therefore, the chemisorption step was

the amount of propylene desorbed during temperature pro-performed at 70C to avoid reaction.

grammed reaction experiments& pmol/m?). Isopropanol chemisorption over dehydrated phospho-
tungstic Keggin type acid $#PW12049 was performed at

3.2. Comparison of the number and acid strength of the ~40°C similarly to phospho-tungstic Dawson acid. No sur-

active sites of bulk, monolayer supported and tungsten  face reaction was detected at that temperature. _
based heteropoly-compounds These catalysts produced propylene and water during the

TPSR analysis (not shown). Therefore, the number of sur-

The number of surface active sites of dehydrated bulk face active sitedls was calculated as the amount of propy-
tungsten oxide Wg monolayer supported tungsten oxide lene desorbed during the TPSR analysis per surface area unit
over titania 3% WQ/TiO, and phospho-tungstic Keggin (SeeTable 2.
type acid HPW;,040 were also determined through iso- Thg number of available_surface sites for isopropanol ad-
propanol chemisorptioriTable 2. sorption of pulk tungsten t_r|OX|de and mono[ayer supported

The maximum amount of surface isopropoxy species tungsten oxide catalysts, is orders of magnitude @@/

over tungsten oxide W§€was obtained through isopropanol m?) Iow_er than the heteropoly-acids (8—l&nol/n¥?). In
the particular case of W§£and monolayer supported tung-

sten oxide catalysts, the adsorption of alcohol occurs ex-
Table 1 clusively at the surface. Moreover, the platelet morphology
Maximum number of active sites for isopropanol reaction and number (@nisotropic characteristics) of bulk tungsten trioxide allows

of adsorption sites, fraction of active sites and adsorption sites at dif- the preferential adsorption of the alcohol at the edges of the
ferent temperatures of dehydrated phospho-tungstic Wells—Dawson acidcrysta|s[7]_

HeP2W15062

Temperature Ns1® 2 Ns2° 2 Oactive” eadsorptiorsnj Table 2
°C mol/ mol/

o) ( ) (b ) Maximum number of active sites for isopropanol adsorption of WO
40 8.1 8.0 0.0 1.0 monolayer supported tungsten oxide ondj phospho-tungstic Keggin
70 7.5 2.3 0.7 0.3 and Wells—-Dawson acids

100 6.5 0.0 1.0 0.0

Catalyst Sser Temperature of Ng Temperature of
a8 Maximum number of active sites for adsorption/reaction of iso- (m?/g) adsorption {C) (nmol/m?) isopropoxy

propanol calculated from the addition of the amount of propylene pro- reaction {C)

duced during chemisorption and TPSR experiments. WO 17 110 0.9 156

b Number of adsorption sites calculated from propylene desorption 3% B{NOg/TiOZ 37'3 70 0'9 140
during TPSR. HePoW1gOss 2.8 40 8.1 96
Fraction of active sites= (Ns1 — Ns2)/Ns1. HaPW412040 19 40 19.8 112

d Fraction of adsorption sites: No/Nsj.
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Previous studies determined that monolayer supportedatmosphere of the probe molecule for extended periods of
tungsten oxide catalyst possesses a surface density of 4.2ime. Moffat et al. observed that isopropanol adsorption on
tungsten atoms per ri21]. This information and the num-  phosphotungstic Keggin acid reaches the equilibrium af-
ber of surface active sitels allows to estimate that one ter 5-10h of exposure to the gas phase. Undoubtedly, this
isopropanol molecule is adsorbed o8 tungsten atoms. method allows saturating the material with more than a

At difference with bulk WQ and supported tungsten monolayer of adsorbed species and resembles the conditions
oxide species, the structure of the heteropoly-acids al- of a batch reaction in the liquid phase rather than a flow
lows the adsorption of alcohol on the external surface and reactor. The lower amount of adsorbed species obtained in
into the bulk of the solid. This unique property known as the present investigation compared to the published data is
“pseudo-liquid phase behavior” is attributed to the wide attributed to the short contact time of the solids with the al-

distance between the Wells—Dawson units\WRgOg28~ cohol (about 7 min per pulse) which inhibits the diffusion of
in the crystal structure that allows the adsorption of po- the molecules into the bulk structure.
lar molecules inside the solid bulk structydeb—-19] This Moreover, the present results indicate that a more accu-

property explains the highéis of the heteropoly-acids than rate determination of the number of active sites requires the
conventional “surface” catalysts. However, further theoreti- mimicking of the gas feed of a flow reactor that is, a stream
cal studies are necessary in order to determine if the wholeof alcohol with the flow rate and concentration of an actual
bulk participates in the adsorption and the amount of tung- reaction.
sten atoms involved in the adsorption of one isopropanol The temperatures of surface reaction of isopropoxy
molecule. species towards propylene over the different catalysts are
Table 3 compares the number of adsorbed molecules shown inTable 2 The higher temperature of surface reac-
(ammonia, pyridine, alcohols) per anion reported in the tion over bulk tungsten trioxide and monolayer supported
literature and the present investigation. The Table also sum-tungsten oxide catalysts than HPAs is attributed to the dif-
marizes the techniques and conditions of the experiments,ferences in the acidity of the active sites of those catalysts.
the pretreatment of the catalysts and the number of mono-Spectroscopic studies of dehydrated monolayer supported
layers covered by adsorbed molecules. Many authors havetungsten oxide catalysts demonstrated that the surface struc-
estimated this theoretical number although, the actual stoi-ture is composed by octahedrally coordinated W\pecies
chiometry of the adsorption (number of molecules adsorbed possessing W= O (mono-oxo) terminal bond and bridging
per tungsten atom of an heteropoly-anion) and the amountW-0O-S (S= metal or support cation) bonds. These species
of heteropoly-anions per surface monolayer, are not known are polymerized at monolayer surface covergtjg.
as stated before. However, we decided to performed that cal- Adsorption of NH and pyridine bases has also demon-
culation only to compare with previous data found in the lit- strated that supported metal oxide catalysts (Re, Cr, Mo, W,
erature. This calculation was performed considering that theV, Nb, etc.) possess only surface Lewis acid sites at low

area of an isopropanol molecule cover$ 8 10-1°m?, the surface coverage and both Lewis and Bronsted acid sites at
dehydrated KegginSger = 1.9 m?/g) and Wells—-Dawson  high surface coverages].

(SeeT = 2.8 m?/g) anions possessBx 1021 m? per anion A central phosphorous atom R@urrounded by a cage
and 20 x 10-29m? per anion, respectively. of tungsten atoms composes the structure of Wells—Dawson

Most of the investigations has been devoted to determineand Keggin type heteropoly-acids. Similarly to monolayer
the amount of adsorbed molecules through volumetric sys- supported tungsten oxide catalysts, each tungsten atom
tems that maintains the adsorbent in contact with a gaseouscomposes W@ octahedral units with one terminal double

Table 3
Summary of the literature regarding the adsorption of probes molecules on phospho-tungstic acid with Keggin and Wells—-Dawson type structures
Sample Pretreatment (calcinationProbe molecule  Technique Adsorption (molecules per Reference
temperature) °C) anion) [exposure/monolayers]
H3PW12040 200 Ammonia Volumetric at room temperature 3 [23]
H3PW2040 320 Pyridine Microbalance at 298 K 2.4 [24]
450 0.7
H3PWi2040 350 G—C4 Alcohols  Volumetric at 30C 4 for ethanol [64 monolayers] 2.5 [9,25]
for propanol [5-10 h exposure’6
monolayers]

0.34-0.45 for butanol
[10-16 h/41 monolayers]

H3PW1204 150 NHz Adsorption and microcalorimetric  2.70-2.98 for Keggin acid [26,27]
HgPoW1g062 measurements at 15 5.0 for Wells—Dawson acid

and others
H3PWi2040 400 Isopropanol Micropulses of alcohol 0.12 for Keggin acid [4 monolayers] This work
HeP>W18062 adsorption at 40C 0.71 for Wells-Dawson acid [11

monolayers]
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bonded oxygen and are linked together through W—-O-W
bonds.

However, many studies demonstrated that solid HPAs are
Bronsted acids and are stronger than conventional solid acids
such as Si@.Al,03, sulfated zirconia Sg¥/ZrO, and ti-
tania SQ%~/TiOy, etc[15,16]

The lower temperature of surface reaction of isopropoxy
species over dehydrated Wells—Dawson 9@ than de-
hydrated Keggin (112C) heteropoly-acid is a measure-
ment of the higher acid strength of the phospho-tungstic
Wells—Dawson acid in the anhydrous form.

X
X
X
X
- X
. % X
u CH, (mle =41) % £
X X

mass spectral intensity (a.

3.3. The influence of the degree of hydration on the
amount of accessible active acid sites

The role of the degree of hydration on the catalytic ac- Temperature ('C)

tivity of heteropoly-acids is a matter of controversy in the Fi . . .

. . . . . Fig. 4. Temperature programmed reaction analysis after isopropanol ad-
literature. Previous thermogravimetric and spectroscopic sorption (at 40C) over the fully hydrated heteropoly-acid. Isopropanol,
analysis of the phospho-tungstic acidR4\W180e2-24H,0 m/e =45 (up triangle); propylenen/e = 41 (square); watetn /e = 18
showed that 17, 5 and 2 water molecules per Wells—Dawson(x) and COm/e = 28 (cross).

unit evolved upon heating at 66-72, 97-114C and

308-318C, respectivel(j22]. The nature of the acid sites

is greatly modified upon dehydration although the pri- further oxidation of formaldehyde to CQluring methanol
mary structure remains unaltered up to 800 The fully chemisorption and TPSR over oxide catalysi29—31]
hydrated acid possesses large protonated water cluster§imilarly, the production of CO could be attributed to the

H*(H20), which degrade to KD,™ at 200°C and fi- oxidation of propylene that is unable to desorb out of the
nally to isolated protonic sites when the acid is completely surface due to the presence of the aqueous layer.
dehydrated. Table 4shows the amount of isopropanol molecularly ab-

According to theoretical studies performed by Thomas sorbed and propylene produced as a function of the degree of
et al., the isolated acid sites trapped between Wells—Dawsonhydration of the Wells—Dawson acid. The results give more
units are inaccessible to the reagents causing the drop ofevidences that the hydration water influences both molecu-
the catalytic activity of the acid. The deactivation of the lar absorption of the alcohol and propylene production.
acid upon full dehydration was observed during methanol The amount of intermediate isopropoxy species towards
reaction and the synthesis of tetra-butyl ether (MTBE) in propylene is directly influenced by the hydration water
the gas phase at temperatures above°20[20]. since fully hydrated Wells—Dawson acid produces twice the

Isopropanol adsorption (at 4C€) and TPSR analysis amount of propylene (52mol/g) that the anhydrous acid
was performed on the fully hydrated acid and after in situ (25umol/g). Moreover a continuous drop of the amount of
calcination at 70, 115 and 32C in order to obtain more  propylene is observed with the decrease of the degree of
insights on the role of the degree of hydration on the cat- hydration of the Wells—Dawson structure.
alytic activity of the phospho-tungstic Wells—Dawson type  This observation evidences that the loss of water leads to
acid. the shortening of the distance between the Wells—Dawson

The TPSR analysis after saturation of the fully hy- units and the decrease of the available active sites for iso-
drated acid with successive pulses of isopropanol showspropanol chemisorption.
the desorption of molecular alcohol at @2, propylene at Although previous publications indicated that the Wells—
107°C, CO with three maxima at+120, 177 and 334C Dawson acid is completely dehydrated upon calcination at
and water (seerig. 4). The analysis after dehydration 320°C, the present investigation shows that some water re-
at 70, 115 and 320C is similar although no CO was mains in the structure or is replenish during the adsorption
detected. since there is alcohol molecularly absorbed.

The desorption of molecular isopropanol only on the hy-  The observation that the temperature of surface reaction
drated acid (no molecular alcohol desorbs upon complete of isopropoxy species is96°C regardless of the degree of
dehydration at 400C) indicates that the alcohol dissolves hydration of the Wells—Dawson acid shows that in general,
in the aqueous layer surrounding the primary structure of the nature of the acid Lewis sites (most numerous) are not
the PW1g062%~ heteropoly-anion. modify by water. This statement can not be applied to Bron-

The production of CO during alcohols desorption ex- sted acid sites (protonic sites) which nature is modified by
periments is attributed to the re-adsorption and further the degree of hydration according to the studies of Thomas
oxidation of primary products (e.g. the re-adsorption and et al. discussed above.
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Table 4
Calcination temperatures, degree of hydration, amount of methanol molecularly absorbed, amount of propylene produced during TPSR analysis an
temperature of surface reaction of isopropoxy species towards propylene

Calcination Molecular formula Degree of Alcohol absorbe Propylené Temperature of
temperature hydratior? (rmol/g) (nmol/g) isopropoxy reaction°C)
No calcination HP2W1g062-24H,O 100% 13.2 51.8 108

70°C HsP2W18062-7H20 29% 8.7 50.0 94

115°C HeP2W18062-2H,0 8% 10.3 10.9 105

320 C HsP2W18062 Dehydrated 9.0 25.4 96

400°C HeP2W18062 Dehydrated 0.0 24.7 96

2 The degree of hydration was calculated considering that the fully hydrated acid contains 24 molecules of water (100%) and remains 7 and 2 water
molecules upon calcination at 70 and 205 respectively. Complete dehydration is achieved upon calcination &tC100

b Amount of molecular isopropanol desorbed during TPSR analysis per unit weight of Wells—Dawson acid with the corresponding degree of hydration
(HeP2W18062:xH20).

¢ Amount of propylene desorbed during TPSR analysis per unit weight of Wells—-Dawson acid with the corresponding degree of hydration
(HeP2W18062:xH20).
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