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Abstract The influence of proton hydration in Wells-
Dawson H6P2W18062 (HP2W) and Keggln H3PW12040
(HPW) type heteropolyacids on their catalytic activity in
ethyl-tert-butyl ether (ETBE) synthesis in gas phase was
investigated. In the case of samples with the content of
crystallisation water per one proton below 0.8 ([H,Ol/
[H*] < 0.8), the catalytic activity related to the mass unit
of the HP2W was higher than that of the HPW in accor-
dance with the order of proton concentration in mass unit.
On the other hand, the activity related to one mole of
protons indicated higher activity in the HPW than in the
HP2W in accordance with the order of acid strength. In the
series of samples with [H,O/[H*] > 0.8 the activity was
much higher for the HP2W than the HPW and maximum of
both catalytic activity and ethanol sorption capacity was
observed for the HP2W. The possible role of the secondary
structure of the hydrates was discussed.

Keywords ETBE - Wells-Dawson - Keggin -
Heteropolyacid - Ethanol - Isobutene

1 Introduction

Heteropolyacids (HPA) exhibit specific structure of oxya-
nions in which one or several atoms, called heteroatoms,
are the centres around which a system of [MOg] octahe-
drons (M = W, Mo, V, Nb, or Ta) is coordinated. The
most frequently used in catalytic research are dodecahet-
eropolyacids of Keggin structure, e.g. H3PW 5,040, and
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octadecaheteropolyacids of Wells-Dawson structure, e.g.
HgP>W130¢,. In crystalline HPAs the structure of anions is
usually called the primary structure, while the crystal lat-
tice built of anions and protons or other counter cations,
solvated or not, is forming the secondary structure.

Due to the large size of anions the negative charge of
heteropolyanions is smeared over their external surface
(comprising 36 and 55 oxygen atoms in the case of above
mentioned examples), therefore protons are weakly attrac-
ted in the HPA. As a result, the acid strength of many HPAs
is higher than that of the mineral acids HCI, H,SO, or
HNOs3, and even so strong acids as HC1O, and CF;SO3;H
[1, 2]. HPAs are effective catalysts in many acid catalyzed
reactions: esterification and reactions of esters [3], synthesis
of ethers [4-6], hydration of olefins [7] and dehydration of
alcohols [4, 84,] occurring both in liquid and gas phase [9]
among others. The acidity series of dodeca and octadeca-
heteropolyacids based on the determination of the pK,
values in solutions differed dependently on the investigated
solvent [2].

Acid strength of solid heteropolyacids was characterized
semi-quantitatively by calorimetric measurements of the
heat of ammonia sorption from gas phase at 150 °C, leading
to the following series: H3PW 5,040 (200 kJ mol_l) > H,Si
W12040 > HeP2W51071(H>0)3 > HeP,W 306> (155 kJ
molfl) [2-11]. The acid strength of HySiW 5,049 [12] and
HgP,W 130, [13] determined at 25 °C with the same tech-
nique gave similar but somewhat lower results (AH =
—132.9 kJ mol~'and AH = —127.9kJ mol ', respectively).

Solid heteropolyacids exhibit unusual sorption proper-
ties showing so called “pseudo-liquid phase” behaviour
[14]. Polar molecules such as H,O, NH;, amines and
alcohols not only are adsorbed on the external surface of
HPA crystallites but also penetrate their bulk where they
interact with loosely bonded protons, thus forming
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protonated monomers or protonated clusters [14—17]. The
exact form and contribution of the clusters depend on the
type of heteropolyacid or sorption temperature. At 150 °C
ammonia sorption [10] corresponded to 3 NH; molecules
per one H3PW ;04 unit and about 5 NH; per one
HgP>W3O¢,> unit thus indicating the predominance of
absorbed ammonia as NH," ion. On the other hand at room
temperature, 6 NH; molecules were uptaken per one
H3PW,049 unit and about 12 NH;3 per one HgP, W gOgp.
This indicated the predominant sorption of ammonia in the
form of a protonated dimer N,H,". The NH," and N,H,"
units could also be differentiated on the basis of their IR
spectra [13, 18].

Generally, the sorption processes are fast, indicating that
at least a part of the absorbed molecules exhibits high
mobility. In the contrast to the polar molecules the non-
polar ones can be adsorbed physically or chemisorbed only
at the external surface of the HPA crystallites and they do
not penetrate the bulk.

Catalytic activity of the Keggin type HPW and the
Wells-Dawson type HP2W heteropolyacids has been
compared for several acid catalyzed reactions occurring in
gas [19-22] and liquid [23] phases. Catalytic activity of the
HP2W and the HPW [20, 21] was investigated in methyl-
tert-butyl ether (MTBE) synthesis in gas phase (30—
110 °C). The authors stated that solid acid of the Wells-
Dawson type HgP,W30¢,, was more active catalyst than
the Keggin type H3PW,04¢ despite higher acid strength of
the latter one. Their experiments were however carried out
in the absence of water.

Some authors indicated that water may play an important
role in the catalytic activity of heteropolyacids [24-26].
Bardin et al. [26] studied the effect of temperature pre-
treatment conditions (100-300 °C) on the catalytic activity
of the Keggin type HPA, H;PW,,04, in isomerisation of 1-
butene. They observed a decrease in activity as pretreatment
temperature was increased over 100 °C. This fact has been
ascribed to the departure of crystallisation water from the
HPA crystallites. PoZniczek et al. [27] observed similar
effect investigating the influence of preheating on the
activity of the HegP,W3O¢, in the catalytic synthesis of
ethyl-tert-butyl ether (ETBE). They stated that samples
activated at or above 150 °C exhibited much lower activity
than those pretreated at 95 °C containing about eight water
molecules per one anion. It was also shown in the separate
experiments that parallel to the changes in catalytic activity
the changes in the ethanol sorption capacity of the catalysts
occurred. The latter was definitely lower for the samples
pretreated at 150 °C than those pretreated at 95 °C. Gam-
baro and Briand [28] observed a similar effect in the study
of isopropanol sorption on Wells-Dawson catalysts. Baro-
netti et al. [4] investigated the effect of HP2W preheating
temperature on its catalytic activity in MTBE synthesis.
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They stated that HsP, W 306, 28H,0 sample preheated at or
below 200 °C exhibited practically constant catalytic
activity. When activation temperature was increased to
400 °C, causing dehydration of the acid, catalytic activity
dropped to zero. The authors suggested that in anhydrous
acids protons are trapped between the primary units, being
inaccessible to the reagents.

The effect of water vapour in the feed of gas phase
synthesis of ETBE on dehydrated (devoid of crystallisation
water) solid HgP,W3O¢, was studied by us [29]. It was
showed that the positive reaction order with respect to
isobutene, one of the reactants, and the negative reaction
order with respect to the second reactant, ethanol, were
independent of the presence or absence of water vapour in
the feed.

All the above results strongly suggest that the presence
of the crystallisation water in heteropolyacids participating
in the formation of the secondary structure plays an
essential role in catalysis and without taking it into account
no comparison between Keggin and Wells-Dawson het-
eropolyacids can be done. It should be stressed here that
water of crystallisation in solid heteropolyacids is present
in the form of protonated clusters [30, 31]. The hydration
of protons is also considered to be an essential factor in
their acidity and hence catalytic activity [32].

The aim of the present investigation was to compare two
the most frequently studied Keggin and Wells-Dawson
heteropolyacids, H3;PW,04 and HgP,W3O¢,, as the
catalysts and sorbents. For both acids the content of crys-
tallisation water and hence the degree of proton hydration
can be conveniently changed by different heat treatment.
Gas phase synthesis of ethyl-tert-butyl ether (ETBE) has
been chosen as the catalytic test reaction, while sorption of
ethanol (EtOH) vapour as a test of the sorption capacity
was chosen.

2 Experimental

The samples of heteropolyacids: Keggin type H3PW 1,04
(HPW), Aldrich p.a. and Wells-Dawson type HgP,W;3O0¢>
(HP2W) prepared according [4, 27, 33] were kept
over 2saturated solution of Mg(NOs),. Their composition
after equilibration at room temperature corresponded to
the formulas: H3PW12O4() . 266H20 and H6P2W18062 .
28.8H,0.

ETBE synthesis in the gas phase electrophilic addition
of ethanol (EtOH) to isobutene was used as a catalytic test
reaction. Catalytic experiments were carried out in a flow
microreactor (¢ = 10 mm) connected on line with the gas-
chromatograph with Porapak QS filled column. Helium
used as carrier gas in catalytic tests was saturated with
ethanol vapour and subsequently mixed with a stream of
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Table 1 Composition of heteropolyacid samples as a function of the
pretreatment temperature

Pretreatment temperature Samples composition H,O/H*
°C (activation time, min)

Wells-Dawson type HPA

40 (140) HeP,W 1506, - 18 H,O 3.00
80 (30)* HeP2W 1506, - 8.6 HO 1.43
95 (30)* HeP,W 1506, - 8.0 HO 1.33
128 (30)* HeP,W 1506, - 5.4 HO 0.90
150 (30)* H¢P,W 506, - 3.0 H,O 0.50
200 (30)* HeP,W 1506, - 2.8 HO 0.47
300" P,W ;5059 -
Keggin type HPA

40 (140) H3PW 5,04 - 6.0 H,O 2.00
100 (30) H3PW 5,04 - 4.8 H,O 1.60
150 (30) H3;PW 5,04 - 3.0 H,O 1.00
200 (60) H3PW 5,04 - 2.5 HO 0.83
220 (120) H3PW 5,040 -

% Data taken from [29], carried out at the same apparatus and con-
ditions as in the present research

isobutene. Feed flow rate was 30 cm® min~'. The com-
position of the reaction mixture fixed at the isobutene/
ethanol molar ratio equal to 0.7 (pcsus = 3.2 kPa,
Pcanson = 5.1 kPa) was used in all catalytic tests. Before
the catalytic experiments the pristine samples (0.45 g of
HP2W and 0.60 g of HPW) mixed with quartz grains were
pretreated in situ in the helium stream at temperatures
between 40 and 220 °C. All catalytic experiments were
carried out at 40 °C. In a parallel series of separate
experiments the content of crystallisation water was
determined in the samples pretreated in the same condi-
tions as for the catalytic tests (Table 1). The loss of water
during this treatment was determined gravimetrically. The
main product of the catalytic reaction at 40 °C was ETBE.
Only traces of TBA were discovered. Isobutene conversion
in all cases reached a constant level after a few minutes and
stayed constant during the whole catalytic test (up to 7 h).

The rate of isobutene catalytic consumption with respect
to anhydrous catalyst mass, ry,, and also with respect to the
number of protons in an anhydrous sample ry+, were cal-
culated from equations:

rm[mol~h’1g’1] :F% (1)

g+ [mol -h! (InolHJ“)*l} = F)% (2)
where: F—the velocity of isobutene flow in the feed
[mole-s_l], m—the mass of anhydrous catalyst [g], n—the
number of H" moles in the sample of catalyst, X;z—the
conversion of isobutene expressed as a molar fraction. At
standard conditions of temperature and substrate partial

pressures, both r,, and ryy, were taken as the measure of
sample’s activity.

The sorption of anhydrous ethanol (p.a. POCh.) was
studied by means of a quartz spring sorption balance
(sensitivity 0.6828 mm mg~') connected to a vacuum
system. Before sorption the samples were evacuated in situ
at temperatures 100-220 °C for the HPW and 40-210 °C
for the HP2W thus, reaching different content of crystal-
lisation water. The adequate pretreatment conditions
allowed obtaining a series of differently hydrated hetero-
polyacids. After pretreatment the samples were cooled to
40 °C and sorption experiments were carried out at ethanol
pressure 5.1 kPa.

Thermometric titrations of the anhydrous powdered
samples (~2 g suspension in 100 cm® of toluene) with
1 M n-butylamine solution in toluene were carried out as
described in [34].

X-ray diffraction patterns were collected using Siemens
D5005 diffractometer (Cu Ko radiation, 40 kV, 40 mA)
equipped with diffracted beam graphite monochromator.
The patterns were collected in the range of 20 = 1.5-90°,
step size 0.02°. The patterns were decomposed in the range
1.5-65° of 2@ by LeBail method using TOPAS R2.1
programme. The crystallites size was calculated by Lvol-IB
method.

3 Results and Discussion
3.1 Catalytic Results

The catalytic activity related to the catalyst mass unit, r,,, is
shown in Fig. 1 as a function of the number of crystalli-
sation water molecules per one proton [H,O]/[H"] (called
here proton hydration). It is seen that r,, was higher for the
Wells-Dawson heteropolyacid (HP2W) than that of the
Keggin type (HPW) within the whole range of [H,O]/[H™].

6,5
6,0 -
5,5 -
5,0 -
4,5 -
4,0
3,5 -
3,0 -
2,5 -
2,0 -
1,5 T T T T T

0 0,5 1 1,5 2 2,5 3

H,O/H*

HP2W

X e o HpPW

r, 107 mol s™'g”

Fig. 1 Catalytic activity r,, related to mass of catalyst as the function
of proton hydration: B, HP2W; O, HPW; X, HPW interpolated value
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Similar results were observed by Shikata et al. [22] in the
gas phase synthesis of methyl-tert-butyl ether (MTBE) and
also by Maksimov and Kozhevnikov [35] the same reaction
in liquid phase. It is striking in Fig. 1 that the activity r,, of
the HPW is almost independent of the proton hydration
while activity of the HP2W is relatively low at hydration
degree as low as [H,O)/[H*] &~ 0.5 but increases with the
increase of [H,O]/[H"] to 1.3.

Figure 2 shows the catalytic activity of the investigated
catalysts related to one mole of protons ry as a function of
proton hydration [H,O/[H*]. It is seen that the curves
representing the activity of the particular types of hetero-
polyacids preserve similar shape as those in Fig. 1.
However, the relative position of both curves is different:
at the low [H,O)/[H"] the activity of the HPW expressed as
ru. is higher than that of the HP2W and the opposite is
observed when [H,O]/[H'] > 0.8.

3.2 Proton Hydration Degree [H,O)/[H'] < 0.8

Let us discuss at first the case of low content of crystalli-
sation water in the sample. At the same hydration degree
[H,O/[H"] ~0.5 approximately a half of protons in both
catalysts is present in the form of H3O" ions and a half
remains not hydrated forming hydrogen bonds between the
HPA anions. In this situation when comparing the rate of
isobutene catalytic consumption with respect to anhydrous
catalyst mass, r,,mp2w) and r,,upw), the concentration of
protons (playing the role of Brgnsted acid centres) in a unit
mass of the catalyst is different. It follows from stoichi-
ometry that the concentration of protons in the HP2W
(1.37 mmol H*/g) is higher by the factor 1.3 than that in
the HPW (1.04 mmol H"/g). This can be compared with
the experimental ratio of #,,, paw)/"n @pw) Which is equal
to 1.15 at [H,0)/[H"]=0.5 thus suggesting that at the same
proton hydration degree it is proton concentration which
predominantly determinates observed higher activity (per
mass) of the Wells-Dawson heteropolyacid.

Now the activity of protons should be compared at the
similar [H,O)/[H'] value and expressed as the activity
related to one proton ry. As Fig. 2 shows, ryimpaw) 15
smaller than rg;mpw) at low content of water in accor-
dance with the order of their acid strength characterised by
the heat of ammonia sorption [10, 11]. Such order of the
acid strength was also confirmed in the present investiga-
tion by the thermometric titration of dehydrated
heteropolyacids with n-butylamine. The initial value of
AH equal to 167 kJ/(mol amine) was obtained for the HPW
and 131 kJ/(mol amine) for the HP2W.

The above results justify the conclusion that at the
low proton hydration degree the catalytic activity of the
investigated heteropolyacids is governed by both the con-
centration of protons in the bulk and their acid strength.
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Fig. 2 Catalytic activity 7H" related to one mole of protons as the
function of proton hydration

3.3 Proton Hydration Degree [H,O)/[H*] > 0.8

The samples of HP2 W and HPW containing higher con-
tent of the crystallisation water and hence exhibiting higher
proton hydration degree 0.8 < [H,O1/[H'] < 3.0 were
obtained by preheating the pristine hydrated heteropoly-
acids at temperatures ranging from 128 to 40 °C. Catalytic
activity of the Keggin type samples of different degree of
hydration is virtually constant. At the same time the Wells-
Dawson samples reaches a distinct maximum at [H,O)/
[H"] ~ 1.3.In this case, the ratio of Tap2w Fmapw) 1S as
high as 1.84 and the distinct increase of 7,,paw) in respect
to 7,,cupw) cannot be ascribed exclusively to the differences
in the concentration of protons for a unit mass as it was
done in point 3.2. The more, the order of activities
Fa+@P2wW) > Fa+@pw) 1S Dot in accordance with the order
of the acid strength determined for the anhydrous samples
by the heat of ammonia sorption.

It was suggested in our previous paper [27] that the
shape of the curve representing 7, p2w) as a function of
the proton hydration may be correlated with the ethanol
sorption capacity which can be analyse by spring balance.
This was also confirmed in the present investigation for
both, the Wells-Dawson and the Keggin type samples. This
is seen in Fig. 3a, b where the hollow points show ethanol
sorption capacity (EtOH/HPA molecule) and the full ones
the catalytic activity (7). The observed parallelism sug-
gests that it is the bulk concentration of ethanol which may
be the dominant factor determining the differences between
activities observed for the particular series of heteropoly-
acids, Keggin or Wells-Dawson type. It should be observed
that the calculated mass balance indicates sorption of eth-
anol in the course of catalytic reaction [27] which in fact
reaches maximum in the case of the HP2ZW sample with
[HO)/[H"] ~ 1.3

We therefore believe that different catalytic behaviour
of the HP2W and the HPW within 0.8 < [H,O]/[H"] < 3.0
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Fig. 3 (a) Catalytic activity as compared with the ethanol sorption
capacity of HP2W as the functions of proton hydration: M, catalytic
activity; O, sorption capacity. (b) Catalytic activity as compared with
the ethanol sorption capacity of HPW as the functions of proton
hydration: B, catalytic activity; O, sorption capacity

range is due to the differences in the secondary structure
of the acids. The structure of the HP2W with [H,O]/
[H"] ~ 1.3 (containing 8H,O molecules per one anion)
would be much more loose then that of HPW with the same
[H,O)/[H*]. This might be also the result of the different
size and shape of Wells-Dawson and Keggin anions.

The X-ray diffraction patterns of the HP2W - 8.0 H,O
sample activated at 95 °C and the same sample after the
catalytic run are shown in Fig. 4. Both samples were of fine
crystalline making structure refinement by Rietveld method
impossible. However, using the above patterns we per-
formed LeBail decompositions obtaining lattice parameters
and crystallite sizes of both samples. For the sample acti-
vated at 95 °C we found the triclinic crystal system with
cell parameters a = 14.09 A, b = 43.50 A, ¢ = 18.25 A,
o =91° f =100.9° y = 90.9°. These parameters differ
from those published for HsP,W;3Og, - 23.5 H,O [36] by
triclinic space group versus monoclinic one and by
approximately tripled b period (43.50 A vs. 1420 A). It
suggests that decrease of hydration water causes some
structural changes of the investigated sample. No X-ray
data of lower hydrates are given in literature. For the

300

250 A

200 A

after reaction

50 4 .
before reaction

0 10 20 30 40 50 60 70 80 90 100
20

Fig. 4 X-ray patterns for HP2W 8H,O

sample after the catalytic run we found the following
lattice parameters in monoclinic system: a = 12.15 A,
b=1221A, c=18.10 A, § = 102.4°. In comparison to
HgP,W 30¢, - 23.5 H,0 there is visible significant short-
ening of a and b periods suggesting removing of water
from the space between Dawson anions. The analysis of
our X-ray data indicates that the average size of crystallites
increased from about 7.5 nm in the freshly activated
sample to 22.4 nm after the catalytic test. The inspection of
the data did not exclude the presence of more than one
phase in the sample after the test. The complicated struc-
ture of highly hydrated H¢P, W 3Oq, samples and their
catalytic properties signalled in the present publication
deserves further investigation.

4 Conclusion

At the low proton hydration degree such as [H,OJ/
[H"]=0.5 there are two factors predominately influencing
the catalytic activity of the investigated samples: one is the
proton concentration in the bulk and second, their acid
strength. At the proton hydration [H,O)/ [H"] > 0.8 HP2W
exhibits specific secondary structure enabling higher etha-
nol sorption capacity than that of the HPW.
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