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Hydration of ethene over W—P mixed metal oxide catalysts
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W-P mixed metal oxide catalysts are active and selective for the gas-phase hydration of ethene to ethanol. The activity and selectivity
of this catalytic reaction depend on the W/P atomic ratio. However, ethene conversion slightly decreases at higher W/(W + P) atomic
ratio. The selectivity for ethanol increases with the W/P atomic ratio and reaches the highest value (92%) at W .81Po.190.. The
Wo.81P0.190,. catalyst is less active than the conventiona H3PO,4/SIO, catalyst, but the activity is maintained for a long time without
the supply of any catalyst components. The reaction temperature does not affect substantially the rate of ethene hydration over the
Wo.81P0.190,. catalyst. The H,Olethene molar ratio of 0.4 is the most appropriate for both reaction rate and selectivity. The active
species of W—P mixed metal oxide are amorphous. But there is Keggin structure of W—P oxide species (P\ngofm‘ ) in the presence of
steam. And the species are the active sites for the hydration of ethene, confirmed by in situ Raman spectroscopy.
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1. Introduction

Ethanol is one of the most versatile oxygen-containing
organic chemicals because of its unique combination of
properties as a solvent, a germicide, an antifreeze, a fuel
and especialy as a chemical intermediate for other organic
chemicals. Industrial ethanol can be produced synthetically
from ethene, or by the fermentation of sugar, starch or cel-
lulose.

At present, the vapor-phase hydration of ethene is car-
ried out by using catalysts based on phosphoric acid sup-
ported on silica. In this method, although the selectivity for
ethanol is very high, continuous elusion of acid components
from the catalysts readily occurs under the reaction condi-
tions and causes a rapid deactivation of the catalyst. The
acid components from the waste water need to be recovered
due to environmental concerns. Furthermore, the conver-
sion of etheneis very small due to equilibrium restrictions,
especialy at higher temperatures. Therefore, noble cata-
lysts, especialy stable under the reaction conditions and
active at lower temperatures, are typicaly employed for
the hydration of ethene.

There have been many papers and patents concerning
new catalysts of the hydration of ethene to ethanol as well
as the improvement of catalyst carriers for phosphoric acid
[1-7]. Many acidic metal oxides, such as TiO,—SiO, and
zirconium tungstate and copper(l1) fluoborate, alkali metal
or ammonium sulfate catalysts and heteropolyacids, such as
phosphotungstic acid and phosphomolybdic acid have been
demonstrated for the hydration of ethene.

In this paper, we wish to report that unsupported W—P
mixed metal oxide catalysts are active and selective for the
gas-phase hydration of ethene at moderate temperatures.
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The activity and selectivity depend on the W/P atomic ra-
tio, with Wq g1Po.100, showing the highest selectivity for
ethanol. The catalyst has a long catalyst life without the
need to supply any catalyst components. The active species
areamorphous. But there is Keggin structure of W—P mixed
metal oxide species (P\leoig) in the presence of steam,
that is confirmed by Raman spectroscopy. And the sur-
face species are active sites for the gas-phase hydration of
ethene.

2. Experimental
2.1. Catalyst preparation

The W-P mixed metal oxide catalysts with different W/P
atomic ratio were prepared as follows: ammonium dode-
catungstic acid pentahydrate was dissolved in warm deion-
ized water. Phosphoric acid was sequentially added. The
obtained slurry was evaporated to dryness at 358 K and
dried at 393 K for 15 h. The dried product was crushed,
calcined in a flowing air stream at 973 K for 3 h, and
the resulting powder was molded into tablet form. The
W/P atomic ratio was controlled by the amounts of dode-
catungstic acid and phosphoric acid added to the aqueous
solution. Specific surface area of the W—P mixed metal ox-
ides, that was measured by using a Carlo—Erba Sorptomatic
1800 (BET apparatus), was less than 1 m? g2,

H3PW12040/SIO,, H3PM012,040/SiO, and HzPO4/SIO,
catalysts were prepared by the impregnation of silica (the
reference silica of the Catalysis Society of Japan, JRC-
SI0-1, specific surface area 166 m? g~1) with an agueous
solution containing 70 wt% of H3zPW12040, H3PM 01204
and H3POy4, respectively.
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2.2. Catalytic activity testing

Hydration of ethene was carried out under 0.6 MPa
in an ordinary flow-type fixed-bed reactor. Typical reac-
tion conditions were: GHSV = 900 h—!, catalyst amount
10 cm?®, temperature 450-530 K, feed gas molar ratio
H,Olethene = 0.2-1.0. The reaction effluent was intro-
duced directly to a gas chromatography system (Okura
Riken GC10S, column porous poymer Gasukuropak 54)
and analyzed. Reported conversions and selectivities are
based on ethene.

2.3. Catalyst characterization

XRD measurements were carried out by using a Philips
PW1700 with Cu K« source. The Raman spectrometer sys-
tem consisted of a Triplemate spectrometer (Spex, model
1877) coupled to an optical multi-channel analyzer (Prince-
ton Applied Research model 1463) equipped with an inten-
sified photodiode array detector (cooled to 238 K). The
Raman spectra from the catalysts were generated with the
514.5 nm line of an Art laser utilizing about 10 mw of
radiant power. In situ Raman experiments over the cata-
lysts were performed at various temperatures between 298
and 623 K and different compositions of the gases with a
total flow rate of 100 cm® min—!. The composition of the
reaction gas was calculated on the basis of the saturated
water vapor pressure and the flow rate of each mixed gas,
i.e., CoH4/H,O/He = 5/2/93 or 10/2/88 mol%.

3. Result and discussion

The catalytic activities of the W—P oxide catalysts for the
vapor-phase hydration of ethene are compared with those
of other catalystsin table 1. The HzPW1,040/SIO, catalyst
shows the highest activity, but its selectivity for ethanol
is the lowest. The selectivity for ethyl ether, that is the
product of intermolecular dehydration of ethanal, is high
over the H3PW1,040/SIO, catalyst. In the current com-
mercial process, ethyl ether is recycled to the reactor to-
gether with unreacted ethene in order to hydrolyze it to
ethene. So, the more ethyl ether produced, the poorer isthe
process efficiency. In addition to ethyl ether, a considerable

T. Ushikubo et al. / Hydration of ethene

amount of hydrocarbons, such as butane, butenes, hexane
and hexenes, are produced over the HzPW1,040/SIO, and
the H3PM01,040/SIO;, catalysts. Because these heteropoly-
acid compounds are highly acidic, ethene easily polymer-
izes to C; and Cg hydrocarbons. On the other hand,
the H3PO,4/SIO, catalyst shows the highest selectivity for
ethanol with moderate hydration activity. The W-P oxide
catalysts are less active than the H3PO,/SIO, catalyst be-
cause the specific surface area of W—P oxide catalysts is
less than 1% of silica-supported acid catalysts.

The activity and selectivity of the W—P mixed metal ox-
ide catalysts depend on the W/P atomic ratio, as shown in
figure 1. Although ethene conversion slightly decreases at
higher W/(W+P) atomic ratio, the selectivity for ethanol in-
creases and reaches the highest value at Wy g1Po.190,.. Over
the W-P oxide catalysts with lower W/(W + P) atomic ra-
tio, the selectivity for acetaldehyde is high. For example,
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Figure 1. Effect of W/(W + P) atomic ratio of W—P mixed metal oxide

catalysts on the activity and the selectivity of the hydration of ethene. Re-

action conditions: temperature 473 K, pressure 0.6 MPa, SV = 900 h—1,
catalyst amount 10 cm?, feed gas ratio H,O/C,H4 = 0.4 mol mol —1.

Table 1
Catalytic activities of W—P mixed metal oxides for the hydration of ethene, compared with those of other
solid acid catalysts.2

Catalyst Conv. ethene Selectivity (%)
(%) CoHsOH  (CoH5)20  CH3CHO  Hydrocarbons

Wo.5P0 50 0.71 83.2 9.8 4.3 15
Wo.81P0.190z 0.45 92.0 7.7 0.1 0
Wo.92P0.080z 0.26 90.3 6.5 1.0 1.0
H3PW 12040 52.1 wt%/SiO, 4.99 60.1 25.1 6.5 8.2
H3PM012040 47.5 wt%/SiO» 1.46 72.3 7.3 15.6 4.7
H3PO4 55.9 wt%/SiO, 121 95.7 4.2 0 0

aReaction conditions: temperature 473 K, pressure 0.6 MPa, SV = 900 h—1, catalyst amount 10 cm3,

feed gas ratio H,O/CoH4 = 0.4 mol mol —1.
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Figure 2. Effect of reaction temperature on ethene conversion and ethanol

selectivity of the hydration of ethene over Wy g1Pp 190, catayst (e),

compared with H3PO4/SiO, catalyst (A). Reaction conditions: pres-

sure 0.6 MPa, SV =900 h—1, catalyst amount 10 cm?, feed gas ratio
H,0/C;Hy = 0.4 mol mol 2.

over the Wy 5Py 50, catalyst the selectivity is 4.3%, that is
forty times of that over the W g1P 100, catalyst. Oxida-
tive dehydration sites apparently are present on the W-P
oxide catalysts with lower W/(W + P) atomic ratio.

Reaction temperature does not affect substantialy the
rate of ethene hydration over the Wq g1Po.100, catayst, as
shown in figure 2. On the other hand, ethene conversion
reaches its highest value at 493 K over the H3PO4/SIO,
catalyst. The conversion decreases significantly due to
the equilibrium at higher temperature. Although the ef-
fect of reaction temperature on the hydration rate is dif-
ferent among the catalysts, the effect on ethanol selectivity
is similar over the Wo.81Po.190, and the H3PO4/SiOz cat-
aysts. At higher temperature than 490 K, however, the
Wy .81P0.100,. catalyst exhibits a higher ethanol selectivity
than the H3PO4/SIO, catalyst.

Figure 3 shows the effect of H,O/ethene molar ratio
on the hydration of ethene over the Wq g1Pp.1900,. and the
H3PO4/SIO, catalysts. The ratio of 0.4 is the most appro-
priate for both reaction rate and selectivity over these two
catalysts. At the lower H,O/ethene molar ratio, consid-
erable amounts of hydrocarbons form in addition to ethyl
ether. The activity of the Wy g1Pg 100, catalyst is main-
tained for more than 1500 h under the optimized reaction
conditions without the supply of any catalyst components.
On the other hand, the activity of the H3PO4/SIO, cata-
lyst decreases significantly without the supply of phosphoric
acid. That will be reported elsewhere.

Catalyst characterizations were undertaken in order to
determine the structure of active sites of W-P mixed metal
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Figure 3. Effect of H,O/ethene molar ratio on ethene conversion and

ethanol selectivity of the hydration of ethene over Wq g1Po 190, cata-

lyst (), compared with H3PO,4/SiO, catalyst (A) and the equilibrium con-

version (x). Reaction conditions: temperature 473 K, pressure 0.6 MPa,
SV =900 h—1, catalyst amount 10 cm3.
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Figure 4. X-ray diffraction pattern of Wy g1Po 190, catayst.

oxide catalysts. However, XRD only provides information
about WO3 crystals and no characteristic phase information
is given for the Wq.g1Po.100, catalyst. This suggests that
the active W—P-O phase is amorphous. Consequently, Ra-
man spectroscopy characterization was undertaken in order
to obtain information about the amorphous phase.

The ambient Raman spectrum of W g1Pp.1900,., col-
lected in the 100-1200 cm~! region, is compared with
those of WO3; and H3zPW1,04 in figure 5. The Ra
man spectrum of Wy g1Po 190, indicates that the sample
contains WO;3 crystallites (WO;3 characteristic Raman fea-
tures at ~812(vs), ~720(s), ~620(w), ~332(m), ~280(s),
~250(W), ~193(m) and ~142(s) cm~1). In addition, broad
and weak Raman bands were also observed in the 900—
1050 cm~? region, as shown in figure 6. These vibrations
are not present on the pure WO3 crystallites. The vibra-
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Figure 5. Raman spectra of (a) Wy g1Pp.190, catalyst, (b) WO3 and
(©) H3PW12040.

tions of the species in the hydrated samples are similar
to polytungstate-Y vibrations which has Raman features
at ~955(s), ~880(w), ~830(w), ~650(w), ~360(w) and
~300(w) cm~* [8]. The additional Raman band appear-
ing at ~1010 cm~? in the hydrated sample is similar to
the P\leoﬁg structure, that is known as the Keggin struc-
ture. The PW1,0}, structure possesses Raman features
a ~1013(vs), ~993(m), ~935(w), ~905(w), ~526(m),
~239(vs), ~222(vs) and ~152(s) cm~1, as shown in fig-
ure 5(c). Moreover, PW1;03 heteropolyanion, a “de-
fect” Keggin structure, also exhibits similar Raman fea-
tures as P\leoig [9]. Unfortunately, the corresponding
Raman bands below 900 cm~! cannot be observed due to
the strong Raman scattering of WO3 crystallites in this vi-
brational region. Although the Wq g1Po.190, catalyst was
heat-treated at 973 K, both WOz and a Keggin phase co-
exist. Figure 6 shows Raman spectra of Wy g1Po.190,. cat-

alyst under hydration and dehydration conditions. The Ra-
man spectra drastically change in the presence/absence of
H,O vapor. There is a distinct peak at 991-997 cm~1
in the presence of H,O. The Raman spectra of the sup-
ported PW1,03, /PW1; Oy units with Keggin structure can
be changed upon the presence/absence of water molecules,
because the PW1,03, /PW;0% structure are joined to-
gether by water molecules in order to generate the sec-
ondary structure. Hence, the peak of 991-997 cm—! seems
to be assignable to PW1,03, . The dehydrated species can
be re-hydrated in the presence of water molecules. The
water effect determined is present on the surface due to the
reversibility of the structure upon the hydration/dehydration
procedures. The hydration/dehydration procedures do not
perturb the bulk WO3 crystalline structure.

During the ethene hydration reaction, in situ Raman
studies revealed a decrease of Raman intensity of the 991—
997 cm~* band with increasing reaction temperature from
523 to 623 K, as shown in figure 7. The surface PW;,03;
species are consumed or reduced under the presence of
ethene molecules. Simple tungsten oxide (WOs3) and silica-
supported amorphous tungsten oxide (WO3/SIO,), prepared
by an incipient-wetness impregnation method with an aque-
ous solution of ammonium metatungstate, were inactive for
the hydration of ethene. The above Raman experiments
strongly suggest that the surface PW1,03, species are the
active site for the ethene hydration reaction. More detailed
characterization concerning the active species and the reac-
tion mechanism will be reported elsewhere.

4, Conclusion

W-P mixed metal oxide catalysts are active and selec-
tive for the gas-phase hydration of ethene to ethanol. The
activity and selectivity depend on the W/P atomic ratio.
Wo.81P0.100,. shows the highest selectivity for ethanol. The
following key points emerge from this study:

(1) Although ethene conversion slightly decreases at higher
WI/(W + P) atomic ratio, the selectivity for ethanol
increases and reaches the highest value (92%) at
Wo.81P0.190; -

(2) AIthough hlgh'y acidic H3PW15040/SiO, and HzPM o012
O40/SIO; catalysts are very active for the hydration, the
selectivity for ethanol is poor in order to co-produce
ethyl ether and hydrocarbons. H3PO,/SIO, catalyst
shows the highest selectivity for ethanol with the mod-
erate hydration activity. Wo.g1Po.100, catalyst is less
active than these supported acid catalysts, but the ac-
tivity maintains for a long time without the supply of
catalyst component.

(3) Reaction temperature does not affect substantially the
rate of ethene hydration over the Wy g1 Py 100, catalyst.
A H,O/ethene molar ratio of 0.4 isthe most appropriate
for both reaction rate and selectivity.
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Figure 6. Raman spectra of Wy g1Pp.190,. catayst under hydration and dehydration conditions: (a) He, 298 K (without any treatment); (b) He, 523 K;
(c) H,O/He, 523 K; (d) H,O/He, 623 K; and (€) He, 523 K.
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Figure 7. Raman spectra of Wq g1Py 190, catalyst under hydration
conditions: (a) He, 298 K (without any treatment); (b) H,O/He, 523 K;
(c) CoHa/H20/Me, 523 K; (d) CoH4/H20O/He, 623 K; and (e) He, 523 K.

(4) The active species of W—P mixed metal oxide are amor-
phous. But there is Keggin structure of W-P oxide
species (P\leoig) in the presence of steam. And the
species seem to be the active sites for the hydration of
ethene, which was confirmed by in situ Raman spec-
troscopy.
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