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Abstract

We found that the intramolecular dehydration of glycol ether (2-alkoxyethanol or 2-aryloxyethanol) to vinyl ether (alkyl vinyl ether or aryl vinyl
ether) occurs when glycol ether is made contacted with metal oxide catalysts in the vapor phase. The catalytic performance of SiO, catalyst alone
was very low. Both the conversion of 2-alkoxyethanol and the selectivity for alkyl vinyl ether was markedly increased by the addition of cesium

oxide to SiO,.

The high activity and selectivity are considered to be due to the presence of both weak acid sites and weak base sites on the modified SiO,.

© 2006 Published by Elsevier B.V.
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1. Introduction

Alkyl vinyl ether is a useful reactive monomer, which is
used principally for the production of polymers in the adhesives,
paints, cosmetic chemicals and many other chemical products.
Various kinds of alkyl vinyl ethers, such as methyl-, ethyl-,
propyl-, butyl- and cyclohexyl-vinyl ether are industrially man-
ufactured.

Two types of commercial processes of the alkyl vinyl ether
production are well known. The first one is the reaction of alka-
nol with acetylene in the presence of strong alkali. This method
is well known as a commercial process of alkyl vinyl ether pro-
duction Eq. (1) [1]. The second one is the cleavage of acetal at
high temperature in the presence of solid catalysts Eq. (2) [2].

ROH + HC=CH — ROCH=CH, (1)
CH;CH(OR), - ROCH=CH, + ROH )

The synthesis methods of alkyl vinyl ether from 2-alkoxyethanol
as the raw materials are also known. These methods include the
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cleavage of acetate, which is prepared from 2-alkoxyethanol and
acetic anhydride Eq. (3) [3].

ROCH;CH,0OH + (CH3CO),0
— ROCH,;CH;OCOCH3 + CH3COOH 3)
ROCH;CH,OCOCH3; — ROCH=CH; + CH3COOH

The other method is the indirect dehydration of 2-alkoxyethanol
in the presence of KHSO4 and KOH in an aqueous solution. It
can be understood that the 2-alkoxyethanol reacts with KHSO4
to form its sulfuric acid ester and that then the ester is decom-
posed into the alkyl vinyl ether and K>SO4 by the action of KOH
Eq. 4) [4].

ROCH,CH,OH+KHSO4 — ROCH,CH,0S0O3K+H,0

ROCH;CH;0S03K+KOH — ROCH=CHj; + K3SO4 4+ H,0
“

We have reported the vapor phase intramolecular dehydration
of N-(2-hydroxyethyl)-2-pyrrolidone to N-vinyl-2-pyrrolidone
in the presence of alkali metal oxide-added SiO; catalyst [5,6].

We have also found a new useful method of the direct dehy-
dration of glycol ethers (2-alkoxyethanol or 2-aryloxyethanol)
to vinyl ethers (alkyl vinyl ether or aryl vinyl ether) by use of
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the alkali/SiO; catalyst Eq. (5) [7]. This report shows that the
Csp0O-added SiO; is an excellent catalyst for this dehydration,
and describes the features of the catalyst.

We constructed the pilot plant and demonstrated this new
production process in 1998.

ROCH,;CH;OH — ROCH=CH; + H,0 4)

2. Experimental
2.1. Preparation of catalysts

Metal oxides (SiO3, ZrO;, Al; O3, NbyOs), SiO,-containing
mixed oxides (SiO,-Al; 03, Si0,-Zr0O;, Si0,-Y»03) and alkali
(or alkaline earth) metal oxide-added SiO; were studied as the
catalysts in this work.

2.1.1. Metal oxide catalysts

Metal oxides in the powder form were first kneaded with
water to form slurries. The slurries were dried at 120 °C for 20 h
to form solids. The obtained solids were crushed into particles
of 9—-16 mesh and calcined at 500 °C for 2h in air. SiO, used
was the SYLYSIA 350 (Fuji Silysia Chemical Ltd.) and the
other oxides (ZrO,, NbyOs, Al,O03, WO3, CeO,, TiO,, Biy O3
and SbyO3) were purchased from Tokyo Chemical Industry Co.,
Ltd. H-mordenite was a commercially available one.

2.1.2. SiOz-containing mixed oxide catalysts

SiO; and hydroxides (or nitrates) of the pair elements were
kneaded with water. Then, the catalysts were prepared in a sim-
ilar manner to the metal oxide catalysts described above except
that the calcination was conducted at a selected temperature in
the range of 500-1000 °C.

2.1.3. Alkali metal or alkaline earth metal oxide-added
SiO; catalysts

Si0O, and hydroxides (or carbonates) of alkali or alkaline earth
metals were kneaded with water. Then, the catalysts were pre-
pared in a similar manner to the metal oxide catalysts described
above.

Table 1
Conversion and selectivity for EGE dehydration on various metal oxides

2.2. Reaction procedures

The vapor phase dehydration was carried out in a fixed bed
flow type reactor under atmospheric pressure. Pulverized cata-
lysts (9—16 mesh, 5 cm?) were placed in a stainless steel reaction
tube having an inside diameter of 10 mm, and heated to the
reaction temperature in a molten salt bath. The reactant gas
of five volume percent 2-alkoxyethanol in nitrogen was passed
through the catalyst bed at gas hourly space velocity (GHSV)
of 500-1500h~!. Reaction was carried out in the temperature
range of 380—430 °C. After the reactant gas was fed for 1 h, the
products were analyzed by gas chromatography.

2.3. Measurement of acid and base strengths of catalysts

Acid and base strengths of the catalysts were measured
by the indicator method [8]. Indicators used were p-dimetyl-
aminoazobenzene (pK, =+3.3), 4-phenylazo-1-naphthylamine
(pK, =+4.0), neutral red (pK, =+6.8), phenolphthalein (Kpyg =
+9.4) and 2,4,6-trinitroaniline (Kgyg =+12.2).

2.4. Adsorption and desorption behavior of reactants on
catalyst

The catalyst (50 mg) was fixed by quartz wool in the center of
a stainless steel-made reaction tube having an inside diameter
of 4mm and a length of 10cm. The nitrogen gas was passed
through the catalyst kept at 200 °C. A constant quantity (0.3 pl)
of the reagent was injected successively into the nitrogen stream
ahead of the catalyst. The outlet gases were monitored by mass
spectrometry.

3. Results and discussion
3.1. Catalytic performance of various metal oxides

Table 1 shows the conversions of 2-ethoxyethanol (ethyl gly-
col ether; EGE) and the selectivities for ethyl vinyl ether (EVE)
over the metal oxides, SiO;-containing mixed oxides and alkali
or alkaline earth oxide-added SiO; in the vapor phase dehydra-
tion of EGE.

Catalyst (molar ratio) Calcination Reaction EGE conversion EVE selectivity AcH + EtOH selectivity
temperature (°C) temperature (°C) (mol.%) (mol.%) (mol.%)
SiO; 500 400 10.2 4.6 95.4
ZrO; 500 300 81.9 1.0 11.3
Nb,0Os 400 400 404 13.3 86.4
AL O3 400 280 52.1 4.5 74.3
H-mordenite 500 300 79.4 7.2 77.9
MgO/SiO; (10/1) 500 380 56.8 2.5 70.3
Y,03/Si0, (1/20) 1000 400 53.6 3.0 88.7
Zr0,/Si0; (5/1) 400 380 93.0 3.9 85.6
BaO/SiO; (1/10) 600 420 29.7 7.8 92.1
Cs,0/Si0; (1/20) 500 420 72.5 84.4 15.6

Reaction conditions: EGE gas concentration: 5 vol.% (balanced by N,), GHSV: 1500 hL
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The conversion of EGE and the selectivity for EVE is defined
as follows in the present report.

Conversion (mol.%) =100 x (mol of consumed EGE)/(mol
of fed EGE).

Selectivity (mol.%) = 100 x (mol of produced EVE)/(mol of
consumed EGE).

As shown in Table 1, all of the catalysts studied yielded EVE
though the conversion and selectivity depended on the types of
catalyst. Among them, Cs,O/Si0; (molar ratio 1/20) showed the
best catalytic performance. Other dehydration catalysts, such as
Nb,Os, Al,O3 and H-mordenite promoted the decomposition
of EGE to the by-products. The principal by-products observed
were acetaldehyde (AcH), ethanol (EtOH) and ethylene. It seems
that the acid catalyst cleaves the ether bond of EGE. The forma-
tion of ethylene markedly increased on the strong acid catalysts,
such as Al;O3 and H-mordenite. Ethylene is probably produced
by the consecutive dehydration of EtOH on the acid catalysts.
SiO; catalyst containing a small amount of Cs;O, Csy0O/SiO2
(molar ratio 1/20), showed an extremely high performance of
the EVE formation. The amounts of two by-products, AcH and
EtOH, were almost the same on this catalyst.

3.2. Catalytic performance of Cs;0-added metal oxides

Table 2 shows the catalytic performance of Cs, O-added metal
oxides for the dehydration of EGE to EVE. There were no high
performance catalysts except CspO-added SiO;.

3.3. Effect of alkali metal addition to SiO;

The relationship between the catalytic performance and the
ionization potential of the added alkali elements is shown in
Fig. 1. Both the catalytic activity and the selectivity for the EVE
formation decreased with the increase in the ionization potential
of alkali elements. The EGE conversion markedly changed in
the lower region of the ionization potential, showing a concave
upward curve. On the other hand, the EVE selectivity markedly
changed in the higher region of the ionization potential, show-
ing a convex upward curve. The effect of Cs on the conversion
was dramatic. The basicity of metal oxide becomes stronger as
the ionization potential of the metal is lower. The strength of
basicity of alkali metal oxides is estimated to be in the order:

Table 2
Catalytic performance of CspO added metal oxides
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Fig. 1. Effect of alkali metal addition to SiO;. Reaction conditions: EGE gas
concentration: 5 vol.% (balanced by N, ), GHSV: 1500 hl, catalyst: alkali metal
oxides/SiO; = 1/20 (molar ratio), calcined at 500 °C for 2 h, reaction tempera-
ture: 420 °Cionization potential: 5.39 eV/Li,5.12eV/Na,4.32eV/K,4.16 eV/Rb
and 3.88eV/Cs [9].

Cs20>RbyO>Ky0>NayO >Liy0O. The order may hold when
they are supported on SiO». The highest activity of CspO/SiO is
suggested to be due to the strongest basicity among alkali metal
oxide-added SiO;. However, the base strength of CsyO/SiO;
catalyst, which is measured by indicator method, is very weak
as described later in Section 3.5.

3.4. Effect of the amount of Cs in Cs;0/SiO> catalysts

The effects of the amount of Cs in Cs;O/SiO; catalyst on
the conversion of EGE and the selectivity for EVE are shown
in Fig. 2. The conversion increased and attained to a maximum
(95.2%) at a Si/Cs molar ratio of 30 and then decreased with
the decrease in the Cs amount. The selectivity for EVE slightly
increased up to a maximum (84.2%) at a Si/Cs molar ratio of
200 and then decreased with the decrease in the Cs amount.

3.5. Acid and base strengths of catalysts

The maximum acid strength of SiO» itself was Hp =+3.3. On
the other hand, the alkali metal oxide-added SiO; catalysts did

Catalyst (molar ratio) Temperature (°C)

EGE conversion (mol.%)

EVE selectivity (mol.%) AcH + EtOH selectivity (mol.%)

Cs,0/Si0, (1/20) 420 72.5
Cs,O/TiO; (1/20) 430 15.7
Cs,0/ZrO, (1/20) 380 21.0
Cs,O/Nb,Os5 (1/10) 430 17.0
Cs,0/Ce0O7 (1/20) 430 45.5
Cs,0/La 03 (1/10) 430 11.2
Cs,0/MoO3 (1/20) 430 443
Cs,O/WOs3 (1/20) 430 12.9
Cs,0/Bi, 03 (1/10) 430 31.4
Cs,0/Sb,03 (1/10) 430 37.2

84.4 15.6
15.3 63.1
12.6 68.1
10.3 76.8

79 552

- 79.2
11.3 75.3
38.1 52.0

- 90.4
20.8 70.9

Reaction conditions: EGE gas concentration: 5 vol.% (balanced by N»), GHSV: 1500 h~!, catalyst: calcined at 500 °C for 2 h.
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Fig. 2. Effect of the amount of Cs in Cs,O/SiO; catalyst on the conversion and
selectivity. Reaction conditions: EGE gas concentration: 5 vol.% (balanced by
N>), GHSV: 1500 h™ 1 catalyst: calcined at 500 °C for 2 h, reaction temperature:
420°C.

not change the colors of all the indicators used; namely, the acid
strength is lower than Hyp =+6.8 and the base strength is lower
than H— =+9.4.

3.6. Effect of reaction conditions

3.6.1. Effect of GHSV

Fig. 3 shows the effects of GHSV on the conversion of EGE
and the selectivity for EVE under the following reaction con-
ditions; catalyst: CspO/SiO, (molar ratio 1/20), temperature:
380 °C, EGE concentration: 5vol.% in N».

The EGE conversion linearly decreased with the increase in
GHSYV; however, the selectivity for EVE remained almost con-
stant (89—90 mol.%). This result suggests that the by-products
(EtOH, AcH) are produced by the parallel decomposition of
EGE, not by the consecutive hydrolysis of EVE.

3.6.2. Effect of raw material concentration

Fig. 4 shows the effect of the EGE concentration under the
following reaction conditions; catalyst: Cs»O/SiO, (molar ratio
1/20), temperature: 380 °C, GHSV: 1000 h—l.
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Fig. 3. Effect of GHSV. Reaction conditions: EGE gas concentration: 5 vol.%
(balanced by N;), GHSV: 1500 h 1, catalyst: CspO/SiO, (molar ratio 1/20),
calcined at 500 °C for 2 h, reaction temperature: 380 °C.
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Fig. 4. Effect of the EGE concentration. Reaction catalyst: Cs;O/SiO, (molar
ratio 1/20), calcined at 500 °C for 2 h, reaction temperature: 380 °C.
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Fig. 5. Effect of contact time. Reaction conditions: GHSV: 1000h~!, catalyst:
Cs,0/Si0; (molar ratio 1/20), calcined at 500 °C for 2 h, reaction temperature:
380°C.

The EGE conversion decreased with the increase in the EGE
concentration. The EVE selectivity was independent of the EGE
concentration and almost constant.

The plot of the EGE conversion versus the EGE contact time,
which is calculated from the EGE concentration and the GHSV,
is shown in Fig. 5. In the region of the short contact times
(below 72s), the conversion linearly increased with the con-
tact time, indicating that the reaction rate followed a zero order
with respect to the EGE concentration. However, at longer con-
tact times, the relationship was not linear, indicating that the rate
obeyed a positive order with respect to the EGE concentration.

3.6.3. Effect of reaction temperature
Fig. 6 shows the effect of reaction temperature under
the following reaction conditions; catalyst: Cs;O/SiO; (molar
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Fig. 6. Effect of reaction temperature. Reaction conditions: EGE gas concentra-
tion: 5 vol.% (balanced by N»), GHSV: 1500 hl, catalyst: Cs20/SiO; (molar
ratio 1/20), calcined at 500 °C for 2 h.
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Table 3
Reaction of various 2-alkoxyethanols and aryloxyethanol

R in ROCH,CH,; OH Temperature (°C)

Conversion (mol.%)

Selectivity (mol.%) Bond cleavage energy (kcal/mol)?

Me 380 485
Et 380 48.9
i-Pr 380 50.5
n-Pr 380 51.1
i-Bu 380 56.7
n-Bu 380 56.5
t-Bu 380 44.6
Ph 350 753

91.8

91.6 80.6
93.0 80.1
93.3 80.4
94.0 79.2
92.7 80.4
70.5 77.6
412 60.8

Reaction conditions: catalyst: CspO/SiO, (molar ratio 1/60) (calcined at 500 °C for 2 h), 2-alkoxyethanol concentration: 5 vol.% (balanced N;), GHSV: 1500 hl.

2 Calculated value about the R—O bond in ROCH, CH,OH.

ratio 1/20), EGE gas concentration: 5vol.% in Np, GHSV:
1000h~".

The EGE conversion increased and the EVE selectivity
slightly decreased with the increase in the temperature. The
principal by-products were EtOH and AcH. This result suggests
that the decomposition of EGE accelerates with the increase in
the temperature. From the initial rates at different temperatures,
activation energy was calculated at 110.5 kJ/mol.

3.7. Reaction of various glycol ethers

Table 3 shows the dehydration results of various glycol ethers
(2-alkoxyethanol or 2-aryloxyethanol) and the cleavage energies
of R—O bond in glycol ethers.

For the aliphatic 2-alkoxyethanol, the selectivity for vinyl
ether was very low for 2-tert-butoxyethanol. This result is prob-
ably due to the weak bond between a tertiary carbon atom and
an oxygen atom compared to the bond between a secondary or
a primary carbon atom and an oxygen atom.

For the 2-aryloxyethanol, 2-phenoxyethanol, the conversion
was high even if the temperature was 30 °C lower than that for the
dehydration of aliphatic 2-alkoxyethanol. However, the selectiv-
ity for vinyl ether was very low. This result is considered due
to that the weak bond between an aromatic carbon atom and an
oxygen atom compared to the bond between an aliphatic carbon
atom and an oxygen atom.

3.8. Features of catalysts

Adsorption and desorption behavior of EGE, EtOH and 1,2-
diethoxyethane on the CspO/SiO; (molar ratio 1/20) catalyst
at 200°C was studied by a pulse method. EtOH was used
for investigating the effect of the hydroxyl group alone. 1,2-
Diethoxyethane was used for investigating the effect of the
ethoxyl group alone.

As shown in Fig. 7, the desorption peak intensity of EGE
increased with increasing pulse number for the initial five pulses,
and then leveled off after the sixth pulse. Each peak of EGE
showed a long tailing, which suggests that EGE is strongly
adsorbed on the catalyst. The adsorption behavior of EtOH is
quite similar to that of EGE. Therefore, EtOH is also suggested to
strongly adsorb on the catalyst. On the other hand, the desorption
peaks of 1,2-diethoxyethane showed an intensity corresponding

EVE

MOC H,CH,OEt

0.0 0.5 1.0 1.5
Retention time (min.)

Intensity

EGE

Fig. 7. Desorption peaks of model compounds (pulse method). Reaction condi-
tions: catalyst: CspO/SiO, (molar ratio 1/20) (20 mg), temperature: 200 °C.

to the injection amount regardless of the pulse number. This
result indicates that 1,2-diethoxyethane is not strongly adsorbed
on the catalyst because of its non-affinity to the catalyst. Namely,
the hydroxyl group is strongly adsorbed on this catalyst but the
ethoxyl group is not adsorbed.

EVE showed a similar behavior to 1,2-diethoxyethane and
has no long tailing, indicating that EVE is not adsorbed on the
catalyst either. During the reaction of EGE, the surface active
sites are fully covered with EGE, and EVE is desorbed imme-
diately after formed by the intramolecular dehydration of EGE.
It is consistent with the zero order reaction that the only raw
material is adsorbed on the catalyst. This is similar to the result
of the dehydration of N-(2-hydroxyethyl)-2-pyrrolidone to N-
vinyl-2-pyrrolidone [6].
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Fig. 8. IR spectrum of the EGE adsorbed catalyst. Catalyst: Cs,O/SiO, (molar
ratio 1/20), calcined at 500 °C for 2 h.
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Fig. 9. Reaction mechanism of the intramolecular dehydration of 2-alkoxyethanol to alkyl vinyl ether on the catalyst. A: acid site, H" of silanol and/or Cs*). B: base

site, 02~ bound to Si and/or Cs*.

The reaction mechanism including adsorption of 2-
alkoxyethanol and the successive reaction is proposed as shown
in Fig. 9. 2-Alkoxyethanol is first adsorbed on both base sites,
0% in —OCs and/or —OH, and acid sites (Cs*, H*) on the cat-
alyst surface of Cs»O/SiO; and then forms alkyl vinyl ether by
the intramolecular dehydration. Although, the acidic strength of
Cs20/S10; catalyst is very weak as measured by the indicator
method, the role of the acid sites cannot be excluded. This reac-
tion occurred on SiO; alone. The active sites could be acid and
base sites of the hydroxyl group on SiO,. This hydroxyl group
can remain on the Cs;O/Si0; catalyst because the amount of
Cs,0 is not large enough to cover the SiO; surface. The acid
sites presumably interact with the O atom of the hydroxyl group
in 2-alkoxyethanol.

The IR spectrum of this catalyst shows the absorption peak
of single silanol at 3740 cm™~!. This peak was absent on the EGE
adsorbed catalyst as shown in Fig. 8. This result suggests that
EGE is adsorbed on the silanol group on the catalyst.

SiO; catalyst containing a very small amount of Cs (Cs/Si
molar ratio 1/200) shows considerably high activity (Fig. 2)
and SiO; itself, which is known to have almost no basic
property, shows some catalytic activity. Probably, the acid site
of silanol and/or silicate plays an important role in the catalytic
performance.

4. Conclusions

(1) Anew route to the synthesis of vinyl ether by the intramolec-
ular dehydration of glycol ether in vapor phase has been
developed using the alkali metal added silica catalysts.

(2) It was found that silica to which a small amount of cesium
was added exhibited a pronounced catalytic performance
for this dehydration, the conversion and the selectivity being
81% and 96%, respectively.

(3) The 2-alkoxyethanol conversion decreased and the alkyl
vinyl ether selectivity increased with the increase in the ion-
ization potential of the alkali metal added to SiO».

(4) The acid and base strengths of good catalysts were lower
than Hy =+6.8 and lower than H— =+9.4, respectively.

(5) It is presumed that 2-alkoxyethanol is adsorbed on the
acid-base pair sites on the catalyst surface through the inter-
action of the hydroxyl group with those sites and forms alkyl
vinyl ether by the intramolecular dehydration.
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