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bstract

The effect of water vapour in the feed on the synthesis of ethyl-tert-butyl ether (ETBE) produced from isobutene and ethanol was investigated. The
inetics of gas phase etherification and accompanying formation of tert-butyl alcohol (TBA) by Wells–Dawson acid heteropolyacid H6P2W18O62

s catalyst was determined at 40 ◦C. Rate expression in the form of a power equation was developed to correlate the experimental data over a wide
ange of reactants pressures. Water presence in the catalytic reactor inhibited the formation of ETBE and was introduced into the kinetic equation as

n independent additional factor. The experimental evidence of ethanol and water sorption into the bulk of catalyst was confirmed by independent
as phase sorption experiments. The results of catalytic experiments were interpreted qualitatively on the basis of the model of catalytic system
ontaining solid heteropolyacid in which tertiary ethers are synthesized.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Oxygenates, especially methyl-tert-butyl ether (MTBE) and
lso ethyl-tert-butyl ether (ETBE) are introduced into gasoline as
ntiknocking additives. They increase gasoline octane number
nd simultaneously reduce the polluting carbon oxides emis-
ions in the exhaust gases. In most cases they are obtained by
lectrophilic addition of alcohol to isobutene (IB) which, for
xample, may be shown by the following equation:

2H5OH + C4H8 → (CH3)3COC2H5 (1)

In the industry sulfonated acid resins are used as the cat-
lysts for tertiary ethers production. However, they are not
ully satisfactory because they may degrade with sulfuric acid

mission, which is harmful for the environment, and hence
any authors have investigated other catalysts such as acid

nd modified zeolites and silicalites. The catalysts which were
roved to be active in this reaction are also heteropolyacids
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HPA) [1,2]. Shikata et al. [3] using unsupported Keggin-
ype H3PW12O40 and also Wells–Dawson type heteropolyacid

6P2W18O62 (HDA) demonstrated pseudo-liquid phase synthe-
is and described unique dependence of MTBE synthesis on
ethanol partial pressure. On increasing this pressure the reac-

ion rate at first increases but above a certain value, depending on
he type of HPA, it decreases systematically. Most of the research
n this field is concerned with MTBE synthesis on Keggin-type
odecaheteropolyacids, which was reviewed in Ref. [4].

Only in recent years the interest in literature has been directed
owards tertiary ethers synthesis on octadecaheteropolyacids
f Wells–Dawson type, in particular H6P2W18O62. The latter
urned out to be an effective catalyst in tertiary ethers synthesis
nd alcohols dehydration [5]. In the liquid phase MTBE syn-
hesis H6P2W18O62 as well as H6P2Mo18O62 [6] and in the gas
hase H6P2W18O62/SiO2 [5] catalysts were used. Gas phase
ynthesis of ETBE on H6P2W18O62 [7], silica supported and
nsupported H6P2W18O62 [8] was studied.
Kinetic study of ETBE synthesis on solid H6P2W18O62 in
as phase carried out at the absence of water in the catalytic
ystem published recently by the present author [9] demon-
trated inhibiting effect of ethanol (EtOH) and the increase of the

mailto:ilnicka@chemia.uj.edu.pl
dx.doi.org/10.1016/j.molcata.2007.08.004
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Nomenclature

EtOH ethanol
F velocity of isobutene flow in the feed (mol h−1)
Fi(pH2O) function of water pressure
HPA, HDA heteropolyacid, Wells–Dawson acid
IB isobutene
k constant rate (mol g−1 h−1)
Ki equilibrium constant, i number of the reaction
m mass of anhydrous catalyst (g)
pj experimental pressure, j = H2O, EtOH, IB (Pa)
p∗

j standardized pressure (Pa), p∗
j = pj/p0 where

p0 = 1.0125 × 105 Pa
ri reaction rate (mol g−1 h−1), i = IB, ETBE, TBA
XIB total conversion of isobutene (%), amount of

moles of isobutene consumed divided by the
amount of moles of isobutene introduced

XETBE, XTBA conversion of isobutene to ETBE, TBA,
amount of moles of isobutene transformed to
ETBE, TBA divided by the amount of moles of
isobutene introduced.

Greek symbols
α, β reaction order with respect to ethanol and

isobutene for anhydrous system (Table 1)
α1, β1 reaction order with respect to ethanol and

isobutene for total conversion of isobutene
α2, β2 reaction order with respect to ethanol and

isobutene for ETBE synthesis
β3 reaction order with respect to isobutene for TBA

synthesis
γ , η, ξ constant value, product of the equilibrium con-

stants: γ = k18K
m
15K

(−n/2)
16 K17K

(−q/2)
(15′) K

(−1/2)
(19+16′),

η = k(20a)K
m
15K

(1−n/2)
16 K17K18K

(−q/2)
(15′) K

(−1/2)
(19+16′),
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ξ = k(17′)K
(−n/2)
16 Km

17K18K19K
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(−1/2)
(19+16′).

eaction rate with the increasing isobutene (IB) partial pres-
ure (pIB). Separate experiments have shown that ethanol is
bsorbed by the bulk of HPA crystallites where it is forming pro-
onated clusters while the other reaction component, isobutene,
s only adsorbed on the external surface of the crystallites. It was
ssumed that its adsorption is accompanied by the protonation
nd formation of monomeric or oligomeric carbocations. Basing
n the assumption, that reaction between adsorbed carbocation
nd ethanol supplied from the gas phase is the reaction rate
etermining step, a kinetic equation was proposed satisfactorily
epresenting the experimental results. In this reaction model the
nhibiting effect of ethanol pressure (pEtOH) was explained by
ssuming that ethanol clusters in the bulk of HPA crystallites
re bonding protons of heteropolyacid and thus decreasing their

vailability for the carbocation formation.

Currently, in the industry ETBE is produced using fairly pure
thanol, which adds considerable costs to the final product. Thus
he effect of water in the feed is interesting from the point of
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iew that watery ethanol use may contribute to some lowering
f ETBE production costs and render it more competitive in the
arket.
The effect of water content ranging from 0 to 5 wt.% in

lcohol on liquid phase ethers (MTBE, ETBE) synthesis was
escribed in Ref. [10]. The authors investigated the synthesis
n liquid phase on macroporous sulfonated resin K2631 and
bserved that the rate of ether production was strongly lowered
y the initial water presence but the water presence did not affect
TBE equilibrium values; they are similar to the anhydrous sys-

em. In some cases also catalytic decomposition of MTBE on
ctive sulfonic resins was investigated in the gas phase [11,12].

It should be observed here that the addition of water to
sobutene results also in the production of some amount of
ert-butyl alcohol (TBA):

4H8 + H2O → (CH3)3COH (2)

TBA is also used as an oxygenate and antiknocking agent
or automobile fuels. The mechanism and kinetics of the
ydration of isobutene to TBA on the heteropolyacid catalyst
H4SiW12O40) were tested in Ref. [13]. It was an active and
elective catalyst at low temperatures of 40 ◦C–80 ◦C. The pro-
osed model of reaction assumed the surface interaction between
dsorbed molecules of isobutene and water molecules supplied
rom the bulk of the catalyst.

Hence the aim of the present research was to investigate the
ffect of water content in the feed (0.01–9.5 kPa) on the reaction
ate of ETBE and parallel TBA synthesis on Wells–Dawson
ype solid heteropolyacid H6P2W18O62. In this system water
an play a dual role. It is the substrate for TBA formation, but
lso it penetrates (similarly as ethanol—the substrate for ETBE
ormation) the bulk of HPA crystallites where it gets protonated
nd hence changes the acidity of the catalyst.

. Experimental

Ethyl alcohol: absolute pure (99.8 wt.%, the content of
.07 wt.% H2O was determined by chromatographic analysis)
nd ethyl alcohol ppa. (96 wt.%) (POCh Gliwice), 2-methyl
ropene (isobutene, i-C4H8, p.a., Aldrich), tert-butyl alcohol
Aldrich) and ethyl-tert-butyl ether (99%, Aldrich) were used in
he catalytic experiments.

H6P2W18O62·nH2O was synthesized according to Refs.
5,14] and was kept at room temperature in a desiccator over

saturated solution of Mg(NO3)2. Thermal analysis (deter-
ined by TGA/SDTA 851e Mettler-Toledo apparatus, heating

ate 5 ◦C min−1) showed that the total weight loss corresponded
o 33.6 H2O per mole of acid. The last portion of water removed
bove 250 ◦C (that is 3 moles H2O per HDA) corresponded to
he “water of constitution”. The composition of the synthesized
ample was H6P2W18O62·30.6H2O.

A quartz constant flow differential microreactor (φ = 10 mm)

as used for catalytic experiments. The helium carrier gas was
rst saturated with absolute ethanol vapour or the ethanol–water
ixture and subsequently mixed with a stream of isobutene. The

omposition of the reaction mixture (isobutene/ethanol molar
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of only one of the substrates (ethanol, isobutene or water) has
54 A. Micek-Ilnicka / Journal of Molecular

atio) was kept within the range of 0.4–1.5. The catalytic reac-
or was connected on line with Perkin-Elmer AutoSystem XL
as chromatograph. A Porapak QS column was used for the
hromatographic analyses. Samples of 0.057 g (0.034 cm3) of
6P2W18O62·31H2O (13 × 10−6 mol) were mixed with 0.36 g

0.37 cm3) of quartz grains (φ = 0.19 mm) thus obtaining a cat-
lyst layer of 0.5 cm thick. In a previous research [9] carried in
he same apparatus it was stated that the conversion of isobutene
o ETBE changed linearly with the increase of catalyst mass for
he samples containing up to 0.15 g HDA. Hence at the use of
.05 g HDA the effect of external mass transfer and diffusion
ould be neglected. Temperature was kept by temperature pro-
rammer MRT-4 (accuracy ±0.1 ◦C) and was controlled by a
hermo-couple located in the reactor jacket close to the catalyst
ed.

Catalytic experiments were carried out in the steady-state,
ar from the limitation by chemical equilibrium, at 40 ◦C. This
emperature was optimal for kinetic measurements. At tem-
erature higher than 50 or 55 ◦C the reverse reaction, ETBE
ecomposition, can already influence the kinetics. At tempera-
ures markedly lower, e.g. 20 ◦C reaction is much slower which
ecessitates working at conversion too low to be determined
ith satisfactory precision. The observed conversion was most

requently kept within the limit 5–8% and never exceeded 10%.
t is generally accepted in the literature, as, e.g. in Ref. [15],
hat such conditions allow treating plug-flow reactor as approx-
mately in the differential mode. However in such reactor the
anger exists that at the small conversion required large errors
n analysis might occur [16]. In fact this was not the case in
he present research as the results of chromatographic analy-
is of the amounts of isobutene and ethanol appearing during
atalytic experiments were determined with the precision (stan-
ard deviation) of 0.5–0.2% of the measured value. Hence the
onditions in which reactor was working were not much dis-
ant from those in an ideal differential reactor. The conversions
ere measured free from the influence of external mass trans-

er and diffusion. The partial pressures of reactants in the feed
ere: 9–25 kPa isobutene and 13–26 kPa ethanol and W/F values

where W is the catalyst weight and F the total flow rate) were
etween 0.024 g h mol−1 and 0.036 g h mol−1. The water pres-
ure (pH2O) in the gas phase (introduced into ethanol vapour)
aried between 0.01 and 8.8 kPa.

Before the catalytic experiments the samples were preheated
n situ in a catalytic reactor in helium flow (30 ml min−1, at
20 ◦C 2 h). Such prepared catalysts were anhydrous (i.e. devoid
f the water of crystallization and exhibiting the stoichiometric
omposition H6P2W18O62) which was proved by the indepen-
ent experiment in which the catalyst was activated in the
atalytic reactor at the same conditions as during the catalytic
ests and the change of the sample mass was controlled gravimet-
ically. It was proved that the temperature 220 ◦C was sufficient
or the total removing of the water of crystallization but no dehy-
roxylation of the acid took place (no elimination of the so-called

ater of constitution).
Sorption of ethyl alcohol and water vapours were stud-

ed by means of a quartz spring sorption balance (sensitivity
.6828 mm mg−1) connected with a vacuum system. The elon-

b
s
f
e

ig. 1. Typical catalytic run: (a) isobutene conversion to ETBE and TBA, (b)
electivity to ETBE and TBA vs. time of catalytic test at 3.1 kPa water pressure
pEtOH = 17.2 kPa, pIB = 18.4 kPa, reaction temperature 40 ◦C).

ation of the spring was measured with a cathetometer, the
ensitivity of which was 0.01 mm.

. Results

Wells–Dawson acid as the catalyst for ETBE synthesis was
lready active at temperatures as low as 35 ◦C [7,9]. Isobutene
onversion passed over a maximum between 40 and 50 ◦C and
hen decreased reaching the values not very much distant from
quilibrium values [9]. Such situation is typical of reversible
xothermic reactions. On the other hand at 35 or 40 ◦C equi-
ibrium conversion of ETBE calculated from thermodynamic
ata [17] reached 48.7% or 41.9%, respectively. The use of
he sample 0.05 g ensured the conversion never exceeding 10%
nd hence the effect of the reverse reaction, ETBE decompo-
ition, could be neglected [9]. This is why the temperature of
0 ◦C has been chosen as the temperature of all kinetic measure-
ents.
The main products of isobutene reactions at the presence of

ater in the feed were ethyl-tert-butyl ether and tert-butyl alco-
ol appearing in different proportions. Fig. 1 shows a typical
atalytic run.

In the experiments carried out at 40 ◦C the partial pressure
een changed while the pressures of the other two were con-
tant. The rates of isobutene consumption rIB, ETBE and TBA
ormation rETBE and rTBA, were calculated using the following
quations:
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Fig. 2. ln(rIB)–ln(pIB) plot at 40 ◦C at constant isobutene pressure
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Fig. 3. ln(rIB)–ln(pC4) plot at 40 ◦C at constant ethanol pressure
(pEtOH = 17.2 kPa) over anhydrous H6P2W18O62 at different water content in
gas phase: (a) absolute ethanol, (b) pH2O = 3.8 kPa and (c) pH2O = 9.5 kPa.
pIB = 10.3 kPa) over anhydrous H6P2W18O62 at different water content in gas
hase: (a) absolute ethanol, (b) pH2O = 3.8 kPa and (c) pH2O = 5.3 kPa.

IB[mol g−1 h−1] = F
XIB

m
,

rETBE[mol g−1 h−1] = F
XETBE

m
,

rTBA[mol g−1 h−1] = F
XTBA

m

here F is the velocity of isobutene flow in the feed [mol h−1],
the mass of anhydrous catalyst [g], XIB the total conversion of

sobutene and XETBE and XTBA are the conversions of isobutene
o ETBE and TBA, respectively.

The dependences of the total isobutene conversion rate, rIB,
he rate of ETBE synthesis, rETBE, as well as that of TBA, rTBA,
n the partial pressures of ethanol and isobutene are shown
n Figs. 2–7 in double logarithmic plot. The plots are linear
hus indicating power dependence of rIB, rETBE and rTBA on
he partial pressures of ethanol and isobutene. No such depen-
ence of the reaction rates on the partial pressure of water
apour was obtained. Fig. 8A shows that the rates rIB and
ETBE differed only slightly and monotonically decreased with
he increase of pH2O. However rTBA was definitely lower than
ETBE and was increasing with the increase of pH2O up to
H2O ≈ 4.8 kPa at pIB = 18.4 kPa and pEtOH = 17.2 kPa (Fig. 8B,
urve c). At pIB = 10.3 kPa and pEtOH = 17.2 kPa similar maxi-
um was reached at pH2O ≈ 3 kPa (Fig. 8B, curve c′) and then

fter reaching a flat maximum decreased as shown in Fig. 8B.
ig. 9A–C shows the ratio of rETBE/rTBA presented as the func-
ion of pEtOH, pIB and pH2O.
The measurements of water vapour sorption by dehydrated

atalyst were carried out at 40 ◦C using a spring microbal-
nce. Sorption isotherm is shown in Fig. 10. The isotherms of

Fig. 4. ln(rETBE)–ln(pEtOH) plot at 40 ◦C at constant isobutene pressure
(pIB = 10.3 kPa) over anhydrous H6P2W18O62 at different water content in gas
phase: (a) absolute ethanol, (b) pH2O = 3.8 kPa and (c) pH2O = 5.3 kPa.
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Fig. 5. ln(rETBE)–ln(pC4) plot at 40 ◦C at constant ethanol pressure
(pEtOH = 17.2 kPa) over anhydrous H6P2W18O62 at different water content in
gas phase: (a) absolute ethanol, (b) pH2O = 3.8 kPa and (c) pH2O = 9.5 kPa.

Fig. 6. ln(rTBA)–ln(pC4) plot at 40 ◦C at constant ethanol pressure
(pEtOH = 17.2 kPa) over anhydrous H6P2W18O62 at different water content in
gas phase: (b) pH2O = 3.8 kPa and (c) pH2O = 9.5 kPa.
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ig. 7. ln(rTBA)–ln(pEtOH) plot at 40 ◦C at constant isobutene pressure
pIB = 10.3 kPa) over anhydrous H6P2W18O62 at different water content in gas
hase: (b) pH2O = 3.8 kPa and (c) pH2O = 5.3 kPa.

sobutene and ethanol vapour obtained in the same apparatus
ere shown in the previous paper [9].
. Discussion

As Fig. 1 shows the only products obtained in a typi-
al run from isobutene at the presence of ethanol and water

ig. 8. (A) Rate of: total isobutene consumption – rIB (curves: a, a′), ETBE
ormation – rETBE (curves: b, b′), TBA formation – rTBA (curves: c and c′) vs.
ater pressure at 40 ◦C. (B) Enlarged curves c and c′; curves a, b and c (solid

ines) obtained at pEtOH = 17.2 kPa and pIB = 18.4 kPa, and curves a′, b′ and c′
dotted lines) at pEtOH = 17.2 kPa and pIB = 10.3 kPa.
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Fig. 9. (A) rETBE/rTBA ratio vs. ethanol partial pressure at 40 ◦C at constant isobutene pressure (pIB = 10.3 kPa) over anhydrous H6P2W18O62 at different water content
in gas phase (a) pH O = 3.8 kPa and (b) pH O = 5.3 kPa. (B) rETBE/rTBA ratio vs. isobutene partial pressure at 40 ◦C at constant ethanol pressure (pEtOH = 17.2 kPa)
o 3.8
4 kPa) o
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2 2

ver anhydrous H6P2W18O62 at different water content in gas phase (a) pH2O =
0 ◦C at constant ethanol (pEtOH = 17.2 kPa) and isobutene pressure (pIB = 18.4

apours are ethyl-tert-butyl ether and tert-butyl alcohol. The
teady state of reaction could be reached in about 30 min
r less, and the activity of the catalyst was stable over the
hole runs lasting 150 min and up to 350 min in some other

xperiments. The only exception was the run carried out at
he highest applied water vapour pressure (8.8 kPa) the initial
sobutene conversion 2.5% dropped after 60 min to a stable
evel of 0.6%. At the conditions of the experiment presented
n Fig. 1b the selectivity to ETBE was 80.3% and that to TBA

9.7%.

Figs. 2–5 show that the plots of ln(rIB) and ln(rETBE) versus
n(pEtOH) and ln(pIB) are linear and hence the dependence of rIB
nd rETBE on partial pressures of ethanol and isobutene can be

T
o
s
i

kPa and (b) pH2O = 9.5 kPa. (C) rETBE/rTBA ratio vs. water partial pressure at
ver anhydrous H6P2W18O62 at different water content in gas phase.

xpressed by the power equations:

IB = k′
IB(p∗

EtOH)α1 (p∗
IB)β1 (3)

ETBE = k′
ETBE(p∗

EtOH)α2 (p∗
IB)β2 (4)

here p∗
i = pi/p0, pi is an experimental pressure expressed in

a and p0 = 1.0125 × 105 Pa. The values of the reaction orders
ith respect to ethanol (α1, α2) and isobutene (β1, β2) obtained

t different partial pressures of water vapour are shown in

able 1 where also the values of reaction orders (α, β) previ-
usly obtained [9] at the absence of water vapour are given. It is
een that they practically do not depend on the water pressure. It
s striking that reaction orders with respect to isobutene are posi-
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ig. 10. Isotherm of water sorption on anhydrous Dawson acid at 40 ◦C (solid
ine is a fitted curve).

ive thus showing the increase of reaction rate with the isobutene
artial pressure. On the other hand the experimental reaction
rders with respect to ethanol are negative and the reaction rate
ecreases with the increasing ethanol partial pressure. It should
lso be observed that the reaction orders of rETBE with respect
o isobutene and ethanol at the presence of water vapour are the
ame as in the case of results obtained earlier at the absence of
ater. This observation strongly suggests that the mechanism of
TBE formation was not changed by the introduction of water
apour into the catalytic system.

However, the reaction rates rIB (Eq. (3)) and rETBE (Eq. (4))
re influenced by the presence of water and the constant rates
′
IB and k′

ETBE are the functions fi(pH2O) of water:

′
IB = kIBf0(pH2O) (5)

′
ETBE = kETBEf1(pH2O) (6)

unctions fi(pH2O) have been determined on the basis of the
xperimental results presented in Fig. 8A:

o (pH2O) = 33.38 (p∗
H2O)2 − 13.41 p∗

H2O + 1 (7a)

1 (pH2O) = 84.51 (p∗
H2O)2 − 18.3 p∗

H2O + 1 (7b)

ence the values k′
IB and k′

ETBE are equaled:
′
IB = kIB (33.38(p∗

H2O)2 − 13.41 p∗
H2O + 1) and k′

ETBE =
ETBE(84.51(p∗

H2O)2 − 18.3 p∗
H2O + 1). The final empirical
quations are obtained:

IB = kIB(p∗
EtOH)−1.71(p∗

IB)1.91(33.38 (p∗
H2O)2

− 13.41 p∗
H2O + 1) (8)

r

able 1
xperimental reaction orders (correlation coefficients are in parenthesis)

orrelation Anhydrous system Water pre

n(rtotal)–ln(pEtOH) (Fig. 2) – α1 = −1.8
n(rETBE)–ln(pEtOH) (Fig. 4) α = −2.00 ± 0.19* (0.974) α2 = −2.1
n(rTBA)–ln(pEtOH) (Fig. 7) – −0.56 ± 0
n(rtotal)–ln(pIB) (Fig. 3) – β1 = 1.73
n(rETBE)–ln(pIB) (Fig. 5) β = 1.64 ± 0.14* (0.980) β2 = 1.64
n(rTBA)–ln(pIB) (Fig. 6) – β3 = 2.06

* Data taken from the previous publication of the present author [9].
lysis A: Chemical 277 (2007) 252–261

correlation coefficient 0.996)

ETBE = kETBE (p∗
EtOH)−2.05(p∗

IB)1.91(84.51 (p∗
H2O)2

−18.3 p∗
H2O + 1) (9)

correlation coefficient 0.996).
Fig. 8A shows that rETBE (curves b and b′) decreased mono-

onically with pH2O. Within the range of experimental conditions
at pEtOH = 17.2 kPa) the Eq. (9) takes the form:

ETBE = 0.0644 (84.51(p∗
H2O)2 − 18.3 p∗

H2O + 1) at pIB

= 18.4 kPa (10a)

ETBE = 0.0213 (84.51 (p∗
H2O)2 − 18.3 p∗

H2O + 1) at pIB

= 10.3 kPa (10b)

oth Eqs. (10a) and (10b) are of the same shape and differ only
y the pre-exponential term.

Similarly as it was calculated for the rate of ETBE synthesis
he rate of TBA formation can be described by the following
quation:

TBA = k′
TBA pβ2

IB f (pH2O) (11a)

According to the data given in Fig. 6 and Table 1 the rate of
BA synthesis is proportional to (p∗

IB)2.16:

TBA = k′
TBA(p∗

IB)2.16
f (pH2O) (11b)

Its dependence on water vapour pressure f (pH2O) is pre-
ented in Fig. 8A and B (curves c and c′). Using these
xperimental data the function f (pH2O) could be calculated:

(pH2O) = 954 p∗
H2O − 0.998 × 104(p∗

H2O)2 (12)

ence we can write:

TBA = k′
TBA (p∗

IB)2.16(954 p∗
H2O − 0.998 × 104(p∗

H2O)2) (13)

ccording to Fig. 7 rTBA is a power function of ethanol pressure.
ence value k′

TBA in Eq. (13) depends also on the partial pressure
f ethanol: k′

TBA = kTBA f (pEtOH).
Fig. 7 shows that it is power dependence and k′

TBA is pro-
ortional to (p∗

EtOH)−0.56. The final form of empirical equation
s:
TBA = kTBA (p∗
IB)2.16(954 p∗

H2O

−0.998 × 104(p∗
H2O)2) (p∗

EtOH)−0.56 (14)

(correlation coefficient 0.998).

ssure, 3.8 kPa Water pressure, 5.3 kPa Average values

1 ± 0.12 (0.992) α1 = −1.61 ± 0.09 (0.998) −1.71
1 ± 0.24 (0.990) α2 = −1.99 ± 0.12 (0.990) −2.05
.08 (0.964) −0.55 ± 0.06 (0.977) −0.56
± 0.05 (0.998) β1 = 2.09 ± 0.13 (0.992) 1.91
± 0.05 (0.990) β2 = 1.84 ± 0.34 (0.940) 1.74
± 0.07 (0.997) β3 = 2.37 ± 0.06 (0.999) 2.16
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Table 2
Sorption of both ethanol and water by the catalyst during the catalytic reaction
at 40 ◦C in the course of 100 min (pEtOH = 17.2 kPa and pIB = 18.4 kPa)

Conditions of
experiment

Sorption of ethanol
molecules/DU

Sorption of water
molecules/DU

pH2O = 3.8 kPa 0.727 Not detected
p
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If the pressures are expressed as the standardized pressure
* = p/p0 the values of rate constants kIB, kETBE and kTBA are
xpressed as:

IB = 0.0805 mol/(g h),

ETBE = 0.0443 mol/(g h),

kTBA = 0.00477 mol/(g h)

The above results clearly show that there exists an intercon-
ection between the rates rETBE (Eq. (9)) and rTBA (Eq. (14)).
oth of them simultaneously depend on the partial pressure of
thanol and water vapour despite the fact that formally only one
f the above reagents is necessary to obtain the given product
y addition to isobutene.

Another way to show this interconnection is to present
nd discuss the effect of gas phase composition on the ratio
ETBE/rTBA presented in Fig. 9A–C as the function of partial
ressures of ethanol, isobutene and water vapour.

It is seen that rETBE/rTBA ratio at constant pH2O and pIB does
ecrease with the increase of ethanol partial pressure (Fig. 9A).
his is the result of the fact that rETBE (proportional to p−2.1

EtOH)
ecreases with ethanol pressure more rapidly than rTBA (pro-
ortional to p−0.56

EtOH ).
Similar argument can be proposed in order to explain the

bserved decrease of rETBE/rTBA with the increasing pH2O
Fig. 9C). The rapid changes of rETBE and relatively small
nes of rTBA are clearly seen in Fig. 8 A. The fact that both
ETBE and rTBA exhibit similar dependences on isobutene partial
ressure (proportional to p1.7±0.23

IB and p2.2±0.07
IB , respectively)

xplains the result presented in Fig. 9B which shows that within
he isobutene pressure range 1.5–25 kPa the rETBE/rTBA ratio
s almost constant. This constancy or very weak dependence

ay correspond to the situation in which both rates rETBE and
TBA as related to the unit of the surface completely covered with
dsorbed isobutene are approximately constant, and the changes
n pIB pressure change only the total coverage of the surface with
his adsorbate.

When discussing the catalytic results one cannot avoid the
roblem of catalyst composition. Its pretreatment was done
n such a way as to obtain anhydrous solid heteropolyacid

6P2W18O62. However, there was the possibility that on con-
act with water vapour introduced in the feed, it could absorb an
mount of water high enough to form a definite crystallohydrate,
.g. H6P2W18O62·6H2O with a radically different “secondary”
tructure.

The water vapour sorption isotherm (cH2O =
.08 p0.283

H2O (H2O molecules)/H+) obtained at 40 ◦C for
nhydrous H6P2W18O62 presented in Fig. 10. The value of
H2O obtained by extrapolation to the highest applied pressure
pH2O = 8.8 kPa) is cH2O = 1.99 (H2O molecules)/H+. It
elates to the situation in which no any other absorbate is
resent besides water vapour. Also, the isotherm of ethanol

orption on dehydrated H6P2W18O62 presented in the earlier
aper of the present author [9] shows that at pEtOH = 8.8 kPa at
0 ◦C about 2.4 C2H5OH molecules per one proton are uptaken
t the absence of water vapour. However, both above isotherms

3

H2O = 5.3 kPa 0.300 0.009

H2O = 8.8 kPa 0.251 0.398

o not give reliable information concerning the sorption of
eagents in the course of catalytic reaction when ethanol and
ater supplied in the feed are mostly used for synthesis of
TBE and TBA or are passing the reactor without reaction.
ence, in the steady state of the catalytic reaction sorption of

eagents, water and ethanol vapours, was expected to be much
maller than in the above independent sorption experiments.

Much more reliable information can be obtained from the
ass balance carried out on the basis of chromatographic anal-

sis, i.e. the comparison of the water and ethanol contents in
he feed and in the products leaving the reactor. The sorption
f both ethanol and water in the course of 100 min of the cat-
lytic run, starting from the moment (5 min) when the sample
ould be taken for analysis, estimated in this way is character-
zed by the data presented in Table 2. It is seen that during the
atalytic reaction no any appreciable sorption of water vapour
as detected (within the experimental error) at pH2O = 3.8 kPa.

t increased to 0.01 H2O/DU and 0.40 H2O/DU (where DU is
awson anion) at pH2O equal to 5.3 and 8.8 kPa, respectively.
he formation of crystallohydrate phase could not occur and the
eviation of the composition of the catalyst was not essential in
ny of these cases.

It should be observed that at pH2O = 3.8 kPa and 5.3 kPa
orption of ethanol was predominant and only at the highest
ater content in the feed, 8.8 kPa, sorption of water became
igher than that of ethanol.

Let us now compare the above-presented results with the
odel of the catalytic system in which electrophilic addition

f an alcohol to isobutene occurs on a solid heteropolyacid. It
as developed for MTBE formation in Ref. [18] and for ETBE in
ef. [9]. It can be now enlarged by including into consideration
esides alcohol (in the present case ethanol), also water intro-
uced together with ethanol into the feed, both as the vapours
n helium carrier gas. Hence in a parallel reaction two products,
TBE and TBA, are forming.

The present reaction system can be described as follows:

. The electrophilic addition of ethanol and/or water to
isobutene occurs – as it is accepted in organic chemistry –
with the formation of carbocation as an intermediate.

. As it has been shown in Refs. [7] and [9] the non-polar
isobutene does not penetrate the bulk of HPA crystallites
and remains adsorbed at the surface. It is assumed that it is

forming the protonated monomers or oligomers using loosely
bonded protons supplied from the bulk of the catalyst.

. As the earlier experiments show ethanol [19] and water [20]
penetrate easily the bulk of HPA crystallites and are forming
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the protonated clusters. The formation of protonated ethanol
and water molecules has been confirmed by FTIR investiga-
tions as, e.g. in Ref. [19].

. In the catalytic system protons contained in the solid HPA
are partly forming hydrogen bonds (detected by FTIR inves-
tigations [19]) between HPA anions and partly bonded in
protonated ethanol and water clusters. Protonation enthalpy
of methanol coming from the gas phase in H4SiW12O40 to
CH3OH+

2(s) was determined as −58.9 kJ mol−1 [21]. Simi-
lar values can be expected for the formation of protonated
ethanol C2H5OH+

2(s) in the bulk of H6P2W18O62.
. As already said protons loosely bonded in the interanionic

hydrogen bonds are also used for the formation of carboca-
tions, which are intermediate species in the catalytic reaction.
Hence such loosely bonded protons are playing the role of
catalytically active centers.

. The catalytic reaction occurs between isobutene carbocations
and ethanol and/or water molecules supplied from the bulk
(or possibly from the gas phase).

Considering the fact that sorption of ethanol and water on
ehydrated heteropolyacid is definitely fast it may be assumed
hat in the bulk the equilibrium is established between dif-
erent proton containing species, protons in hydrogen bonds,
rotonated ethanol and water clusters as well as non-protonated
2H5OH and H2O molecules. The latter are assumed to react
ith surface carbocations. Hence the role of C2H5OH and H2O
olecules absorbed in the bulk appears to be double: when

rotonated they decrease the concentration of loosely bonded
rotons, catalytically active, and hence decrease the reaction
ate which is reflected in the negative reaction order (ethanol in
mpirical rate equation for rETBE, Table 1). On the other hand as
on-protonated species they are assumed to be the substrate for
TBE and TBA formation. At concentrations of absorbed water
t the pressures lower than 5.3 kPa this effect controlled the rate
f TBA formation, rTBA increased with the increase of pH2O.
t pH2O > 5.3 kPa we can expect an increased participation of

bsorbed water in bonding the protons involved in the formation
f interanionic hydrogen bonds. At this situation the retardation
f rTBA with the increase pH2O is observed.

In the previous publication [9] in which synthesis of ETBE on
6P2W18O62 catalyst was investigated at the absence of water
apour in the feed and also in the solid HDA in the form of
rystal water the following sequence of reactions in catalytic
rocess has been discussed:

4H8(g) → C4H8(�) (15)

2H5OH(g) → C2H5OH(s) (16)

C4H8(σ) → (C4H8)m(σ) (17)

C4H8)m(σ) + H(s)
+ → ((C4H8)mH)+(σ) (18)

C2H5OH(s) + H(s)
+ → ((C2H5OH)nH)+(s) (19)
(C4H8)mH)+(σ) + C2H5OH(s)}
→ ETBE + (C4H8)(m−1)(σ) + H+

(σ) (20a)

r

lysis A: Chemical 277 (2007) 252–261

(C4H8)mH)+(σ) + C2H5OH(g)}
→ ETBE + (C4H8)(m−1)(σ) + H+

(σ) (20b)

here g and s are the molecules in the gas or solid phase, σ

he molecule adsorbed at the surface, m the number of isobutene
olecules in the surface oligomer and n is the number of ethanol
olecules in protonated cluster.
In the present catalytic reaction system one additional sub-

trate, water vapour, and one additional product, TBA, appear
nd hence, the reactions:

2O(g) → H2O(s) (15′)

H2O(s) + H(s)
+ → ((H2O)qH)+(s) (16′)

(C4H8)mH)+(σ) + H2O(s)→ TBA + ((C4H8)(m-1)H)+(σ)

(17′)

q is the number of water molecules in protonated cluster) should
e taken into account.

In an attempt to deduce theoretical rate equations two possi-
ilities of proposing the rate determining step were chosen. The
rst one was the same as it was proposed for the system devoid
f water: the formation of carbocation reaction (18). Assuming:

IB = k18[(C4H8)m(σ)][H
+
(s)] (21)

sing the virtual equilibrium of reactions (17) and (18) as well
s (15′) and (16′) the equation:

IB = γ pm
IBp

(−n/2)
EtOH p

(−q/2)
H2O ([(C2H5OH)nH+

(s)][(H2O)qH+
(s)])

1/2

(22)

here γ = k18K
m
15K

(−n/2)
16 K17K

(−q/2)
(15′) K

(−1/2)
(19+16′) was obtained.

As the other possibility as the rate determining step the reac-
ion of carbocation with polar molecules (ethanol and water)
upplied from the solid was taken. In such case:

IB = rETBE + rTBA (23)

The values rETBE and rTBA, reactions (20a) and (17′) were
alculated starting from the equations:

ETBE = k(20a)[((C4H8)mH+)(σ)] [C2H5OH(s)] (24)

TBA = k(17′)[(C4H8)mH+)(σ)] [H2O(s)] (25)

Assuming the virtual equilibrium of reactions (15)–(19) and
15′) and (16′) the following kinetic equations were obtained:

ETBE

= η pm
IBp

(1−n/2)
EtOH p

(−q/2)
H2O ([(C2H5OH)nH+

(s)][(H2O)qH+
(s)])

1/2

(26)
TBA

= ξ pm
IBp

(−n/2)
EtOH p

(1−q/2)
H2O ([(C2H5OH)nH+

(s)][(H2O)qH+
(s)])

1/2

(27)
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= k(20a)K
m
15K

(1−n/2)
16 K17K18K

(−q/2)
(15′) K

(−1/2)
(19+16′) and

= k(17′)K
(−n/2)
16 Km

17K18K19K
(−q/2)
(15′) K

(−1/2)
(19+16′).

In the case of the catalytic system devoid of water previously
nvestigated it could be assumed that [(C2H5OH)nH+)(s)] value
as proportional to the total content of ethanol in the solid cEtOH

xpressed by the Freundlich isotherm of sorption:

(C2H5OH)nH+
(s)] ∼ cEtOH = 1.2p0.3

EtOH (28)

The above discussion concerning the content of H2O and
2H5OH in the catalyst during the catalytic reaction indi-
ates that similar substitution cannot be done and hence
uch comparison of the above results with the experi-
ental results is at present not possible. Also the effect

f the term ([(C2H5OH)nH+
(s)][(H2O)qH+](s))

1/2
in which

(C2H5OH)nH+
(s)] and [(H2O)qH+

(s)] values depend on the partial
ressure of ethanol and water cannot be estimated based on the
resent results.

It should be observed that in the case of an analogous reac-
ion, formation of MTBE by methanol addition to isobutene on
n acid resin [15] the Langmuir–Hinshelwood–Hougen–Watson
pproach was applied and this enabled to calculate reaction
arameters. However, the application of this latter approach
o the interpretation of the present results would be only
trictly formal as LHHW approach assumes that adsorption of
he reactants obeys Langmuir adsorption isotherm which con-
erns only with the surface sorption and does not take into
ccount the possibility of simultaneous surface and volume
orption, the fact well-confirmed by the presented experimental
esults.

. Conclusions

. At the presence of water vapour in the feed, tert-butyl alco-
hol (TBA) is forming besides ethyl-tert-butyl ether (ETBE),
which, up to pH2O = 8.8 kPa, is the main product. The rate
of ETBE formation, rETBE, depends not only of the partial
pressures of isobutene and ethanol but also on that of water
vapour, which formally does not participate in ETBE for-
mation. Similarly the rate of TBA formation, rTBA depends
not only on the partial pressures of isobutene but also that of
ethanol.

. Empirical rate equations were formulated in which both
rETBE and rTBA exhibit exponential dependence on isobutene
and ethanol partial pressures. However, while the reaction
rates with respect to isobutene are positive and the rates
increase with pC4, reaction orders with respect to ethanol
are negative and the rates decrease with the increase of
pEtOH. The dependence of the rates on water vapour con-
tent is complicated and cannot be represented by a simple
function.

. The experimental results can be explained qualitatively based

on the model of the catalytic system in which protonated
isobutene molecules, intermediate species of catalytic reac-
tion, remain at the surface of heteropolyacid crystallites and
react with C2H5OH and/or H2O molecules supplied from

[
[

[

lysis A: Chemical 277 (2007) 252–261 261

the bulk or from the gas phase. Polar ethanol and water
molecules penetrate the bulk of the solid and get partially
protonated by the protons loosely bonded in the interanionic
hydrogen bonds. In the bulk an equilibrium is established
between protons in the hydrogen bonds and protonated as
well as not protonated C2H5OH and H2O molecules. This
equilibrium determines the concentration of loosely bonded
protons considered to be catalytically active centers.

. An attempt to obtain theoretical rate equations similar
to those obtained previously and adequately representing
experimental results has not been successful, owing to the
complicated dependence of the simultaneous sorption of
ethanol and water vapour by the catalyst on the composition
of the gas phase.
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20] A. Bielański, J. Datka, B. Gil, A. Małecka-Lubańska, A. Micek-Ilnicka,
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