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a b s t r a c t

The liquid-phase dehydration of ethanol to diethylether over heterogeneous sulfonic-acid catalysts was
carried out in a stirred batch reactor. The different Amberlyst catalysts were found to have similar activ-
ities for this reaction; even though Amberlyst 70 showed a lower acid capacity compensated by a higher
specific activity. By comparing the conversion of ethanol as a function of reaction mixture composi-
eywords:
therification
ulfonic-acid catalysts
thanol
olvent effect

tion, it was found that reaction rates greatly depended on ethanol concentration but also on reaction
mixture polarity. The swelling of the used resins could not explain the observed variations of initial
reaction rate since this effect was observed both with resins and with homogeneous catalyst, i.e. p-
toluenesulfonic acid. The initial ethanol concentration has a complex effect on initial reaction rates
that could not be correlated by usual kinetic models. Taking account of the intrinsic reactivity trends
of the SN2 etherification reaction, a strong dependence was found between solvent properties and initial

reaction rate.

. Introduction

The intermolecular reaction of primary alcohols gives ethers,
hich are important high value oxygenated compounds. Among

hem, dimethyl ether appears to be a promising alternative com-
ression ignition fuel with reduced NOx, SOx, and particulate matter
missions [1]. Catalytic dehydration processing of methanol has
een successfully industrialized since the last decade and uses solid
cid catalyst in a fixed [2,3] or fluidized-bed reactor [4] and is still
current subject of research interest [5].

It is also well known that the addition of oxygenated additives to
asoline and diesel fuels represents a promising method of enhanc-
ng the combustion efficiency in internal combustion engines with

n equally significant reduction of pollutant emissions [6]. In com-
arison with short and branched ethers used in gasoline such as
TBE (methyl tert-butyl ether) or ETBE (ethyl tert-butyl ether),

thers for diesel have to be linear with a relatively long chain [7–13].
ehydration of linear primary alcohols to dialkyl ethers is per-
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LGPC), UMR 2214 CNRS/CPE Lyon, Université de Lyon, 43 boulevard du 11 novem-
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formed in the liquid phase over solid acid catalysts below 433 K
to limit the formation of alkene [12,14]. Experiments were per-
formed in pure alcohols and ether selectivity and yields higher than
90% were obtained [10,15]. Langmuir–Hinshelwood or Eley–Rideal
kinetics models have been used to represent rate data of liquid-
phase dehydration of alcohols to ethers [10,15–17]. However, some
discrepancy was observed for sulfonic styrene–divinylbenzene
copolymer catalysts because of complex interactions between
reactants, by-products, reaction medium and heterogeneous cat-
alyst [10,16]. Water formed during alcohol etherification reaction
is known to strongly adsorb on solid catalyst and to strongly
inhibit the etherification reaction [9,16]. Furthermore, the sol-
vent can have a dramatic effect on the acid strength of solid
acid catalysts [18,19] and on the accessibility of active sites
[8,10,18].

This work presents the study of solvent composition on reac-
tion kinetic of liquid-phase dehydration reaction of linear alcohol
to dialkyl ethers. Specifically noteworthy is the observation that
the composition of the bulk solvent properties during dialkyl
ether synthesis dramatically change from protic solvent (i.e. lin-
ear alcohol) to aprotic solvent (i.e. dialkyl ethers) and water. This

paper presents the results obtained in our investigations on the
preparation of diethylether from ethanol over a series of sulfonic
styrene-divinylbenzene copolymers. More precisely our efforts
have been dedicated to the analysis of the influence of liquid phase
composition on the initial rate data.

dx.doi.org/10.1016/j.apcata.2011.01.012
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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. Experimental

.1. Chemicals

Ethanol, 1-butanol, dimethylsulfoxide, heptane, toluene, sul-
olane, were supplied by Aldrich (analytical grade, 99%) and used
s received.

.2. Catalysts

Dry Amberlyst-15 (A15), Amberlyst-35 (A35), Amberlyst-36
A36) were provided by Rohm and Haas, France and used as
eceived. Amberlyst-70 (A70), kindly provided wet by Rohm and
aas France, was washed with water, 1 N HCl, water and then
ried under vacuum. Particles with diameters between 0.3 and
.2 nm were used. p-Toluenesulfonic acid monohydrate (p-TSA)
as supplied from Aldrich and used without further purification.
haracteristics of catalysts are shown in Table 1.

.3. Apparatus

The experiments were carried out in a stainless steel 125 mL
utoclave operating in batch mode. The reaction medium was
tirred at 600 rpm by a Rushton turbine and mixing baffles on the
eactor walls were used to improve the mixing. An internal ther-
ocouple coupled with heating resistor allows measurement and

ontrol of the reaction mixture temperature with an accuracy of
1 K. A pressure transducer was used to measured reactor pressure.

.4. Procedure

The reactor was filled at 80 vol.% by different concentration mix-
ures of ethanol and solvent. Catalyst concentration was fixed to
0 mmol H+ L−1 for both heterogeneous and homogenous catalysts.
he reactor was closed and then pressurised to 5 bar with N2 at
oom temperature. Then, the reaction mixture was then heated
o 433 K and an internal pressure up to 15 bar was obtained. It
ypically takes 6–8 min to reach this working temperature. To fol-
ow the concentration variation of compounds with time, 0.25 mL
iquid samples were periodically sampled from the reactor, pre-
isely weighted, mixed with known amount of 1-butanol (used
s an external standard) and analyzed by an 6890 Agilent GC
quipped with a DB-Wax column and a FID detector. Initial rates
ere deduced from the linear plot of diethylether concentration

s a function of time in between the first sample taken when
he reaction mixture reach 433 K and the last sample taken with

conversion lower than 5 mol%. Some conversion of ethanol to
iethylether was observed until the temperature of the reactor
each 433 K, less than 1 mol%. Thus, the composition of the bulk

olution at 433 K was used as reference.

The error in the mass balance for all the experiment was less
han the average experimental error and no ethylene was detected
n the gas chamber for temperature below 433 K.

able 1
haracteristics of the catalysts as provided by the supplier.

Catalyst Acidity (eq./kg) Pore diameter (Å) Specific area (m2/g)

A15 4.7 300 53
A35 5.2 300 50
A36 5.4 240 33
A70 2.6 220 36
p-TSA 5.25 n.a. n.a.
General 394 (2011) 276–280 277

2.5. Estimation of ethanol activity

The non-random two liquids (NRTL) theory was used to esti-
mate compounds activity coefficient in mixture and equilibrium
properties. This theory introduced by Prausnitz et al. [20] allows
to calculate activity coefficient (� i) (Eq. (1)) with the use of binary
interactions coefficients C0

ij
, CT

ij
˛0

ij
, ˛T

ij

ln �i =
∑n

j=1�ijGijxj∑n
k=1Gkixk

+
∑n

j=1

xjGij

Gkjxk

(
�ij −

∑n
k=1xk�kjGkj∑n

k=1Gkjxk

)
(1)

with

�ij =
C0

ij
+ CT

ij
(T − 273.15)

RT

Gij = exp(−˛ij�ij)

˛ij = ˛0
ij + ˛T

ij(T − 273.15)

Calculation were made by the used of process simulation soft-
ware (ProsimPlus) [21] in with interaction parameter are already
implemented.

2.6. Composition of the gas phase

To check the fulfillment of mass balance, the volatile compounds
mole in gas phase were estimated using NRTL theory [20,21]. The
volume of gas phase was very small compared to the liquid phase
and it was essentially composed by nitrogen. For experiments with
toluene or heptane, less than 5 mol% of ethanol and diethylether
were in the gas phase.

3. Results and discussion

3.1. Catalytic activity

Since water is known to decrease the activity of etherification
catalysts, all solvents and catalysts were used dried with the excep-
tion of p-TSA, which was used as a monohydrate. In this particular
case, the initial water concentration was equal to 30 mmol L−1

(540 mg L−1). Toluene was chosen as diluent for the comparison
of the catalytic activity of homogenous and heterogeneous cata-
lyst because of the lack of solubility of p-TSA in aliphatic solvent.
The concentration of ethanol was arbitrarily set to 3.3 mol L−1 and
reaction temperature was set to 433 K for the reaction to be as fast
as possible avoiding ethylene formation [22]. It should be noticed
here that the reaction temperature was higher than the maximum
operating temperature recommended by the supplier (393 K for
A15, 423 K for A 35 and A36 and 463 K for A70). However, fresh
resins were used for each experiment and the experimental data
point used to determined initial reaction rate were obtained in less
than 30 min. Fig. 1 compares the reactivity of the catalyst for the
same concentration of acidic sites, i.e. 30 mmol H+ L−1.

We have previously checked that, for both homogeneous
and heterogeneous catalyst, the reaction rate was propor-
tional to the amount of catalyst at least until a concentration
of 120 mmol H+ L−1. Under our conditions, the heterogeneous
sulfonic-acid catalysts were found to be more active than the
homogeneous acid catalyst. The yield of diethylether was higher
than 10% after 60 min with heterogeneous sulfonic acid catalyst

whereas a conversion of less than 0.5% was obtained using p-TSA
(Fig. 1). The initial reaction rate difference between resins and p-
TSA can be explained by: (i) an initial water concentration equal
to 30 mmol L−1 when monohydrate p-TSA was used as catalyst and
(ii) an increase of acidity strength due to higher acid density in
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heptane. Fig. 4 shows the evolution of the initial reaction rate of
etherification of ethanol as the function of initial ethanol concen-
tration in heptane for solid acid catalyst A36 and A15.
ig. 1. Reaction profile of ethanol dehydration 3.3 mol L−1 in toluene at 433 K as a
unction of catalysts (30 mmol H+ L−1).

esins [23] and by a “confinement” effect [18,24], ethanol being
uch more concentrated in the solid catalyst due to a higher affin-

ty of ethanol for the resin. Initial reaction rate data are given in
able 2. Among the sulfonic-acid catalysts, and for an equivalent
roton loading, A70 was found to have the highest initial reaction
ate. It should be noted that 1 kg of A70 contained only 2.6 mol of
cid group whereas A36, A35 and A15 contained twice this amount
f acid group (Table 1). Therefore, using the same weight loading
f catalyst, A70 was the less active catalyst.

.2. Influence of the ethanol concentration.

Fig. 2 shows the evolution of the initial reaction rate versus
nitial ethanol concentration in toluene. For A15, the initial reac-
ion rate increases when the ethanol concentration increases. A
lateau was reached for a concentration of 6 mol L−1 of ethanol
nd could be explained by the saturation of the reactive acidic
enters of the catalyst by the ethanol [25–27]. Furthermore, an
nflexion of the initial reaction rate was observed for a concen-
ration of ethanol of 3 mol L−1. We have carefully checked these
oints and the profiles observed in Fig. 2 were confirmed. Since the
ixture ethanol–toluene is a non-ideal system, the ethanol activ-

ty has been calculated for the binary system of solvent using NRTL
heory [20,21]. Fig. 2 shows the evolution of the initial reaction rate
ersus initial ethanol activity in toluene and the same profile were
oticed.

The role of the solvent in controlling the swelling of the resin

nd on the acid strength of solid acid catalyst has already been
escribed and could explain such a profile [10,19]. For example,
ne could imagine a catalyst with acid sites having different activ-
ties and accessibilities. The swelling of the resin as the function of
nitial ethanol concentration could give access to new acidic sites.

able 2
nitial reaction rate data for the liquid-phase dehydratation reaction of ethanol
3.3 mol L−1) to diethylether at 433 K in toluene, catalyst loading of 30 mmol H+ L−1.

Catalyst r0
i

(mol (min mMH+ )−1)a r0
i

(mol (min g)−1)a

A70 0.025 0.065
A36 0.019 0.10
A35 0.017 0.09
A15 0.017 0.08
p-TSA 0.00044 0.0026

a Experimental error ±5%.
Fig. 2. Initial reaction rate of etherification of ethanol as the function of initial
ethanol concentration in toluene (A15, 433 K, catalyst loading of 30 mmol H+ L−1).

Thus, we decided to further study this reaction using homogeneous
catalyst, i.e. p-TSA (Fig. 3).

As expected (Fig. 1), the initial reaction rate for p-TSA was sig-
nificant lower due to the presence of one equivalent of water but,
as expected with homogeneous catalyst, an increased of the ini-
tial reaction rate with increasing concentration of ethanol was
observed (Fig. 3). However, an inflexion of the initial reaction rate
was observed again, but for a concentration of ethanol of 8 mol L−1.
Thus, the inflexion observed with the resin (Fig. 2) could not be
explained by the swelling of the resin as the function of bulk solvent
properties. Moreover, the inflexion is observed at higher ethanol
concentration. Such difference between homogeneous and het-
erogeneous catalyst could be explained because ethanol strongly
bound by polar interaction to resin A15. Since ethanol is strongly
chemisorbed on the resin, the inflexion is believed to occur at lower
ethanol initial concentration while the local concentration in the
catalyst is much higher. We decided to further study this effect in
Fig. 3. Initial reaction rate of etherification of ethanol as the function of initial
ethanol concentration in toluene (p-TSA, 433 K, catalyst loading of 30 mmol H+ L−1).
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Table 3
Initial reaction rate of etherification of ethanol as a function of solvent, solvent
dielectric constant (εr) and scale of solvent hydrogen-bond acceptor (�) (ethanol
(1 mol L−1) 433 K, A15 catalyst loading of 30 mmol H+ L−1).

Solvent r0
i

(mol m−3 min−1) εr
a ˇa,b

Heptane 7.3 1.92 0
Chlorobenzene 6.9 7 7
Toluene 6.8 2.38 11
Sulfolane 3.3 44 39
THF 0.82 7.58 55
ig. 4. Initial reaction rate of etherification of ethanol as the function of initial
thanol concentration in heptane (433 K, catalyst loading of 30 mmol H+ L−1).

Reaction rate was shown to be slightly faster than in toluene.
oreover, it increased when increasing the concentration of

thanol. As expected, for a concentration above 6 mol L−1 of
thanol, complete adsorption of ethanol on the reactive acidic cen-
ers of the catalyst limit the reaction for both resins and resin A36
as the higher activities. Furthermore, the same inflexion of ini-
ial reaction rate as the function of the ethanol concentration was
bserved for both resins and for the same ethanol initial concen-
ration, i.e. 3 mol L−1 (Fig. 4). In order to explain this inflexion,
e have checked the influence of solvent composition on acti-

ation energy of etherification of ethanol. The activation energy
or diluted and pure ethanol were determined from the Arrhe-
ius plots of initial reaction rate versus reciprocal temperature
nd are shown in Fig. 5, with the activation energies obtained
rom the slope. Activation energies of 121 ± 10 kJ mol−1 and
17 ± 10 kJ mol−1 for pure ethanol and 0.8 mol L−1 ethanol in hep-

ane, respectively, were obtained. These values are comparable to
reviously reported literature data, in the range 100–120 kJ mol−1

8,11,15,17,23].

ig. 5. Arrhenius plot for ethanol dehydration in heptane, in presence of A15 for
oth pure ethanol and ethanol diluted in heptane (0.8 mol L−1), catalyst loading of
0 mmol H+ L−1.
DMSO 0.0074 46.45 76

a See [28].
b See [29].

As both activation energies are similar it appears that no differ-
ence of mechanism can explain the unexpected inflexion observed
while plotting reaction rates versus ethanol concentration (Fig. 4).

3.3. Solvent effect in etherification of ethanol

The inflexion observed in the initial reaction rate of etheri-
fication of ethanol as a function of initial ethanol concentration
(Fig. 4) couldn’t be explained by the swelling of the resins or by
a modification of activation energy. However, a change on the acid
strength of catalyst could be suspected. Furthermore, it is known
that surface-catalysed coupling of alcohols to ethers proceeds by
the SN2 pathway [28]. The strong dependence of the activation-
free energy of SN2 reactions on the solvent is well known [29–31]
and could explain the effect observed. Thus, we decided to study
the activities of acid catalyst A15 for ethanol dehydration in dif-
ferent solvents. Initial reaction rate as the function of solvent are
reported in Table 3.

The results obtained at constant ethanol concentration (Table 3)
clearly show a strong influence of the solvent on the initial reaction
rate of etherification of ethanol. The general trend is the diminu-
tion of the catalyst activity with an increase of solvent dielectric
constant, but a much better fit is observed (Fig. 6) using a � scale
of solvent hydrogen-bond acceptor (HBA) from Kamlet–Taft [32].

The results obtained are in good accordance with the common
mechanistic study and kinetic model proposed in the literature for

dehydration reaction of alcohols catalysed by ion-exchange resins
(Fig. 7). It is assumed that the dehydration of alcohols to ethers
involves the in situ formation of an oxonium ion at the surface of
the ion-exchange resin follow by a nucleophilic bimolecular sub-

Fig. 6. Initial reaction rate of etherification of ethanol as the function of � parameters
(ethanol concentration: 1 mol L−1, 433 K, A15 catalyst loading of 30 mmol H+ L−1).
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Fig. 7. Influence of solvent properties on kinetic model (Eley–Rideal).

titution (SN2). Thus, a decrease of reaction rate (Fig. 6) is observed
hen the � parameter increases, a high � value involving a better

tabilisation of the oxonium ion [31].
Moreover it is also known that the acidity of the sites of the cata-

yst can be increased by interaction with solvent capable of forming
trong hydrogen bonds with the anion of the catalytic site [33]. Such
roperties can be evaluated using an � scale of solvent hydrogen-
ond donor (HBD) [31,32]. In our case, among the solvents used
nly ethanol has an � parameter different than 0 (˛ = 0.83). In our
xperiments, the amount of ethanol adsorb on the resin is believed
o decrease from alcanes to DMSO. A decrease of the local concen-
ration of ethanol and should decrease the strength of the catalyst.
hus, ethanol concentration has a very complex effect on the reac-
ion rate: it increase the reaction rate by an increase of reactant
oncentration and by an improvement of acid strength of the cata-
yst (HBD parameter) but in the same time it slow down the reaction
ate as oxonium ion stabiliser (HBA parameter). The function, which
esults of these antagonist parameters, is reported indirectly in
igs. 2–4.

. Conclusion

The influence of the liquid phase composition on the initial
eaction rate of ethanol etherification has been investigated using
ifferent sulfonic acid catalyst. For both heterogeneous and homo-
eneous sulfonic-acid catalysts it was observed that the initial
thanol concentration has a complex effect on initial reaction rates.
nitial reaction rates depend on ethanol concentration but also on
ulk solvent properties.
From the data, we could conclude that the observed inflexion of
he initial reaction rate of the liquid phase dehydratation of ethanol
o diethylether in non polar solvents as the function of ethanol
oncentration could be explain by the formation of a new liquid
hase around the acid site. The composition of this liquid phase

[

[

[
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greatly depends on bulk solvent properties. This study suggests
that solvent effect should be take into account in the modelling of
etherification and could explain the discrepancy observed between
models and experimental data obtained during liquid-phase forma-
tion of ethers.

References

[1] T.A. Semelsberger, R.L. Borup, H.L. Greene, J. Power Sources 156 (2006)
497–511.

[2] J. Bandiera, C. Naccache, Appl. Catal. 69 (1991) 139–148.
[3] G. Bercic, J. Levec, Ind. Eng. Chem. Res. 32 (1993) 2478–2484.
[4] W.Z. Lu, L.H. Teng, W.D. Xiao, Chem. Eng. Sci. 59 (2004) 5455–5464.
[5] M.P. Atkins, M.J. Earle, K.R. Seddon, M. Swadzba-Kwasny, L. Vanoye, Chem.

Commun. 46 (2010) 1745–1747.
[6] S. Pariente, N. Tanchoux, F. Fajula, Green Chem. 11 (2009) 1256–1261.
[7] G.A. Olah, T. Shamma, G.K.S. Prakash, Catal. Lett. 46 (1997) 1–4.
[8] J. Tejero, F. Cunill, M. Iborra, J.F. Izquierdo, C. Fité, J. Mol. Catal. A. Chem. 182–183

(2002) 541–554.
[9] I. Hoek, T.A. Nijhuis, A.I. Stankiewicz, J.A. Moulijn, Appl. Catal. A 266 (2004)

109–116.
10] F. Cunill, J. Tejero, C. Fite, M. Iborra, J.F. Izquierdo, Ind. Eng. Chem. Res. 44 (2005)

318–324.
11] R. Bringué, M. Iborra, J. Tejero, J.F. Izquierdo, F. Cunill, C. Fité, V.J. Cruz, J. Catal.

244 (2006) 33–42.
12] R. Bringué, J. Tejero, M. Iborra, C. Fite, J.F. Izquierdo, F. Cunill, J. Chem. Eng. Data

53 (2008) 2854–2860.
13] J. Tejero, C. Fite, M. Iborra, J.F. Izquierdo, F. Cunill, R. Bringue, Micropor. Mesopor.

Mater. 117 (2009) 650–660.
14] R. Bringué, J. Tejero, M. Iborra, J.F. Izquierdo, C. Fite, F. Cunill, Ind. Eng. Chem.

Res. 46 (2007) 6865–6872.
15] J. Tejero, C. Fite, M. Iborra, J.F. Izquierdo, R. Bringue, F. Cunill, Appl. Catal. A 308

(2006) 223–230.
16] R. Bringué, J. Tejero, M. Iborra, J.F. Izquierdo, C. Fite, F. Cunill, Top. Catal. 45

(2007) 181–186.
17] E. Medina, R. Bringue, J. Tejero, M. Iborra, C. Fite, Appl. Catal. A 374 (2010) 41–47.
18] S.-K. Ihm, J.-H. Ahn, Y.-D. Jo, Ind. Eng. Chem. Res. 35 (1996) 2946–2954.
19] S. Koujout, D.R. Brown, Catal. Lett. 98 (2004) 195–202.
20] J.M. Prausnitz, R.N. Lichtenthaler, E.G. Azevedo, Molecular Thermodynamics

of Fluid-Phase Equilibria, third ed., Prentice Hall PTR, Upper Saddle River, NJ,
U.S.A., 1999.

21] ProSimPlus®: Steady-state simulation and optimization of processes, 2008.
http://www.prosim.net.

22] L. Degirmenci, N. Oktar, G. Dogu, Ind. Eng. Chem. Res. 48 (2009) 2566–2576.
23] B.C. Gates, L.N. Johanson, J. Catal. 14 (1969) 69–76.
24] T. Dogu, N. Boz, E. Aydin, N. Oktar, K. Murtezaoglu, G. Dogu, Ind. Eng. Chem.

Res. 40 (2001) 5044–5051.
25] R.G. Herman, F.H. Khouri, K. Klier, J.B. Higgins, M.R. Galler, C.R. Terenna, J. Catal.

228 (2004) 347–361.
26] J.G. Nunan, K. Klier, R.G. Herman, J. Catal. 139 (1993) 406–420.
27] J.G. Nunan, K. Klier, R.G. Herman, J. Catal. 141 (1993) 741.
28] K. Klier, Q. Sun, O.C. Feeley, M. Johansson, R.G. Herman, 11th International

Congress on Catalysis – 40th Anniversary, Elsevier Science, 1996 (pp. 601–610).
29] A.J. Parker, Chem. Rev. 69 (1969) 1–32.
30] S.S. Shaik, J. Am. Chem. Soc. 106 (1984) 1227–1232.

31] C. Reichardt, Solvents and Solvent Effects in Organic Chemistry, 3rd ed., Wiley-

VCH, New York, 2003.
32] M.J. Kamlet, J.L.M. Abboud, M.H. Abraham, R.W. Taft, J. Org. Chem. 48 (1983)

2877–2887.
33] D. Farcasiu, A. Ghenciu, G. Marino, K.D. Rose, J. Am. Chem. Soc. 119 (1997)

11826–11831.

http://www.prosim.net/

	Solvent effects in liquid-phase dehydration reaction of ethanol to diethylether catalysed by sulfonic-acid catalyst
	Introduction
	Experimental
	Chemicals
	Catalysts
	Apparatus
	Procedure
	Estimation of ethanol activity
	Composition of the gas phase

	Results and discussion
	Catalytic activity
	Influence of the ethanol concentration.
	Solvent effect in etherification of ethanol

	Conclusion
	References


