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An option to introduce bioethanol to diesel, improving at the same time its fuel quality, is by adding ethyl octyl ether
(EOE). It can be obtained successfully by the dehydration reaction between ethanol and 1-octanol over acidic ion-
exchange resins. In the present work, the kinetic study of EOE synthesis on Amberlyst 70 in the liquid phase is per-
formed in a 20-cm3 fixed-bed reactor and in a 100-cm3 batch reactor at 423–463 K and 2.5 MPa. EOE synthesis takes
place together with diethyl ether (DEE) formation as main side reaction. A mechanistic kinetic model in terms of com-
ponent activities is proposed for EOE synthesis (Ea5105 6 4 kJ/mol) and for DEE formation (Ea 5100 6 5 kJ/mol).
Reaction rates were highly inhibited by the adsorption of the formed water on Amberlyst 70. The inhibitor effect of
water is well represented as a competitive adsorption with alcohols reactants on the catalysts surface. VC 2014 American

Institute of Chemical Engineers AIChE J, 60: 2918–2928, 2014
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Introduction

Linear ethers with at least nine carbon atoms show high
cetane numbers and desirable cold flow properties as light
diesel fuel components.1–3 Additionally, the use of alcohols
coming from renewable sources to form such ethers is a
chance to increase the biofuel percentage into the diesel
pool. A compound that fulfills both requirements is ethyl
octyl ether (EOE) with 10 carbon atoms, 10 w/w % oxygen
content, boiling point of 460 K, density of 771 kg/m3, cetane
number of 97, and satisfactory lubricity.1,4

EOE can be synthesized in only one reaction step from
the dehydration reaction between ethanol (EtOH) and
1-octanol (OcOH).4–6 As Figure 1 illustrates, the desired
reaction between the two alcohols to obtain EOE takes place
in parallel with the intermolecular dehydration of two OcOH
molecules to form di-n-octyl ether and that of two EtOH
molecules to form diethyl ether (DEE). From an industrial
standpoint, the differences between EOE, di-n-octyl ether,
and DEE as possible candidates for diesel blends are rele-
vant. DEE has a potential interest as a diesel compound
because it is completely produced from bioethanol. In addi-
tion, the cetane number of DEE is really high (�90) in com-
parison to that of EtOH (�8), or that of commercial diesel
fuel (40–55).1,4 However, the high volatility of DEE is a
serious drawback for its addition in large quantities to diesel
blends. Conversely, EOE and di-n-octyl ether are linear

long-chain ethers with excellent properties as diesel
components.5

EOE can be successfully synthesized using acidic ion-
exchange resins as catalysts.4–6 The etherification reactions
proceed smoothly from the beginning; being EOE and DEE
formed in similar amounts and di-n-octyl ether in much
lower ones. Accordingly, the main industrial drawback of
EOE production is the loss of substantial amounts of EtOH
to form DEE. In medium- and high-crosslinked macroreticu-
lar acidic ion-exchange resins such as Amberlyst 15, 16, 35,
or 36, OcOH permeation is hindered whereas EtOH reach
most of acid sites. As a result, DEE is preferably formed in
such poorly swollen resins (selectivity to EOE 15–20% and
to DEE 15–83%, with respect to EtOH). However, low-
crosslinked resins such as Amberlyst 121, Amberlyst 70, or
Purolite CT224 show wide enough spaces between polymer
chains to allow OcOH access more easily to acid centers,
and in this way, to compete efficiently with EtOH for the
acid sites. Therefore, low-crosslinked resins maximized the
production of EOE and reduced the amount of DEE formed
(selectivity to EOE 41–46% and to DEE 43–53%, with
respect to EtOH).5

Among low-crosslinked resins, the chlorinated Amberlyst
70 presents negligible desulfonation on EOE formation at
temperatures as high as 463 K, whereas the thermal stability
of common ion-exchange resins is limited to 393–423 K.7–11

As a consequence, the use of Amberlyst 70 has been
checked in reactions as esterification, etherification, oligome-
rization, acetalization, and Biginelli.12–17 A much less
reported commercial thermally stable resin is Purolite
CT482. Such catalyst displays much higher acid capacity
(4.25 mol H1/kg) than Amberlyst 70 (2.65 mol H1/kg).
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Both catalysts recover completely their activity to EOE for-
mation after drying, at least during 144 h. However, Purolite
CT482 has a stiffer morphology in comparison to Amberlyst
70, by favoring the production of the less sterically demand-
ing ether, DEE.9 Therefore, Amberlyst 70 was chosen as the
best acidic ion-exchange resin catalyst to produce EOE at
relatively high temperature range (up to 463 K).

Alcohol dehydration, or else, alcohol acetalization reac-
tions are well represented by Langmuir–Hinshelwood–Hou-
gen–Watson (LHHW) or Eley–Rideal (ER) mechanisms.18–27

LHHW mechanisms involve the reaction between an OcOH
and an EtOH molecules adsorbed onto the resin; whereas in
ER mechanisms, an alcohol molecule reacts from the liquid
phase with a second alcohol molecule adsorbed onto the
resin. To the best of our knowledge, the kinetics of EOE for-
mation has not been determined, which is necessary for reac-
tor modeling purposes. As for the formation of main side
product, DEE, Kiviranta-P€a€akk€onen et al.20 proposed an ER
mechanism where an EtOH molecule is adsorbed and the
second EtOH molecule reacts from the liquid phase.

In this work, the kinetic study of the reaction for obtaining
EOE by the dehydration reaction between EtOH and OcOH
on Amberlyst 70 in the liquid phase at the temperature range
of 423–463 K was carried out to find a kinetic model that
was able to predict reaction rates of EOE formation in a
wide range of alcohol, ether, and water concentrations.
Besides, a kinetic model for DEE formation is also
proposed.

Experimental

Materials

OcOH (�99 w/w %, Acros), EtOH (�99.8 w/w %, Pan-
reac), and DEE (�99w/w %, Panreac) were used without
further purification. EOE was produced and purified in our
lab by rectification to �99 w/w %. Bidistilled water and N2

(�99.995 w/w %, Abell�o Linde) were also used. Silicon car-
bide (SiC, Alfa Aesar) particles were used to dilute the resin
catalyst. 1-Octene and di-n-octyl ether (�97%, Fluka) were
used for analysis purposes.

Catalyst

The acidic macroreticular polystyrene-codivinylbenzene
resin Amberlyst 70 (Rohm and Haas) was used as catalyst.
This commercial ion-exchange resin results from the macro-
reticular ion-exchange resin Amberlyst 39TM. Some hydro-
gen atoms of benzene rings are replaced by chlorine by the
action of a gas stream of chlorine. As a result, leaching of
sulfonic groups are minimized up to temperatures as high as
463 K (preparation method patented by Rohm and Haas
Company).21 Its main properties are shown in Table 1. As
seen, porosity of Amberlyst 70 appears in water or alcohol
environment, while the resin is almost collapsed in dry state.
In swollen state, Amberlyst 70 has a greatly expanded gel

phase, comparable to low-crosslinked gel-type resins like
Dowex 50Wx2.9

Apparatus, analysis, and procedure

Experiments were performed in temperature range 423–
463 K using two different reaction setups. A fixed-bed reac-
tor was used to check the influence of OcOH, EtOH as well
as EOE and DEE concentrations on the reaction rate.
Besides the ethers, stoichiometric amounts of water are
formed in the dehydration reaction of EtOH and OcOH. The
effect of water concentration on the reaction rates was
explored in the batch reactor.

Fixed-Bed Reactor. The setup consisted of a 20-cm3

continuous fixed-bed reactor (PID Eng & Tech), schemati-
cally shown in Figure 2. The pressure was set at 2.5 MPa by
means of a micrometric regulating valve, to assure that the
reaction medium was in the liquid phase. The catalytic bed
consisted of Amberlyst 70 homogeneously diluted with inert
SiC particles. SiC was used to keep the bed isothermal, and
also to assure good contact between the reaction medium
and catalyst avoiding back-mixing and channeling. The cata-
lytic bed was formed by catalyst (dp 5 0.49 6 0.05 mm) and
inert (dp 5 0.48 6 0.17 mm) particles of similar size, as seen

Figure 1. Reaction scheme of EOE production from
1-octanol and ethanol.4

Table 1. Characteristics of Commercial Amberlyst 70
9

Catalyst Amberlyst 70

Structure Macroreticular
Divinylbenzene (%) 7
Chlorinated Yes
Skeletal density (kg/m3) 1514
Acidity (mol H1/kg) 2.65
Tmax (K) 463
In Dry State

Mean particle diameter, dp (mm) 0.55
Surface area (m2/g)a 0.02

In Water Swollen State
dp (mm) 0.86
Surface area (m2/g)b 176
Volume of the swollen polymer
phase, Vsp (m3/kg)b

0.0014

Main polymer fraction density (nm22) 0.4
In Alcohol Swollen Statec

dp (mm)d 0.84

aBET method.
bInverse steric exclusion chromatography technique.
cLaser diffraction technique.
dMixture of OcOH and EtOH (ROcOH/EtOH 5 10).

Figure 2. Scheme of the experimental setup.

(1) HPLC pumps, (2) hot box, (3) reactor, (4) catalytic

bed, (5) electrical furnace, (6) regulating valve, and (7)

GLC.
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in Supporting Information Figure S1. The temperature was
controlled within 61 K by an electrical furnace. Liquid sam-
ples were taken in-line from the reactor inlet and outlet and
injected directly into a GLC apparatus (HP6890A GLC,
Hewlett Packard). Analysis procedure is described in detail
elsewhere.9

Amberlyst 70 was dried in an atmospheric oven at 383 K
overnight, prior to place it into the reactor. The water con-
tent of Amberlyst 70, determined by means of an Orion AF8
Karl Fisher titrator, was �2.25 w/w %. Then, dried catalyst
samples (0.1–2 g) were diluted in inert SiC (12–15 g). After
filling the reactor and placing it in the experimental setup,
the water content of the catalyst was reduced to 1.23 w/w %
by EtOH percolation (q 5 5 cm3/min, t 5 5 min), and finally
it was reduced to less than 1 w/w % under N2 stream
(q 5 300 cm3/min, t 5 5 min).28 A total of 20 experiments
were performed by pumping OcOH and EtOH independently
with two HPLC pumps (Gilson 307) at q 5 4–6.7 cm3/min.
Reactants were mixed and preheated into a hot box at 353 K
and introduced to the reactor. Molar ratio in the feed
(ROcOH/EtOH) ranged between 0.25 and 4. A series of 15
additional experiments was performed by adding DEE and
EOE to the reactant mixture (0–17 and 0–33 w/w %, respec-
tively). In this series, the previously prepared mixture was
fed to the reactor with one pump (q 5 5 cm3/min).

Experiments were conducted in differential regime, experi-
mentally assured for XEtOH< 14% (which corresponded to
XOcOH 5 6% at ROcOH/EtOH 5 1, T 5 463 K), as discussed fur-
ther. Reaction rates to form EOE and DEE were computed
as follows

rEOE 5
FOcOH � XOcOH

Wcat

SEOE
OcOH

5
FEtOH � XEtOH

Wcat

SEOE
EtOH

mol

h � gcat

� �
(1)

rDEE 5
1

2

FEtOH � XEtOH

Wcat

SDEE
EtOH

mol

h � gcat

� �
(2)

Wcat is the dry catalyst mass, Fj the molar flow rate of
alcohol species j entering the reactor, Xj the conversion of
species j, and Sj

k the selectivity of reactant j toward product
k at the reactor outlet defined as follows

Sk
j 5

mole of j reacted to form kf g
mole of j reactedf g 3100 ½%;mol =mol� (3)

Some experiments were replicated to assure the reproduci-
bility of the results. Thus, data shown have a relative experi-
mental error lower than 3% for rEOE and 6% for rDEE.

Batch Reactor. A series of six experiments was carried
out in a 100-cm3 batch reactor. Setup and analysis procedure
can be found elsewhere.29 The OcOH/EtOH initial molar
ratio (ROcOH/EtOH) ranged between 0.5 and 2. The pressure
was kept at 2.5 MPa with N2 ensuring that the reaction
medium was in the liquid phase. Amberlyst 70 was dried at
383 K under vacuum overnight; the water content being
reduced to �2.25 w/w %. Then, the reactor was loaded with
70 cm3 of OcOH/EtOH mixture, stirred, and heated up to the
working temperature. When the mixture reached the desired
temperature, dried resin (1–3 g) was injected into the reactor.
The stirring speed was fixed at 500 rpm, ensuring enough
agitation to prevent external mass-transfer effects on this
reaction setup.12 Sieved Amberlyst 70 (dp� 0.50 mm) was
used to avoid the internal mass-transfer influence on the

reaction rates, as further discussed. Catalyst injection was
taken as zero time. Experiments lasted 6 h and the liquid
composition was analyzed hourly. Reactions rates to form
DEE and to EOE were calculated by differentiating the func-
tion of the formed moles vs. time (Eq. 4)

rj 5
1

Wcat

dnj

dt

� �
mol

h � gcat

� �
(4)

Results and Discussion

The same pattern was observed in the whole series of
experiments. EtOH and OcOH reacted over Amberlyst 70 by
forming linear ethers and water. The main ethers produced
were EOE and DEE; while di-n-octyl ether was formed in
smaller amounts. In addition to the formation of ethers,
some C8 alkenes were also formed (<2 w/w %), particularly
at the highest temperatures and ROcOH/EtOH molar ratios of
the explored range. Branched ethers and ethylene were not
detected in any case.

The reaction mixture behaves nonideally, mainly due to
the presence of significant amount of water.30 Therefore, to
take into account the nonideality of the alcohol-ether-water
mixture, the kinetic study was made as a function of activ-
ities rather than concentrations. Activity coefficients were
computed by the UNIFAC-DORTMUND predictive
method.31

Experimental Results

Fixed-Bed Reactor Experiments. Preliminary experi-
ments were performed at the highest temperature of the
range explored (463 K) in order to check the influence of
external and internal mass transfer on reaction rates of EOE
and DEE formation. It was first observed that the liquid flow
was drastically blocked if the catalyst was not diluted with
an inert solid, as a result of the high capacity of Amberlyst
70 to swell in polar media (the volume of Amberlyst 70 in
polar media is about threefold with respect to that in dry
air9). As blank runs performed with the reactor only packed
with SiC showed that it does not catalyze the reaction,
Amberlyst 70 beads were diluted with SiC particles. As Fig-
ure 3A shows, a SiC/resin mass ratio of dilution (RD)
100<RD< 150 is suitable to avoid dilution effects. At high
RD values, measured rates of DEE are highly inaccurate.
Figure 3A also shows that reaction rates of EOE and DEE
formation are of the same order; on the contrary, synthesis
of di-n-octyl ether is so slow that it was difficult to measure
reliable reaction rates. Finally, EtOH conversion (limiting
reactant at ROcOH/EtOH 5 1) is proportional to W/FEtOH,0, con-
firming that the reactor operated differentially at
XEtOH� 14% (Figure 3B).

To check the influence of external mass transfer on the
measured reaction rates, a series of runs was performed by
changing the superficial liquid velocity (vs) but maintaining
the ratio of dilution (RD 5 100–150) and feed composition
(ROcOH/EtOH 5 1). The mean particle diameter of Amberlyst
70 was dp 5 0.20 mm to avoid internal mass influence, as
further discussed. Thus, commercial batch of Amberlyst 70
was previously crushed and sieved, as the particle diameter
distribution of commercial resin ranges between dp 5 0.40
and 0.80 mm (Table 1). Figure 4A shows that reaction rates
of EOE and DEE formation was unchanged in the whole
range of vs explored (vs 5 0.105–0.176 cm/s, which corre-
spond to q 5 4–6.7 cm3/min) within the limits of the
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experimental error. Hence, it is concluded that reaction rates
do not depend on superficial liquid velocity over 0.105 cm/s.

The influence of internal mass transfer on reaction rates was
checked by performing a series of experiments where, at the
same feed composition, RD, and flow rate (ROcOH/EtOH 5 1,
RD 5 100–150, and vs 5 0.176 cm/s), catalyst samples of dif-
ferent particle size were used. As can be seen in Figure 4B,
reaction rates of EOE and DEE formation were unchanged,
within the limits of the experimental error, for 1/dp� 2 mm21

(which corresponds to dp� 0.50 mm). Commercial particle
distribution of Amberlyst 70 (dp 5 0.57 6 0.05 mm, 95% con-
fidence interval) has a mean value slightly higher than
0.50 mm, and as a result, the measured reaction rates on com-
mercial resin samples were a bit lower than those observed
free of internal mass-transfer influence.

As a consequence, measured reaction rates were free of
mass-transfer resistances at vs �0.105 cm/s and dp� 0.50 mm.
Then, two sets of experiments were carried out to outline the
influence of alcohols and ethers concentrations on the reaction

rates. The experimental conditions and the obtained rates can
be found in Supporting Information Table S1.

The first set of experiments was carried out by feeding
OcOH and EtOH independently with a molar ratio ROcOH/

EtOH ranging from 0.25 to 4. Figure 5 gathers the reaction
rates of DEE and EOE formation obtained at the whole tem-
perature range 423–463 K. They are plotted as a function of
aEtOH (5A and 5B). In this first set of experiments, it was
found that aOcOH � 1 2 aEtOH as the activity coefficients of
the two alcohols were approximately the same. As can be
seen, reaction rates are highly temperature sensitive as they
increase more than twice each temperature rise (�14K). The
highest EOE formation reaction rate was observed at
aEtOH 5 aOcOH � 0.5 (Figure 5A) in the entire temperature
range, where the driving force of the reaction of EOE syn-
thesis, aEtOHaOcOH, has the highest value too. The presence
of a rate maximum on EOE formation suggests that surface
reaction is the rate-limiting step of the two reactions. As for
DEE formation, the highest reaction rates were achieved in

Figure 3. Effect of the RD on reaction rates of DEE (�) and EOE (�) formations (A). Effect of the W/FEtOH,0 on XEtOH (B).

T 5 463 K, P 5 2.5 MPa, q 5 6.7 cm3/min, ROcOH/EtOH 5 1, RD 5 100–150. The error bars indicate the confidence interval at a 95%

probability level.

Figure 4. Effects of vs (dp 5 0.20 mm) (A) and of 1/dp (vs 5 0.176 cm/s) (B) on reaction rate of DEE (�) and EOE (�)
formations.

T 5 463 K, P 5 2.5 MPa, ROcOH/EtOH 5 1, RD 5 100–150. The error bars indicate the confidence interval at a 95% probability

level.
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the runs with EtOH excess, where aEtOH is the highest and
aOcOH the lowest (Figure 5B). However, at 450 and 463 K,
this maximum shifts to aEtOH � 0.7. The slight shift for the
DEE reaction rate maximum with temperature can be
ascribed to a change in the alcohols weight in adsorption
term on increasing the temperature or else to little differen-
ces in the activation energies of the two reactions.

The second set of experiments was performed by adding
DEE and/or EOE to the alcohols mixture (�17 w/w % and
�33 w/w %, respectively) in the feed to evaluate the effect
of aDEE and aEOE on the reaction rate. From a kinetic stand-
point, the presence of a reaction product in the feed lowers
the driving force of the reaction, as a result of reactant dilu-
tion and the approach to the chemical equilibrium position.
A typical procedure to stress the effect of a reaction product
on the rates is by adding different quantities of such species
but maintaining the other experimental conditions.22 The
effect of such species on the reaction rates can be observed
graphically by plotting the reaction rates as a function of the
activity of such species.

In the present work, DEE and EOE were added to the
reactor feed, by varying simultaneously the molar ratio
ROcOH/EtOH and the temperature, thus covering the whole
range of concentrations and temperature explored. As a
drawback of the selected procedure, the evaluation of the
effect of ethers concentration on the reaction rates is less vis-
ual, as the experimental conditions are different in each
experiment. It was found that reaction rates of EOE and
DEE formation decreased in the presence of ethers in the
feed. However, when plotting the parameter (reaction rate/
driving force) as a function of ethers activity (Figure 6), it is
observed that such parameter hardly changes with ethers
activity despite its values are very random. As a result,
the decrease in reaction rate by the presence of EOE
and DEE in the reactor feed can be explained by the
driving force decrease of the reaction rate to form
EOE (aEtOHaOcOH 2 aEOEaw/Keq,EOE) and to form DEE
(aEtOH

2 2 aDEEaw/Keq,DEE). Therefore, the contribution of
ethers to the adsorption term of mechanistic rate models is not
significant. This fact is most probably due to the EOE and DEE
adsorption on acid sites is low, and therefore, they do not com-

pete with EtOH and OcOH, what agrees with the high hydro-
philicity of the resin.6 Analogously, in the kinetic equation for
the formation of DEE proposed by Kiviranta-P€a€akk€onen
et al.,20 it was assumed successfully that the adsorption of polar
EtOH was much stronger than that of the less polar DEE. A
similar behavior was observed in the effect of di-n-pentyl ether
concentration of the reaction rate of the dehydration of 1-
pentanol to ether and water on Amberlyst 70.12

Batch Reactor Experiments. A third set of experiments
were performed to evaluate the effect of the formed water
on the reaction rates at the conversion range of 0<XEtOH

(%)< 84 and 0<XOcOH (%)< 65. In this setup, the reaction
takes place free of diffusion influence using dp� 0.50 mm
and of external mass-transfer influence at the stirring speed
of 500 rpm.12 At the present conditions, the activity of
Amberlyst 70 can be fully recovered as soon as water is
removed from the reaction medium, indicating that the
leaching of sulfonic groups by means of water hydrolysis is
not significant.9

Reaction rates to form EOE and DEE decreased with the
presence of reaction products in the mixture as a result of
both driving forces decrease. In the fixed bed experiments, it
was observed that adsorption of EOE and DEE was negligi-
ble. Nevertheless, when water was present in the reaction
mixture, in significant amounts, the rate decrease cannot be
explained only by the decrease of driving forces. As seen in
Figure 7, the reaction rates of EOE and DEE formations
were highly sensitive to the presence of water. The noticea-
ble effect of water on the reaction rates could be explained
by its competitive adsorption with EtOH and OcOH. This
fact implies that the contribution of aw to the denominator of
the mechanistic models could be significant.

Modeling of kinetic data

The rate models considered in this work are based on the
LHHW and ER formalisms. Taking into account the
adsorption-reaction-desorption process, it is assumed that the
best kinetic model for EOE formation could stem from a
LHHW mechanism wherein an EtOH molecule and an
OcOH molecule adsorbed on adjacent single sites react to
give EOE and water. Analogously, the ER mechanism

Figure 5. Reaction rates of EOE (A) and DEE (B) formation from pure reactants as a function of EtOH activity over
Amberlyst 70.

•423 K, w 437 K, ~450 K, and � 463 K.
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assumes that the EtOH molecule, or else, the OcOH mole-
cule are not adsorbed and react from the liquid phase. Like-
wise, the best kinetic model of DEE formation could stem
from a LHHW mechanism wherein two EtOH molecules
adsorbed on adjacent single sites react to give DEE and
water. The ER mechanism assumes that an EtOH molecule
from the solution reacts with an EtOH molecule adsorbed on
the resin. Besides, an ER mechanism implies that one of the
two products is not adsorbed on the resin.

Therefore, assuming that the adsorption equilibrium of the
species is reached, that EtOH, OcOH, and water adsorb com-
petitively, and EOE and DEE adsorption is negligible unlike
that of EtOH, OcOH, and water, and that surface reaction is
the rate-limiting step, the basic rate models are

rEOE 5
kEOE � aEtOH aOcOH 2ðaEOE aw=Keq;EOE Þ

� �
ð11KEtOH aEtOH 1KOcOH aOcOH 1KwawÞn

(5)

rDEE 5
kDEE � a2

EtOH 2ðaDEE aw=Keq;DEE Þ
� �

ð11KEtOH aEtOH 1KOcOH aOcOH 1KwawÞn
(6)

Three parts can be distinguished in rate expressions (Eqs.
5 and 6): the kinetic term, the driving force, and the adsorp-
tion term.

� The kinetic terms, kEOE and kDEE, are a combination of
the rate coefficient for surface reaction and adsorption
equilibrium constants. The particular form how such
parameters are grouped depends on the considered
mechanism (LHHW or ER).

� The driving force accounts for how far is the equilib-
rium position. This term decreases with the equilibrium
approach due to the inverse reactions, EOE and DEE
hydrolysis. The values of the thermodynamic equilib-
rium constants for the two reactions, Keq,i, were
obtained from the chemical composition at equilibrium
and are reported elsewhere.30

� The adsorption term accounts for the adsorption of each
species on the active sites of the catalysts. Simplified
models can be obtained by assuming the adsorption of
some species to be negligible with respect to the others.
Likewise, the number of simplified models are doubled
if the fraction of unoccupied sites in the catalyst is con-
sidered significant or not (by taking values of 0 if the
number of unoccupied sites is assumed to be negligible,
or 1 if this assumption is neglected). Besides the
adsorption contribution of each species, another param-
eter to be determined is the exponent of the adsorption

Figure 6. Reaction rates divided per the driving force of the surface reaction of EOE (A) and DEE (B) formation as
a function of the aethers.

•423 K, w 437 K, and � 463 K. P 5 2.5 MPa.

Figure 7. Reaction rates divided per the driving force of the surface reaction of EOE (A) and DEE (B) formation as
a function of the aw.

•423 K, w 437 K, ~450 K, and � 463 K. P 5 2.5 MPa.
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term related to the number of active sites that partici-
pates in the rate-limiting step (n). It is quoted in the lit-
erature that in the case of ion-exchange resins an active
site can be considered as a cluster of sulfonic groups
rather than an individual one.32 In this work, the expo-
nent of the adsorption term has been varied from 1 to
3. As further discussed, no more additional sites were
needed to describe the experimental data.

Table 2 shows all the rate models for EOE and DEE for-
mation (36 equations), derived from Eqs. 5 and 6, fitted to
the experimental data. Optimal values of the parameters
have been obtained by minimization of the sum of squared
relative errors (SSRR; Eq. 7). Relative errors were used
instead of the absolute ones as the relative error is assumed
to be of the same order in the whole temperature range

SSRR 5
X rexp -rcalc

rexp

� �2

(7)

Figure 8 gathers the goodness of the fit for the different
rate models. A value of 1 corresponds to the minimum of
SSRR, and as a result, to the best mathematical fit. Therefore,
Model 3 with n 5 1 is the best mathematical model to explain

the experimental reaction rates of EOE and DEE formations.
It should be noted that Models 5 were rejected because they
presented negative adsorption equilibrium constants. A closer
look at that model leads to infer for both reactions:

a. The best model is explained by the participation of 1
active site (or cluster) in the surface-reaction step,
which corresponds to ER formalism.

b. The number of unoccupied sites in the catalyst during
the reaction is not significant, what seems reliable in
liquid-phase reactions catalyzed by solids.

c. The best kinetic model of EOE and DEE formations is
that where adsorption of both EtOH and OcOH is pres-
ent. This fact is in agreement with the literature that
states that both OcOH and EtOH are adsorbed on the
acidic ion-exchange resins, possibly in a similar com-
position to the bulk solution.6

The best model of EOE formation (Model 3 with n 5 1;
Table 2) is consistent with two plausible reaction mecha-
nisms. OcOH from solution (R2OH) reacts with EtOH
adsorbed on one active site (R1OH) to give the water
adsorbed on the resin and EOE released instantaneously to
liquid phase, or conversely, EtOH from solution (R2OH)
reacts with OcOH adsorbed on an active site (R1OH).

Table 2. Kinetic Models Tested with n Values Ranging from 1 to 3

Model rEOE rDEE

1 kEOE aEtOH aOcOH 2aEOE aw=Keq;EOE

� �
aEtOH 1 Kw=KEtOHð Þawð Þn

kDEE a2
EtOH 2aDEE aw=Keq;DEE

� �
aEtOH 1 Kw=KEtOHð Þawð Þn

2 kEOE aEtOH aOcOH 2aEOE aw=Keq;EOE

� �
aOcOH 1 Kw=KEtOHð Þawð Þn

kDEE a2
EtOH 2aDEE aw=Keq;DEE

� �
aOcOH 1 Kw=KEtOHð Þawð Þn

3 kEOE aEtOH aOcOH 2aEOE aw=Keq;EOE

� �
aEtOH 1 KOcOH =KEtOHð ÞaOcOH 1 Kw=KEtOHð Þawð Þn

kDEE a2
EtOH 2aDEE aw=Keq;DEE

� �
aEtOH 1 KOcOH =KEtOHð ÞaOcOH 1 Kw=KEtOHð Þawð Þn

4 kEOE aEtOH aOcOH 2aEOE aw=Keq;EOE

� �
11KEtOH aEtOH 1Kwawð Þn

kDEE a2
EtOH 2aDEE aw=Keq;DEE

� �
11KEtOH aEtOH 1Kwawð Þn

5 kEOE aEtOH aOcOH 2aEOE aw=Keq;EOE

� �
11KOcOH aOcOH 1Kwawð Þn

kDEE a2
EtOH 2aDEE aw=Keq;DEE

� �
11KOcOH aOcOH 1Kwawð Þn

6 kEOE aEtOH aOcOH 2aEOE aw=Keq;EOE

� �
11KEtOH aEtOH 1KOcOH aOcOH 1Kwawð Þn

kDEE a2
EtOH 2aDEE aw=Keq;DEE

� �
11KEtOH aEtOH 1KOcOH aOcOH 1Kwawð Þn

Figure 8. Comparison of goodness of fit in terms of SSRRmin/SSRR of EOE (A) and DEE (B) formations.

w n 5 1, � n 5 2, and n 5 3.
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R1OH 1r�R1OH � r

R1OH � r1R2OH�EOE 1W � r

W � r�W1r

The best model for DEE formation (Model 3 with n 5 1;
Table 2) coincides with the one proposed by Kiviranta-
P€a€akk€onen et al.20 EtOH from solution reacts with EtOH
adsorbed on an active site giving place to water adsorbed on
the resin surface and DEE released instantaneously to liquid
phase.

EtOH 1r�EtOH � r

EtOH � r1EtOH �DEE 1W � r

W � r� W1r

Accordingly, the best rate models for the two reactions
are

rEOE

mol

h � g

� �
5

7:0431011exp 212; 620=Tð Þ aEtOH aOcOH 2aEOE awater =Keq;EOE

� �
aEtOH 10:5aOcOH 111:7awater

; Keq;EOE 5exp
3374:8

T
24:3

� �
(8)

rDEE

mol

h � g

� �
5

2:1031011exp 211; 983=Tð Þ a2
EtOH -aDEE awater =Keq;DEE

� �
aEtOH 10:5aOcOH 111:7awater

; Keq;DEE 5exp
1691

T
21:4

� �
(9)

Uncertainty of the fitted parameters is shown in Table 3.
As it is observed, both kinetic terms have Arrhenius-type
dependence on temperature. On the contrary, no significant
dependence of the KOcOH/KEtOH and Kw/KEtOH ratios on the
temperature was found, within the temperature range
explored. This fact indicates that the experimental data were
not sensitive enough to determine the differences between
the adsorption enthalpies of OcOH and water with respect to
that of EtOH. Consequently, both equilibrium adsorption
quotients were regarded as constants within the temperature
range 423–463 K.

In Figure 9, the reaction rates of EOE formation estimated
by Eq. 8 (Figure 9A) and of DEE by Eq. 9 (Figure 9B) are
compared to the experimental ones. As observed, both rate
models are able to represent well rate data, regardless of the
used setup. Besides, the residuals show random distribution
in the whole range of measured reaction rates (Figure 10). In
addition, it is to be noted that the proposed rate models are

able to predict accurately rate data regardless the presence of
ethers in the reaction mixture. Accordingly, this supports the
assumption that EOE and DEE do not compete with alcohols
to be adsorbed on the resin.

Apparent activation energy values (Ea,i) were obtained
from the kinetic term of the rate models (Eqs. 8 and 9).
Figure 11 illustrates the Arrhenius-type dependence of the
apparent rate constants (11A and 11B, respectively). Similar
values of apparent activation energy for EOE formation,
Ea,EOE 5 105 6 4 kJ/mol, than for DEE formation,
Ea,DEE 5 100 6 5 kJ/mol, were obtained. It is to be noted
that the obtained Ea value for EOE formation from OcOH
and EtOH on Amberlyst 70 is slightly lower than that
obtained on a preliminary study over Dowex 50Wx2
(117 6 5 kJ/mol) and in the range of the dehydration reac-
tions of 1-pentanol to di-n-pentyl ether and 1-hexanol to di-
n-hexyl ether (115 6 5 and 108 6 5 kJ/mol, respectively) on
the same catalyst Amberlyst 70.6 As for DEE formation, the

Table 3. Apparent Activation Energies and Adsorption

Quotients Obtained from the Proposed Models (Eqs. 8 and 9)

Parameter EOE DEE

Ea (kJ/mol) 105 6 4 100 6 5
Kw/KEtOH 11.7 6 1.0 11.7 6 1.0
KOcOH/KEtOH 0.5 6 0.1 0.5 6 0.1

Figure 9. Reaction rates estimated by Eq. 8 (A) and Eq. 9 (B) vs. experimental ones.

Open symbols represent data obtained in the fixed-bed reactor and closed symbols those obtained in the batch reactor.
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obtained Ea value (100 6 5 kJ/mol) is in agreement with the
value reported by Kiviranta-P€a€akk€onen et al.20 (89.9 6 18.8
kJ/mol) within the limits of the experimental error (95%
probability level).

As for the quotients of adsorption equilibrium constants,
Kw/KEtOH 5 11.7 6 1.0 and KOcOH/KEtOH 5 0.5 6 0.1 values
were obtained. Thus, it is inferred that Kw >>
KEtOH>KOcOH. This trend is in agreement with the polarity
of the compounds and the high water affinity of the resin.
The role ascribed to water in Eqs. 8 and 9 assumes a strong
competitive adsorption with EtOH and OcOH for acid sites,
being Kw 12-fold KEtOH and 23-fold KOcOH. Therefore, reac-
tion rates to EOE and to DEE are greatly affected by the
presence of water in the liquid phase.

However, the strong inhibitor effect of water on EOE for-
mation on an acid resin are much lower than that reported
on the synthesis of bisphenol A, being water adsorption equi-
librium constant values two orders of magnitude higher than
those of acetone and phenol.33 This fact is most probably a
result of the higher polarity of alcohols with respect to ace-
tone and phenol. Thus, EtOH and OcOH compete more effi-
ciently with water for adsorption on the resin. In the case of
the etherification of isoamylenes with ethanol, the inhibitory
effect of water on the dehydration of EtOH to form DEE is

negligible as it is promptly consumed giving place to 2-
methyl-2-butanol (tert-amyl alcohol).20

Conclusions

The reaction between 1-octanol and ethanol to give EOE
is performed in the liquid phase at 413–463 K on Amberlyst
70. EOE formation takes place in parallel with the dehydra-
tion reactions of ethanol and 1-octanol to DEE and di-n-
octyl ether, respectively. The dehydration reaction of ethanol
to DEE is the main side one in the temperature and concen-
tration ranges explored showing reaction rates comparable to
those of EOE formation, whereas reaction rate of di-n-octyl
ether formation is very low. As a consequence, a kinetic
study of the reactions of EOE and DEE formation has been
carried out. Rate data were obtained using a fixed bed reac-
tor working in a differential regime, and in a batch reactor
wherein high conversions of ethanol (up to 84 %) and
1-octanol (up to 65 %) were achieved.

Because reaction medium is nonideal, mechanistic rate
models in terms of compound activities are proposed to
describe both the formation of EOE and of DEE. Reaction
rate equation for EOE synthesis derives from an ER mecha-
nism in which an EtOH molecule adsorbed on the resin

Figure 10. Residuals distribution for Eq. 8 (A) and Eq. 9 (B).

Open symbols represent data obtained in the fixed-bed reactor and closed symbols those obtained in the batch reactor.

Figure 11. Arrhenius plots of kinetic term of EOE (A) and of DEE (B) formation reactions.
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reacts with an OcOH molecule, or vice versa (as the true
mechanism is indistinguishable from only kinetic informa-
tion). DEE formation would take part by the reaction of an
EtOH molecule adsorbed onto the resin with a second one
from the liquid phase. In both cases, it is assumed that sur-
face reaction is the rate-limiting step.

The two reaction models have the same adsorption term,
in agreement with a scenario of competitive adsorption
between reactants and reaction products. It has found that
the fraction of free actives sites is negligible compared to
those occupied by ethanol, 1-octanol, and water. In addition,
adsorption of EOE and DEE are nonsignificant in front of
those of alcohols and water. Thus, it can be assumed that
EOE and DEE are released directly to the liquid phase,
whereas reaction rates were highly sensitive to the water
presence, clearly showing a strong inhibitory effect. Eventu-
ally, the apparent activation energy for EOE synthesis is
about 105 6 4 kJ/mol, a similar dependence on temperature
to that of DEE formation, 100 6 5 kJ/mol.
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Notation

r = active center
aj = activity of compound j

DEE = diethyl ether
dp = mean particle diameter, mm

Ea,i = apparent activation energy of reaction i, kJ/mol
EOE = ethyl octyl ether

EtOH = ethanol
Fj = molar flow rate of compound j, mol/h
k = kinetic term, mol/h/g

Kj = adsorption equilibrium constant of compound j
Keq,i = thermodynamic equilibrium constant of reaction i

n = number of active sites that take part in the rate-limiting
step

nj = moles of compound j
OcOH = 1-octanol

q = volume flow rate, cm3/min
rj = reaction rate of formation of compound j, mol/h/g

ROcOH/EtOH = initial OcOH/EtOH molar ratio
RD = SiC/resin mass ratio of dilution
Sj

k = selectivity of reactant j towards product k, mol/mol %
SSRR = sum of squared relative residuals

t = time
T = temperature

Xj = conversion of compound j
Vsp = specific volume of the swollen polymer phase, m3/kg

vs = superficial flow velocity, cm/s
Wcat = dry catalyst mass, g
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