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a b s t r a c t

Coupling of a fixed-bed reactor and a reactive distillation column was used for acetic acid and ethanol
esterification utilizing strong acidic ion-exchange resin as catalyst. Laboratory experiments were focussed
on the investigation of catalyst loading effect on reaction conversion in a fixed-bed reactor at the temper-
ccepted 8 April 2009
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ature interval between 60 and 120 ◦C with partial separation of products in the form of their azeotropic
mixture by the flash distillation. This procedure increased the reaction conversion above chemical equi-
librium. The experimental results achieved with a reactive distillation column of the overall efficiency of
14 theoretical stages (1 reaction stage) were successfully compared with numerical simulation by means
of AspenPlus software.
ixed-bed reactor
cidic catalyst

. Introduction

The esterification of acetic acid (AA) and ethanol (EtOH) is
n principle well known and industrially verified process. Ethyl
cetate is mainly used as solvent in paints and coatings indus-
ry, inks production and as industrial solvent in many other
ranches of industry. Worldwide supply of ethyl acetate repre-
ented 1.3 mil tonne in 2005. During last decade this demand kept
lightly increasing in a rate of 4% per year.

The most common strategy of producing ethyl acetate consists
n a simple esterification of ethanol with acetic acid in the presence
f acidic catalyst. The reaction conversion is limited by chemical
quilibrium. The mixture of products and unreacted starting com-
onents should be separated and raw ethyl acetate (EtAc) should be
urified. The separation is complicated because of the formation
f heterogeneous azeotrope, which contains less water in com-
arison to the water produced by chemical reaction. Therefore
art of the reaction water is to be separated together with non-
eacted acetic acid as bottom product. In general, the purification of

aw EtAc/EtOH/water mixture is very expensive and environmental
nfriendly. In a process, where only equilibrium conversion of reac-
ants can be achieved, an energy demanding separation process has
o be incorporated. It is also necessary to recycle big quantities of
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unreacted starting components. Thus, an integrated esterification
process with selective separation of ethyl acetate is desirable.

Reactive distillation, which combines chemical reaction and effi-
cient purification, can be a process of this kind. Besides all, it
represents an environmental friendly way of the alkylacetates pro-
duction and can be a solution of the problems specified above [1].
Chemical reaction is carried out in a reaction zone of a rectifica-
tion column. So the products are distilled out from the reaction
zone, and the chemical equilibrium of the reaction is thus shifted
towards products.

The main advantages of reactive distillation consist in:

• Simpler technology with minimum separation units.
• Integration of chemical reaction with product separation in a mul-

tifunctional unit.
• Direct utilization of reaction heat for reaction mixture distillation

just inside reaction zone resulting in energy saving.

The reaction zone of the column is most frequently packed with
a structured, oriented wire mash packing, which is filled inside by
heterogeneous catalyst. The oriented structure combines the role of
catalyst with the role of distillation internal. The only disadvantage
of these structures is high price and strict requirement for long ther-

mal stability of the catalyst activity. Although it is possible to feed
starting components directly to the reactive distillation column, it
is often advantageous to use a primary reactor in combination with
a reactive distillation column. Starting components are converted
to chemical equilibrium, the reaction is then finished in the reactive

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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istillation column. The increase of productivity is a usual effect of
he primary reactor [2]. This reactor can also take part as “guard
eactor”, preventing expensive catalytic packing in the reactive dis-
illation column from being poisoned by basic impurities possibly
resent in the feed. Most frequently, a fixed-bed or a trickle-bed
eactor is used for this purpose [3]. In case of esterification, the equi-
ibrium mixture from the primary one pass reactor is introduced
nto the reaction zone of the reactive distillation column. Reaction

ater is simultaneously distilled out from the catalytic packing in
he reaction zone, the forward esterification reaction being thus
peeded up. If higher esters (e.g. butyl acetate or 2-methyl-propyl
cetate) are prepared, the separation of the whole amount of the
eaction water in distillate is possible, so high-purity ester can be
ithdrawn as a bottom product. This is a big advantage of the pro-

ess [4]. On the contrary, in case of ethyl acetate, due to its very low
oiling point, which is moreover very close to that of ethanol, the
nal product should be withdrawn in the distillate [5].

It is significant for the esterification process, that the head prod-
ct of the reactive distillation column splits into two liquid-phases,
he compositions of which are influenced by existence of heteroge-
eous and homogeneous azeotropes, see Table 1. If the reaction and
eparation conditions are favorable for the formation of heteroge-
eous distillate, ethyl acetate is concentrated in its organic phase.
ontinuous removal of the organic and water phases from the sys-
em shifts the chemical equilibrium even more to the product site,
.e. to very high or total conversion of chemical equilibrium limited
eaction.

From separation reasons, maximum ethanol conversion needs
o be achieved in the ethyl acetate process, so the process control
as to respect this urgent need. In addition, an equilibrium mixture
as fed into the reaction distillation column in our experimental

etup. Being also supported by our previous experience with simi-
ar processes (butyl acetate, 2-methyl-propyl acetate) [2,9,10], these

ere the reasons to assume that the equilibrium based model (TEQ,
ee below) can provide reliable results when used in simulation of
he ethyl acetate process, namely when the process setup consists
n a combination of a reactive distillation column and a primary
xed-bed reactor. This combination represents more important
ignificance for industrial application (higher throughput, robust
ontrol, safeguard reactor for possible catalytic poisons elimination,
tc.).

Mathematical simulation of the reactive distillation process is a
omplex problem.

The models for RD simulation described in literature can be
ivided into several groups:

1. Total equilibrium model (TEQ) is the simplest approach suppos-
ing both phase and chemical equilibria on every stage of reactive
section of distillation column. The only parameter describing the
reaction system is its chemical equilibrium constant (temper-
ature dependent). This model can be applied mainly for slow
chemical reactions (e.g. in case ion-exchange resins instead of

mineral acids as catalysts).

. Common approach in the literature is EQ model with kinetically
expressed rate of chemical reaction. This more sophisticated
model (EQ) means vapour stream leaving the tray is in equilib-
rium with liquid leaving the tray; chemical reaction is described

able 1
oiling points of reaction components and composition of azeotropic mixtures.

ystem Boiling point (◦C) Ethanol wt.%

thanol–water 78.2 95.6
thyl acetate–water 70.4 –
thanol–ethyl acetate 71.8 31.0
thanol–ethyl acetate–water 70.2 8.4
g Journal 154 (2009) 236–240 237

by kinetic equations as functions of temperature and concentra-
tions or activities. In this case, a long list of reaction parameters
is needed for the simulation: kinetic constants, reaction orders,
activity coefficients, activation energies of forward and backward
reactions.

3. The most complicated approach is represented by rate based
(non-equilibrium, NEQ) models which take into account heat
and mass transfer through V–L interface, again accompanied
by chemical reaction, described by kinetic equations as func-
tions of temperature and concentrations or activities. This type
of model needs also an adequate and accurate description of
hydrodynamic conditions in the reactive distillation column. The
non-equilibrium model (NEQ) takes into account heat and mass
transfer through V–L interface using two film models which
require proper mass and heat transfer coefficients estimation.

The quality of simulation results using both EQ and NEQ models
is strongly dependent on accuracy of the kinetics data. On the other
hand, based on the literature, the kinetic model seems to be appli-
cable in wider range of reaction conditions. Many scientific papers
[11,15–17] describe simulation of reactive distillation by means of
the kinetic model, bringing evidence that this model provides rele-
vant results even at low conversions or in strongly diluted solutions
when the equilibrium based model is most probably bound to fail. It
has also been disclosed that the equilibrium model cannot describe
the role of the catalyst volume in the column properly. What’s
more, the kinetic based model is the only choice if unstable col-
umn regime needs to be simulated. But this is not the case of ethyl
acetate synthesis investigated in this study.

The prediction of the phase equilibrium in the reaction zone,
in the upper separation zone as well as in the condenser is very
complicated. Because of the presence of water phase and organic
phase, there are altogether three phases to be described. Generally,
a proper equation of state is needed for modelling of this phase
system. For the phase systems, which can be described by Fick’s
law, the NRTL equation of state can be advantageously used. Two
films model of liquid/vapour interaction, utilizing Maxwell–Stefan
theory is another, quite complicated, option [12–14].

In this paper, ASPEN Plus software (RADFRAC module) was cho-
sen for the simulation of RD column, using equilibrium model (TEQ).
The thermodynamic V–L equilibrium was assumed as being estab-
lished at the V–L interface, NRTL equation of state was used also
for the prediction of three phase separation system on the top of
the column, where the reaction water was separated. This assump-
tion of the phase equilibrium has been proven as acceptable for
adequate pilot-plant results verification [4,9,10].

The separation of reaction water from the reaction zone of the
reaction distillation column in the form of azeotrope represents
another serious problem. In case of ethyl acetate synthesis the stoi-
chiometric products ratio (water/ethyl acetate = 0.204) is two times
higher then the ratio of these components in ternary azeotrope
(water/ethyl acetate = 0.109). Thus, only one half of water formed

by esterification can be separated as water phase of the heteroge-
neous distillate and the rest of it has to be separated by the re-boiler
outlet stream. To solve this problem, additional acetic acid feed has
to be installed to the column (see Fig. 1). This surplus of acetic acid,
diluted by excess of reaction water, is withdrawn as a re-boiler out-

Ethyl acetate wt.% Water wt.% Azeotrope

– 4.4 Homogeneous
91.9 8.1 Heterogeneous
69.0 – Homogeneous
82.6 9.0 Heterogeneous
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Fig. 1. Schematic description of experimental reactive distillation system with
integrated fixed-bed reactor (theoretical stages in the column sections, re-boiler
and condenser are bold-marked). 1—Pump injecting equimolar acetic acid/ethanol
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time coordinate W/F is shown in Fig. 2.
At lower temperature (60 ◦C), ethanol conversion approached

chemical equilibrium value. In case of acetic acid and ethanol
equimolar mixture feed, the equilibrium ethyl acetate concentra-
tion in the product represents 64 mass%. At temperatures above
ixture, 2—fixed-bed primary reactor, 3—pre-heater, 4—additional feed of acetic
cid surplus, 5—reactive distillation column, 6—reaction zone, 7—rectification sec-
ion, 8—stripping section, 9—condenser, 10—decanter, 11—organic phase, 12—water
hase, 13—reflux stream, 14—re-boiler, 15—bottom product.

et stream. This diluted acetic acid stream has to be re-concentrated
o be used in the process again, which is not necessary if acetic
nhydride is used, instead of acetic acid.

It was the main objective of this paper, to characterize the
eaction system, consisting of a primary reactor and a reactive dis-
illation column, in which ethyl acetate is synthesized, both on
xperimental and simulation basis. The lab scale experimental data
ere fitted by simulation with the use of an equilibrium based
odel. It is another objective of this study, to verify whether rel-

tively simple and easy to use equilibrium based model can be
tilized successfully to scale up the process the similar way as it
as done in case of 2-methyl-propyl acetate synthesis [6].

. Experimental

A fixed-bed reactor (i.d. 30 mm, length 0.5 m) with thermo stat-
ng jacket was used for the catalyst activity tests. Equimolar mixture
f acetic acid (glacial, 100%) and ethanol (p.a. grade, 96%) was
ed to the reactor containing acidic catalyst (ion-exchange resin,
H+ = 5 equiv./kg) by means of a piston pump, from a tank placed
n a digital balance. Reaction conversion was calculated from the
oncentration of unconverted acetic acid, evaluated by titration.
ll experiments were made at atmospheric pressure. The tests at

ower temperatures (60 and 70 ◦C) were made in a trickle-bed reac-
or. At temperatures above boiling point of the reaction mixture
90–120 ◦C) the reaction took part on a partly wetted catalyst bed,
eing accompanied by flash distillation of the azeotropic mixture.
o-current flow of the liquid reaction mixture and inert gas (nitro-
en, flow rate 1.7 ml/s) through the bed of catalyst was maintained
n all experiments.

Another set of experiments was performed in a lab scale unit,
onsisting of a common, one pass, packed bed reactor (in which par-
ial evaporation of liquid reaction mixture took place), filled with
trong acidic ion-exchanger catalyst, coupled with a reactive dis-

illation column. The reactive distillation column (glass tube i.d.
0 mm, total length 2 m) consisted of three sections of overall effi-
iency 11 theoretical stages (TS). The distillation column efficiency
ad been tested by acetic acid–water binary mixture. The reaction
one of the efficiency of 1 TS (realized as a bag, containing spherical
g Journal 154 (2009) 236–240

acidic catalyst) was sandwiched between symmetric stripping and
rectification sections (packed beds of stainless steel wire triangle
spirals o.d. 3 mm) of the same length and the efficiency of 5 TS; re-
boiler and condenser representing one theoretical stage each. The
distillate was cooled down in a condenser and both organic phase
(OP) and water phase (WP) were separated in a decanter, which was
additionally tempered. Part of the organic phase was refluxed back
to the head of the column, the rest of it, and also the water phase,
being withdrawn as overhead streams.

The fixed-bed reactor outlet stream was introduced to the lower
edge of the reaction zone, i.e. the equilibrium reaction mixture was
fed below the reaction zone of the column. The upper edge of the
reaction section was equipped with another side tube flange for
feeding of additional surplus of acetic acid. Both in the fixed-bed
reactor and the catalytic section of the reactive distillation column,
Purolite CT151 (Purolite Internat., Ltd.) strong acidic ion-exchanger
(5H+equiv./kg) was applied as catalyst. The scheme of the integrated
reactive distillation system is shown in Fig. 1.

3. Results and discussion

Following experimental results were obtained:

• catalyst activity tests from fixed-bed reactor
• axial temperature profiles and the distillate as well as the bottom

products analyses from laboratory reactive distillation experi-
ments.

The data were used as input for the design of reactive distillation
column and finally, the complex system, including a primary reactor
and a reactive distillation column, was scaled up by means of the
simulation model discussed above [7].

3.1. Fixed-bed reactor

The reaction mixture was fed at atmospheric pressure to the
fixed-bed reactor, filled by ion-exchanger. The outlet stream was
analyzed by GC method. All technological streams were sampled
and analyzed by GC method using HP 5890 II device. A 60 m/0.2 mm
capillary column coated with SPBTM (Supelco) was employed. An IS
method using 2-methylbutanol as internal standard was applied.
Acetic acid was also determined by titration using 0.05 N NaOH.
Plot of ethanol conversion values, evaluated from primary experi-
mental data at different reaction temperatures, in dependence on
Fig. 2. Ethanol conversion at different reaction temperatures as a function of catalyst
loading. Pressure 0.1 MPa, equimolar feed of ethanol and acetic acid.
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Table 2
Average conversion of ethanol in fixed-bed reactor at different reaction temperatures
for equimolar reaction mixture (experimental conditions see Fig. 2).

Temperature (◦C) Ethanol conversion (mass%)

Experiment Process simulation

60 79 70
70 78 74
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and primary reactor were described by NRTL-equation of state. The
integration accuracy was set to ±1 × 10−5. Build-in database of the
software was utilized for all calculations.

An optimized ethyl acetate reactive distillation experiment,
selected from larger set of experiments made, is illustrated in
90 89 90
110 90 91
120 90 91

0 ◦C, the reaction products were partially vaporized in the form of
zeotropic mixture, part of the reaction mixture being thus sep-
rated from the catalyst. Therefore, much higher conversion of
sterification could be achieved, compared to chemical equilibrium
onversion. At temperatures between 110 and 120 ◦C, the ethanol
onversion of more then 90% was reached, see Fig. 2. Similar reactor
erformance had already been reported for carrying out the ester-

fication of acetic acid with n-butanol in a trickle-bed reactor [3].
owever, in case of feed temperature below boiling point of the

eaction mixture and the catalyst temperature 120 ◦C all reaction
omponents are fully evaporated and the system works in a flash
istillation regime. The values of ethanol conversions, achieved at
ifferent reaction temperatures in the fixed-bed reactor, are sum-
arized in Table 2.

However, the ion-exchanger is thermally stable up to 110 ◦C
nly. In addition, as can be seen from Table 2, only small increase
f ethanol conversion was observed at temperature above 90 ◦C.
hus, from enthalpy balance and technology point of view it can be
oncluded that the optimal temperature in primary reactor should
e maintained at 90 ◦C. At this temperature, assuming equimolar

eed of starting compounds, the ethanol conversion of 89.6 mass%
an be reached, the composition of equilibrium stream achiev-
ng following values: 74.7 mass% ethyl acetate, 5.6% acetic acid,
.4% ethanol and 14.3% water. When the molar ratio of acetic acid
owards ethanol in the feed slightly increases, reaching the value of
.52/0.48, the conversion of ethanol increases to 92.2 mass%. Due to
igher concentration of non-reacted acetic acid, the concentration
f ethyl acetate is decreased to 74.0%, but the ethanol concentra-
ion remains only 3.05% in this case. This outlet reaction mixture
as used for the reactive distillation experiments.

.2. Reactive distillation

The reaction mixture from previous experiments was fed below
he reaction zone of the column, namely on 8th TS, numbered from
he top of the column, see Fig. 1. In case of ethyl acetate synthesis,
ery high conversion of ethanol needs to be achieved. The sepa-
ation strategy is therefore based on decantation the water phase
rom cooled distillate, which is possible only at low ethanol con-
entration in the upper part of the reactive distillation column. To
void the accumulation of water and ethanol in the system, addi-
ional surplus of acetic acid was introduced above the reaction zone
f the column, see tank and stream 4 in Fig. 1. The reaction zone

tself was represented by only one theoretical reactive distillation
tage.

The lab scale experiments were performed till the simultaneous
teady state of the reaction and separation was reached. Continuous
emoval of water phase from the distillate and refluxing only the
rganic phase can be considered as basic and most important condi-
ion, making the production of high-purity ethyl acetate possible.

ffective water removal is possible only in a steady state regime
f the reactive distillation column. Stabilization of the column is
pparent from time dependence of the temperature profile—see
ig. 3.
Fig. 3. Temperature profile along the column in time. Reflux ratio 1:10, pressure
0.1 MPa; feed composition see Section 3.1; (♦) re-boiler; (©) below reactive section;
(�) above reactive section; (×) top of column.

The distillate composition and axial temperature profile were
considered as main indicators of steady-state regime of the reac-
tive distillation column. The steady-state was reached when both
distillate composition and temperature profile along the column
remained constant with time on stream. The axial temperature
profile is illustrated in Fig. 4, together with temperatures above
and below the reaction zone and the re-boiler temperature. It is
apparent from the head temperature curve that in this experiment,
at least 150 min period of stabilization was necessary to reach the
steady-state regime.

Establishing of phase equilibrium in quite a complex
liquid–liquid–gas system on the top of the column is docu-
mented by the head temperature profile in Fig. 3. After 20 min, the
expected separation temperature of 70 ◦C on the head of the col-
umn was adjusted. On the other hand, at short reaction–separation
time (shorter than 60 min), the temperatures above and below
the reaction zone oscillated remarkably. Thus, from the processing
point of view, it is advantageous to temper the column for at least
60 min before the reactive distillation experiment begins [8].

3.3. Experiment and process simulation

The process simulation was made using ASPEN Plus simulation
software (RADFRAC module). The phase equilibrium of both water
and organic phases, as well as phase equilibrium in the column
Fig. 4. Temperature profile along the column—experiment versus simulation
(experimental conditions—see Table 3).



240 Q. Smejkal et al. / Chemical Engineerin

Table 3
Process experiment of ethyl acetate reactive distillation, coupled with fixed-bed
primary reactor. The experimental results are compared with the process simu-
lation results, achieved at the same reaction and separation conditions. The feed
temperature to the column was 90 ◦C.

Parameter Experiment Process simulation
(AspenPlus Radfrac
Module)

Feed equilibrium mixture flow rate (g/h) 26.7
Feed surplus of AA flow rate (g/h) 7.0
Reflux ratio 1:10
Re-boiler product flow rate (g/h) 9.5
Organic phase flow rate (g/h) 19.4 21.8
Water phase distillate (g/h) 3.88 3.71

Organic phase composition (mass%)
EtOH 2.1 2.99
AA 0.3 0.4
Ethyl acetate 92.8 92.8
Water 4.8 3.7

Water phase composition (mass%)
EtOH n.a. 7.3
AA 0.8 1.2
EtAc n.a. 8.8
Water n.a. 82.5

Re-boiler product composition (mass%)
EtOH 0 Traces
AA 96.6 96.4
EtAc 0 Traces
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[

Water 3.4 3.6

able 3. The process parameters of the experiment, as well as those
sed for the process simulation, are listed there. Thus, for pro-
osed hardware and the efficiency of the column sections, only

eed streams mass flow values, re-boiler product mass flow and
eflux ratio were fixed for the simulation. The rest of the parameters
esulted from the experiment.

The organic phase composition indicates excellent separation
f acetic acid from the organic phase of the distillate, the acetic
cid concentration remaining low, only ca. 1% wt., also in water
hase of the distillate. Ethanol concentration in the organic prod-
ct was however ca. 2–3 mass%, so it is clear that final purification
f ethyl acetate is inevitable, though only small amount of ethanol

s to be separated and recycled. As ethanol is quite easy to sepa-
ate by distillation, the presence of ethanol in the organic phase
f the distillate is much less harmful then presence of acetic acid.
he re-boiler product consists of acetic acid partly diluted by
eaction water. This stream can be recycled back to the primary
eactor after water separation, which can be made by distillation,

embrane separation or by adding a defined amount of acetic anhy-
ride.

The process simulation data fit very well to the lab scale experi-
ental results so the simulation method can be without any doubt

sed for the design of a pilot-plant and planning experiments in
arger scale as well as for the process scale up. The small difference
etween the measured and calculated mass flow rates of the distil-

ate phases can be explained by non-ideal separation of water and
rganic phases in decanter during the experiment. The temperature
rofile along the column can also be predicted with high accuracy
y the process simulation. A comparison of measured and calcu-

ated temperature profiles along the reactive distillation column is

iven in Fig. 4.

Temperature profile in the rectification section as well as the
emperature value in decanter represent key parameters of the
thyl acetate process. The adjustment and control of these parame-
ers influence very decisively the process performance. These facts

[

[
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were taken into consideration in subsequent pilot-plant research
which resulted in patenting the process [7].

4. Conclusions

A reactive distillation unit, suitable for the synthesis of ethyl
acetate by esterification of acetic acid and ethanol, was presented.
This unit consists of an equilibrium fixed-bed primary reactor and a
reactive distillation column. Main accent was put on lab scale exper-
iments and their description by a process simulation model. Crude,
acetic acid free, ethyl acetate can be advantageously produced as
distillate of the reactive distillation column in the form of its organic
phase, containing only small amount of ethanol in concentration
below 3 mass%. The process simulation fitted the experiments very
well. The simulation using simple total equilibrium model (TEQ) is
therefore utilizable for the process scale up and intensification.

There is a lot of papers in the literature, dealing with the simu-
lation of reactive distillation, using the rate based models with MS
equations, for which it is sometimes very difficult to find appropri-
ate parameters (all binary mass transfer coefficients).

This study shows a particular reactive distillation case, where
also very simple mathematical model could predict the behavior of
a reactive distillation column with appropriate accuracy. Thus, pre-
sented model can be used for the design of ethyl acetate synthesis
process and optimization of its performance condition.
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