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Process intensification through reactive distillation (RD) could be successfully applied to the
esterification of long-chain fatty acids, which is a crucial step in the biodiesel synthesis. While
previous literature reports are mainly focused on the esterification of short- to medium- fatty acids, oleic
acid has been chosen as an example of a long chain one and different RD configurations were simulated
and compared. The configuration with top external recycle proved to be the best solution since it allows

Ilgeywz‘)rds(:i' lati the reaction to be conducted under a large methanol excess, even though the column is fed with
eactive distillation stoichiometric reactants.
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1. Introduction

Esterification of fatty acids with alcohols is an important class of
reactions due to the considerable industrial interest of organic
esters, which can be used as solvents, surfactants, plasticizers in
polymer processing or chemical intermediates [1]. The industrial
use of organic esters ranges from the textile and rubber manufactur-
ing to the food, cosmetic and pharmaceutical ones [2-4].

Recently, the esterification of fatty acids has become a crucial
step in the synthesis of biodiesel, a promising alternative fuel. The
biodiesel consists in a mixture of organic esters that can be
obtained either by transesterification reactions of the triglycerides
contained in vegetable oils and fats or by esterification reactions of
fatty acids obtained through hydrolysis of vegetable oils [1,5]. In
the first case, the “transesterification route”, the esterification of
the free fatty acids contained in the triglyceride is an important
preparatory reaction. In fact, the conventional transesterification
process requires a pre-treatment of the triglyceride feedstock to
reduce the free-fatty-acid content to a level lower than 1-2% to
avoid undesired saponification reactions, which consume the
transesterification catalyst, reduce the biodiesel yield and hinder
the product separation process [6]. This point is particularly

* Corresponding author at: Dipartimento di Scienza Applicata e Tecnologia,
Politecnico di Torino, Corso Duca degli Abruzzi, 24, Torino, Italy.
Tel.: +39 0110904703.
E-mail address: mauro.banchero@polito.it (M. Banchero).

important when triglyceride feedstocks with a high free-fatty-acid
content, such as waste cooking oils [7-9], non edible oils [10], and
fatty acid cuts [11,12], are used in order to achieve more
sustainable pathways for biodiesel synthesis [13].

As far as the “esterification-route” is concerned, the biodiesel is
synthesized through a two step process to avoid the above-cited
drawbacks of the transesterification process. In the first step the
triglycerides are hydrolyzed to fatty acids, which in the second are
esterified to organic esters [14-16].

The esterification reaction between a fatty acid and the
methanol, which is the most used alcohol in the biodiesel
production, is a very slow, liquid-phase reaction, in which the
chemical equilibrium limits the conversion of the reactants. To
overcome these limitations and to achieve a high conversion, a
catalyst together with a large excess of alcohol is required. Mineral
acids, such as sulphuric acid and hydrochloric acid, or a strong
organic acid, such as formic acid, can be used as liquid catalysts.
Since they cause corrosion as well as separation problems, the
development of heterogeneous catalysts with enhanced activity
has become the main topic of current research on the subject. lon-
exchange resins containing sulfonic acid groups are widely
proposed in the literature [17-19], while sulphated zirconia has
recently received great attention due to its remarkable activity,
selectivity, good thermal stability and reusability [20].

In a conventional continuous process, the esterification reaction
of a fatty acid with methanol

RCOOH + CH30H <~ RCOOCHs; + H,0 (1)

1226-086X/$ - see front matter © 2014 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/].jiec.2014.01.027


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiec.2014.01.027&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiec.2014.01.027&domain=pdf
http://dx.doi.org/10.1016/j.jiec.2014.01.027
mailto:mauro.banchero@polito.it
http://www.sciencedirect.com/science/journal/1226086X
www.elsevier.com/locate/jiec
http://dx.doi.org/10.1016/j.jiec.2014.01.027

M. Banchero et al./Journal of Industrial and Engineering Chemistry 20 (2014) 4242-4249 4243

must be integrated with a methanol recycling system based on
distillation units, because of the excess of this reactant required by
the presence of the chemical equilibrium.

In order to improve the process, reaction and separation units
can be combined in a single apparatus, a RD unit, designed as a
single column divided into a reaction, a rectifying, and a stripping
section, the former fed with a stoichiometric amount of reactants
(Fig. 1). In such a way, a reduction of physical equipments is
attained together with an improvement in the yield of the process,
since the water produced in the reactive section is in situ removed
from the liquid phase, thus driving the chemical equilibrium to the
right.

Apart from the simplification of the separation system and the
increase in conversion the RD can offer many other advantages
such as improved selectivity, reduction in the catalyst require-
ment, heat integration benefits and control of hot spots and
runaway reactions [21].

Experimental and simulation studies involving organic acid
esterification are reported in the literature but are mainly limited
to short- or medium-chain fatty acids, such as acetic [22], decanoic
[23] and dodecanoic acid [24-26]. Only two simulations that
involve long-chain fatty acids can be found in the literature [27,28].
In both cases, the simplifying assumptions are critical for an
accurate modelling of a RD unit. In one case the authors assumed
an homogeneous catalyzed system where chemical equilibrium
was attained on each reactive tray [27]; in the other case a
simplified kinetic model that considered the esterification reaction
as a one-way irreversible reaction with a zero order dependence on
methanol concentration was employed [28].

In this work, RD has been applied as a case-study to the
esterification of oleic acid, a long-chain fatty acid that is also one of
the most representative fatty acids in the composition of
triglycerides of many biodiesel feedstocks [29]. The investigation
of the RD esterification of a long-chain carboxylic acid with
methanol is particularly interesting because it is one of the cases
with the most unfavourable relative volatilities, where the
reactants are the heaviest and the lightest components [30]. In
addition the long-chain acid and its methyl ester exhibit a lower
difference in vapour pressures with respect to short-chain systems
so enhancing the complexity of their separation in the RD column.
The process has been simulated with stoichiometric composition
of the RD feedstock to verify the effectiveness of the RD under the
most unfavourable conditions, that is, in the absence of the effect of

&

2 Hzo
3
4
g rectifying section
RCOOH
reactive section
CH;0H
15
1? stripping section
18
19

20

RCOOCH3;

Fig. 1. Basic RD configuration for the oleic acid esterification with methanol (the
stages are numbered according to Aspen notation).

the large methanol excess that is commonly used to force the
equilibrium towards the product formation [8,19,27,31].

The RD simulation set-up was based on the equilibrium stage
model. The performances of different RD configurations were
evaluated in the presence of a heterogeneous catalyst and
compared with that of a conventional plug flow reactor (PFR)
working at the same temperature of the reactive zone of the RD.

2. Physical properties, kinetics and chemical equilibrium of the
selected system

The kinetic data for the reaction between oleic acid and
methanol were taken from a literature model based on a direct and
areverse reaction whose rates are dependent on the concentration
of all compounds and on the presence of an acid ion exchange resin
as the catalyst [18].

The reaction rate fits the pseudo-homogeneous second-order
equilibrium expressed by the equation:

r = (k1 XoaXm — ko XmoXw)Ceat (2)

where Xoa, Xm, Xmo and Xyy are the mole fractions in the liquid
phase of oleic acid, methanol, methyl oleate and water, respec-
tively, C., is the concentration (mass/reaction volume) of the solid
catalyst and r is expressed as (moles) (catalyst mass)~' (time)~!.

The kinetics of the oleic acid esterification with methanol is
well fitted by this equation in the 50-85 °C temperature range and
in the presence of the Relite CFS, an acid sulfonic resin, as a catalyst.
The values of the pre-exponential factors (ko) and activation
energies (E,) for the direct (k;) and reverse reactions (k) are
reported in Table 1, which also reports the enthalpy of the reaction
and the normal boiling temperature of the components of the
reacting system.

The maximum theoretical conversion that a conventional
continuous reactor can reach for an infinite residence time, under
stoichiometric and isothermal conditions, was considered the limit
conversion, that is the conversion when the chemical equilibrium
is reached. The results showed that the equilibrium conversion
increases when temperature increases, as it can be expected from
the endothermic character of the reaction. If the maximum
working temperature is assumed to be 64.7 °C, which is the normal
boiling point of the most volatile compound of the system
(methanol), a maximum of 52% of conversion can be obtained.

3. Simulation set-up

All the RD simulations were carried out with a chemical process
simulator (ASPEN Plus V 7.1). The RADFRAC steady-state model
was used both for the RD columns and regular distillation columns.
RADFRAC is a rigorous physical equilibrium stage model able to
solve the set of equations that describe each equilibrium stage:
material balances, enthalpy balances and phase equilibrium
relations between the vapour and the liquid leaving the stage.
The phase equilibrium was described assuming the vapour phase
as ideal and the liquid phases as real, on the basis of the UNIQUAC
model as it was suggested by Bathia and co-workers [32]. When
the RD column was simulated, the pseudo-homogeneous kinetic
model described by Eq. (2), which accounts for the chemical

Table 1

Kinetic and thermodynamic parameters of the reacting system.
k1 (molcm? g, ?min~T) Lnko=12.93 E. (kcal/mol)=14.00
ky (molcm?ge, 2 min~') Lnko=8.76 E. (kcal/mol)=11.32
AH; (kcal/mol) 2.68

Twoit (1bar, °C) Methanol = 64.7

Water=100.0

Oleic acid=359.8
Methyl oleate=343.8
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Table 2

Parameters for the basic RD simulation with stoichiometric reactant ratio.
Parameter Value
Total number of stages 20

Number of reactive stages

Catalyst concentration in each reactive stage
Oleic acid feed stage and temperature
Methanol feed stage and temperature

Total feed of reactants 30mol/h
Pressure Atmospheric
Type of condenser (stage 1) Total

Type of reboiler (stage 20) Kettle

8 (from 7 to 14)
0.32kg/l

Stage 7 at 60°C
Stage 14 at 64.7°C

reaction rate in the liquid phase, was included in the set of
equations that described the reactive section.

The main parameters of the basic RD column (Fig. 1) such as the
number of stages, the catalyst concentration, etc., are reported in
Table 2 and were suggested by the work of Steinigeweg and
Gmehling [24] who investigated the esterification of decanoic acid
with methanol. The temperature of the reactive zone was limited
by the boiling temperature of the methanol (64.7 °C). Since the
reaction occurs in the liquid phase, higher temperatures would
strongly reduce the reaction rate due to the reduction in the
concentration of methanol in the liquid phase.

4. Results and discussion

To compare the results obtained in the oleic acid esterification
by different RD configurations, an isothermal plug flow reactor
operating in the conditions of the reactive section of the RD column
reported in Table 2 was simulated as a reference. The mass and
enthalpy balances, solved through the PLUGR model of ASPEN,
resulted in a reactant conversion of 50%, a value very close to the
equilibrium conversion (52% at 64.7 °C).

4.1. The basic RD unit

A basic RD configuration permits the equilibrium-limited
conversion to be overcome because of the coupling of the reaction
with product separation and of the presence of the top reflux ratio
(RR). In a RD configuration, the reflux acts like an internal recycle of
a methanol-water mixture whose composition depends on the
adopted RR: the higher the RR, the lower the methanol fraction in
the reflux. Lower RRs result in higher conversions because of the
lower amount of water entering the reactive sections thus
preventing the shift of the chemical equilibrium towards the
reactants [24]. A maximum of conversion can be reached by
lowering the reflux ratio up to values where reflux can be neglected
(RR=0.01)asitis shown in Fig. 2 whose simulations were obtained
for a RD column with the reactive section located between stages 2
and 9. Fig. 2 also shows the trend of the total heat requirement of
the column versus the RR and points out that operating at low RR
also reduces the energy demand per mole of methyl oleate (MO).

The position of the reactive section inside the column is a design
parameter that can be varied to optimize the results. This was
investigated keeping the total number of trays to 20 and those of
the reacting ones to 8 but changing their position inside the
column. Obviously, when the reactive section is moved up, i.e.
stages 3-10 instead of 7-14 in the basic RD in Fig. 1, the number of
rectifying stages is decreased and the number of the stripping ones
is increased.

The results, reported in Fig. 3, show that the conversion
increases when the reactive section is moved up. A 73% conversion
is obtained when the rectifying section is removed completely
from the column or, in other words, when the reactive section is
localized in stages 2-9. This increase in conversion can be

80 200
180 __
70 5
160 2
60 3]
]
. 140 ‘—E:
X
< 0 120 =
©
2 S
2 40 100 =
g —@—conversion ]
S 80 ¢
S 30 —{heat requirement g
60 '35
20 z
40 =
©
10 20 =
0 0
0 0,2 0,4 0,6 0,8 1 1,2

Reflux ratio

Fig. 2. Conversion and heat requirement plotted versus reflux ratio for the basic RD
unit (reactive stages from 2 to 9).

explained by considering that the liquid phase in the rectifying
section contains high amounts of water. The composition profiles
obtained from the simulations showed that the higher the number
of trays in the rectifying zone the richer the liquid entering the
reactive zone is in water. As a consequence, the removal of the
rectifying section has a beneficial effect on the displacement of the
chemical equilibrium in the reactive zone.

It was concluded that the RD column with a negligible reflux
and reactive stages from 2 to 9 was the basic configuration that
gives the maximum conversion (73%). The temperature and the
reaction rate profiles of this set-up are reported in Fig. 4 while Fig. 5
shows the vapour and liquid composition along the column.

The column is operated in the temperature range of 64-318 °C
but the reaction is conducted in a nearly isothermal condition since
the temperature range in the reactive section does not display a
large variation (64-72 °C, Fig. 4a).

In the liquid phase (Fig. 5a) of the reactive section the
concentration of methanol increases from the top to the bottom
while that of the other reactant, the acid, shows the opposite trend:
at stage 4 the molar concentrations of the two reactants are equal
(stoichiometric conditions). In other words, with reference to the
methanol, the reactive stages 2 and 3 operated with a defect and
those from 5 to 9 operated with an excess of this reactant. A similar

80
L o o 0 0 o o
75 © o
|

_— |
g 0p T, ’
s .
0 65 | m]
o [
>
S 60 L] ® Basic RD column
© 55 n 0 RD column with top recycle

50 1 1 1 1 1 1 1 1 1

1 3 5 7 9 11 13 15 17 19
First stage of the reactive section
Fig. 3. Conversion at different positions in the reactive section for the basic RD unit

and the RD unit with top recycle. Equilibrium stages, or column plates, are
numbered from the top of the column (RR =0.01, number of reactive stages = 8).
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Fig. 4. Temperature (a) and reaction rate (b) profiles along the basic RD unit (RR = 0.01, reactive stages from 2 to 9).

concentration trend can also be observed as far as the products, i.e.
water and ester, is concerned: the water decreases its concentra-
tion from stage 2 to 9 while that of the ester increases.

The almost isothermal temperature profile and the “crisscross”
trend of the concentrations of both reactants and products in the
liquid phase of the reactive section result in approximately
constant values of the direct and reverse contributions to the
reaction kinetics in Eq. (2), which gives reason of the flat pattern of
the reaction rate shown in Fig. 4b.

As far as the liquid phase at the top of the column is concerned it
can be observed that, even though it mainly contains water, the
methanol content is not negligible. Similarly the liquid phase at the
bottom is not pure ester but contains large amounts of un-reacted
acid. For these reasons, in order to increase the reactant conversion,
the RD unit was tested after introduction of appropriate auxiliary
distillation columns to recycle the un-reacted methanol and oleic
acid from the top and bottom streams, respectively.

4.2. RD column with a top external recycle

The first goal was to recover and recycle the un-reacted
methanol in the top stream. As explained in the previous section,

mole fraction
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©

this cannot be obtained by increasing the RR because methanol is
the lowest boiling component and a greater amount of water in the
reflux would result in an undesired shift in the chemical
equilibrium. The introduction of a distillation unit, fed with the
top stream of the RD column, is the first obvious choice that could
allow water to be removed from methanol before the recycling
step. The simulations showed that this is not a suitable solution
since a huge number of separating stages would be required to
obtain sufficient separation of the water.

The economy of the process suggests enriching the recycling
stream with methanol by partially condensing the vapours that
leave the RD column, that is the configuration reported in Fig. 6, in
which a partial condenser substitutes the total one of the basic RD
column. The vapour phase leaving the partial condenser can be
mixed with the fresh methanol feed at its boiling point and fed at
the lowest stage of the reactive section. This solution allows the
un-reacted methanol to be recycled and reduces the water amount
in the reflux.

In this configuration, the position of the reactive section and the
RR play different roles. The conversion shows a maximum when
the position of the reacting zone is changed, with the first catalyst
layer on the stage 7 or 8, as reported in Fig. 3. With the reactive

mole fraction
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Fig. 5. Liquid (a) and vapour (b) molar composition profiles along the basic RD unit (RR = 0.01, reactive stages from 2 to 9).
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Fig. 6. RD unit with top external recycle (the stages are numbered according to
Aspen notation).

zone located in the optimal position, the conversion increases
when the RR is increased (Fig. 7). This trend is the opposite with
respect to that reported for the basic RD unit in Fig. 2. In fact, the
presence of the partial condenser with the consequent recycle of a
methanol-rich vapour stream changes the temperature and
composition profiles inside the column and tends to reduce the
liquid flow rate in the rectifying and reactive zone. Since the
reaction occurs in the liquid phase, higher RR are required to
achieve significant conversions.

Fig. 7 also shows the trend of the total heat requirement of the
column versus the RR. A reference value of 10 was chosen for the
RR, which corresponds to a conversion of 90% and an energy
demand of 287.3 kcal/mol of methyl oleate. A further increase of
the RR was not considered worthwhile since a slight increase in
conversion results in a huge energy demand as it is shown in
Fig. 7.

Fig. 8 reports the temperature and reaction rate profiles of the
RD unit with top external recycle when it is operated under a RR of
10 and with reactive stages from 7 to 14. The column operates in a
temperature range of 64-126 °C, that is narrower than that of the
basic RD configuration in Fig. 4, but a similar temperature plateau
is evident in the reactive section. On the contrary, the reaction rate
profile shows quite a different trend since it exhibits a sharp
maximum at the beginning of the reactive section (stage 7).
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Fig. 7. Conversion and heat requirement plotted versus reflux ratio for the RD unit
with top recycle (reactive stages from 7 to 14).

The different behaviour of this RD configuration is connected
with a different trend in the vapour and liquid composition along
the column (Fig. 9). Both the liquid and vapour phases in the
rectifying section mainly contain methanol while the water
fraction is negligible. With respect to the situation depicted in
Fig. 5, the concentration of methanol in the liquid phase of the
reactive section is always higher than that of the acid and this
results in an excess of methanol that helps shifting the chemical
equilibrium to the right. In this way, despite the column is fed with
a stoichiometric ratio between the reactants, the advantage of
carrying out the reaction in the presence of a large excess of alcohol
is realized, which is the solution usually adopted in conventional
processes to shift the chemical equilibrium towards the products.

The composition pattern of the liquid phase in the reactive
section (Fig. 9a) explains the reaction rate profile reported in Fig. 8.
The concentration of methanol and ester are approximately
constant all along the reactive stages, while the mole fraction of
the acid is strongly decreased from stage 7 to 14 and that of water
is almost doubled. On the edge of the reactive section (stage 7) the
reaction rate is maximum due to the large methanol excess and the
low amount of products. In the following stages, the acid depletion
and the water enrichment of the liquid phase result in a slowing
down of the direct reaction rate and in an increasing importance of
the reverse reaction.

Reaction rate (mol/h)
0 1 2 3 4 5 6
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:

14 P it
16
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Fig. 8. Temperature (a) and reaction rate (b) profiles along the RD unit with top recycle (RR = 10, reactive stages from 7 to 14).
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4.3. RD unit with top and bottom recycles

The configuration of the RD column with top external recycle
was fixed at the optimal working conditions reported in the
previous section (RR = 10 and reactive section located in stages 7-
14), while two different solutions were analyzed for bottom
recycle.

In the first solution, here denoted as “Case A”, an auxiliary
column performs a separation of a water-rich stream, which is
purged, and an acid-rich stream, which is recovered and recycled
(Fig. 10). The auxiliary column is equipped with 10 equilibrium
stages, a total condenser (stage 1) and a Kettle reboiler (stage 10).
The auxiliary column is operated under an RR = 5 and is fed at stage
5 by the side stream from the last stage of the RD unit.

The results, reported in Table 3, show that an overall conversion
of 91% is obtained, a result that does not significantly improve the
performance of the process, if compared to the RD unit with only
the top external recycle (90%).

RCOOH

CH;0H —

side stream

As can be seen in Table 3, the presence of the auxiliary column
mainly affects the composition of the product stream, which
increases the ester purity. In the basic RD unit the water is collected
in the top distillate stream, which is removed from the column,
while it is collected in the bottom products in the other
configurations. The presence of water as an impurity compound
of the product streams should not be considered a drawback
because it can be easily separated, due to the liquid-liquid natural
phase split that occurs between the water and the organic
components of the bottom.

The solution proposed in Fig. 10 does not appear advantageous
with respect to the RD unit with only the top external recycle
since the conversion improvement is negligible. Moreover, the
increase in the product purity, which is simply the consequence of
a lower water content, does not justify the use of a distillation
unit, more expensive than a simple decanter. Furthermore, the
water-rich distillate contains a non-negligible amount of methanol
(15%, wfw), which is lost.

Water-rich
stream

20

Product

O |00 N[O [o1 |4 fwo N
N
-
o

Fig. 10. RD unit with top and bottom recycle - Case A (the stages are numbered according to Aspen notation).
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Table 3
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Comparison between the conversion, purity and heat requirement results of the different RD configurations and the plug-flow reactor with methanol recycle.

Basic RD RD with top recycle RD with top and bottom recycle Plug-flow reactor with
methanol recycle
(Case A) (Case B)

RD unit parameters:

RR 0.01 10 10 10 -

Type of condenser Total Partial Partial Partial -
Reactive stages 2-9 7-14 7-14 7-14 -
Reactant conversion 73% 90% 91% 91% 70%
Product overall flow-rate (mol/h) 15.2 30 16.7 194 30
Product purity (ester content), w/w 75% 85% 91% 88% 65%
Main impurities in the product stream, w/w Acid (25%) Acid (9%) Acid (8%) Acid (9%) Acid (27%)

Water (0%) Water (5%)
Water-rich stream overall flow-rate (mol/h) - -

Water-rich stream composition, wjw - -

Secondary product overall flow-rate (mol/h) - -

Secondary product composition, wjw - -

Heat requirement (kcal/mol of MO) 139.8 287.3

Water (1%) Water (2%) Water (4%)

133 - -

Water (85%) - -
Methanol (15%)

- 10.6 -

- Acid (7%) -
Water (38%)
Ester (55%)

3125 317.6 2184

In the second solution, here denoted as “Case B”, the auxiliary
column performs a methanol recovery at the top and produces a
secondary product stream at the bottom (Fig. 11). This configura-
tion was studied to overcome the methanol loss pointed out in the
previous solution. The total number of stages of the auxiliary
column is equal to 20, with a partial condenser (stage 1) and a
Kettle reboiler (stage 20). The auxiliary column is operated at
RR =5 and is fed at stage 9 by the side stream from the last stage of
the RD unit.

The results reported in Table 3 show that the reactant
conversion and the main product stream composition are similar
to those of the previous configuration. The secondary product

stream obtained at the bottom of the auxiliary column contains a
large amount of water, which, however, would require a decanter
for ester recovery. It can be concluded that this configuration does
not offer any advantages with respect to the RD unit with only the
top external recycle.

4.4. Comparison between the RD configurations and the isothermal
plug flow reactor with methanol recycle

The previous discussion showed that the RD unit with the top
external recycle obtained through a partial condenser, resulted
in the best conversion improvement for the oleic acid RD

o O [ o N

RCOOH

CH;0H

15
16
17

18 side stream

19

20

Product

&=

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

19
20 ( %
Secondary

product

Fig. 11. RD unit with top and bottom recycle - Case B (the stages are numbered according to Aspen notation).
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esterification process with methanol. From a chemical engineering
point of view, the more conventional replica of the continuous RD
process with external recycle of methanol is a PFR coupled with a
distillation column for separation and recycling of the methanol.
For comparative purposes, the more conventional process was
simulated with the same working parameters of the RD column,
that is feedstock molar flow and composition, catalyst amount,
pressure and temperature. The auxiliary column, planned with 20
stages, a partial condenser (stage 1) and a Kettle reboiler (stage 20),
was operated at a RR =5 and fed at stage 9 by the output stream
from the plug flow reactor. The bottom stream of the auxiliary
column is the product of the process while the top methanol-rich
distillate is mixed with the fresh feed of the PFR.

The simulation results obtained for the PFR with methanol
recycle are reported in Table 3 and can be compared with those of
the different RD configurations. A conversion of 70% was obtained,
which is higher than that obtained with the PFR alone without any
recovery unit (50%), but lower than those obtained for all the
examined RD configurations. This confirms that the coupling of the
reaction and separation steps in a single unit has beneficial effects
on processes controlled by a chemical equilibrium.

As far as the most appropriate design of the RD unit is
concerned, the peculiarity of the reacting system has to be kept in
mind. Specific strategies are required with respect to conventional
RD columns since the benefit of driving the chemical equilibrium
to the right by coupling the reaction with in situ product removal
can be limited by the physical properties of the reaction
components. In this case, for example, the fact that the reactant
methanol is the most volatile compound limits the performance of
the basic RD solution since this reactant has the tendency to be
removed from the reactive zone and be collected at the top of the
column.

On the other hand the RD unit with top external recycle allows
the most volatile reactant to be sent back to the reactive zone
forcing the system to work with an excess of this reactant flowing
in a countercurrent arrangement with respect to the other
reactant. This is a suitable way to drive the chemical equilibrium
to the right.

Key parameters in the design of the RD unit with top recycle are
the RR and the position of the reactive zone, which affect the
performance of the column in different ways with respect to the
conventional RD one. This is due to the change in the composition
profiles inside the column, with the drawback of the presence of
the secondary product, the water, at the bottom of the column. The
consequent decrease in the purity of the main product, the methyl
oleate, would require additional distillation units in the case of a
homogeneous system, but only a gravity settler in this two liquid
phase system.

5. Conclusion

The application of the reactive distillation technology has been
analyzed by means of process simulation for the esterification of
oleic acid with methanol. Simulations with a long-chain fatty acid
and a pseudo-homogeneous second-order equilibrium kinetics are
reported for the first time. Several different RD units were
simulated and compared. The RD column with a top external
recycle allowed us to obtain a 90% reactant conversion and proved
to be the best solution among those examined. It can be obtained
from the conventional RD unit by only substituting the top total
condenser with a partial one without adding any auxiliary

columns. In these conditions the reaction occurs under a large
methanol excess even though the column is fed with stoichiomet-
ric ratio of the reactants. A consequence of the proposed set-up is
that water is found in the bottom stream instead of being
recovered as the top distillate. This aspect should not be considered
a drawback since a simple decanter can split the two liquid phase
system and allow the recovery of the ester.

In the optimized conditions, the RD process with stoichiometric
ratio between the reactants in the feed gives yields of about 90%,
higher than those obtained in the equilibrium constrained
conditions (52%) or in a comparable conventional continuous
process (70%).

This work is just an initial design suitable for initializing a
formal optimization procedure and future simulation tests can be
run operating under higher pressures, which would allow achieve
higher temperature levels in the reactive section, or in the presence
of heterogeneous catalysts with higher activity. This goal can only
be achieved after specific experimental tests at higher tempera-
tures or with different catalysts are performed to obtain the
appropriate kinetic models, which at the moment are not available
in the literature.
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