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Received 8 April 2005; accepted 16 November 2005

Abstract

During pharmaceutical syntheses, the reaction solvent has often to be switched off from one reaction step to the following one. Because of
the standard industrial practices, solvent replacement generally constitutes a slow and high solvent-consuming operation. In this paper, a specific
methodology, based on an optimisation framework dedicated to batch processes, is proposed for the optimisation of solvent replacement procedures.
Optimisation may be performed at different levels according to economic and environmental criteria and satisfying safety and waste treatment
constraints. In this way, the proposed methodology allows both to design new procedures of solvent replacement and to improve existing industrial
p methodology
l l industry.
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rocesses. Two industrial applications are detailed to emphasize the benefits related to this methodology. In each case, the proposed
eads to the suitable recipe from comparison of traditional and empirical replacement procedures generally used in the pharmaceutica
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. Introduction

The syntheses of fine chemicals or pharmaceuticals, widely
arried out in batch processes, imply many successive steps:
eaction and separation. For various considerations such as
electivity, solubility, restricted heat dissipation, etc., reaction
teps are carried out with solvent in diluted media. The solvent
s chosen according to the reactants and the reaction characteris-
ics. Each reaction has then a given optimal solvent that satisfies
t the same time objectives of selectivity and solubility, safety
onstraints and economic and environmental criteria. Therefore,
he solvent generally differs from one reaction step to the fol-
owing. Consequently, the solvent has often to be switched off
efore the beginning of a new reaction step. Solvent replace-
ents are particularly frequent in pharmaceutical chemistry. For

nstance, some Sanofi-Synthelabo’s synthesis can include 10 or
ore solvent replacements.
Industrially, in production process, solvent replacements are

sually carried out by evaporation or distillation operations, in
he batch reactor used during the reaction. The detailed proce-

dure depends on the reactor equipment in terms of ove
distillation column and control loops but generally imitates
laboratory methodology developed by the chemist who
fected the process. Consequently, robust and reliable bu
slow and high solvent-consuming procedures are applie
industry. Such procedures are all the more wasteful because
cally they are hard to tune in terms of operating conditions, re
policies,. . .. In the recent years, environmental considerat
hold a more and more important place in the chemical in
try. Thus, from environmental and also economic viewpo
restriction of the solvents consumption appears very intere
Recent issues in dynamic simulation and optimisation ma
exploited to solve this challenging problem.

In recent years, simulation and optimisation issues
mainly turned towards two directions: the development of c
puter aided methodologies for the substitution of reaction
vents by environment-friendly solvents and the optimisatio
the industrial batch processes with solvent usage reducti
main purpose. Computer aided methodologies for the sele
of the optimal solvent are based on the group contribution
cept. However, these methodologies are generally only use
∗ Corresponding author. Tel.: +33 5 34 61 52 59; fax: +33 5 34 61 52 53.
E-mail address: michel.cabassud@ensiacet.fr (M. Cabassud).

the process design[1–5] and not to obtain information with
regard to the solvent replacement procedure. In this way, the
use of optimisation control methodologies applied to solvent
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replacement procedures also appears relevant. Nevertheless, as
solvent replacements involved complex dynamic procedures,
such methodologies are difficult to set up. In fact, from a mod-
elling viewpoint, the train of the different steps and the complex
dynamics occurring are difficult to represent and to take into
account. Thus, only studies based on simple models are reported
in literature[6].

The purpose of this article is to present an optimisation
methodology applied to solvent replacement, able on one hand
to optimise current industrial processes and on the other hand to
compare their performances with other standard processes. The
methodology is based on the use of an accurate and reliable opti-
misation framework dedicated to global batch processes, that
allows in particular to represent the complex dynamics found
during solvent replacements. Such methodology then allows to
optimise solvent replacements at different levels: design and
choice of procedure for new solvent replacements, optimisation
of the current procedure for existing processes, improvement or
choice of a new process. Two pharmaceutical applications are
detailed to emphasize the related benefits in an economic and
environmental context.

2. Industrial processes of solvent replacement

The standard procedures applied to switch off solvents are
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fixed on the amount of original solvent left in the reactor. This
constraint then defined the end of the replacement procedure.

2.1. Loading–evaporation process

Loading–evaporation process represents the standard indus-
trial practice. The replacement is performed by successive steps
of evaporations and loadings (Fig. 1). First, the batch reactor is
boiled down to the minimum volume to remove much of the orig-
inal solvent. Next, the replacement solvent is loaded. Then, the
batch is boiled down again to the minimum volume to remove the
remainder of the original solvent. The last two steps are repeated
until the desired amount of original solvent left is obtained (final
purity specification).

This process is traditionally used because of its simplic-
ity and polyvalence. In fact, the replacement can be carried
out directly in the reaction unit, without additional equipment
required. Moreover, such a procedure may be adopted what-
ever the volatility of solvents is. The main drawbacks of this
procedure lie in a high solvent consumption and in dead times
following upon the train of the different occurring steps.

2.2. Constant level evaporation

In an evaporation process at constant level, the replacement
is carried out by maintaining a constant level inside the reactor
d uous
f uires
a the
r sors,
t ass.
D level
o tant
l l).

the
p h the
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p lace-
m ding
s e, this
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evap
ainly based on evaporation or distillation operations. In
urity considerations do not allow liquid–liquid extraction. T
rocedures are usually operated in the reaction units to be

or the next reaction step and to avoid additional probl
f storage and of units management. According to the e
ent associated to the reactor (control loops and distill

olumns) and the volatility characteristics of the solvents,
erent procedures may be considered: loading–evaporation
tant level evaporation, loading–distillation and constant
istillation. All these processes are detailed in the follow
ections.

As pharmaceutical products are very sensitive, so
eplacement processes involve a lot of constraints. As pro
annot withstand to be dried up, a minimum volume of solve
hen required all through the process. This minimum volum
efined from the products solubility or sometimes by the stir
evice of the reactor. Moreover, as products are very sensit
eat, temperature constraints are generally adopted, that le
perations carried out at reduced pressure. A constraint i

Fig. 1. Loading–
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uring the operation. The level is kept constant by a contin
eeding of the replacement solvent. Such a procedure req

control loop to continuously adjust the feed of solvent to
eactor level. Therefore, according to the kind of level sen
he constant level may be defined in terms of volume or m
epending on the initial level inside the reactor, a constant
peration may begin by a loading step (initial level < cons

evel) or by an evaporation step (initial level > constant leve
If the constant level is set to the minimum volume,

rinciple of the process guarantees to operate all throug
eplacement at the maximal concentrations of the initial sol
his procedure is then less solvent consuming compared
revious one. Moreover, the continuous feeding of the rep
ent solvent allows to avoid the dead times involved by loa

teps. Furthermore, as for a loading–evaporation procedur
rocess can be considered whatever the volatility of solven
he main drawback of this procedure then lies in the set-u
control loop to control the reactor level.

oration procedure.
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2.3. Loading–distillation and constant level distillation
processes

These processes are based on the same principles as for the
previous ones, but the separation of solvents is performed by dis-
tillation instead of evaporation. The use of a batch distillation
column offers a better separation and then leads to a significant
decrease of the solvent consumption. Nevertheless, batch dis-
tillation required a specific configuration of solvents volatility
to be considered: the replacement solvent has to be less volatile
than the original one. Such a constraint restricts the possibilities
of application case. Moreover, batch distillation involves longer
operating time because of a longer start-up time and of the reflux
of distillate. As batch distillation also entails additional invest-
ment (purchase of an overhead column) the gain compared to
evaporation is not obvious. Consequently, an optimisation study
appears necessary to highlight the possible benefits of batch dis-
tillation processes.

3. Modelling framework

Optimisation of solvent replacement procedures requires a
modelling of the process able at the same time to represent
the train of the different occurring steps and to offer signifi-
cant reliability and accuracy. The model has also to be able to
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4. Optimisation studies

The goal of the present study is to optimise solvent replace-
ment procedures with solvent recovery as main purpose. In this
way, three main criteria have to be considered: raw material
(amount of replacement solvent), waste treatment and operat-
ing time. Evaporation or distillation waste collected at the end
of each operation is composed of a mixing of the initial and
replacement solvents. Therefore, depending on the composition,
the waste treatment consists of recycling or burning. In fact, only
quite pure solvents can be recycled.

From an optimisation viewpoint, the standard way to take
into account at the same time three main criteria is to con-
sider an economic objective function. Therefore, an objective
function representing the replacement procedure cost has been
established (Eq.(1)). Each criterion is then introduced with a
specific weight. Depending on the weight associated to each
criterion, optimisation will lead to the less wasteful or the faster
procedure.

Cprocedure= toperating× Coperating+ msolvent

× Csolvent+ mwaste× Cwaste (1)

where Cprocedure: global cost of the replacement procedure
(D ); toperating: operating time (h);Coperating: operating cost
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imulate batch reactors and batch distillation overhead colu
o achieve these goals, a dynamic model developed for
yntheses optimisation has been used[7].

The model is based on a rigorous description of batch e
ent (reactor, distillation column, overhead condenser,

rom a classical equations formulation: mass balances, e
alances, pressure balances, vapour liquid equilibrium rela
hips, physical properties estimation equations, etc. The
ant differential and algebraic equations system is numeri
olved by a general solver based on the Gear method, D
8]. A successive quadratic programming (SQP) method[9] is
oupled to the model in order to solve optimisation problems
his optimisation method requires the knowledge of the ob
ive function and the constraints gradient, a numerical estim
ethod by finite differentiation is also applied.
The developed model allows from its hybrid feature to s

late the train of loading, evaporation or distillation steps
lso to take into account their specific dynamics. The m
lso appears particularly suitable to represent the start-up
ifferent steps[10]. Such accuracy is very important from
ptimisation viewpoint as start-up time may represent a sig
ant part of the overall operating time.

able 1
ptimisation problems

eplacement process Optimisation variables

oading–evaporation Number of steps, loading amounts
oading–distillation Number of steps, loading amounts, reflux
onstant level evaporation Constant level
onstant level distillation Constant level, reflux policy
.
h

-
)
y
-
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D 230 h−1); msolvent: amount of replacement solvent used du
he procedure (kg);Csolvent: raw material cost, i.e. replaceme
olvent cost (D kg−1); mwaste: amount of waste (kg);Cwaste:
aste treatment cost (D kg−1), Cwaste> 0 in case of burning an
waste< 0 in case of recycling.
Throughout the optimisation procedure and whatever the

idered replacement process is, the heat power delivered
eactor is assumed to be the same. That means that d
vaporation or distillation operations, the batch reactor ja

s supplied by the same heat transfer fluid: same flow-rate
ame inlet temperature. Consequently, the heating power
ectly appears in the objective function through the opera
ost. In fact, the operating cost gathers at the same tim
anpower cost and the energy consumption.
As each replacement process has specific features, the

isation variables differ according to the process, leadin
ifferent optimisation problems (Table 1). However, the optimi
ation constraints are the same: a maximum temperature al
nside the reactor in order to avoid damage to products; a
mount of original solvent left in the reactor at the end of
peration (final purity specification). For a loading–evapora
r a loading–distillation process, the operation is composed

Constraints Objective functi

Final purity, maximum temperature,
minimum volume

Global cost
y
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train of loading and separation steps. The optimisation variables
then consist of this number of steps and the associated loading
amounts. For a constant level operation, the value of the constant
level is optimised in terms of volume or mass. A priori, the opti-
mal constant level will be the minimum level, in order to operate
at maximum concentrations of the initial solvent. The optimi-
sation methodology should allow to verify this assumption. In
cases where the initial level differs from the constant level, a
preliminary step depending on this initial level (separation or
loading) has to be carried out. As the aim of this preliminary
step is to reach the constant level, its characteristics are not opti-
mised. In cases of distillation operations (loading–distillation or
constant level distillation), the reflux policy is studied as an opti-
misation variable. In this way, various reflux policies have been
considered: constant reflux, piecewise constant reflux, specific
function-based reflux and controlled reflux.

Optimisation problems are solved by a reliable and accurate
SQP method[9]. The SQP method allows solving non linear
programming (NLP) problems. Therefore, a specific method-
ology has been adopted in cases of loading–separation and of
loading–distillation optimisations. In fact, as the number of steps
constitutes an integer variable, the global optimisation of the
process leads to the treatment of a mixed integer non linear pro-
gramming problem (MINLP). Such a problem involves the use
of more complex specific methods that are not easily compatible
with a global framework dedicated to batch processes optimi-
s y ha
b esse
a the
a

lven
r ded
c olog
l ent
l ure
b vel,
i ible
p appl
c have
b orde
t

5. Toluene–acetonitrile replacement

During the pharmaceutical synthesis of a Sanofi-
Synthelabo’s product, a toluene medium has to be replaced
by acetonitrile. As toluene is less volatile than acetonitrile,
this application constitutes the less favourable replacement
case: batch distillation cannot be considered. Moreover, the
liquid–vapour equilibrium between toluene and acetonitrile
[11] presents an azeotropic point (Fig. 2). Consequently, only
two processes will be compared: loading–evaporation and
constant level evaporation. This replacement then appears as a
simple example to emphasize the proposed methodology.

5.1. Industrial practice

Since the following reaction step is operated in the same reac-
tor, the solvent replacement takes place in the reaction unit, a
100 L De Dietrich glass-lined reactor. As the initial volume is
higher than the minimum volume, a loading–evaporation proce-
dure performed in four steps, including a preliminary evapora-
tion step, is applied. In fact, the initial volume made up of the
reaction products (5 L) and of toluene (14 L) represents 19 L.
The minimum volume is 13.5 L. Consequently, a first evapora-
tion step is initially carried out without acetonitrile loading in
order to remove the maximum amount of pure toluene. From a
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ation. For that reason, a simple decoupling methodolog
een used: loading–separation or loading–distillation proc
re optimised for given number of steps, a final comparison
llows to determine the optimal process.

The present methodology proposes to optimise so
eplacement procedures by means of an optimisation tool
ated to overall batch processes. The interest of this method
ies in the possibility to optimise a given application at differ
evels. In a first level, it allows to improve the current proced
y providing the optimal operating conditions. In a second le

t allows to determine the optimal conditions of each poss
rocedure and so to choose the most suitable one. Two
ation cases within the context of pharmaceutical industry
een studied according to the proposed methodology, in

o highlight its relevant advantages.

Fig. 2. Toluene–acetonitrile
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rocess viewpoint, the first loading step is then performed
n amount of acetonitrile equal to zero.

The operation is defined with a temperature constrain
0◦C in order to avoid the thermal degradation of produ
vaporations are then carried out at a reduced pressure of
10 mbar. The final purity is fixed at 1% weight of toluene in
apour flow going out of the reactor. The operation also incl
nother final constraint regarding the final volume which is

o 16 L.
In order to prevent degassing of solvents during loading o

tions, dead times are enforced before and after loading ste
ake sure that the reaction medium is cold enough. These

onstraints then lead to an important operating time. There
he gain on the separation efficiency related to the additio
ew loading–evaporation steps also involves an operating

ncrease. Optimisation then does not appear obvious. In

ur liquid equilibrium diagrams.
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Table 2
Validation of the industrial practice of the toluene–acetonitrile replacement

Industrial data Simulation results

Time Temperature (◦C) Time Temperature (◦C)

Steps
Acetonitrile loading: 0 kg 30 min 40.0 31 min 41.0
Evaporation 50.6

Acetonitrile loading: 23.4 kg 1 h 10 min 27.7 1 h 05 min 29.4
Evaporation 29.4

Acetonitrile loading: 23.4 kg 45 min 22.3 48 min 22.3
Evaporation 20.1

Acetonitrile loading: 23.4 kg 48 min 20.2 48 min 24.5
Evaporation 28.9

Operating time
Evaporation 3 h 13 min 3 h 12 min

Total 3 h 33 min 3 h 33 min

way, the developed methodology provides some strategic infor-
mation.

5.2. Validation study

Before optimising the replacement procedure, the accuracy
of our model with regard to the toluene–acetonitrile medium
has been verified. To achieve this goal, records of the industrial
process data are compared to the simulation results provided
by the tool. The comparison has been performed on two differ-
ent ways: on the toluene–acetonitrile vapour liquid equilibrium
(Fig. 2) and on the overall process (Table 2).

During evaporation steps, an operator manually controls the
reactor pressure in order to respect the temperature constraint.
In Table 2, the reactor temperature of the industrial process is
then given at the beginning and at the end of any evaporation
step. As this control policy is operated manually and does not
follow any specific law, it cannot be simulated. Therefore, in
simulation, the operating pressure is assumed to remain constant
during evaporations, that involves slight differences compared
to industrial data. Nevertheless, the good agreement observed
between industrial data and simulation results, both regarding
the vapour liquid equilibrium and the overall process, validates
the predictions of our tool with a significant accuracy. Such
accuracy appears particularly interesting in the aim of optimi-
sation.
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volatilities configuration, only evaporation processes have been
studied. That leads to the consideration of two kinds of pro-
cesses: loading–evaporation and constant volume evaporation.
The detailed results of optimisation are given inTable 3. From
an optimisation viewpoint, four processes appear interesting to
be compared: the industrial process performed in four steps,
the four steps optimal loading–evaporation process, the optimal
loading–evaporation process (with number of steps estimated by
optimisation to 6) and the optimal process of constant volume
evaporation.

From a process viewpoint, optimisation leads to strategic
conclusions. For a loading–evaporation process and whatever
the number of steps may be, optimisation recommends a pre-
liminary evaporation step (first loading amount equal to zero)
as performed during the industrial practice. For an evaporation
process operated at constant volume, optimisation suggests a
constant volume equal to the minimum volume of the batch
reactor, as expected.

5.4. Benefits

According to the optimisation results presented inTable 3,
the proposed methodology allows to improve the replacement
case at different levels (Fig. 3). In fact, from an adjustment of
the loading amounts the cost of the current industrial procedure
can be reduced of 7%. By keeping a loading–evaporation pro-
c ps to
6 timi-
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a more
s cant
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m t 50%
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.3. Optimisation study

In this application case, according to purity reasons,
olvents recovered from the reactor cannot be recycle
ny other application and so are destroyed. The waste
ent cost then corresponds to the solvents burning
0.06 (waste kg)−1. The raw material cost that appears in
lobal cost definition (see Eq.(1)) corresponds to the tolue
ost:D 1.23 (toluene kg)−1.

According to these costs, the solvent replacement proc
as been optimised. As previously mentioned, because o
r
t-
t:

e
e

edure but changing at the same time the number of ste
and the operating conditions (loading amounts), the op

ation leads to a 12% reduction of the operation cost. Fin
constant volume evaporation process appears to be the

uitable replacement procedure. In fact, it provides a signifi
mprovement, by reducing the operation cost of about 32%.
eduction is also followed at the same time by a 53% savin
he toluene consumption (raw material) and a 49% decrea
he waste amount. Since environmental considerations rep
ajor constraints of today processes, the reduction of abou
f the waste amount and so of the waste treatment appea
ain improvement.
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Table 3
Optimisation results of the toluene–acetonitrile replacement

Steps number Industrial loading mass (kg) Waste (kg) Operating time Global cost (D )

M 1 M 2 M 3 M 4 Total

Industrial loading–evaporation process (4 steps)
4 0 23.4 23.4 23.4 70.2 74.0 3 h 33 min 910

Optimal loading mass (kg) Waste (kg) Operating time Global cost (D )

M 1 M 2 M 3 M 4 Total

Optimal loading–evaporation process (4 steps)
4 0 30.6 19.7 16.0 66.3 70.0 3 h 19 min 850

Optimal loading mass (kg) Waste (kg) Operating time Global cost (D )

M 1 M 2 M 3 M 4 M 5 M 6 Total

Optimal loading–evaporation process
6 0 17.7 10.1 8.1 7.7 7.4 51.0 54.7 3 h 11 min 800

Optimal loading mass (kg) Optimal constant volume (L) Waste (kg) Operating time Global cost (D )

Optimal constant volume evaporation
1 33.0 13.5 38.0 2 h 31 min 620

The study of the cost distribution (Fig. 4) shows that the oper-
ating time represents the main part of the global cost, both for
the current industrial process and the optimal one. The influ-
ence of environmental considerations (raw material and waste
treatment) appears very limited. All these different aspects are
however linked and go in the same direction: minimising the
amount of replacement solvent used will lead to a decrease
of the operating time and of the waste amount that has to be
treated. The opposite is also true. Consequently, a reduction of
the evaporation time by means of a heating power increase or an

Fig. 3. Comparison of the replacement cost according to the process.

operating pressure decrease should lead to significant improve-
ments in spite of the additional costs it involves. Once more,
the proposed methodology can provide information about such
modifications.

6. Methanol–pyridine replacement

The switching off methanol by pyridine occurs during a
Sanofi-Synthelabo’s pharmaceutical synthesis. As methanol is
more volatile than pyridine[11] (Fig. 5), this application repre-
sents the more favourable case of solvent replacement: all the
standard evaporation and distillation procedures can be used.
This application case then appears as a good example to empha-
size all the advantages provided by the proposed methodology.

6.1. Industrial practice

The reaction steps occurring before and after the solvent
replacement are carried out in the same batch reactor, a 2.5 m3

De Dietrich glass-lined reactor. From an industrial viewpoint, it
appears more convenient to switch off methanol directly from
this batch reactor. Industrially a loading–evaporation procedure
carried out in five steps is applied. As the initial volume (about
870 L) made up of methanol (744 L) and of the reaction prod-
ucts (128 L) is lower than the minimum volume (1240 L), the
i fety
c p to
b n is
a
a then
c reac-
t to
1 ac-
t with
Fig. 4. Comparison of the costs distribution.
nitial step consists of a pyridine loading. Moreover, a sa
onstraint required the loading amount of this initial ste
e at minimum equal to 900 kg of pyridine. The operatio
lso defined with a temperature constraint of 50◦C in order to
void thermal degradation of products. Evaporations are
arried out at a reduced pressure of about 80 mbar and the
or jacket is provided by hot water. The final purity is fixed
% weight of methanol in the vapour flow going out of the re

or. The operation also includes another final constraint
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Fig. 5. Methanol–pyridine vapour liquid equilibrium diagrams.

regard to the final volume which is set to the minimum volume,
1240 L.

In order to prevent degassing of solvents during loading oper-
ations, dead times are enforced before and after loading steps
(to make sure that the reaction medium is cold enough) leading
to significant operating times. Therefore, from an optimisation
viewpoint, the benefit of additional loading–evaporation steps
on the separation efficiency is balanced by an increase of the
operating time. Moreover, the enhanced separation provided by
distillation also entails an increase of the operating time due
to the reflux of distillate. Optimisation of the industrial prac-
tice then does not appear obvious. In this way, the developed
methodology provides some strategic information.

6.2. Validation study

A preliminary step of the optimisation procedure consists
of validating the accuracy of our model with regard to the
methanol–pyridine medium. This step is performed from a
comparison of the industrial process data and the simulation

results provided by the tool, on two different ways: on the
methanol–pyridine vapour liquid equilibrium (Fig. 5) and on
the overall process (Table 4). A good agreement is observed,
highlighting the accuracy of our model for the considered appli-
cation. Such accuracy offers many perspectives from an optimi-
sation viewpoint.

6.3. Optimisation study

In this application case, purity reasons involve that any sol-
vents mixing recovered from the reactor cannot be recycled for
any other application and has to be destroyed. Destruction of
solvents by mean of burning costsD 0.06 kg−1 (waste treat-
ment cost). Raw material cost only represents pyridine purchase:
D 3.90 kg−1.

In a first level of the optimisation study, the operating condi-
tions of the industrial procedure have been optimised, leading to
the optimal pyridine amounts of a five steps loading–evaporation
process. In a second level, the number of steps has also been
considered as an optimisation variable, leading to the opti-

Table 4
Validation of the industrial practice of the methanol–pyridine replacement

Industrial data Simulation results

Time Temperature (◦C) Time Temperature (◦C)

S

34.5

32.0

36.5

40.4

37.9

O

teps
Pyridine loading: 1218 kg 1 h 20 min
Evaporation 7 h 40 min

Pyridine loading: 490 kg 30 min
Evaporation 2 h 40 min

Pyridine loading: 490 kg 30 min
Evaporation 2 h 25 min

Pyridine loading: 490 kg 30 min
Evaporation 2 h 20 min

Pyridine loading: 490 kg 30 min
Evaporation 2 h 30 min

perating time
Pyridine loading 3 h 20 min
Evaporation 17 h 35 min

Total 23 h 55 min
1 h 15 min
7 h 39 min 34.3

30 min
2 h 40 min 32.3

30 min
2 h 27 min 35.4

30 min
2 h 19 min 36.0

30 min
2 h 31 min 37.4

3 h 15 min
17 h 35 min

24 h 04 min
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Table 5
Optimisation results of the methanol–pyridine replacement

Steps number Industrial loading mass (kg) Waste (kg) Operating time Global cost (D )

M 1 M 2 M 3 M 4 M 5 Total

Industrial loading–evaporation process (5 steps)
5 1218 490 490 490 490 3178 2690 24 h 4 min 18040

Optimal loading mass (kg) Waste (kg) Operating time Global cost (D )

M 1 M 2 M 3 M 4 M 5 Total

Optimal loading–evaporation process (5 steps)
5 984 482 484 487 486 2923 2443 21 h 37 min 16470

Optimal loading mass (kg) Waste (kg) Operating time Global cost (D )

M 1 M 2 M 3 M 4 M 5 M 6 Total

Optimal loading–evaporation process
6 895 392 394 395 396 395 2867 2382 21 h 54 min 16320

Optimal loading mass (kg) Optimal constant volume (m3) Waste (kg) Operating time Optimal cost (D )

Optimal constant volume evaporation
1 2392 1.240 1946 17 h 24 min 13410

Optimal loading mass (kg) Optimal reflux rate,R Waste (kg) Operating time Optimal cost (D )

Optimal loading–distillation process
1 1379 0.624 861 17 h 36 min 9450

Optimal constant volume distillation
1 1298 0.621 688 17 h 23 min 9080

mal loading–evaporation procedure. Finally, more efficient pro-
cedures have been optimised: constant volume evaporation,
loading–distillation and constant volume distillation.Table 5
offers a detailed comparison of these different processes.

On a process viewpoint, optimisation leads to strategic con-
clusions. Thus, for a constant volume operation, as for the
previous application and as expected, optimisation recommends
a constant volume equal to the minimum volume of the reac-
tor: 1240 L. For distillation operations, optimisation allows to
assess the benefits related to specific reflux policy. In this way,
different reflux policies have been considered: constant reflux
policy, piecewise constant reflux policy, function-based reflux
policy or reflux controlled from the top column temperature.
Function-based or controlled policies improve the separation
when pyridine concentration increases, leading to a reduction
of about 6–7% of the operation cost. Nevertheless, as recycling
of the distillate (mainly composed of methanol) is not possi-
ble for purity reasons, the benefit of such policies appears low
compared to the investment required, in terms of controllers.
Consequently, only constant reflux policies are presented in the
procedures comparison.

6.4. Benefits

By mean of optimisation of the operating conditions, the
proposed methodology offers a complete estimation of the
g
r , this
m oad

ing amounts that lead to a significant gain on the replacement
cost (about 9%). The methodology also shows that in the case
of a loading–evaporation process, operating in six steps consti-
tutes the optimal scenario and will provide 10% reduction of the
global cost.

As it appears on the cost distribution (Fig. 7), the raw mate-
rial represents the main part of the industrial replacement cost.
In fact, pyridine is a very expensive solvent (D 3.90 kg−1) com-
pared to the other ones whose average cost is generally bounded
by 0.15 andD 2.5 kg−1. Consequently, enhanced separation pro-
cesses provide significant benefits (Fig. 6): constant volume
evaporation, loading–distillation and constant volume distilla-
tion, respectively, lead to a 26, a 48 and a 50% reduction of the

s.
ain related to each considered process (seeFig. 6). With
egard to the industrial process carried out in five steps
ethodology proposes operating conditions in terms of l
 - Fig. 6. Comparison of the replacement cost according to the proces
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Fig. 7. Comparison of the costs distribution.

replacement cost. This reduction is mainly due to the decrease
of the pyridine consumption, as shown inFigs. 6 and 7.

With regards to this application case, as raw material issues
are essential, distillation-based processes appear relevant. In
fact, distillation processes limit solvent consumption and waste
amount by an enhanced separation due to reflux. As reflux
involves an increase of operating time, the benefit of such pro-
cesses is mainly dependant on the reflux policy adopted. In this
way, the proposed methodology allows to test and compare dif-
ferent policies: constant reflux policy, piecewise constant reflux
policy, function-based reflux policy or reflux controlled from the
top column temperature.

Constant level distillation combines both the effects of con-
stant level operation and of distillation. Therefore, as expected,
the constant volume distillation constitutes the best process for
the considered application. Nevertheless, its benefit only appears
slightly better than the one provided by a loading–distillation
process. In fact, as the operation required an important ini
tial loading (900 kg) close to the optimal loading–distillation
amount (1379 kg), the benefit related to constant level distilla-
tion is then limited. However, the proposed methodology offers
many solutions to improve the replacement procedure. At this
stage, only a complete economic study integrating a return on
investment would allow to go beyond and to choose the suit-
able process: constant level evaporation, loading–distillation o
constant level distillation.

7
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criteria. In fact, the characteristics specific to each process are
well-known and the determination of the more efficient proce-
dure does not appear as a very challenging problem for chemical
engineers: operations at constant level are always preferable to
loading–separation ones and distillation is only advantageous
in cases of highly expensive replacement solvents. The main
advantages of the proposed methodology then lie in the deter-
mination of the optimal operating conditions and of an accurate
valuation of each replacement procedure. Such features allow to
perform complex economic studies including in particular return
on investment, that constitutes the only way to make an accurate
choice of the best replacement process.

From a process design viewpoint, the proposed methodol-
ogy offers relevant perspectives with regard to the choice of the
reaction solvent. In fact, the methodology may allow to introduce
some separation criteria during the design step of the reaction
solvent. The choice of the reaction solvent then results from
a compromise between reaction performances and separation
facilities. Recent works[12] allow to assess the benefits related
to such design in the context of the pharmaceutical industry.

References

[1] O. Odele, S. Macchietto, Computer-aided molecular design: a novel
method for optimal solvent selection, Fluid Phase Equilib. 82 (1993)
47–54.

ided
0 (8)

nvi-
998)

nign
nthesis,

sign
tribu-

ding,

Eng.

f
itions
5–25.
nou-
of

ned
986)

[ c
per-

[ ion

[ , J.
of a
ement
. Conclusion

A new methodology dedicated to solvent replacement
isation has been presented in this paper. The features o
ethodology based on the use of a batch processes o

ation framework allow to perform optimisation at differ
evels: optimal design, optimal control and optimal revamp
f industrial solvent replacements. Two pharmaceutical a
ations emphasize the use of the proposed methodolog
he related benefits, especially in term of minimisation of
olvent used and of the waste. The industrial validation o
ethodology conclusions has then led to the developmen

ommercial tool in collaboration with Sanofi-Synthelabo for
esign or revamping of solvent replacement processes.

The interest of the methodology lies not only in the dete
ation of the more suitable process, but also in the valuati
ach possible process according to economic and environm
-

r

is
i-

d

a

f
al

[2] E.J. Pretel, P.A. Lopez, S.B. Bottini, E.A. Brignole, Computer-a
molecular design of solvents for separation processes, AICHE J. 4
(1994) 1349–1360.

[3] E.N. Pistikopoulos, S.K. Stefanis, Optimal solvent design for e
ronmental impact minimization, Comput. Chem. Eng. 22 (6) (1
717–733.

[4] M. Hostrup, P.M. Harper, R. Gani, Design of environmentally be
processes: integration of solvent design and separation process sy
Comput. Chem. Eng. 23 (10) (1999) 1395–1414.

[5] M. Cismondi, E.A. Brignole, ECOFAC—computer aided solvent de
and evaluation in environmental problems, based on the group con
tion methods with association, in: Proceedings of ESCAPE 11, Kol
Denmark, 2001, pp. 375–380.

[6] M.J. Gentilcore, Reduce solvent usage in batch distillation, Chem.
Prog. 98 (1) (2002) 56–59.

[7] S. Elgue, J.M. Le Lann, M. Cabassud, L. Prat, J. Cézerac, Influence o
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