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a b s t r a c t

(S)-Ibuprofen is a low volume but high value pharmaceutical product which is categorized as non-
steroidal anti-inflammatory drug (NSAID). This precious chiral drug may be produced using racemic
ibuprofen as raw material through the dynamic kinetic resolution. In this work, a simulation of (S)-
ibuprofen production is carried out using ASPEN PLUS® process simulation software. A pilot scale
production with the capacity of 500 g/day of (S)-ibuprofen acid is considered in the present study. The
product is synthesized through a three-step process: (i) substrate preparation via esterification; (ii)
enzymatic dynamic kinetic resolution of substrate ester and (iii) product purification. Mass and energy
buprofen
nzyme-mediated membrane reactor
imulation

balances of major equipment were calculated. The performance of the enzyme-mediated membrane reac-
tor (EMR) was investigated by manipulating substrate and base concentrations as well as the flow rates.
Besides, a number of issues related to the evaporation and crystallization of the product were identified
and addressed. It was found that the optimum operating condition of EMR at 40 ◦C, 50–100 ml/min lumen
flow rate with substrate and base concentrations, respectively at 10–20 mM and 60–100 mM, gave 0.92
conversion and 0.9 ee of the product. An overall yield of 82.5% product crystal was achieved by operating

the

p

the cooling-crystallizer in

. Introduction

An increase in the world’s demand on single enantiomer ther-
peutic drugs has motivated the search for the production of
nantiopure drugs, especially those of the non-steroidal anti-
nflammatory drugs (NSAIDs) that belong to the family of propionic
cid. Long term concern about the side effects of racemic drugs has
riggered drug related regulatory agencies such as Foods and Drugs
dministration (FDA) in the early 1990 to release guidelines or pol-

cy statements in the development of new stereoisomeric drugs
1]. After two decades, the concern on stereoisomeric drugs keeps
ncreasing and the racemic drugs become undesired compared to
he single enantiomer. In pharmacopeia research, obtaining high
urity of enantiomeric form is a main interest in search for a com-
rehensive enantiomeric technology.

The emergence of new technologies in the 80s that allowed
he production of pure enantiomers in significant quantities has
ncreased the attention and interest in the use of stereochemistry

rugs [2]. Statistics showed that an increase of single enantiomers

aunched between the period of 1985 and 2004 clearly indicated the
ise of interest towards the single enantiomer in pharmaceutical
ndustries rather than those of racemic mixture [3]. Single enan-
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temperature range of 5–10 ◦C.
© 2010 Elsevier B.V. All rights reserved.

tiomer therapeutic drugs have reported sales of $225 billion in 2005
[4]. This figure represents 37% of the total final formulation of phar-
maceutical market worth $602 billion with 11% annual growth rate
of single enantiomer products during the past 5 years which is on
par with the pharmaceutical market as a whole [4].

In the anti-inflammatory class of pharmaceuticals, ibuprofen
acid (2-(4-isobuthylphenyl) propionic acid) belongs to the family
of propionic acid and is still widely marketed as racemic mix-
ture. Since enantiomer does play a crucial role in pharmacokinetics
and phamacodynamics [5], optically active ibuprofen which is also
known as dexibuprofen ((S)-ibuprofen) should be used instead
of the racemic type. Several methods have been developed to
produce (S)-ibuprofen, among the popular ones are: chromatog-
raphy [6,7], crystallization [8], and enzymatic resolution [9,10–13].
Among these methods, crystallization approach is widely applied in
the pharmaceutical industry for the resolution of the enantiomers
[14,15]. Enantioselective crystallization is favoured because the
operation is easy and low manufacturing cost is required [16].
However, a major drawback of crystallization approach is that the
selection of the ideal combination of resolving agents and solvents
is a very time-consuming and labor-intensive process. In addi-

tion, the resolving agent is quite costly and results in low yield
[17].

By considering other alternatives, enzymatic resolution is the
most potent, effective and capable of producing very high enan-
tiomeric excess of the desired enantiomers [16]. Based on the

dx.doi.org/10.1016/j.cej.2010.11.072
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:chhekarl@eng.usm.my
dx.doi.org/10.1016/j.cej.2010.11.072
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Nomenclature

E enantiomeric ratio
eep product enantiomeric excess
ees substrate enantiomeric excess
kd deactivation constant
salc alcohol concentration (mM)
sbase base concentration (mM)
sT0 initial racemic ester concentration (mM)
t1/2 half time of enzyme activity (h)
Tr reduced temperature (K)
�H heat of evaporation (kJ/mol)
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�HR heat of reaction (kJ/mol)
X substrate fractional conversion

revious works related to the production of (S)-ibuprofen, enzy-
atic resolution was carried out either via kinetic resolution (KR)

r dynamic kinetic resolution (DKR) [11,18,19]. Between these two
nzymatic resolution techniques, DKR is more preferable since
00% conversion of the substrate could be achieved. The DKR of
he (R,S)-ethoxyethyl-ibuprofen ester in an enzyme (Candida rugosa
ipase) catalyzed system showed 86% conversion with 99.4% optical
urity of (S)-ibuprofen [11]. In addition, a diffusion-reaction model
as been developed to investigate the characteristics of the DKR

n an enzymatic membrane reactor (EMR). The proposed model
ould predict the optimal reaction conditions during the design of
mmobilized enzyme systems using a particular membrane geom-
try [20]. Although the production of (S)-ibuprofen via KR and DKR
as been studied in the past few years, the conceptual design for
ass production has yet to become viable. Therefore, the investiga-

ion on the substrate preparation, integrated EMR and purification
f the product is still needed in order to make the enzymatic res-
lution a competitive technology. The purpose of this article is to
rovide an innovative process design and simulations of the (S)-

buprofen acid production as well as the product recovery and
urification. The design of the pilot-scale (S)-ibuprofen production
lant is discussed and the emphasis is made on the performance
f the hollow fiber membrane reactor as well as product recovery
nd purification units including evaporator and crystallizer.
. Process description of (S)-ibuprofen acid production

In this section, a conceptual design of (S)-ibuprofen acid pro-
uction is discussed. The process is divided into three sections:

Reflux reactor
Neutra
Settli

EvapCrystallizer

Section A: Substrate preparatio

Section C: Product purification

(S)-ibu

Raw
materials

Product
((S)-ibuprofen

acid)

Fig. 1. Block flow diagram of the (S
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(i) chemical esterification of (R,S)-ibuprofen acid; (ii) enzymatic
dynamic kinetic resolution of (R,S)-ibuprofen acid, and (iii) purifi-
cation of (S)-ibuprofen acid. The main objective of the process
is to convert the racemic ibuprofen to an enantiomeric pure (S)-
ibuprofen acid. In this novel process, only five main units are
crucially involved. Among the unit operations, the EMR is described
as the heart of the plant where the hydrolysis, by-product recov-
ery as well as product separation occur simultaneously. Besides,
simulations of the evaporator and crystallizer were carried out
to investigate the effect of several process parameters on the
product recovery and purification. A general process flow of each
units operation is presented in a block flow diagram shown in
Fig. 1.

2.1. Substrate preparation

Prior to the resolution process in the enzymatic membrane reac-
tor (EMR), several units are required for the synthesis of racemic
substrate ester. The fresh (R,S)-ibuprofen acid was converted into
(R,S)-ibuprofen ester in a batch reactor with reflux system. The
ester was prepared through chemical esterification in the presence
of acid catalyst. 2-Ethoxyethanol was chosen as the substrate for
the esterification due to the properties of electron-withdrawing
alkyl group in the ester formed, which is highly reactive in the
hydrolysis reaction. In addition, it has been reported that 2-
ethoxyethyl-ibuprofen ester is a better substrate for the kinetic
resolution process when comparing with 1-heptyl-ibuprofen ester
[10]. The reaction for the esterification of ibuprofen acid with 2-
ethoxyethanol is shown in Fig. 2.

A reflux system is designed to give high product yields in
the production of racemic ibuprofen ester. Since the volatility of
product esters is lower than those of the reactants, vapor-phase
reflux stream is always rich in reactants such as isooctane and
2-ethoxyethanol. The reaction was maintained under reflux for
8–10 h with the temperature between 100 and 110 ◦C at atmo-
spheric pressure. A steam-heated jacketing system is designed to
supply heat to the reactor as well as maintaining the desirable oper-
ating temperature. In addition, an agitator arrangement of axial
flow three-bladed impeller was centrally mounted in order to pro-
vide a uniform mixing inside the reactor. The subsequent steps
include the neutralization of unconverted ibuprofen acid and acid

catalyst, followed by the recovery of organic ester.

In this case, a hybrid neutralizing-settling tank is designed so
as to meet the requirement of carrying out the neutralization and
settling in a single unit. A two-phase liquid was formed upon neu-
tralizing the excess amount of acid in the system. Both the organic
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Section B: Enzymatic resolution

profen production plant

)-ibuprofen production plant.
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2-(4-isobutylphenyl)propanoicacid
((R,S)-ibuprofenacid)

2-ethoxyethanol

Fig. 2. Esterification of (R,S)-ibuprofen acid wi

nd aqueous phases are then separated based on the density dif-
erence. The aqueous phase settled at the bottom of the tank due
o the larger density compared to the organic phase. Consequently,
he aqueous phase was removed and the organic phase was left
or further purification. Then, the recovered ester was stored in the
torage tanks as a feedstock for DKR process in the EMR.

.2. Dynamic kinetic resolution via enzymatic membrane reactor

EMR refers to any enzyme-catalyzed process which takes place
n a membrane mediated reactor. The reactant is continuously fed
nto the lipase-immobilized membrane matrix where the reaction
s taking place and at the same time, the product is discharged.
he main advantage in enantiomers separation by adopting the
embrane technology is that continuous mass production is guar-

nteed. The proposed EMR is a combination of separation and
nzymatic reaction occurred in a single unit operation. The enzyme
as immobilized on the sponge side of the fiber membrane as a

iocatalyst for enantioselective resolution. The wall of the porous
embrane functions as a selective barrier, creates two distinct

ompartments inside the membrane reactor, namely luminal side
nd shell side [20]. On the outer side of the fiber membrane,
here is an organic phase where the substrate dissolved in organic
olvent. Inside the fiber lumen is an aqueous phase where the

roduct will be collected. Three membrane modules are config-
red in parallel to provide membrane surface of 18 m2 for the

ipase-immobilized hydrolysis of racemic substrate. The membrane
odules are incubated in a closed oven in order to maintain the

perating temperature inside the modules.

Fig. 3. Process flow diagram of the (S
2-ethoxyethyl2-(4-isobutylphenyl)propanoate
((R,S)-ibuprofenester)

thoxyethanol at reflux temperature of 110 ◦C.

Two agitated tanks namely organic tank and aqueous tank are
designed with the provision of hot water jacket to heat up the solu-
tion inside the tanks. Both tanks are connected, respectively to the
shell and lumen sides of the membrane modules. The organic tank
consists of fresh substrate esters which keep circulating within the
membrane shell loop. During the same instance, the base-catalyzed
ketol–enol tautomerism also occurs simultaneously to recover the
unreacted (R)-esters. On the other hand, buffer in the aqueous tank
circulates within the membrane lumen and brings out the (S)-
ibuprofen acid from the system. Thus, by employing the EMR with
the DKR, the product in the aqueous media could be obtained easily
without any contamination of the reactants.

2.3. Crystallization and purification

The effort of separating the (S)-ibuprofen from aqueous solution
leads to a major challenge. High temperature purification process
needs to be avoided since (S)-ibuprofen might degrade and reduce
its therapeutic effect. In this work, vacuum evaporator followed by
a batch cooling crystallizer was used in order to obtain an opti-
cally pure product. The vacuum evaporator is capable to evaporate
80–100 L of the water within 2 h without affecting the quality of the
active ingredient. The vacuum condition (100–150 mmHg) inside
the evaporator has reduced the water boiling point to approxi-
mately 50 ◦C. The evaporated water was collected in a condensate

tank while the product concentrate remained in the bottom of
evaporator.

It was reported that the lipase only catalyzes the (S)-ester and
forms a polar product ((S)-acid) which diffuses into the aqueous
stream due to its water-soluble behaviour [19]. As a result, the

)-ibuprofen production plant.
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Table 1
Chemical properties of (S)-ibuprofen acid and ibuprofen ester obtained via Chem-
draw Ultra® .

Properties (S)-Ibuprofen acid (R,S)-Ibuprofen ester

Molecular weight (g/mol) 206.28 278.19
Boiling point (K) 673.33 699.98
Melting point (K) 405.31 354.35
Critical temperature (K) 789.46 783.59
Critical pressure (bar) 23.91 15.62
Heat of formation (kJ/mol) −447.42 −629.21
Log P value 1.75 4.20

Table 2
Process parameter used in the batch reactor simulation.

Process parameter Range of study

Operating pressure (atm) 1–5
Operating temperature (◦C) 80–110
Ibuprofen:alcohol ratio 1–5
Reflux time (h) 8–10

Table 3
Process parameter used in the EMR simulation.

Parameter Range of study

Substrate initial concentration (mM) 10–100
S.Y. Lau et al. / Chemical Engin

oncentrated product solution only consists of (S)-ibuprofen acid
nd a small amount of phosphate buffer salt. The buffer salt is
ommonly used in biological research due to the osmolarity and
he ion concentrations of the buffer solution usually match those
f the human body (isotonic). Since the product solution is free of
hiral resolving agent, the selective crystallizer of ibuprofen/lysine
alt, which was described in the literature, is not appropriate in the
resent work [15]. Therefore, direct cooling crystallization without
onverting into the salt form is preferred. This method has several
dvantages compared to that of the preferential crystallization
ethod, where there is no addition of salt and acid which could

educe the purity of the products formed. Additionally, with a
ingle crystallizer unit, the product loses and energy consumptions
ould also be minimized. The overall process is illustrated in a
implified process flow diagram (PFD). Fig. 3 shows a proposed
FD of the (S)-ibuprofen acid production plant.

. Process simulation and validity studies

In order to monitor the progress of (S)-ibuprofen production via
nzymatic DKR, ASPEN PLUS® was used as a tool for simulations.
he CONVEN stream class has been used throughout the simu-
ation except for crystallization process where MIXCIPSD stream
lass was employed. The CONVEN stream class is appropriate for
ystem containing vapor, liquid and salts, whereas the MIXCIPSD
s suitable for the system where conventional solids are present

ith a particle size distribution. The main models incorporated
ithin ASPEN PLUS® such as the NRTL and ELECNRTL were used

or chemical and crystallization process, respectively. Normally, the
ommon components are well-defined in ASPEN PLUS® database.
owever, the definition of rare components such as the (R,S)-
thoxyethyl-ibuprofen ester and (S)-ibuprofen acid were estimated
ia the property estimation software such as Chemdraw Ultra®.
able 1 shows several important properties of the racemic ester
nd (S)-ibuprofen acid which are employed in the simulation.
This study addresses on how process development could be
reatly improved with the use of ASPEN PLUS®. The simulation
f batch reactor is focused on the effect of reactant fed to the
ster conversion. The process conditions involved in the simula-
ion are presented in Table 2. In addition, the simulator is also

Membrane m

Aqueous
tank

Substrate inlet

Product
inlet

EMR boundary

Fig. 4. The simulation boun
2-Ethoxyethanol concentration (mM) 20–200
Base concentration (mM) 10–100
Lumen loop flow rate (L/min) 20–200

used to predict the unforeseen parameters which could affect the
production of (S)-ibuprofen acid during the DKR in an EMR. In the
present study, four crucial effects of DKR such as initial ester con-
centration, base concentration, alcohol (inhibitor) concentration,
and lumen loop flow rates were investigated. Since the EMR was
operated at mild conditions, the temperature and pressure changes
give no significant effect to the (S)-ibuprofen production. Therefore,
the performance of the EMR was investigated by manipulating the

parameters presented in Table 3.

In order to run an accurate simulation, it is important to select
the appropriate boundary condition of the particular system. The
boundary condition for EMR was assumed to be the inlet and outlet

odule

Organic
tank

Shell Loop

Lumen loop

Substrate outlet

Product
outlet

dary of the EMR unit.
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R2 = 0.9946
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ig. 5. Plot of experimental values in comparison with the simulated values of ester
onversion.

f both the shell and lumen loop as depicted in Fig. 4. The results
f the simulation are presented in terms of conversion as well
s the enantiomeric excess of the product and substrate which
re denoted as ees and eep, respectively. In the DKR system, ees is
efined as the amount of unreacted enantiomer remained after the
ynamic resolution. Conversely, eep represents the excess amount
f desired enantiomer obtained after the process. A successful DKR
ystem should have low ees value and maintain high eep in order
o achieve 100% optically pure product [20].

To date, most of the findings reported in the literatures were
erformed in bench scale either in batch bioreactors or membrane
eactors [10,11,18] and none of these reactors were operated above
0 L working volume. However, two major assumptions were made
uring the simulation of EMR prior to ASPEN PLUS® simulation
hich include: (i) negligible mass diffusion characteristics of the

ubstrate and product and (ii) constant enzyme activity and pro-
uction rate throughout the process. In this case, the validity of the

roposed hollow fiber EMR was tested by comparing the simulated
onversion profile with the results obtained from experimental
ork at an alcohol concentration of salc = 50 mM with the initial

oncentration, sT0 = 80 mM. The parity plot depicted in Fig. 5 shows
ood agreement between the simulation and experimental results.

Fig. 7. Process flow sheet implemented in ASPEN PLUS® for
1/T (x10-3), K-1

Fig. 6. Solubility curve of (S)-ibuprofen acid in phosphate buffer at pH = 8.

The coefficient of determination of the plot, R2 = 0.9946 confirmed
that the capability of the proposed flow sheet to predict the the-
oretical results for DKR in the preceding sections. Owing to the
flexibility of the proposed process, it is expected that the system
is suitable for handling the DKR at different process conditions. In
this present work, it is also important to demonstrate that the reac-
tor is practical under target operation with particular emphasis on
enzyme loading, lipase activity and biocatalyst life span.

On the other hand, several issues on the evaporator and crystal-
lizer have also been addressed through the simulations. The effects
of the operating pressure and temperature were investigated in
order to determine the optimum productivity rate of (S)-ibuprofen
crystals. For an aqueous (S)-ibuprofen acid, the solubility curve
obtained from the lab-scale experiment is within the range of
0.005–0.2 g/ml at room temperature. Fig. 6 shows a negative-sloped
linear solubility curve of the (S)-ibuprofen acid in phosphate buffer
solution. The simulation of crystallizer unit is based on the lab-
scale solubility data. The process of crystallization in pilot scale is
assumed to obey the same solubility characteristics.

By applying all the process data obtained from estimation and
lab-scale work, simulations based on the mass and energy bal-

ances were performed for different process conditions. The mass
and energy balances simulated via the ASPEN PLUS® are important
for the detail equipment design. In order to simulate a process in
ASPEN PLUS®, it is necessary to assemble each unit operation into

the simulation of (S)-ibuprofen acid production plant.



S.Y. Lau et al. / Chemical Engineering Journal 166 (2011) 726–737 731

Table 4
The summarized input–output data of (S)-ibuprofen production pilot plant by referring to the PFD in Fig. 3.

Component (kg) Stream no.

S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8

Isooctane 22.9 22.8 0.0 22.8 0.0 97.1 0.0 119.9
(R,S)-Ibuprofen 0.8 0.1 0.0 0.0 0.1 0.0 0.0 0.0
2-Ethoxy ethanol 0.5 0.2 0.0 0.0 0.2 0.0 0.0 0.0
Water 0.0 0.1 17.6 0.0 17.6 0.0 108.0 0.0
Ibuprofen Ester 0.0 1.0 0.0 1.0 0.0 0.0 0.0 1.0
Sodium hydroxide 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0
(S)-Ibuprofen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total mass (kg) 24.2 24.2 17.7 23.8 18.0 97.1 108.0 120.9
Temperature (K) 298.15 383.15 298.15 298.15 298.15 298.15 298.15 318.15
Enthalpy (J/s) 0.0 1351.6 0.0 0.0 0.0 0.0 0.0 1086.5

Component (kg) Stream no.

S-9 S-10 S-11 S-12 S-13 S-14 S-15 (l) S-15 (s)

Isooctane 0.0 119.9 0.0 0.0 0.0 0.0 0.0 0.0
(R,S)-Ibuprofen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 Ethoxy-ethanol 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0
Water 108.0 0.0 107.9 107.9 85.1 22.8 22.8 0.0
Ibuprofen Ester 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Sodium hydroxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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The simulated result in Fig. 8 shows that the amount of substrate
ester synthesized is proportional to the fractional conversion. This
implies that the lower conversion results in a higher reactant loss.
Therefore, the effective method of chemical esterification should be
(S)-Ibuprofen 0.0 0.0 0.7
Total mass (kg) 108.0 120.3 108.6
Temperature (K) 318.15 318.15 318.15
Enthalpy (J/s) 1759.8 1124.3 1763.0

flow sheet and resolve the material and energy balances. Fig. 7
hows a complete flow sheet of the (S)-ibuprofen production.

. Results and discussion

The simulation results provide the input–output mass and
nergy requirement of the (S)-ibuprofen plant. Table 4 shows an
xample of mass and energy stream table of each component that
nvolved in the overall process at 100 ◦C temperature, pressure of
atm with reactant ratio of 3. The simulation shows that 1.0 kg of

eedstock ester could be produced from the esterification of 0.8 kg
f (R,S)-ibuprofen acid as starting material. The ester was diluted
ith isooctane from 96 mM to 40 mM and fed to the EMR as a

ubstrate. The result of the simulation gives a total of 0.68 kg (S)-
buprofen acid (or equivalent to the 82.5% of overall conversion)
t optimum process condition. The result also shows that most of
he product loss occurred during the reaction where 7.5% and 5.7%
osses were detected in the esterification and enzymatic hydrolysis,
espectively.

Table 5 summarizes the heat duties of the entire plant which
ndicates the amount of total energy required for all the equip-

ent. The heat duties of the equipment were obtained from the
verall simulation. The net energy requirement simulated for the
roduction of (S)-ibuprofen acid is 72.25 kJ/s during a full-capacity
peration. Most of the unit operations showed low energy con-

umption, except for the vacuum evaporator which gave a value of
2.92 kJ/s. The transition state of water from liquid to vapor phase
hich involved high heat of evaporation (2389 kJ/kg) caused an

ncrease in the energy consumption. The heat of evaporation (�HV)

able 5
eat duty of major equipment in (S)-ibuprofen production pilot plant.

Unit operation Enthalpy (kJ/s)

Batch reactor 1.35
Neutralization/settling −1.35
EMR 0.04
Evaporator 72.92
Crystallizer −0.71
Net energy requirement 72.25
0.7 0.0 0.7 0.1 0.6
08.6 85.1 23.5 23.0 0.6
03.15 320.15 320.15 273.15 273.15
82.5 73463.8 35.7 −664.3 −5.7

of water at a desired temperature can be estimated using Eq. (1)
[22];

�HV = C1 × (1 − Tr)C2+C3Tr+C4T2
r (1)

where Tr = T/TC is the reduced temperature in Kelvin, while C1,
C2, C3 and C4 are constants with values of 5.2053 × 10−7, 0.3177,
0.212 and 0.25795, respectively for water. Other units operations
do not require excessive amount of energy because no phase
change is involved. As for the batch reactor, even the process was
operated at 110 ◦C the energy consumption is less than the evapo-
rator. This is because only a small amount of energy is required
to vaporize the low boiling point reactants. For instance, both
isooctane and 2-ethoxyethanol gave low specific heat of evapo-
rations (�HV = 263 kJ/kg and 516 kJ/kg, respectively) in the reactor.
Therefore, it is apparent that the result obtained from the process
simulation contributed to low enthalpy and energy consumption
especially for the reactor unit.

4.1. Esterification in a batch reactor
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Fig. 8. Ibuprofen ester produced against esterification conversion in a batch reactor.
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Table 6
Operating conditions for batch esterification reactor.

Parameter Operating condition

Temperature (◦C) 100–110
Pressure (atm) 1
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sites and reduces the hydrolysis rate due to the changes of the

F

Reflux (h) 8–10
Heat of reaction (kJ/mol) 88

sed in order to prepare a premium grade feedstock without wast-
ng any precious raw materials. It was reported that the conversion
f nearly 100% with equimolar reactant could be achieved using
iarylammonium pentafluorobenzenesulfonates [23], hafnium (IV)
alt and zirconium (IV) salt as catalysts [24].

Nevertheless, the simulations have also determined several
mportant parameters that could give at least 65% conversion of
roduct. Table 6 shows the desired operating conditions needed

n order to ensure high conversion of racemic ibuprofen ester. The
imulated result shows that the esterification of racemic ibupro-
en acid is an endothermic process with heat of reaction, �HR of
8 kJ/mol. This implies that a continuous heat supply is needed
or the esterification process. This can be achieved by maintaining
he temperature at a range between 100 and 110 ◦C and control-
ing the operating pressure at atmospheric level so that the excess
-ethoxyethanol is kept refluxing within the system.

.2. Enzymatic dynamic kinetic resolution via membrane reactor

In the experimental work, the enzyme loading on membrane
ponge layer was found to be 0.23–3.02 g-enzyme/m2. The values
re within the same order of magnitude (0.4–2.85 g-enzyme/m2)
s reported in the literature [19]. The specific activity (mmol/h g-
nzyme) of lipase was reported for optimal operation condition,
.e. at 20 mM initial substrate concentration, 60 mM base concen-
ration, 50 mM phosphate buffer solution (pH 8) at 45 ◦C reaction
emperature. Fig. 9 shows the effect of enzyme loading on spe-
ific activity on the sponge layer. The specific activity was found
o decrease when lipase loading was increased on the sponge
ayer, from 30.12 mmol/h g-enzyme at 0.23 g/m2 lipase loading to
.97 mmol/h g-enzyme at 3.02 g/m2 lipase loading. Mass transfer
imitation might occur at high lipase loading due to the lower effec-
ive diffusivity at higher lipase loading, causing a decrease in the
pecific activity to a greater extent. The half time (t1/2) of lipase
ctivity is defined as the time taken for the activity to reduce by

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40

Initial concentration of (R,S)-

E
na

nt
io

m
er

ic
 e

xc
es

s,
 e
e s

an
d 
ee
p

ig. 10. Effect of initial racemic ester concentration on eep , ees and X at reaction time, t =
Enzyme loading , g-enzyme 

Fig. 9. Specific activity of immobilized lipase for hydrolysis reaction at different
enzyme loading.

half of its initial activity. This is given by

t1/2 = 0.693
kd

(2)

where kd is the deactivation constant. In the experimental study,
kd value for immobilized lipase on the spongy layer at 45 ◦C is
0.00478 h−1. Therefore, the half time calculated from Eq. (2) for
the immobilized lipase on spongy layer is 145 h at 45 ◦C reaction
temperature. The observed lipase half-life is greater than that of
the reported result in the literature [10] which implies that the
DKR involving trioctylamine could increase the enzyme’s half life
compared to that of the KR system. The role of the trioctylamine as
racemization catalyst and lipase activator in the EMR contributed
to this particular result [9].

The performance of the EMR was studied as a function of the
initial substrate concentration. The simulation results in Fig. 10
show that the product enantiomeric excess, eep and conversion,
X decreases with the increase in the initial racemic substrate
concentrations. This phenomenon was due to the occurrence
of the enzyme inhibition by the uncompetitive inhibitor. The
modified Michaelis–Menten rate equation used in the process sim-
ulation apparently involved the inhibition terms. The substrate
(R)-ibuprofen ester acts as an uncompetitive inhibitor in the hydrol-
ysis of racemic ester [19] and it tends to attack the allosteric
enzyme conformation. Since the complex formed is reversible, it
then further dissociates to form the products. On the other hand, by
reducing the ester concentration in the organic phase, the chances
of substrate inhibition are mitigated. The active sites bind easily

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

60 80 100

ibuprofen ester, mM

C
on

ve
rs

io
n,

 X

ees

eep

X

240 min; base concentration, sbase = 10 mM; alcohol concentration, salc = 50 mM.



S.Y. Lau et al. / Chemical Engineering Journal 166 (2011) 726–737 733

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100 120 140 160 180 200 220

ncent

C
on

ve
rs

io
n,

 X

E
na

nt
io

m
er

ic
 e

xc
es

s,
 e
e s

an
d 
ee
p ees

eep

X

me, t =

w
w
t
p
t
T
a
a
r
a

m
s
a
u
t
c
s
a
c
o
t
o
o

Alcohol co

Fig. 11. Effect of alcohol concentration on ees , eep and conversion at reaction ti

ith the (S)-substrate and enhances the hydrolysis reaction. Mean-
hile, the enzyme activity is maintained at a high level. However,

he equimolar properties of a unique racemic compound lead to a
roblem where the increased level of initial substrate concentra-
ion would also increase the amount of the uncompetitive inhibitor.
his not only adds the uncompetitive inhibitor to the system, but
lso eventually increases the amount of non-competitive alcohol
fter the hydrolysis. Hence, the eep value and conversion were
educed while the amount of unreacted substrate increased with
n increasing amount of initial (R,S)-ibuprofen ester concentration.

The effect of the non-competitive inhibition was investigated by
anipulating the alcohol concentration in the organic phase. The

imulation result presented in Fig. 11 shows that higher amount of
lcohol in the system gave lower substrate conversion and prod-
ct enantiomeric excess. The process exhibited low productivity in
he presence of alcohol when it bound to the enzyme–substrate
omplex and caused the active sites to be unavailable to the sub-
trate. The hydrolysis of (R,S)-ibuprofen ester gave 0.5 conversion
nd presumably, zero product (eep = 0.01) at 200 mM alcohol con-
entration. On the other hand, it was also observed that high value

f both conversion and eep (X = 0.99, eep = 0.99) were obtained at
he lowest alcohol concentration, i.e. 20 mM. An acceptable range
f the alcohol present in the bulk substrate was also observed. The
rganic phase with 20–60 mM alcohol could still provide high con-
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240 min; base concentration, sbase = 50 mM; initial concentration, sT0 = 80 mM.

version and eep. This implies that the organic phase of the EMR
should be controlled at the lowest alcohol concentration so as
to provide a maximum (S)-ibuprofen acid productivity. However,
the simulated results show that the initial substrate concentration
exhibited stronger inhibition effect than the alcohol concentration.
The hydrolysis of ibuprofen ester gave eep of 0.12 and conversion of
0.41 at maximum initial substrate concentration of 100 mM while
the enantiomeric excess maintained at the same value with con-
version of 0.56 when the system contains 160 mM of alcohol.

The effect of the in situ racemization in the DKR process has also
been studied. The racemization was carried out in the presence
of base, i.e. trioctylamine as a catalyst. The product and substrate
enantiomeric excess as well as conversions were studied at vari-
able base concentrations. As depicted in Fig. 12, the trioctylamine
concentration gave very significant effect on the product yield
where the eep and conversion obtained were 0.2 and 0.6, respec-
tively at 10 mM trioctylamine. Both values increased rapidly until
they reached a steady state at eep = 0.9 and X = 0.95. The steady
state of the DKR maintained after achieving the concentration of
60 mM. However, the substrate enantiomeric excess remained at

ees = 0.04 regardless of any changes of the base concentration. This
implies that the DKR is sufficient to provide high eep and conversion
at moderate base concentrations even with high initial substrate
concentration, i.e. sT0 = 80 mM. The base concentration is vital in
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ontrolling the dynamic equilibrium among (R,S)-esters and eno-
ate molecules. In addition, the literature also reported that the
ate of the dynamic equilibrium of the tautomerism leading to
acemization is proportional to the base concentration [21]. Simul-
aneously, the amount of (S)-ester in the system is decreasing due to
he hydrolysis with a (S)-specific lipase. The shift of equilibrium can
e explained using the Le Chatelier’s principle where the position
f equilibrium will move to a direction such that the concentra-
ion of (R)-ibuprofen ester will decrease. Hence, the enolate formed
ill convert the (S)-ibuprofen ester and consequently reduce the
ncompetitive inhibitor in the system.

Moreover, the base concentration also affects the enantiomeric
atio, E which characterizes the enantioselectivity of a particular
nzyme of a reaction in which the (S)-isomer selectively reacts.
ig. 13 shows that the enantiomeric ratio increased dramatically
ith the increase in the base concentration. The enantiomeric ratio

lso steeply increased at sbase = 100 mM while nearly constant at
base = 10 mM. Generally, it can be observed that the value of E
ill increase when the initial concentration of racemic ester in the

rganic phase increases. In the resolution process, high enantiop-
rity of the product is only obtainable at a very high E value. This
s due to the fact that the E value is eep and conversion dependent.
his is represented by Eq. (3) [19];

= ln [1 − X(1 + eep)]
ln [1 − X(1 − eep)]

(3)
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A similar theory to that of the effect of base concentration applies to
the enantiomeric ratio. High tendency of uncompetitive inhibitor
that converts the (S)-substrate has reduced the inhibition effect
towards the immobilized enzyme. Therefore, the enzyme activity
is maintained throughout the DKR process and contributed to a
high productivity. These results could provide a guideline to select
the suitable EMR operating condition based on the desired produc-
tivity. For instance, the EMR should be operating at sbase = 100 mM
and sT0 = 85 mM in order to achieve a resolution with enantiomeric
ratio of 20.

The (S)-ibuprofen acid diffuses through the membrane pores
into the aqueous phase at lumen side. Due to this particular reason,
the effect of the lumen loop flow rate was studied. It was observed
in Fig. 14 that the lumen flow rate showed an insignificant effect
on the conversion and enantiomeric excess. There were very lit-
tle changes among the ees, eep and conversion despite of the high
lumen flow rate. The eep and conversion profiles remained at 0.8
and 0.9, respectively. On the other hand, the ees profile decreased
gradually from 0.1 to 0.08 with the increase of lumen flow rate.
The reason is probably due to the batch-wise operation of the EMR
as well as the continuous circulation of the aqueous phase in the
lumen side. Eventually, the process reaches steady state after 4 h
of continuous operation. In addition, the constant enzyme activity
during the hydrolysis process produces equal amount of product
along the hollow fiber and diffuses slowly into the lumen side. Since
the production of (S)-ibuprofen does not get affected much by the
lumen flow rate, the EMR should then operate at low to moderate
flow rate so as to reduce the energy consumption.

4.3. Product recovery and purification

The special feature of chiral resolution via EMR is that the
product could be directly collected in the aqueous solution. The
characteristic of the hydrophilic membrane as a support for
the biocatalyst has created film boundary between organic and
aqueous phase. Thus, the contamination of the desired product is
reduced to a minimum level and the costly downstream processing
steps are eliminated. Since the polar (S)-ibuprofen acid highly

dissolves in aqueous buffer, the process for product purification
and recovery become simple. Two unit operations such as evap-
orator and crystallizer would be sufficient to recover the product.
A vacuum evaporator was proposed in order to remove the excess
water in the product solution. The evaporator was simulated in
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en at vacuum pressure of 76 mmHg, 100 mmHg and 150 mmHg.
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Table 7
Operating conditions for vacuum evaporator.

Parameter Operating condition

◦

This information is particularly useful as a guideline during the
operation of the evaporator.
Fig. 15. Binary mixture VLE diagram for water-(S)-ibuprof

rder to investigate the effect of operating pressure so that the
roduct degradation could be avoided during water evaporation.
ig. 15 shows the vapor–liquid equilibrium for binary mixture
f ibuprofen–water at vacuum pressure. For temperature less
han 60 ◦C with a vacuum pressure of 150 mmHg, it might be
ecessary to preserve the therapeutic value of (S)-ibuprofen. In
ddition, at this particular pressure, the boiling point of water and
S)-ibuprofen are at 60 ◦C and 250 ◦C, respectively, which indicate
hat binary mixture of (S)-ibuprofen–water has high relative
olatility. Hence, the quality of the concentrated product solution
ould be assured. In order to avoid degradation of optically pure
S)-ibuprofen acid, the temperature of the evaporator needs to be
perated slightly higher than the bubble point curve. This might
educe the evaporation rate of water since less energy is supplied
o the system. However, for the sake of preserving the product,
emperature control inside the evaporator is crucially required.
he evaporator should be designed in such a way to provide high
urface area so that efficient heat transfer rate could be achieved.

Fig. 16 shows that the fraction of water removed from the
roduct solution increases with the increase of the operating

emperature at 100 mmHg. At high vacuum condition, the boiling
oint of water reduces to approximately 50 ◦C and any tempera-
ure above the boiling point could cause the water to evaporate.
owever, it was observed that there is only a very small fraction
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ig. 16. Fraction of water removed against operating temperature of vacuum evap-
rator at 100 mmHg.
Temperature ( C) 50–60
Pressure (mmHg) 100–150
Energy of evaporation (kJ/kg of H2O) 3084
Evaporation rate (kg H2O/min) 1.42

of water removal when the operating temperatures varied from
47 ◦C to 57 ◦C. The large relative volatility of vapor phase inside the
vacuum evaporator is believed to result in this phenomenon. This
result shows that high water removal could be achieved without
operating at high temperature. In order to attain a saturated
condition with low energy consumption, the evaporator should
be operated slightly lower than the boiling point of (S)-ibuprofen.
Besides, the simulation at 50 ◦C and 100 mmHg gave approxi-
mately 1.42 kg/min of water evaporation rate. Table 7 summarizes
the optimum operating conditions extracted from the simulation.
The final stage of (S)-ibuprofen production is to obtain solid crys-
tals of the compound. For the ease of crystallization process, the
product solution should be concentrated by removing up to 80% of
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Fig. 18. Amount of (S)-ibuprofen crystal obtained at va

ater content. After reaching the supersaturation limit, there is a
igh possibility of spontaneous crystallization within the evapora-
or. In this present work, the crystallization process was simulated
ase on the solubility curve of (S)-ibuprofen in the aqueous sys-
em. The final concentration of the product solution obtained from
he evaporation process should not exceed 100 g/L in order to pre-
ent the formation of crystal inside the evaporator. In this context,
simulation of crystallization process at lower product concentra-

ions (10–100 g/L) is important so as to determine the temperature
nduced crystallization profile in the cooling crystallizer. Fig. 17
hows a minimum crystallization curve which separates the crys-
allization diagram of the (S)-ibuprofen acid into aqueous region
region I) and crystallization region (region II). The crystallization
f (S)-ibuprofen initiated spontaneously within the crystallization
egion. In addition, rapid crystal growth is also observed in region
I. However, there was no crystal formed in the aqueous region.
n order to crystallize the product in region I, the solution should
ither increase the product concentration or further cool down to
he minimum crystallization point on the curve.

Fig. 18 clearly shows the amount of (S)-ibuprofen acid crys-
al formed at various saturated product solutions at atmospheric
ressure. Among the simulated profiles, the range of preferable
roduct solutions is within 30–90 g/L. The concentrations within
his range are able to contribute high crystal productivity, which
s above 0.5 kg at 5 ◦C. However, the same temperature only pro-
uces 0.29 kg crystals at low product solution, i.e. 10 g/L. It can be
learly observed that at the product solution of 70 g/L and 90 g/L,
here are three visible cooling stages. Both solutions give low crys-
al formation at temperature above 10 ◦C (stage III). The results at
emperatures within 5–10 ◦C (Stage II) show rapid increment of
rystal formation for the product solution of 30 g/L, 50 g/L, 70 g/L
nd 90 g/L, respectively. At this stage, small changes in the cooling
emperature will bring significant effect on the crystal formation.
ventually, when the temperature is further reduced to 1–5 ◦C

Stage I), nearly all the solute will be crystallized.

The optimum operating conditions of the crystallizer shown in
able 8 were determined from the simulated result. The yield of
he (S)-ibuprofen is more than 90% with the 99% enantiopurity.

able 8
perating conditions for cooling crystallizer.

Parameter Operating condition

Temperature (◦C) 5–10
Pressure (atm) 1
Feed concentration (g/L) 30–60
perating temperatures for different product solutions.

The results obtained from ASPEN PLUS® could be used as guidance
in order to monitor the operating conditions of the process. These
results could evaluate the performance of the EMR as well as deter-
mine the amount of product obtained at the specified optimum
condition.

5. Conclusion

The increasing popularity of chirality in pharmaceutical activ-
ity has stimulated an increasing demand for economical and high
productive methods for commercial synthesis of pure enantiomers.
The demand for those optically pure therapeutic agents is becom-
ing more stringent due to its more target-specific therapeutic effect
than racemic mixtures. The optically active (S)-ibuprofen acid crys-
tal could be obtained via the proposed plant. The conceptual design
of pharmaceutical product plant is the first step for better under-
standing of the process and help in the development of PFD of the
entire plant. The information of the PFD is converted into ASPEN
PLUS® flow sheet in order to simulate the effect of several pro-
cess conditions. The mass stream and heat duty of the equipment
were determined. The simulation showed that the performance of
the EMR is affected by the initial substrate and base concentra-
tions. Meanwhile, the vacuum evaporator should be operated at
60 ◦C with vacuum pressure of 100–150 mmHg. The cooling type
agitated-crystallizer was suggested with operating temperature
range of 5–10 ◦C in order to get the productivity above the designed
plant capacity. Besides, 82.5% overall yield of product crystal was
achieved through the overall process. The use of enzymatic bipha-
sic membrane reactor for dynamic kinetic resolution becomes more
potent and viable as the innovative technology which contributed
to the achievement of 100% theoretical yield when it is combined
with racemization process.
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