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Abstract Simulated moving bed (SMB) chromatography is very useful for the separation of binary systems such
as chiral compounds. Because loxoprofen racemate has four enantiomers owing to its two chiral centers, to gain pure
enantiomer it is impossible with only one step. To apply enrichment of loxoprofen using SMB, extract and raffinate
should be separated as a binary mixture. In order to enrich loxoprofen racemate as binary mixture among four mix-
tures and to characterize its enantiomer, we performed experiments with two types of columns. When TBB® column
was used as CSP, the mixture of (1'R,2S) and (1'S,2S) forms was eluted as a raffinate and that of (1'R,2R) and (1'S,2R)
forms was discharged as a extract under linear adsorption isotherm range. When the feed flow rates were 0.1 and 0.3
mL/min, purities of raffinate and extract were 98 and 95%, respectively. In this case, productivity of raffinate was 7.81
g/h·g-CSP and that of extract was 6.95 g/h·g-CSP.
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INTRODUCTION

Loxoprofen, 2-[4-(2-oxocyclopentylmethyl)phenyl]-propionic acid
is a non-steroid pain-killer drug of increasing importance owing to
low side effects and 10-20 times higher efficacy compared with
ketoprofen in the human body [1]. The mechanism of this drug of
pain alleviation is inhibition of prostaglandin synthesis by trans-
alcohol formation that is reduced intermediate metabolite of 1R-2S
loxoprofen in the human body as shown in Fig. 1 [2-4]. Since this
form has short half life cycle, loxoprofen should be taken fre-
quently as administration of the drug [5]. In this case, there have

been some possibilities related on bad effects on the stomach; there-
fore many DDS (drug delivery system) researches through human
skin have been investigated [6]. Because conventional SMB chro-
matography can be applied on binary mixtures as a feed stream es-
pecially, we can separate two kinds of products containing a binary
mixture from tetra mixture racemate [7-9]. If loxoprofen enantiomer,
which has pharmaceutical activity, can be enriched into a binary
mixture, there are the following advantages: a large amount of 1R-
2S loxoprofen enantiomer can be reserved in the same capacity of
patch raw material, and total uptake amount into humans can be
decreased to maintain the same medical treatment compared with
the raw material. To separate these chiral compounds, many kinds
of the chiral stationary phases (CSP) were developed by research-
ers and companies, especially, Daicel chiral column has been based
on the polysaccharide chiral stationary phase, which is recognized
as a well known chiral column. Several kinds of Daicel CSP are
documented. Kromasil CSP, less known CSP, is manufactured with
TBB modified silica. Silica-based CSP has the advantage of easy
and cheap packing into empty HPLC columns by a slurry packer.

In this paper, we dealt with the application of loxoprofen race-
mate on an in-house SMB chromatography system to separate into
a binary mixture among a tetra mixture system. To get operating
parameters for SMB, Henry’s constants were calculated through
batch experiments with a single column, and the value of m2 and
m3 was chosen from a Triangle diagram suggested by Morbidelli
and Mazzotti [10,11]. In addition, the switching time interval and
the flow rates of four zones differ from those for the other ketopro-
fen’s SMBs in terms of the operating condition location at the triangle
diagram [12].

MATERIAL AND METHODS

1. Chemicals and Equipments

Fig. 1. Molecular structure of loxoprofen (A), trans- (B) and cis-
alcohol metabolite (C); *s are chiral centers.
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Loxoprofen used in experiments was a powdered form of sodium
loxoprofen racemate and provided from Sun Fine Chem. Ltd. (Osong,
Chungbuk, Korea). A sample was dissolved in mobile phase at given
composition and filtered with syringe membrane filter (0.22 m
GVPP, Millipore, USA). Validation of each enantiomer of loxo-
profen was based on the method of reference at the same condi-
tions [13]. Solvents used in experiments mainly were ethanol (99.9%,
Aldrich, USA), 2-propanol (99.8%, Merck, USA) and hexane (95%,
J. T. Baker, USA), and trifluoracetic acid (99%, Acros Organic,
USA) and acetic acid (1st grade, Dongyang Chem, Korea) were
added for pH adjustment. Two kinds of stationary phase were em-
ployed in experiments: the one is ChiralCel OJ column (dp: 5 m,
I.D.: 4.6 mm and L.: 250 mm, Daicel, Japan), which is bound with
a derivative of cellulose for the identification of four enantiomers;
and the other is a Kromasil CHI-II column, which is bound with
O,O'-bis(4-tert-butylbenzoyl)-N,N'-diallyl-L-tartar diamid on silica
surface (dp: 10 m, Eka Nobel, Sweden) for purity analysis and
operation of SMB chromatography. An analytical CHI-II column
(I.D.: 4.6 mm and L.: 250 mm) was used to check the purities of
products, and preparative CHI-II columns packed with CHI-II gel
by slurry packing device (Model 1666 Slurry packer, Alltech, USA)
into an empty stainless steel column (I.D.: 10 mm and L.: 100 mm,
Alltech, USA) were installed in the SMB chromatography system.

Loxoprofen racemate has very low solubility in hexane and 2-
proponol; therefore, loxoprofen racemate was dissolved in pure eth-
anol to a concentration of 10 mg/ml as a stock solution. All samples
were diluted to 0.1 mg/ml with mobile phase for injection through
a Rheodyne injector. Flow rates were 1 ml/min for analysis in the
Kromasil and Chiral OJ column with loading amount 20 l and 3 ml/
min for a packed column for SMB chromatography with loading
amount 100 l. The wavelength of the UV detector was set as 225
nm.

A solvent delivery pump (M-930, Younglin, Korea or 6000A,
Waters, USA), UV detector (M720, Younglin, Korea) and data ac-
quisition system (Clarity, DataApex, Czech) were used for HPLC
experiments.
2. Batch Experiments for Pulse Input Methods (PIM)

To identify four enantiomers in loxoprofen racemate, a sample
was dissolved in 95/5/0.1 (%, v/v) of hexane/2-propanol/trifluora-
cetic acid mixture, and injected into the ChiralCel OJ column with
20 l of loading volume. To apply SMB chromatography separa-
tion into binary mixtures of loxoprofen enantiomers, a mixture of
hexane/ethanol/acetic acid was used in the Kromasil CHI-II as a
mobile phase, with 0.01-10.0 mg/ml of sample concentrations with
100 l of injection volume, and the ratios of hexane and ethanol
were also varied to show selectivity of samples.
3. SMB Chromatography Experiments

The in-house SMB chromatography used in the experiments had
six preparative HPLC columns and four 12-way multi-position rotary
valves controlled independently by computer with time duration
sequences. Column configuration was 1/2/2/1, because the lengths
of zone 2 and 3 were required longer than that of the other zone to
separate efficiently, and detailed schemes are listed in a previous
report [13]. During the duration of SMB chromatography experi-
ments, a pressure drop was generated by the recycle flow through
the columns allowing leakage flow to occur in the extract and the
raffinate pumps even though both pumps were not switched. There-

fore, some pressure barrier had to be made at the outlet ports of the
extract and the raffinate pumps, so pressure relief valves were in-
stalled in them. To gain a pressure drop occurring by increasing of
flow rate of recycle flow through six columns, the pressure drop
was measured throughout the six columns at various recycle flow
rates.

For the triangle diagram, Henry’s constants are calculated by the
following Eq. (1). And void volume of column was estimated by
injection of non-retained component into packed columns at given
flow rate. Two H values generate horizontal and vertical lines, and
a diagonal line completes the so-called triangle diagram (Fig. 2).
With the aid of the triangle, we selected two points from which two
operating parameters of SMB could be calculated [14].

(1)

where, tr=retention time, t0=zero retention time, i=component, =
void fraction, V=column volume, Q=flow rate.

RESULTS AND DISCUSSION

1. Effect of Eluent and Stationary Phase in Batch Experiments
Fig. 3 shows chromatograms obtained by the Kromasil and Daicel

columns. Two peaks were observed in the Kromasil column, and
each peak was reanalyzed through collection and re-injection of
them into Daicel column, where four peaks were identified. Raffi-
nate fraction from Kromail contains 1'R-2S and 1'S-2S enantiomers,
and extract fraction corresponds to 1'R-2R and 1'S-2R enantiomers.
The elution sequence of the Kromasil column was reverted in the
case of the Daicel column. Kromasil TBB chiral phase showed good
selectivity as the popular polysaccharide-based chiral phase [15].
Loxoprofen has a better separation factor ( =1.29) than that of keto-
profen ( =1.20) [12].

To study the effect of hexane in eluent, hexane ratios in eluent

Hi Henry constant tri t0

t0
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1
---------
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V

Q
---------

Fig. 2. m2-m3 diagram of linear isotherm; HB=7.90, HA=10.07.
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were increased from 95% (v/v) to 99% (v/v) by packed column (10
mm ID×100 mm L). Fig. 4 shows that the tR of each peak increases
when hexane ratios in eluent are increased. Small amount of eth-
anol in eluent makes H values change by effect of the interaction
between CSP and each enantiomer. In the case of 99/1/0.1 (%v/v
n-hexane/Et-OH/acetic acid) of the eluent, the composition has bet-
ter separation factor ( =1.38) and resolution (R=3.87) than that of

composition of 95/5/0.1 ( =1.29 and R=2.51). As a result, the eluent
was determined at the composition of n-hexane/Et-OH/acetic acid
(99/1/0.1% (v/v)) for the SMB process.
2. Pulse Input Method

Henry constants were obtained from the packed column with an
eluent composition (n-hexane/Et-OH/acetic acid=99/1/0.1). Since
the concentration of loxoprofen in the SMB feed was quite low, a
linear adsorption isotherm could be adapted. Fig. 5 shows that reten-
tion times showed no deviation at 11.11 and 13.78 min even though
sample concentrations were increased from 0.01 mg/ml to 10.0 mg/
ml. Henry’s constant was calculated as follows:

qA=10.07 CA and qB=7.90 CB (2)

Where qi is the concentration of components in the solid phase, and
Cj is the concentration of components in the liquid phase; sub-

Fig. 3. Identification of loxoprofen enantiomers ((A) Kromasil CHI-
II analytical column, hexane : ethanol : acetic acid=95 : 5 :
0.1; (B) ChiralCel OJ column, hexane : 2-propanol : trifluo-
racetic acid=95 : 5 : 0.1, Sample loading volume=20 l, flow
rate=1.0 ml/min).

Fig. 4. Effect of ethanol compositions in mobile phase (sample load-
ing amount=20 l, mobile phase flow rate=3.0 ml/min).

Fig. 6. Comparison of experimental and simulated results by
ASPEN chromatography (sample concentration=0.1 mg/
ml, sample loading amount=100 l, mobile phase flow rate
=3.0 ml/min, mobile phase=n-hexane/Et-OH/acetic acid=
99/1/0.1).

Fig. 5. Chromatograms of loxoprofen racemate at different sam-
ple concentrations from SMB columns packed with CHI-
II CSP, (sample loading amount=100 l, mobile phase flow
rate=3.0 ml/min, mobile phase=n-hexane/Et-OH/acetic acid
=99/1/0.1).
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scripts B and A denote raffinate stream (1'R-2S and 1'S-2S) and
extract stream (1'R-2R and 1'S-2R), respectively. Fig. 6 shows good
agreement of chromatograms between experiments and simulation
results by ASPEN Chromatography simulator (ASPEN 2006, Aspen
Tech. USA) with calculated Henry constants at the given condi-
tions. 1'R-2S loxoprofen enantiomer enriched portion is the target
to be obtained and recovered in the raffinate stream of SMB chro-
matography.
3. SMB Experiments and Simulations

Fig. 7 shows the pressure drop at different recycle flow rates, and
the pressure drop is proportional to the recycle flow rate. The solid
symbols in Fig. 7 indicate the experimental data and the dotted line
corresponds to the 1st order regression result between the flow rate
and the pressure drop. Pressure relief valves should be adjusted ac-
cording to the calculated pressure drop at given flow rate to pre-
vent eluent leakage which occurs by internal pressure from raffinate
and extract pumps. The pressure relief setting reads to be 1,200 psi

when the recycle flow rate during SMB chromatography operation
was 4.78 ml/min.

A feed solution was prepared from the 10 mg/ml of loxoprofen
in ethanol stock solution by adding 1% (v/v) into hexane/acetic acid
(100/0.1 (%v/v)), because of low solubility of loxoprofen in n-hex-
ane. Therefore, final concentration of loxoprofen racemate in feed
was 0.1 mg/ml; the concentration of each extract and raffinate com-
ponent was 0.05 mg/ml.

SMB conditions were set as an arbitrary point (m2, m3=8.46, 9.46)
within m2-m3 diagram and the W (m2, m3=7.90, 10.07) in Fig. 2
with a feed flow rate of 0.3 ml/min and 0.5 ml/min respectively.
Table 1 shows operating parameters of the SMB process at these
points.

Fig. 7. Pressure increment related with flow rate in SMB chroma-
tography; eluent composition=hexane : ethanol : acetic acid
=99 : 1 : 0.1 (%, v/v).

Table 1. Operation parameters of SMB chromatography at dif-
ferent positions of m2 and m3 and feed flow rates

Exp. no. 1 2 3
m2 08.46 07.90 07.90
m3 09.46 10.07 10.07
Qfeed (ml/min) 00.30 00.30 00.50
Qeluent (ml/min) 00.65 00.30 00.50
Qextract (ml/min) 00.48 00.30 00.50
Qraffinate (ml/min) 00.47 00.30 00.50
QI (ml/min) 03.36 01.55 02.58
QII (ml/min) 02.88 01.25 02.08
QIII (ml/min) 03.18 01.55 02.58
QIV(Recycle) (ml/min) 02.71 01.25 02.08

t (min) 12.30 26.69 16.01
Time delay (sec)* 27.00 58.00 35.00

*Switching time delay was added on from column 6 to column 1.
Operation parameters of SMB chromatography at different positions
of m2 and m3 and feed flow rates.

Fig. 8. Internal concentration profiles of loxoprofen at m2=8.46 and
m3=9.46 (feed amount=0.1 mg/ml, Qfeed=0.3 ml/min, Qeluent

=0.65 ml/min, Qextract=0.48 ml/min, Qraffinate=0.47 ml/min, Qrecycle

=2.71 ml/min, t=12.3 min, eluent composition=n-hexane/
Et-OH/acetic acid=99/1/0.1).

Fig. 9. Chromatograms of feed, raffinate and extract in the case
of m2=8.46, m3=9.46 (feed amount=0.1 mg/ml, Qfeed=0.3 ml/
min, Qeluent=0.65 ml/min, Qextract=0.48 ml/min, Qraffinate=0.47
ml/min, Qrecycle=2.71 ml/min, t=12.3 min, eluent compo-
sition=n-hexane/Et-OH/acetic acid=99/1/0.1).
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The SMB experiment was performed at 8.46 and 9.46, which is
an expected condition of complete separation. Fig. 8 shows that the
internal concentration profile of loxoprofen racemate at the end of
a switching period in SMB and the extract stream (column No. 2)
and the raffinate stream (column No. 6) are well separated. Sam-
ples of raffinate and extract ports were analyzed under the analytic
condition using the Kromasil CHI-II column. Purities of raffinate
and extract were above 98%, and average concentrations of raffi-
nate and extract 0.01 mg/ml and 0.015 mg/ml as shown in Fig. 9.
Eluent was consumed at 40 ml per hour, and productivities of raf-
finate and extract were 2.7 g/h·g-CSP and 3.1 g/h·g-CSP.

At the point W (m2, m3=7.90, 10.07) of minimum eluent con-
sumption condition (No. 2 in Table 1), the extract and raffinate stream

were successfully separated as shown in the internal concentration
profile of Fig. 10. The eluent rate decreased from 0.65 ml/min to
0.3 ml/min (Table 1), and the purity of raffinate and extract was
98% and 95%, respectively, shown in Fig. 11. Comparing Fig. 8
and Fig. 10, we find that the raffinate profile moves toward the ex-
tract port. As a result, the extract was contaminated by the raffinate
stream and extract purity was lowered. Productivities increase from
2.7 g/h·g-CSP to 7.81 g/h·g-CSP for raffinate and from 3.1 g/
h·g-CSP to 6.95 g/h·g-CSP for extract.

Another SMB experiment was performed at Qfeed=0.5 ml/min in
order to increase the feeding rate (No. 3 in Table 1). Fig. 12 shows
the internal concentration profile in SMB; the overlapped area of

Fig. 10. Internal concentration profiles of loxoprofen at m2=7.90,
m3=10.07 (feed amount=0.1 mg/ml, Qfeed=0.3 ml/min, Qeluent

=0.3 ml/min, Qextract=0.3 ml/min, Qraffinate=0.3 ml/min, Qrecycle

=1.25 ml/min, t=26.69 min, eluent composition=n-hex-
ane/Et-OH/acetic acid=99/1/0.1).

Fig. 11. Chromatograms of feed, raffinate and extract in the case
of m2=7.90, m3=10.07 (feed amount=0.1 mg/ml, Qfeed=0.3
ml/min, Qeluent=0.3 ml/min, Qextract=0.3 ml/min, Qraffinate=0.3
ml/min, Qrecycle=1.25 ml/min, t=26.69 min, eluent compo-
sition=n-hexane/Et-OH/acetic acid=99/1/0.1).

Fig. 12. Internal concentration profiles of loxoprofen at m2=7.90,
m3=10.07 (feed amount=0.1 mg/ml, Qfeed=0.5 ml/min, Qeluent

=0.5 ml/min, Qextract=0.5 ml/min, Qraffinate=0.5 ml/min, Qrecycle

=2.08 ml/min, t=16.01 min, eluent composition=n-hex-
ane/Et-OH/acetic acid=99/1/0.1).

Fig. 13. Chromatograms of feed, raffinate and extract in the case
of m2=7.90, m3=10.07 (feed amount=0.1 mg/ml, Qfeed=0.5
ml/min, Qeluent=0.5 ml/min, Qextract=0.5 ml/min, Qraffinate=0.5
ml/min, Qrecycle=2.08 ml/min, t=16.01 min, eluent compo-
sition=n-hexane/Et-OH/acetic acid=99/1/0.1).
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raffinate and extract increases more than that of Fig. 10. As feed
flow rate increases, Q3 is also increasing with less separation time
in zone. This results in the largest productivity, 13 g/h·g-CSP for
raffinate and 12 g/h·g-CSP for extract; however, purities of raffinate
and extract are decreased to 95% and 90% as shown in Fig. 13.

CONCLUSIONS

Loxoprofen racemate was experimentally separated into four en-
antiomers by a Daicel column and into two enantiomers mixture
by a Kromasil TBB column. Loxoprofen enantiomer, 1'R-2S, can
be enriched double times to raffinate component, and 1'R-2R and
1'S-2R enantiomers gathered as an extract component with TBB
CSP in low concentration (0.1 mg/ml) by SMB chromatography.
SMB experiments were performed with three operating conditions
in the m2-m3 diagram. When the feed flow rate was 0.3 ml/min, the
purity of each racemate was above 95% at the vertex point in the
triangle region. To increase productivity, the feed flow rate was in-
creased to 0.5 ml/min. In this case, raffinate can be separated with
95% purity and 13 g/h·g-CSP productivity.
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