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Available online 8 March 2005

Abstract

The enantioseparation of 1-phenyl-1-propanol through the supercritical fluid-simulated moving bed (SF-SMB) process is studied. Non-
linear isotherms were measured on an analytical column, and used together with the triangle theory for SMB design to select operating
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onditions for the SF-SMB. Experiments were carried out on a pilot-scale SF-SMB plant at conditions that corresponded to the
ange of the isotherm. Under conditions of low feed concentration, complete separation (extract purity = 99.5%; raffinate purity = 9
chieved. Under conditions of larger feed concentration, the best separation corresponded to an extract purity of 98.0% and a raf
f 94.0%, and yielded a productivity of 110 g of racemate per kg stationary phase per day.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The simulated moving bed (SMB) originally developed
or petrochemical separations, finds extensive application in
ood and pharmaceutical industries[1,2]. In particular, sepa-
ation of enantiomers where the separation factors are usually
ow, are being increasingly performed through SMB[3,4].
he SMB is an attempt to mimic the true moving bed (TMB)
rocess shown inFig. 1a. In the TMB, the solid phase is
oved in a direction counter-current to that of the fluid phase,

n which the solutes to be separated are fed continuously (be-
ween sections 2 and 3). The desorbent is fed continuously
nto section 1 and the products are collected at the extract and
affinate ports. The solvent that exits section 4 can then be re-
ycled to section 1, whereas the solid phase is recycled from
ection 1 to section 4. If operated under suitable conditions,
he solute mixture can be separated in a way that the weakly
dsorbed solute (B) moves in the direction of the fluid and
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is collected at the raffinate port, while the strongly adso
solute (A) moves in the direction of the solid and is collec
at the extract port. However, moving the solid causes p
tical difficulties and hence, the realization of a TMB is
easily achieved. The SMB, a schematic of which is sh
in Fig. 1b, simulates the movement of the solid phase b
multaneously switching the inlet and exit ports periodic
in the direction of fluid flow. The sections of the SMB ha
an analogous task as those in the TMB, i.e. sections 2
3 perform the separation of the solutes, while sections 1
4 are used to regenerate the stationary phase and the m
phase, respectively.

Though the SMB has been chiefly operated in the
uid phase, gas phase processes have also been succe
demonstrated[5]. Clavier et al.[6] introduced also the co
cept of a supercritical fluid-simulated moving bed (SF-SM
where a supercritical fluid, typically CO2, is used as eluen
The use of supercritical CO2 (sc-CO2), leads to a number
advantages. Firstly, it reduces significantly the consump
of less benign organic solvents. Secondly, the physioc
ical properties of supercritical fluid, e.g. viscosity and
fusivity, are favourable compared to liquids, thus leadin

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic of: (a) true moving bed (TMB); and (b) simulated moving bed (SMB). Components A and B are the strongly and weakly adsorbed solutes,
respectively.

lower pressure drop and higher column efficiency. Thirdly,
the retention behaviour of solutes in supercritical fluids shows
a strong dependence on the mobile phase density and hence
could be used to impose a gradient in the unit, thereby increas-
ing the productivity of the process. As described before, each
section of the SMB fulfills a specific task, and an advantage
could be obtained by operating the unit in such a way that
the solute is weakly retained in sections 1 and 2 and strongly
retained in sections 3 and 4. This has been achieved, in liquid
phase SMBs, by implementing a gradient of an intensive op-
erating variable, e.g. temperature, solvent composition, etc.
[7,8]. When a supercritical fluid is used as a mobile phase,
the solute is strongly retained on the stationary phase at lower
pressure owing to the lower solubility in the mobile phase,
while it is weakly retained at higher pressures. Hence, by
operating the unit under a pressure gradient mode, i.e. by
maintaining section 1 at higher pressure and section 4 at a
lower pressure, a gradient in elution strength over the SMB
unit can be achieved. Realizing these advantages of using SF-
SMB, studies have been performed and the operability of the
process has been clearly demonstrated[9–11]. Further, it has
been shown that operating the SF-SMB under pressure gra-
dient mode can lead to an increase in productivity by a factor
of 3.0 compared to the isocratic mode of operation[10].

The “triangle theory”, based on the equilibrium theory of
chromatography, offers simple design criteria for the opera-
t of
t of
t e
v

m

w
t . In
t er a
s ems,

the pressure drop along the section results in a gradient of the
density, and hence the volumetric flow rate varies along a
section itself. Under such conditions, the mass flow rate is
the only parameter that is invariant and hence, for SF-SMB
systems, Eq.(1) can be re-written in terms of the mass flow
rate in sectionj, Gj, as:

mj = Gjt
∗ − Vερ4

V (1 − ε)
(2)

whereρ4 is the average density in section 4[13]. Under con-
ditions where the solute is present in dilute concentrations,
the adsorption equilibrium can be represented by a linear
isotherm:

ni = Hici (3)

whereni and ci are the concentrations of componenti in
the solid and liquid phase, respectively, andHi is the Henry
constant. This equation can be written in terms of the weight
fraction of componenti in the mobile phase as:

ni = H∗
i,jwi,j (4)

where

H∗
i,j = Hiρj (5)

andρj is the density of the fluid phase in sectionj of the
S suffi-
c unit
a

H

H

H

m

w and
w ng to
ion of SMB units[12]. In its framework, the performance
he SMB unit is characterized by the ratio of the net flow
he mobile phase to that of the stationary phase, i.e. thmj

alues, which are defined as:

j = Qjt
∗ − Vε

V (1 − ε)
(j = 1, . . . , 4) (1)

hereQj is the volumetric flow rate in sectionj, t∗ the switch
ime, andV andε are the column volume and void fraction
he case of liquids, the volumetric flow rate is constant ov
ection of the SMB. However, in the case of SF-SMB syst
F-SMB. Under these conditions, the necessary and
ient conditions for complete separation in a SF-SMB
re given by the following inequalities:

∗
A,1 < m1 (6a)

∗
B,2 < m2 < H∗

A,2 (6b)

∗
B,3 < m3 < H∗

A,3 (6c)

4 < H∗
B,4 (6d)

here A and B correspond, respectively, to the strongly
eakly adsorbed solutes. The inequalities correspondi
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Fig. 2. Different separation regions of a SF-SMB operated under gradient
mode. Region 1: complete separation region,PE = 100%,PR = 100%; re-
gion 2:PE = 100%,PR < 100%; region 3:PE < 100%,PR = 100%; region
4:PE < 100%,PR < 100%; region 5: extract flooded with the solvent while
A and B are collected in the raffinate; region 6: raffinate flooded with the
solvent while A and B are collected in the extract; region 7: extract flooded
with pure solvent, B is collected in the raffinate, A accumulates in the unit;
region 8: raffinate flooded with pure solvent, A is collected in the extract,
B accumulates in the unit; region 9: both extract and raffinate flooded with
pure solvent, both A and B accumulate in the unit. Y is the optimal operating
point.

the sections 2 and 3, i.e. Eqs.(6b) and (6c)can be represented
on them2–m3 diagram for the generic case whereρ2 > ρ3 as
shown inFig. 2and different operating regions can be identi-
fied. In a similar fashion, the regions of complete separation
for the case of non-linear isotherms can be identified depend-
ing on the isotherm parameters and the concentration of the
solutes in the feed[12]. The triangle theory, as mentioned
before, is based on the equilibrium theory of chromatogra-
phy in which mass transfer resistances are neglected, i.e. it
is assumed that the efficiency of the columns is infinite. The
efficiency of a column among other factors, depends on the
diffusivity of the solutes in the mobile phase. Since the diffu-
sivities of solutes in supercritical fluids are higher than those
in liquids, the mass transfer resistance in SF-SMB is expected
to be smaller than those in liquid-SMB, hence making the as-
sumptions of the triangle theory more justifiable in SF-SMB
design than in the case of liquid-SMBs (HPLC-SMB). More-
over, the validity of the triangle theory for SF-SMB design
has been tested by experimental results[9–11].

The separation of the enantiomers of 1-phenyl-1-propanol,
which is the objective of this work, has already been carried
out on HPLC-SMB using Chiralcel-OB as a stationary phase
[14]. A productivity of 11.69 g per kg stationary phase per
day was reported with the purities of the extract and raffinate
fractions being 95.4% and 98.5%, respectively. The solvent
consumption was 1.21 L/g of racemate separated.

In this work, the enantioseparation of 1-phenyl-1-propanol
by SF-SMB is studied. The measurement of non-linear ad-
sorption isotherm parameters at analytical scale and the sub-
sequent implementation of the separation on a pilot scale SF-
SMB unit is described. The results from these experiments
shall be discussed in light of the triangle theory for SF-SMB
design.

2. Determination of non-linear adsorption isotherms

2.1. Materials

Racemic mixture (97.4% purity), pure enantiomersR and
S (99.0% purity) of 1-phenyl-1-propanol and HPLC grade
methanol (99.8% purity) were obtained from Fluka Chemie,
Buchs, Switzerland. Carbon dioxide (99.995% purity) was
obtained from PanGas AG, Luzern, Switzerland. A commer-
cially packed 250 mm long, 4 mm diameter Chiralcel-OD
column with 20�m particle size from Chiral Technologies
Europe, Illkrich-Cedex, France, was used for the characteri-
zation experiments.

2.2. Experimental procedure
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The experimental set-up consists of syringe pumps t
iver constant flow rates of CO2 and modifier to the colum
hich is housed in a thermostatted water bath maintain
0◦C. A pulse of the test solute is injected using a m
ctivated valve and the chromatographic response is
ured using a UV detector. A back pressure regulator loc
ownstream of the UV detector maintains the pressure i
ystem. The details of the set-up are given elsewhere[15].

The solute 1-phenyl-1-propanol was diluted in MeOH
repare solutions for the pulse injection. Solutions of the
nantiomers with a concentration of 200.0 g/L of pure e

iomer were prepared to determine the adsorption isothe
hile solutions of the racemate with concentrations 63.7,
nd 244.0 g/L of racemate were prepared to study the e
f competitive adsorption. The CO2 pump, the head of whic
as maintained at 15◦C, was set to a constant flow rate
mL/min and the modifier pump was set to a suitable

ate to produce the desired modifier concentration in the
ile phase. Once hydrodynamic steady state was reac
ulse of the solute was injected through the valve which
n external sample loop of 20.5�L. Independent injection
f the solutions of pure enantiomers and of the racemate
ade. The UV responses (measured atλ = 259 nm) to the in

ections of the pure component and the racemate were u
btain the calibration of the UV detector while the respo

o the injection of the pure enantiomers were used fo
etermination of the isotherm parameters.

The concentration of componenti in the fluid phase,ci, is
roportional to the UV signal,S:

i = αiS (7)
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In the present case, both enantiomers exhibit the same UV
absorbance characteristics, hence the value ofαi is identical
for both. Since the UV absorbance of the solute also depends
on the solvent composition and the operating pressure,αi

depends on the operating conditions and therefore has to be
evaluated independently whenever these change. For a par-
ticular operating condition, the value ofαi was estimated by
minimizing the sum of the squared errors,J:

J =
k=5∑
k=1

(
c

pulse
k V

loop
k − Q

∫ tend
k

tstart
k

αiS(t) dt

)2

(8)

wherek corresponds to the injection number. For each exper-
imental condition, five injections were performed, namely
two for the pure enantiomers and three for the racemates. In
the above equation,cpulseis the concentration of the injected
solution,V loop the volume of the sample loop,Q the volu-
metric flow rate andtstart andtend are the times at which the
1-phenyl-1-propanol peak starts and ends, respectively. The
first term in the summation in Eq.(8)is the total mass injected,
while the second corresponds to the mass of solute obtained
by integrating the chromatographic response, i.e. the amount
collected at the column outlet. From the minimization ofJ in
Eq.(8), the value ofαi was determined, which was then used
to transform the UV signal into concentration units.

The responses to the pulse injections of the pure enan-
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Fig. 3. Experimental (dotted line) and simulated (solid line) pulse responses
of injections of pure enantiomers of 1-phenyl-1-propanol. Conditions: pres-
sure, 17.0 MPa; temperature, 30◦C; modifier concentration, 2.7% (w/w);
concentration of pulse,R enantiomer 195.94 g/L,S enantiomer 198.98 g/L.

A column model based on the linear driving force de-
scription of mass transfer was used to simulate the pulse re-
sponse of the pure enantiomers. The mass transfer and axial
dispersion parameters were chosen in order to fit the chro-
matograms. The comparison of the experimental pulse re-
sponse and the simulation is illustrated inFig. 3. The sim-
ulation captures the experimental response well. In order to
test the suitability of the competitive Langmuir isotherm to
describe injections of binary mixtures, the column model was
used to predict the pulse responses to racemic injections. The
comparison between experimental data and simulation results
atP = 17.0 MPa,cm = 2.7%, andcpulse= 244 g racemate/L
is illustrated inFig. 5showing a reasonably good agreement.
The experimental response exhibits, however, a peculiar peak
distortion in the range between 9 and 10 min, i.e. a behaviour
that was not observed in the experiments at lower pulse con-
centration. However, the fronts in general are well described
by the model up to the concentrations studied here, hence the
pure component parameters can be used to identify operating
regions for the SMB separation.

F
o

iomer solutions at 17 MPa and 2.7% (w/w) of modifier c
entration are shown inFig. 3. Based on the shape of t
ulse responses, a competitive Langmuir model was ch

o represent the adsorption equilibria:

i = Hici

1 + kRcR + kScS

(i = R, S) (9)

here the Henry constant,Hi, is expressed as:

i = Γiki (i = R, S) (10)

ith Γi andki being, respectively, the saturation capacity
he equilibrium constant of componenti. In the present stud
t was assumed that the mobile phase constituents na

eOH and CO2, do not compete for adsorption sites a
ence the isotherm equation represented by Eq.(9) accounts
nly for the competition between the enantiomersR andS.

n an earlier study,Hi has been obtained as a function
obile phase density and modifier concentration for

he enantiomers, by injecting low concentration pulses[15].
ence, for each enantiomer, of the two parameters,Γi and

i, only one needs to be estimated to describe the non-
dsorption isotherm of Eq.(9). The Langmuir isotherm p
ameters,kR, kS , ΓR, ΓS , of the two enantiomers, were fitt
ndependently to the pulse response of the pure enantio
ith the constraint that the Henry constant values be equ

hose estimated earlier. The values ofki andΓi for two dif-
erent modifier concentrations, 2.5% (w/w) and 2.7% (w
re given inTable 1and the corresponding pure compon

sotherms atP = 17.0 MPa,cm = 2.7% (w/w) are shown i
ig. 4.
ig. 4. Measured non-linear isotherms atP = 17.0 MPa,cm = 2.7% (w/w)
f the enantiomers of 1-phenyl-1-propanol at 30◦C.
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Table 1
Non-linear adsorption isotherm parameters of 1-phenyl-1-propanol on Chiralcel-OD at selected operating conditions

Pressure (MPa) cm = 2.7% (w/w) cm = 2.5% (w/w)

ΓR (g/L) kR (L/g) ΓS (g/L) kS (L/g) ΓR (g/L) kR (L/g) ΓR (g/L) kS (L/g)

17.0 89.33 0.079 83.44 0.108 90.39 0.082 81.21 0.116
15.5 78.91 0.095 70.47 0.136 83.27 0.094 78.36 0.128

Fig. 5. Experimental (dotted line) and simulated (solid line) pulse responses
of injections of racemic mixture of the enantiomers of 1-phenyl-1-propanol.
Conditions: pressure, 17.0 MPa; temperature, 30◦C; modifier concentration,
2.7% (w/w); concentration of pulse, 244.31 g racemate/L.

3. SF-SMB separation

3.1. Materials

Carbon dioxide (purity>99.95%) for the SF-SMB
experiments was obtained from Bad Hönningen, Ger-
many. Methanol (purity>99.95%) and isopropanol (purity
>99.95%) were obtained from Merck, Darmstadt, Germany.
Racemic mixture of 1-phenyl-1-propanol (purity>98.4%)
was obtained from Fluka Chemie, Sigma–Aldrich Chemie,
Munich, Germany. The stationary phase, Chiralcel-OD, with
an average particle size of 20�m obtained from Daicel Eu-
rope, was loaned from Carbogen AG, Aarau, Switzerland.

3.2. Column packing and characterization

A slurry prepared by mixing about 55 g of Chiralcel-
OD (average particle diameter 20�m) with 110 mL of iso-
propanol (IPA) was poured into the column and IPA was
partially removed by applying vacuum. The piston of the
dynamic axial compression (DAC) unit was mounted and a
pressure of 5.5 MPa was applied, thus removing a part of the
IPA and compressing the bed. The residual IPA was with-
drawn by letting CO2 flow through the unit, and then each
column was tested to measure the porosity and to evaluate the
q
M ped
a ix-
t -tri-

Fig. 6. Response of the preparative self-packed column (column 7) to a
pulse of the racemic mixture of 1-phenyl-1-propanol. Operating conditions:
pressure, 18.0 MPa;cm = 2.55% (w/w); flow rate, 30 g/min.

tert-butyl-benzene (TTBB) in MeOH was injected and the
response was measured using a UV detector. A sample chro-
matogram from column 7 is shown inFig. 6. A clear separa-
tion of the peaks was observed in all the columns. The average
number of plates per column was 1500, thus indicating that
the packing quality was good. Since in the previous study[15]
it was shown that the TTBB can exhibit retention on the sta-
tionary phase, the column porosities were obtained by fitting
the retention times obtained in the characterization injections
to those calculated by using the Henry constants from ana-
lytical injections. The average value ofε was 0.732± 0.013.

3.3. Description and operation of the SF-SMB unit

The separation was performed on the SF-SMB pilot unit
at the Technische Universität Hamburg-Harburg. A brief de-
scription of the unit, shown inFig. 7, is given here, while
more details are given elsewhere[9]. The unit, based on the
purported task, can be divided into three sub-units: (1) feed;
(2) columns and switch valves; and (3) cyclones for product
separation. The feeding system provides a continuous supply
of the eluent and the feed to the unit. The CO2 from the stor-
age was liquefied by cooling and then pumped to a required
pressure level using an air driven pump. The pressurized CO2
was split into two streams, one each for the desorbent and the
f with
t LC
p tem-
p CO
s lated,
w nyl-
1 LC
p ually
uality of the packing. A mobile phase consisting of CO2 and
eOH (2.55%, w/w) at a pressure of 18.0 MPa was pum
t a flow rate of 30 g/min. A pulse of diluted racemic m

ure of 1-phenyl-1-propanol with a small amount of 1,3,5
eed. The CO2 at the desired pressure was then mixed
he MeOH which was pumped continuously using a HP
ump. The mixture was brought to the desired operating
erature and fed to the desorbent switch valve. The feed2
tream, the pressure of which was independently regu
as mixed with the solute (a racemic mixture of 1-phe
-propanol dissolved in MeOH) and pumped using a HP
ump. The feed flow rate was metered and regulated man



60 A. Rajendran et al. / J. Chromatogr. A 1092 (2005) 55–64

Fig. 7. Schematic of the SF-SMB plant used in the study.

using a fine-regulation valve. The core of the plant consisted
of eight electrically thermostatted columns, each of 3 cm di-
ameter, and 8+ 1 port switching valves, i.e. one valve each
for the desorbent, extract, feed, raffinate and the recycle. A
pressure sensor was located in between columns 7 and 8,
while a 100�L loop was located between columns 1 and 2
to measure the internal concentration profile in the unit by
sampling and off-line analysis. The columns were equipped
with a dynamic axial compression unit. In the present study,
MeOH was used as compression fluid and the pressure in the
axial compression unit was maintained 1.0–2.0 MPa above
the maximum fluid pressure in the SF-SMB unit. The ex-
tract, raffinate and recycle flows were monitored and con-
trolled manually by metering valves located upstream of the
cyclones. The cyclones were maintained at about 5.0 MPa
and were heated to provide conditions that cause the separa-
tion of the modifier and the solute from the CO2 phase. The
CO2 leaving the cyclones was vented; the SF-SMB unit was
run therefore in an open-loop 2-2-2-2 configuration, i.e. with
two columns in each section. The operating temperature was
30◦C.

After start-up, once hydrodynamic steady state was
reached, i.e. with pressure and flow rates at a steady value, the
feed was introduced and the internal concentration profile was
monitored. When the unit reached cyclic steady state, sample
collection was started; the operation was then continued for
a were

analyzed off-line using a Hewlett-Packard SFC system, with
Chiralcel-OB as stationary phase and CO2 + IPA as mobile
phase.

3.4. Experimental results

Three sets of experiments grouped according to the feed
concentration were performed (seeTable 2). The experiments
of groups A and B correspond to feed concentrations of 0.34
and 7.02 mg of racemate/g of feed, respectively. Within each
group, the values of the external flow rates, namely those
of the desorbent, extract, feed, raffinate, and recycle, were
maintained constant, whereas the switch time was varied. The
region of complete separation in the (m2, m3) plane, based
on the triangle theory, for the experimental runs under group
A is shown inFig. 8a. It is worth noting that in these ex-
periments the average modifier concentration in sections 1
and 2 was 2.69% (w/w), while in sections 3 and 4 it was
2.54% (w/w). The modifier gradient offers a minor improve-
ment to the separation performance of the system and leads to
the existence of a feasibility boundary in the (m2, m3) plane
(shown as a dotted line) separating the accessible area (above
the line) from the inaccessible one (below the line) for op-
eration[8]. In the present study, since the Henry constants
of the solutes are high, the time it takes after a switch for
t en-
t nce,

T
C

G Pa)

A
B
C

T ns per
bout 8–10 cycles. The feed, extract and recycle purities

able 2
lassification of experiments according to operating conditions

roup cF (mg racemate/g feed) V (mL) P1 (MPa) P2 (M

0.34 99.14 17.1 16.7
7.02 98.72 17.2 16.8
3.54 91.18 16.8 15.9

he values reported correspond to the arithmetic average of all the ru
he equilibration of the column with new modifier conc
ration would be much shorter than the switch time. He

P3 (MPa) P4 (MPa) cm,1 and 2(%, w/w) cm,3 and 4(%, w/w)

16.4 16.1 2.69 2.54
16.5 16.2 2.69 2.54
14.5 13.8 2.68 2.68

formed under one group.
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Fig. 8. Results of experimental runs in group A. (a) Comparison of operating points of experimental runs (symbols) with complete separation region calculated
using the triangle theory. (b) Extract and raffinate purities of experimental runs as a function ofm2. Points correspond to experimental measurements, while
lines are drawn to guide the eye.

it can be safely assumed that the separation conditions can
be calculated using the isotherm parameters corresponding
to the final composition of the mobile phase. Following such
a reasoning, the boundaries of the complete separation re-
gion have been calculated by using the average values of the
pressures and modifier concentration in each section as in
the previous work[8]. For conditions at which the isotherm
parameters were not directly measured, the value ofΓi at a
particular pressure was interpolated from the data obtained
at two bracketing pressure values (seeTable 1) and the equi-
librium constant,ki, was obtained from this and the Henry
coefficient that was measured independently.

The experimentalmj values were calculated using Eq.
(2) which is applicable to the situation where no extra-
column dead volume exists in the unit. However, in a situation
where there are dead volumes, a suitable correction has to be

applied[16]:

mj = Gjt
∗ − Vερ4

V (1 − ε)
− Vdρ4

V (1 − ε)
(11)

whereVd is the dead volume per column, which in the present
study was 4.82 mL. The parameters needed to calculate the
mj values are the mass flow rates in sectionj, Gj, the volume
of the column,V, and its porosity,ε. The mass flow rates
were obtained from the readings of the mass flow meters at
hydrodynamic steady state, while the volume of the column,
V, was calculated from the piston position of the DAC unit
in each column. Among the different columns in the unit,
there were minor variations in the column volume, and for
the calculation of themj an average value ofV as given in
Table 2was used. The value ofε = 0.719 has been used for
all the experiments in groups A and B.

Table 3
Operating conditions of the experimental runs reported

Group Run no. t∗ (s) m1 (g/mL) m2 (g/mL) m3 (g/mL) m4 (g/mL) PE (%) PR(%)

A 1 240 8.50 5.76 6.48 2.00 61.4 100.0
2 255 9.15 6.24 7.00 2.27 95.0 100.0
3 270 9.93 6.84 7.63 2.54 99.5 98.4
4 270 9.94 6.85 7.64 2.54 98.9 100.0
5 285 10.50 7.25 8.12 2.81 99.6 83.0
6 300 11.22 7.77 8.65 3.09 100.0 54.3

B

C

7 210 7.22 4.79
8 225 7.86 5.28
9 240 8.56 5.81

10 270 9.88 6.78

11 240 8.70 5.77
12 245 9.00 6.01
13 245 9.04 6.06
14 260 9.70 6.53
5.37 1.46 84.9 95.4
5.93 1.74 98.0 94.1
6.53 2.12 100.0 75.1
7.59 2.56 99.2 57.1

6.46 2.31 89.7 100.0
6.71 2.36 96.2 100.0
6.73 2.39 98.2 100.0
7.26 2.65 100.0 75.4
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Fig. 9. Results of experimental runs in group B. (a) Comparison of operating points of experimental runs (symbols) with complete separation region calculated
using the triangle theory. (b) Extract and raffinate purities of experimental runs as a function ofm2. Points correspond to experimental measurements, while
lines are drawn to guide the eye.

The operating conditions of the experimental runs and the
corresponding purities of the extract and raffinate streams are
given inTable 3. The operating points of experimental runs
in group A are plotted together with the complete separation
region in the (m2, m3) plane calculated using the triangle the-
ory in Fig. 8a, whileFig. 8b shows the experimental purities
as a function ofm2. The corresponding plots for the runs
in group B are shown inFigs. 9a and b, respectively. From
Fig. 8a, it can be seen that the experiments span different
operating regions with runs 2–4 being within the complete
separation region. However, in the case of group B inFig.
9a, it can be noticed that most of the complete separation
region lies below the feasibility boundary, thus making it
hardly accessible. This reflects the limited loadability of the
stationary phase under the present operating conditions. The
vertex of the triangle is, however, just above the boundary,
hence operating the SF-SMB in its vicinity will provide the
best achievable separation. This is evidenced by the experi-
mental purities corresponding to run 8, whosemj values are
nearest to the vertex. This run resulted inPE = 98.0% and
PR = 94.1%. These results correspond to a productivity of
110 g of racemate per kg stationary phase per day, a solvent
consumption of 2.3 kg CO2/g racemate, and a MeOH con-
sumption of 0.082 L/g racemate. The purities of extract and
raffinate, as it can be seen inFigs. 8b and 9b, exhibit the ex-
pected trends, i.e. increasing the value ofm moves the unit
o con
d and
e iced
t d 4
a r the
r tw
i eter

demonstrate that the results obtained are indeed reproducible.
Run 2 is the only experiment which does not quantitatively
match the predictions of the triangle theory.

Using the injection loops located between columns 1 and
2, it was possible to obtain the concentration profile in the
system. The steady-state concentration profile correspond-
ing to run 3 is shown inFig. 10. The figure clearly shows
the establishment of the familiar steady state SMB concen-
tration profile that would yield the complete separation of the
enantiomers.

Experiments in group C were run after a set of experiments
performed at high flow rate conditions and large pressure drop
(17.0 MPa) across the unit. These led to an increase of the
DAC pressure up to 28.0 MPa. These were conditions where

con-
ample
orre-
e the
2
peration from pure raffinate conditions to pure extract
itions, passing through a region where both raffinate
xtract were obtained with high purities. It can be not
hat in the case of group A, two runs, namely runs 3 an
chieved complete separation, contrary to group B fo
easons mentioned above. Runs 3 and 4, which were
ndependent runs but with the same operating param
-

,

o
s,

Fig. 10. Concentration profile in the SF-SMB under cyclic steady state
ditions. The concentration measurements were performed using the s
loop located between columns 1 and 2, 20 s after the switch. Points c
spond to experimental measurements, while lines are drawn to guid
eye.
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Fig. 11. Results of experimental runs in group C. (a) Comparison of operating points of experimental runs (symbols) with complete separation region calculated
using the triangle theory. (b) Extract and raffinate purities of experimental runs as a function ofm2. Points correspond to experimental measurements, while
lines are drawn to guide the eye.

the pressure difference between the fluid in the column and
that in the DAC unit was as high as 21.5 MPa. This caused
further compression of the beds which resulted in a reduction
of the average column volume by 8% (seeTable 2). It can also
be seen that the pressure drops observed in the unit in the
group of experiments were larger than those in groups A and
B, despite the similar flow rates. The change in the volume of
the bed indicates that there would be a change in the bed void
fraction. Assuming that there is no loss of solid, and that the
change in void fraction occurs through compression of the
stationary phase, the following relationship can be written:

VC(1 − εC) = VA,B(1 − εA,B) (12)

where the subscripts refer to the conditions in the different
groups of experiments. Eq.(12) yields (using data inTable
2):

εC = 1 − (1 − εA,B)
VA,B

VC
= 0.69 (13)

The complete separation region for the experiments in group
C is shown inFig. 11a. The experimentalmj values were
calculated usingεC and are represented as symbols in the
(m2, m3) plane inFig. 11a. The dependence of the purities
on m2 is shown inFig. 11b. It can be seen that complete
separation was achieved in run 13. Run 12 was performed
w htly
d
b ting
p ibits
c pu-
r f the
t can

cause differences in the purities, since in the neighbourhood
of the vertex, the separation performance is most sensitive to
changes in operating conditions. However, as seen fromFig.
11b, the trends of the purities when plotted as a function of
m2 are similar to those in groups A and B, and conform to
the expected behaviour.

4. Conclusion

The separation of the enantiomers of 1-phenyl-1-propanol
on Chiralcel-OD by SF-SMB has been studied. The isotherms
under non-linear regimes were measured on an analytical
column. These results were used to identify regions of com-
plete separation for the SF-SMB operation. Complete sep-
aration was achieved at low feed concentrations. At higher
value of the feed concentration, the best separation achieved
yielded PE = 98% andPR = 94%. The productivity ob-
tained was 110 g of racemate per kg stationary phase per day.
The productivity is limited owing to a lower loadability of
the stationary phase. However, the solvent consumption was
0.082 L MeOH/g racemate, which is substantially lower than
in HPLC-SMB systems. It was further demonstrated that the
triangle theory is well suited for the design of SF-SMB units.

5

c
G
H
H

ith the same switch time as that of run 13, but with slig
ifferent flow rates. This resulted in themj values of run 13
eing slightly smaller than those of run 12. The opera
oint of run 13 lies on the border of the triangle and exh
omplete separation, while run 12 yielded slightly lower
ity of the extract. These points are close to the vertex o
riangle and slight disturbances in terms of flow rates
. Nomenclature

fluid phase concentration of solute (g/L)
mass flow rate (g/s)
Henry constant

∗ modified Henry constant (g/mL)
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k equilibrium constant in Langmuir isotherm (L/g)
m flow rate ratio (g/mL)
n solid phase concentration of solute (g/L)
P purity (%)
Q volumetric flow rate (mL/s)
S UV signal (ABU)
t∗ switch time (s)
V column volume (mL)
Vloop volume of injection loop (mL)
w weight fraction of solute in the fluid phase (g of

solute/g of mobile phase)

Greek letters
α UV calibration parameter (g/(L ABU))
Γ saturation capacity of the solid (g/L)
ε column void fraction
ρ density (g/mL)

Subscripts and superscripts
d dead volume
D desorbent
E extract
F feed
i component
j section of SMB
m modifier
R

A

Car-
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