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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
conditions for the SF-SMB. Experiments were carried out on a pilot-scale SF-SMB plant at conditions that corresponded to the non-linear
range of the isotherm. Under conditions of low feed concentration, complete separation (extract purity = 99.5%; raffinate purity = 98.4%) was
achieved. Under conditions of larger feed concentration, the best separation corresponded to an extract purity of 98.0% and a raffinate purity
of 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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1. Introduction is collected at the raffinate port, while the strongly adsorbed
solute (A) moves in the direction of the solid and is collected
The simulated moving bed (SMB) originally developed at the extract port. However, moving the solid causes prac-
for petrochemical separations, finds extensive application in tical difficulties and hence, the realization of a TMB is not
food and pharmaceutical industrigs?]. In particular, sepa-  easily achieved. The SMB, a schematic of which is shown
ration of enantiomers where the separation factors are usuallyin Fig. 1b, simulates the movement of the solid phase by si-
low, are being increasingly performed through SNB84]. multaneously switching the inlet and exit ports periodically
The SMB is an attempt to mimic the true moving bed (TMB) in the direction of fluid flow. The sections of the SMB have
process shown ifrig. l1a. In the TMB, the solid phase is an analogous task as those in the TMB, i.e. sections 2 and
moved in a direction counter-currentto that of the fluid phase, 3 perform the separation of the solutes, while sections 1 and
in which the solutes to be separated are fed continuously (be-4 are used to regenerate the stationary phase and the mobile
tween sections 2 and 3). The desorbent is fed continuouslyphase, respectively.
into section 1 and the products are collected at the extractand Though the SMB has been chiefly operated in the lig-
raffinate ports. The solvent that exits section 4 can then be re-uid phase, gas phase processes have also been successfully
cycled to section 1, whereas the solid phase is recycled fromdemonstrate¢b]. Clavier et al[6] introduced also the con-
section 1 to section 4. If operated under suitable conditions, cept of a supercritical fluid-simulated moving bed (SF-SMB),
the solute mixture can be separated in a way that the weaklywhere a supercritical fluid, typically CQis used as eluent.
adsorbed solute (B) moves in the direction of the fluid and The use of supercritical G{Osc-CQ), leads to a number of
advantages. Firstly, it reduces significantly the consumption
"+ Corresponding author. Tel.: +41 44 632 2456/2486; .Of less bem_gn organic so!\(ents. Secondly,_ the physmchgm-
fax: +41 44 632 1141. ical properties of supercritical fluid, e.g. viscosity and dif-
E-mail address: marco.mazzotti@ipe.mavt.ethz.ch (M. Mazzotti). fusivity, are favourable compared to liquids, thus leading to
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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 pressure drop along the section results in a gradient of the
the retention behaviour of solutes in supercritical fluids shows density, and hence the volumetric flow rate varies along a
a strong dependence on the mobile phase density and hencsection itself. Under such conditions, the mass flow rate is
could be used toimpose a gradientin the unit, thereby increas-the only parameter that is invariant and hence, for SF-SMB
ing the productivity of the process. As described before, eachsystems, Eq(1) can be re-written in terms of the mass flow
section of the SMB fulfills a specific task, and an advantage rate in sectiorj, G, as:

could be obtained by operating the unit in such a way that Gt — Ve
the solute is weakly retained in sections 1 and 2 and stronglymj — it T e
retained in sections 3 and 4. This has been achieved, in liquid V(l-e)
phase SMBs, by implementing a gradient of an intensive op- wherep, is the average density in sectioffil8]. Under con-
erating variable, e.g. temperature, solvent composition, etc.ditions where the solute is present in dilute concentrations,
[7,8]. When a supercritical fluid is used as a mobile phase, the adsorption equilibrium can be represented by a linear
the solute is strongly retained on the stationary phase at lowerisotherm:

pressure owing to the lower solubility in the mobile phase,

while it is weakly retained at higher pressures. Hence, by " = Hici ©)

operating the unit under a pressure gradient mode, i.e. byyhere; and¢; are the concentrations of componerin
maintaining section 1 at higher pressure and section 4 at ane solid and liquid phase, respectively, afigis the Henry

lower pressure, a gradient in elution strength over the SMB ¢qstant, This equation can be written in terms of the weight
unit can be achieved. Realizing these advantages of using SFsaction of componentin the mobile phase as:

SMB, studies have been performed and the operability of the

process has been clearly demonstrg@ed 1] Further, ithas ~ n; = H;jw; (4)
been shown that operating the SF-SMB under pressure 9ray here
dient mode can lead to an increase in productivity by a factor

of 3.0 compared to the isocratic mode of operafitdi. Hf,kj = Hipj (5)

The “triangle theory”, based on the equilibrium theory of . ) ] ) .
chromatography, offers simple design criteria for the opera- 21d p; is the density of the fluid phase in sectipof the
tion of SMB units[12]. In its framework, the performance of > -SMB. Under these conditions, the necessary and suffi-
the SMB unit is characterized by the ratio of the net flow of Ci€nt conditions for complete separation in a SF-SMB unit
the mobile phase to that of the stationary phase, i.esthe ~ @€ 9Iven by the following inequalities:

()

values, which are defined as: HE 4 <m (6a)
it* — Ve * *

mj:L (=1,...,4) 1) Hpg o <mz < Hp (6b)

B3 <Mm3 < Hpg (6c)

whereQ ; is the volumetric flow rate in sectign:* the switch ma < HE (6d)

time, andv ande are the column volume and void fraction. In
the case of liquids, the volumetric flow rate is constant over a where A and B correspond, respectively, to the strongly and
section ofthe SMB. However, inthe case of SF-SMB systems, weakly adsorbed solutes. The inequalities corresponding to
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Inthis work, the enantioseparation of 1-phenyl-1-propanol

4 2 5 by SF-SMB is studied. The measurement of non-linear ad-
Hps o sorption isotherm parameters at analytical scale and the sub-
sequentimplementation of the separation on a pilot scale SF-
3 1 7 SMB unit is described. The results from these experiments
shall be discussed in light of the triangle theory for SF-SMB
Hg design.

2. Determination of non-linear adsorption isotherms

2.1. Materials

Racemic mixture (97.4% purity), pure enantiomemsnd
S (99.0% purity) of 1-phenyl-1-propanol and HPLC grade
methanol (99.8% purity) were obtained from Fluka Chemie,
- Hys 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 20um particle size from Chiral Technologies

Fig. 2. Different separation regions of a SF-SMB operated under gradient Europe llikrich-Cedex. France. was used for the characteri-
mode. Region 1: complete separation regiBa= 100%, Pr = 100%; re- ’ ’ ’

gion 2:Pe = 100%,Pr < 100%; region 3P < 100%,Pg = 100%: region ~ 2&tion experiments.

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 2.2, Experimental procedure
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; The experimental set-up consists of svringe bumos to de-
region 8: raffinate flooded with pure solvent, A is collected in the extract, P P yringe pump

B accumulates in the unit; region 9: both extract and raffinate flooded with lIVer constant flow rates of C£and modifier to the column
pure solvent, both A and B accumulate in the unit. Y is the optimal operating Which is housed in a thermostatted water bath maintained at
point. 30°C. A pulse of the test solute is injected using a motor
activated valve and the chromatographic response is mea-
the sections 2 and 3, i.e. E¢6b) and (6ckan be represented  syred using a UV detector. A back pressure regulator located
on themp—m3 diagram for the generic case whete> psas  downstream of the UV detector maintains the pressure in the
shown inFig. 2and different operating regions can be identi- system. The details of the set-up are given elsewfidie
fied. In a similar fashion, the regions of complete separation  The solute 1-phenyl-1-propanol was diluted in MeOH to
for the case of non-linear isotherms can be identified depend-prepare solutions for the pulse injection. Solutions of the pure
ing on the isotherm parameters and the concentration of theenantiomers with a concentration of 200.0 g/L of pure enan-
solutes in the feedfl2]. The triangle theory, as mentioned tiomer were prepared to determine the adsorption isotherms,
before, is based on the equilibrium theory of chromatogra- while solutions of the racemate with concentrations 63.7, 98.3
phy in which mass transfer resistances are neglected, i.e. itand 244.0 g/L of racemate were prepared to study the effect
is assumed that the efficiency of the columns is infinite. The of Competitive adsorption_ The G@ump, the head of which
efficiency of a column among other factors, depends on the was maintained at 15, was set to a constant flow rate of
dlﬁUSNIty of the solutes in the mobile phase. Since the diffu- 1 mL/min and the modifier pump was set to a suitable flow
sivities of solutes in supercritical fluids are higher than those rate to produce the desired modifier concentration in the mo-
inliquids, the mass transfer resistance in SF-SMB is expectedijje phase. Once hydrodynamic steady state was reached, a
to be smaller than those in liquid-SMB, hence making the as- pulse of the solute was injected through the valve which had
sumptions of the triangle theory more justifiable in SF-SMB  an external sample loop of 2Qu4.. Independent injections
design than in the case of liquid-SMBs (HPLC-SMB). More-  of the solutions of pure enantiomers and of the racemate were
over, the validity of the triangle theory for SF-SMB design made. The UV responses (measured-at 259 nm) to the in-
has been tested by experimental res{@sl 1] jections of the pure component and the racemate were used to

The separation of the enantiomers of 1-phenyl-1-propanol, obtain the calibration of the UV detector while the response
which is the objective of this work, has already been carried to the injection of the pure enantiomers were used for the

outon HPLC-SMB using Chiralcel-OB as a Stationary phase determination of the isotherm parameters.

[14]. A productivity of 11.69g per kg stationary phase per  The concentration of componetih the fluid phaseg;, is
day was reported with the purities of the extract and raffinate proportional to the UV signak:

fractions being 95.4% and 98.5%, respectively. The solvent

consumption was 1.21 L/g of racemate separated. ci =o;S (7)
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In the present case, both enantiomers exhibit the same UV 4

absorbance characteristics, hence the valug = identical
for both. Since the UV absorbance of the solute also depends
on the solvent composition and the operating pressure, g 3 R
depends on the operating conditions and therefore has to be ‘2 S
evaluated independently whenever these change. For a par- 2 N
ticular operating condition, the value @f was estimated by .g 27
minimizing the sum of the squared errafrs, §

k=5 o | end 2 3 1

pulse, ,loop
J_Z;&kﬁ@ —Qémmamo (8) J
0 T — T

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

10
Time [min]

12

14

the above equatiorPU!s¢js the concentration of the injected
solution, V!°9P the volume of the sample loog the volu-
metric flow rate ands'@ands¢"dare the times at which the

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; modifier concentration, 2.7% (w/w);
concentration of puls&k enantiomer 195.94 g/LS enantiomer 198.98 g/L.

1-phenyl-1-propanol peak starts and ends, respectively. The

firstterm inthe summation in E(B)is the total mass injected,

while the second corresponds to the mass of solute obtained

A column model based on the linear driving force de-

by integrating the chromatographic response, i.e. the amoumscription of mass transfer was used to simulate the pulse re-

collected at the column outlet. From the minimizatiory af
Eq.(8), the value of; was determined, which was then used
to transform the UV signal into concentration units.

The responses to the pulse injections of the pure enan-

tiomer solutions at 17 MPa and 2.7% (w/w) of modifier con-
centration are shown ifig. 3. Based on the shape of the

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 illustratedriy. 3. The sim-
ulation captures the experimental response well. In order to
test the suitability of the competitive Langmuir isotherm to

pulse responses, a competitive Langmuir model was Choser'Hescribe injections of binary mixtures, the column model was

to represent the adsorption equilibria:
H;c;

i=———— (=R,S 9
M= T en 4 Ko (i ) 9)
where the Henry constantf;, is expressed as:

Hi =Tk (i=R,S) (10)

with I'; andk; being, respectively, the saturation capacity and
the equilibrium constant of componenin the present study,

used to predict the pulse responses to racemic injections. The
comparison between experimental data and simulation results
atP = 17.0 MPa,cm = 2.7%, and:PU/se = 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

it was assumed that the mobile phase constituents namelypure component parameters can be used to identify operating

MeOH and CQ, do not compete for adsorption sites and
hence the isotherm equation represented by ®@ccounts
only for the competition between the enantiom&randS.

In an earlier studyH; has been obtained as a function of

mobile phase density and modifier concentration for both

the enantiomers, by injecting low concentration pul4&§.
Hence, for each enantiomer, of the two parametErgnd

k;, only one needs to be estimated to describe the non-linear

adsorption isotherm of Eq9). The Langmuir isotherm pa-
rameterskg, ks, I'r, I's, of the two enantiomers, were fitted

regions for the SMB separation.

25

independently to the pulse response of the pure enantiomers
with the constraint that the Henry constant values be equal to
those estimated earlier. The valueskpind I'; for two dif-
ferent modifier concentrations, 2.5% (w/w) and 2.7% (w/w)
are given inTable 1and the corresponding pure component
isotherms atP = 17.0 MPa,cy, = 2.7% (w/w) are shown in
Fig. 4.

20
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Fig. 4. Measured non-linear isothermsat 17.0 MPa,cy, = 2.7% (w/w)
of the enantiomers of 1-phenyl-1-propanol af80
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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% (wiw) cm = 2.5% (w/w)
I'g (g/L) kg (L/9) I's (g/L) ks (L/g) I'g (g/L) kg (L/9) I'g (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
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14 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 MPaj, = 2.55% (w/w); flow rate, 30 g/min.
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Fig. 5. Experimental (dotted line) and simulated (solid line) pulse responses ] o
of injections of racemic mixture of the enantiomers of 1-phenyl-1-propanol. fert-butyl-benzene (TTBB) in MeOH was injected and the

Conditions: pressure, 17.0 MPa; temperaturé Gnodifier concentration, response was measured using a UV detector. A sample chro-

2.7% (w/w); concentration of pulse, 244.31 g racemate/L. matogram from column 7 is shown Fig. 6. A clear separa-
tion of the peaks was observed in all the columns. The average

3. SF-SMB separation number of plates per column was 1500, thus indicating that
the packing quality was good. Since in the previous sfu8y

3.1. Materials it was shown that the TTBB can exhibit retention on the sta-

tionary phase, the column porosities were obtained by fitting

Carbon dioxide (purity>99.95%) for the SF-SMB  the retention times obtained in the characterization injections
experiments was obtained from Badomhingen, Ger-  to those calculated by using the Henry constants from ana-
many. Methanol (purity>99.95%) and isopropanol (purity  lytical injections. The average valueoivas 0732+ 0.013.
>99.95%) were obtained from Merck, Darmstadt, Germany.
Racemic mixture of 1-phenyl-1-propanol (purity98.4%)
was obtained from Fluka Chemie, Sigma—Aldrich Chemie,
Munich, Germany. The stationary phase, Chiralcel-OD, with
an average patrticle size of gn obtained from Daicel Eu-
rope, was loaned from Carbogen AG, Aarau, Switzerland.

3.3. Description and operation of the SF-SMB unit

The separation was performed on the SF-SMB pilot unit
at the Technische UniverattHamburg-Harburg. A brief de-
scription of the unit, shown ifrig. 7, is given here, while
more details are given elsewhd83. The unit, based on the
3.2. Column packing and characterization purported task, can be divided into three sub-units: (1) feed;

(2) columns and switch valves; and (3) cyclones for product

A slurry prepared by mixing about 55¢g of Chiralcel- separation. The feeding system provides a continuous supply
OD (average particle diameter gén) with 110 mL of iso- of the eluent and the feed to the unit. The {ftwm the stor-
propanol (IPA) was poured into the column and IPA was age was liquefied by cooling and then pumped to a required
partially removed by applying vacuum. The piston of the pressure level using an air driven pump. The pressurized CO
dynamic axial compression (DAC) unit was mounted and a was split into two streams, one each for the desorbent and the
pressure of 5.5 MPa was applied, thus removing a part of thefeed. The CQ at the desired pressure was then mixed with
IPA and compressing the bed. The residual IPA was with- the MeOH which was pumped continuously using a HPLC
drawn by letting CQ flow through the unit, and then each pump. The mixture was brought to the desired operating tem-
column was tested to measure the porosity and to evaluate thgerature and fed to the desorbent switch valve. The feed CO
quality of the packing. A mobile phase consisting of £&d stream, the pressure of which was independently regulated,
MeOH (2.55%, w/w) at a pressure of 18.0 MPa was pumped was mixed with the solute (a racemic mixture of 1-phenyl-
at a flow rate of 30 g/min. A pulse of diluted racemic mix- 1-propanol dissolved in MeOH) and pumped using a HPLC
ture of 1-phenyl-1-propanol with a small amount of 1,3,5-tri- pump. The feed flow rate was metered and regulated manually
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Fig. 7. Schematic of the SF-SMB plant used in the study.

using a fine-regulation valve. The core of the plant consisted analyzed off-line using a Hewlett-Packard SFC system, with
of eight electrically thermostatted columns, each of 3cm di- Chiralcel-OB as stationary phase and COIPA as mobile
ameter, and & 1 port switching valves, i.e. one valve each phase.

for the desorbent, extract, feed, raffinate and the recycle. A

pressure sensor was located in between columns 7 and 83 4. Experimental results

while a 100uL loop was located between columns 1 and 2

to measure the internal concentration profile in the unit by Three sets of experiments grouped according to the feed
sampling and off-line analysis. The columns were equipped concentration were performed (SEsble 9. The experiments
with a dynamic axial compression unit. In the present study, of groups A and B correspond to feed concentrations of 0.34
MeOH was used as compression fluid and the pressure in theand 7.02 mg of racemate/g of feed, respectively. Within each
axial CompreSSion unit was maintained 1.0-2.0 MPa abOVEQroup, the values of the external flow rates, name|y those
the maximum fluid pressure in the SF-SMB unit. The ex- of the desorbent, extract, feed, raffinate, and recycle, were
tract, raffinate and recycle flows were monitored and con- maintained constant, whereas the switch time was varied. The
trolled manually by metering valves located upstream of the region of complete separation in the4, m3) plane, based
cyclones. The cyclones were maintained at about 5.0 MPaon the triangle theory, for the experimental runs under group
and were heated to provide conditions that cause the separaa js shown inFig. a. It is worth noting that in these ex-
tion of the modifier and the solute from the gphase. The  periments the average modifier concentration in sections 1
CO; leaving the cyclones was vented; the SF-SMB unit was and 2 was 2.69% (w/w), while in sections 3 and 4 it was
run therefore in an open-loop 2-2-2-2 configuration, i.e. with 2 54% (w/w). The modifier gradient offers a minor improve-
two columns in each section. The operating temperature wasment to the separation performance of the system and leads to
30°C. the existence of a feasibility boundary in thex( m3) plane
After start-up, once hydrodynamic steady state was (shown as a dotted line) separating the accessible area (above
reached, i.e. with pressure and flow rates at a steady value, thene line) from the inaccessible one (below the line) for op-
feed wasintroduced and the internal concentration profile waseration[8]. In the present study, since the Henry constants
monitored. When the unit reached cyclic steady state, sampleof the solutes are high, the time it takes after a switch for
collection was started; the operation was then continued for the equilibration of the column with new modifier concen-
about8-10 cycles. The feed, extract and recycle purities weretration would be much shorter than the switch time. Hence,

Table 2

Classification of experiments according to operating conditions

Group cr (mg racemate/g feed) VvV (mL) Py (MPa) P, (MPa) P3 (MPa) P4 (MPa) ¢m,1and 2(%, wiw) ¢m,3and4(%, wiw)
A 0.34 99.14 171 16.7 16.4 16.1 2.69 2.54

B 7.02 98.72 17.2 16.8 16.5 16.2 2.69 2.54

C 3.54 91.18 16.8 15.9 14.5 13.8 2.68 2.68

The values reported correspond to the arithmetic average of all the runs performed under one group.
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Fig. 8. Results of experimental runs in group A. (2) Comparison of operating points of experimental runs (symbols) with complete separatidculegeah ca
using the triangle theory. (b) Extract and raffinate purities of experimental runs as a functignPbints correspond to experimental measurements, while
lines are drawn to guide the eye.

it can be safely assumed that the separation conditions carapplied[16]:
be calculated using the isotherm parameters corresponding Gt
I 2. . . jt* — Vepa Vapa
to the final composition of the mobile phase. Following such m; = -
a reasoning, the boundaries of the complete separation re- V(l-e) Vil —¢)
gion have been calculated by using the average values of thevhereVy is the dead volume per column, which in the present
pressures and modifier concentration in each section as instudy was 4.82 mL. The parameters needed to calculate the
the previous worK8]. For conditions at which the isotherm  m; values are the mass flow rates in secfidas;, the volume
parameters were not directly measured, the valuE; ait a of the column,V, and its porositye. The mass flow rates
particular pressure was interpolated from the data obtainedwere obtained from the readings of the mass flow meters at
at two bracketing pressure values (3eéle ) and the equi- hydrodynamic steady state, while the volume of the column,
librium constant;, was obtained from this and the Henry Vv, was calculated from the piston position of the DAC unit
coefficient that was measured independently. in each column. Among the different columns in the unit,
The experimentaln ; values were calculated using Eq. there were minor variations in the column volume, and for
(2) which is applicable to the situation where no extra- the calculation of then; an average value df as given in
column dead volume exists in the unit. However, in a situation Table 2was used. The value ef= 0.719 has been used for
where there are dead volumes, a suitable correction has to ball the experiments in groups A and B.

(11)

Table 3
Operating conditions of the experimental runs reported
Group Run no. t* (s) m1 (g/mL) my (g/mL) m3 (g/mL) mga (g/mL) Pe (%) Pr(%)
A 1 240 850 5.76 6.48 2.00 64 1000
2 255 915 6.24 7.00 2.27 a8 1000
3 270 993 6.84 7.63 2.54 98 984
4 270 994 6.85 7.64 2.54 8 1000
5 285 1050 7.25 8.12 2.81 98 830
6 300 1122 7.77 8.65 3.09 100 543
B 7 210 722 4.79 5.37 1.46 39 954
8 225 786 5.28 5.93 1.74 Q8 941
9 240 856 5.81 6.53 2.12 100 751
10 270 988 6.78 7.59 2.56 a9 571
C 11 240 870 5.77 6.46 231 89 1000
12 245 900 6.01 6.71 2.36 L] 1000
13 245 904 6.06 6.73 2.39 g 1000
14 260 970 6.53 7.26 2.65 100 754
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Fig. 9. Results of experimental runs in group B. (a) Comparison of operating points of experimental runs (symbols) with complete separatidcutatgdn ca
using the triangle theory. (b) Extract and raffinate purities of experimental runs as a function@oints correspond to experimental measurements, while
lines are drawn to guide the eye.

The operating conditions of the experimental runs and the demonstrate that the results obtained are indeed reproducible.
corresponding purities of the extract and raffinate streams areRun 2 is the only experiment which does not quantitatively
given inTable 3 The operating points of experimental runs match the predictions of the triangle theory.
in group A are plotted together with the complete separation  Using the injection loops located between columns 1 and
region in the {12, m3) plane calculated using the triangle the- 2, it was possible to obtain the concentration profile in the
ory in Fig. 8a, whileFig. 8 shows the experimental purities system. The steady-state concentration profile correspond-
as a function ofno. The corresponding plots for the runs ing to run 3 is shown irFFig. 10 The figure clearly shows
in group B are shown ifrigs. % and b, respectively. From the establishment of the familiar steady state SMB concen-
Fig. 8a, it can be seen that the experiments span differenttration profile that would yield the complete separation of the
operating regions with runs 2—4 being within the complete enantiomers.
separation region. However, in the case of group Bim Experiments in group C were run after a set of experiments
9a, it can be noticed that most of the complete separation performed at high flow rate conditions and large pressure drop
region lies below the feasibility boundary, thus making it (17.0 MPa) across the unit. These led to an increase of the
hardly accessible. This reflects the limited loadability of the DAC pressure up to 28.0 MPa. These were conditions where
stationary phase under the present operating conditions. The
vertex of the triangle is, however, just above the boundary, ErT———
hence operating the SF-SMB in its vicinity will provide the —— S Enantiomer
best achievable separation. This is evidenced by the experi-
mental purities corresponding to run 8, whesgvalues are
nearest to the vertex. This run resultedAa = 98.0% and
Pr = 94.1%. These results correspond to a productivity of
1109 of racemate per kg stationary phase per day, a solvent
consumption of 2.3 kg Cg&g racemate, and a MeOH con-
sumption of 0.082 L/g racemate. The purities of extract and
raffinate, as it can be seenhiigs. 8b and 9pexhibit the ex- T Y - I

Concentration
[Arbitrary units]

pected trends, i.e. increasing the valuefmoves the unit
operation from pure raffinate conditions to pure extract con-
ditions, passing through a region where both raffinate and Desorbent  Extract (S) Feed (R+S) Raffinate (R} Recycle
extract were obtained with high purities. It can be noticed

that in the case of group A, two runs, namely runs 3 and 4, 2 e B e e g vaind he sample
achieved complete separation, contrary to gro.up B for the loop Io-cated between columns 1 and 2, 20s aftgr the switch. Pgoints corrg-
reasons mentioned above. Runs 3 and 4, which were tWospond to experimental measurements, while lines are drawn to guide the

independent runs but with the same operating parameterseye.
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Fig. 11. Results of experimental runs in group C. (a) Comparison of operating points of experimental runs (symbols) with complete separatidcutatgdn c
using the triangle theory. (b) Extract and raffinate purities of experimental runs as a functign Bbints correspond to experimental measurements, while
lines are drawn to guide the eye.

the pressure difference between the fluid in the column andcause differences in the purities, since in the neighbourhood
that in the DAC unit was as high as 21.5 MPa. This caused of the vertex, the separation performance is most sensitive to
further compression of the beds which resulted in a reduction changes in operating conditions. However, as seen Figm

of the average column volume by 8% (Sexble 9. It can also 11b, the trends of the purities when plotted as a function of
be seen that the pressure drops observed in the unit in then, are similar to those in groups A and B, and conform to
group of experiments were larger than those in groups A andthe expected behaviour.

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 4. Conclusion

change in void fraction occurs through compression of the

stationary phase, the following relationship can be written: The separation of the enantiomers of 1-phenyl-1-propanol
on Chiralcel-OD by SF-SMB has been studied. The isotherms
Ve(l—ec) = Vag(l—e€aB) (12) 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
VaB yielded Pe = 98% and Pr = 94%. The productivity ob-
ec=1-(1- EA»B)Té =0.69 (13) tained was 110 g of racemate per kg stationary phase per day.
The productivity is limited owing to a lower loadability of
The complete separation region for the experiments in groupthe stationary phase. However, the solvent consumption was
C is shown inFig. 11a. The experimentah; values were  0.082 L MeOH/g racemate, which is substantially lower than
calculated usingc and are represented as symbols in the in HPLC-SMB systems. It was further demonstrated that the

(m2, m3) plane inFig. 11a. The dependence of the purities triangle theory is well suited for the design of SF-SMB units.
on m2 is shown inFig. 11b. It can be seen that complete

separation was achieved in run 13. Run 12 was performed

with the same switch time as that of run 13, but with slightly 5. Nomenclature
different flow rates. This resulted in tive; values of run 13

being slightly smaller than those of run 12. The operating

where the subscripts refer to the conditions in the different
groups of experiments. EL2) yields (using data ifable
2):

point of run 13 lies on the border of the triangle and exhibits ¢ fluid phase concentration of solute (g/L)
complete separation, while run 12 yielded slightly lower pu- G mass flow rate (g/s)
rity of the extract. These points are close to the vertex of the H Henry constant

triangle and slight disturbances in terms of flow rates can H* modified Henry constant (g/mL)
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k equilibrium constant in Langmuir isotherm (L/g) the Swiss National Science Foundation (SNF) through grant
m flow rate ratio (g/mL) SNF 20-6798902 are gratefully acknowledged.
n solid phase concentration of solute (g/L)
P purity (%)
0 volumetric flow rate (mL/s) References
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