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Enantioselective liquid-liquid extraction (ELLE) is a powerful alternative to common technologies for separation of
racemic mixtures. The first application of ELLE for aromatic acids in liquid-liquid extraction columns is described. The
ELLE is investigated experimentally and theoretically for phenylsuccinic acid (PSA) as a representative for aromatic
acids. A racemic mixture of (R/S)-PSA is separated with hydroxypropyl-p-cyclodextrin as selector molecule. The ELLE
obtained the highest operative selectivity (o, = 1.8-2) for low pH-values and temperatures. Because of the low opera-
tive selectivity, a countercurrent process is necessary to separate both enantiomers completely. The countercurrent pro-
cess is investigated in process intensified extraction columns (D, =15 mm) with a high number of equilibrium stages.
The experiments demonstrate a good symmetric separation with an enantiomeric excess of 60% and yields of 80% for
both enantiomers. Finally, the back extraction is investigated to recycle the selector molecule and increase the effi-

ciency. © 2014 American Institute of Chemical Engineers AIChE J, 61: 266-276, 2015
Keywords: chiral separation, extraction, separation process, aromatic acids, process intensification

Introduction

Most of the molecules found in the metabolism of humans,
animals, and plants are chiral such as amino acids, nucleic
acids, and sugars, as well as molecular structures as peptides,
proteins, and polysaccharides.! Chirality is important for spe-
cific interactions of biogenesis and following regulation proc-
esses. Chiral molecules enable specific connection with other
stereospecific molecules (selector molecules). The interacting
molecules have in most cases complex biomolecular struc-
tures. (R)- and (S)-enantiomers can interact with selector mol-
ecules in totally different ways depending on their
stereospecific structure. Consequences for pharmaceuticals are
serious; often only one enantiomer is bioactive and causes the
desired pharmaceutical effect. The other enantiomer is inac-
tive, has a similar or different pharmaceutical impact or
causes side effects. Thus, chiral molecules play an important
role for pharmaceuticals, agrochemicals, foods, aromas, and
flavors to enable specific effects.!

Due to the same molecular structure, enantiomers have
similar physico-chemical proberties, such as boiling point,
solubility, optical spectra, and bonding length. This compli-
cates the separation of both molecules with common distilla-
tion, crystallization, or extraction techniques. Generally,
there are two methods to separate single enantiomers. The
first well-established resolution is the crystallization technol-
ogy using direct® or classical diastereomeric crystallization.2
Drawback of this separation technique is the expensive and
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in most cases discontinuous process. Especially, solid han-
dling during crystallization needs additional efforts. The sec-
ond and high potential alternative is simulated moving bed
chromatography. The countercurrent flow between solid and
liquid phase is simulated with periodic switching of inlet and
outlet positions. Presently, the technology shows a high pro-
ductivity up to 1-10 kg/(kgpm day).> However, chromatogra-
phy columns are inflexible for multipurpose applications and
expensive depending on acquisition and cost of operation.
Furthermore, there are several emerging techniques for the
separation of racemic mixtures for analytical and preparative
applications, such as catalyzed conversion of the racemic
mixture to the pure enantiomer,*> membranes,’ capillary
electrophorese, ' =12 and the enantioselective liquid-liquid
extraction (ELLE).'*™'¢ Compared to current techniques, the
ELLE is a promising alternative to realize a continuous and
flexible process.”’18 Additionally, the extraction in counter-
current flow indicates a higher capacity than chromatography
columns."® ELLE has a high potential but needs to become
more efficient’ to offer an economical alternative.

Single Stage Enantioselective Liquid-Liquid
Extraction

ELLE is based on the selective recognition of one of the
enantiomers by a chiral selector molecule. At which the
selectivity of the reversible complex reaction defines the
quality of the separation process. A high selectivity and the
ability to bind a broad range of enantiomer classes are neces-
sary for multipurpose applications. Nowadays, a lot of enan-
tioselective extraction systems are well investigated. Detailed
summaries were published in literature.'”+19-0 They show
possible separation systems for amino acids, alcohols and
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Figure 1. Phenylsuccinic acid (PSA) distribution based on the physical distribution coefficient po and complex
reaction with hydroxypropyl-g-cyclodextrin (HP-$-CD); left figure: complex reaction within two phase
system; right: Conolly-surfaces of PSA and HP--CD.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

esters, as well as aromatic acids. It could be demonstrated
in several works that f-cyclodextrin derivatives have great
potential for the ELLE of aromatic acids.”'*® The mecha-
nism of enantioseparation by cyclodextrin derivatives is
schematically shown in Figure 1. The selective extractor, in
this case hydroxypropyl-f-cyclodextrin (HP-$-CD), is dis-
solved in the aqueous phase and insoluble in the organic
phase. The physical distribution p, of both enantiomers
between two phases is equal and unselective. Only the
selector molecule enables for an enantioseparation of
the two enantiomers, because the complex is preferred with
one enantiomer due to steric orientation and interactions.
The ELLE of aromatic acids is exemplarily shown in this
work for phenylsuccinic acid (PSA). Both enantiomers (R)
and (S) fit into the cavitation of the selector molecule, but
only the (S)-enantiomer is preferred (see Figure 1 on the
right side). At which the selectivity between selector mole-
cule and guest is based on van der Waals forces, hydrogen
bonds, and stereospecific interactions. The result is an
enrichment of the (S)-enantiomer in the aqueous phase and,
consequently an enrichment of the (R)-enantiomer in the
organic phase.

The distribution of the two enantiomers at the chemical
equilibrium can be calculated using equilibrium constants
and distribution coefficients. Tang et al. proved this experi-
mentally for different aromatic acids, for example, cyclo-
hexyl madelic acid®’” and PSA.*®

The physical distribution py of both enantiomers is
described by the ratio of the enantiomer concentrations [R]
and [S] within the organic and aqueous phase. It is defined
as a function of the enantiomer concentration and the tem-
perature in Eq. 1

Rlag _ [Slg

Rl, [8]

po(Crys; T)= (1

Additionally, depending on their acidic character of PSA,
both enantiomers dissociate in the aqueous phase. The disso-
ciation equilibrium constant K~ is shown in Eq. 2 and
describes the equilibrium of the reaction. The dissociation is
unselective and depends only on the pH value and enan-
tiomer concentrations. Equation 2 can be simplified for the
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practical system with low concentrations of aromatic acids
by assumption of constant activity coefficients y to one

YrR- [R_]aq *Yut [H+]aq _ Vs- [Si]aq *Yut [H+]aq
YR [R] aq 7s [S]aq

Kt(CR/s;C}F):

(@)

The selective recognition occurs in the aqueous phase
depending on the complex reaction. The chemical equilib-
rium is described by the equilibrium constants Kz and Ks in
Eq. 3. The complex reaction is preferred with undissociated
aromatic acids. However, complexes with dissociated acids
are possible,” too, as it is shown gray shaded in Figure 1
left, but they can be neglected at low pH-values

[R—HP—$—CDJ,,
[R],q - [HP—B—CD],,
[S—HP—p—CD],,
[S]yq - [HP—B—CDJ,,

Kgr(Crys; Cup-p-cp; T)=

3

Kr(Crys; Cup-p-cp; T)=

At low pH values and with an excess of the selector mole-
cule the distribution coefficients are only influenced by the
physical distribution and the complex reaction. The overall
distribution Dy and Dg at chemical equilibrium can be calcu-
lated according to Egs. 4 and 5

Dr="4=p, . (1+Kg - [HP—p—CD]) @

o

Ds=%=p0 - (1+Ks - [HP——CD)) )
o

Enantioseparation of racemic mixtures are characterized
concerning the selectivity of the reactive system. The oper-
ative selectivity o, describes the separation efficiency
including influences of the process, such as dissociation
inside the aqueous phase or physical distribution influences
of the aromatic acids. It is defined as the ratio of the distri-
bution coefficients Dg and Dy at the chemical equilibrium.
The upper limit of the operative selectivity is determined
by the intrinsic selectivity o;,. It is described by the ratio
of both complex equilibrium constants Kg and Kg. They are
shown in Eq. 6
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D K
Olop = = ;forDs > Dr oy = o8 ;forKs > Ky (6)
Dr Kr
The enantiomeric excess ee is a measure for the purity. It
can be calculated for both phases according to Eq. 7

_ [S]ag— Rl _ IRl —[Sl,|

€51~ 5], +[R R,+s,

CCR_D

aq aq

Besides the enantiomeric excess, another important param-
eter is the yield Y. It is defined for a continuous countercur-
rent process according to Eq. 8

Yo= NS ,aq Yr= nRo (8)

7S Feed TR Feed

Material and Methods

A racemic mixture of (R/S)-PSA (Alfa Aesar, 98%) is
separated inside an organic/aqueous two phase system. The
organic phase is n-decanol (Alfa Aesar, 98%) and the aque-
ous phase consists of a buffer system of 0.1 M phosphoric
acid (AppliChem, 10% solution), 0.1 M sodium dihydrogen
phosphate (VWR Prolabo, 99.8%), and HP-$-CD (Sigma
Aldrich, >99%, average molecular weight 1460 g/mol) as
selector molecule. The pH value of the aqueous phase is
adjusted between pH 2.5 and 4.5. The pH is checked before
and after the experiment using a pH-meter (Consort/C3010).
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Enantiomer concentrations are detected inside the organic
phase using a HPLC (Agilent/1120 Compact), a chiral col-
umn (Chiral Technologies Europe/Chiralpak® IB), and a UV
detector. The mobile phase consists of heptane, ethanol, and
THF (97%/3%/0.3% (v:v)).

Process intensified extraction column

The process intensified extraction column (PIEC) used in
this work is specified for small-scale applications. The col-
umn is self-designed and was constructed at workshops of
our department (Biochemical and Chemical Engineering/TU
Dortmund). A detailed characterization of the extraction col-
umn with the EFCE - test system n-butylacetate/acetone/
water is published®® and compares the new PIEC with con-
ventional miniplant columns. The column has a heating/cool-
ing jacket and is isolated to ensure constant internal
temperature. The temperature is controlled using a cryostat
(Huber, ministat) and a temperature sensor inside the active
extraction area. The inner diameter of the active extraction
part is @;, = 15 mm. The active extraction area consists of
five modular sections. Each section has 10 stirred cells and
an active extraction height of 220 mm. Samples can be taken
between each section, which enable measurements of con-
centration profiles and additional feeds to be led into the
active extraction area. The P&ID for the fractional extraction
and an illustration of the whole setup are shown in Figure 2.
The energy input into the column is a combination of stirring

January 2015 Vol. 61, No. 1 AIChE Journal


http://wileyonlinelibrary.com

5 T T T T T T Lz T

v D,; ®m D (DeOH - 281.15 K)
4 D, ; o D, (OcOH -278.15 K)**
w
Q 3 1
o
Q 21 1
4. |
0 ; . ;

25 30 35 40 45
pH-value []

P
N
kN

1

2.2
2.0
1.8+

1.4+ .
12] ® o, (DeOH-281.15K)
a,, (OCOH - 278.15 K)*

operative selectivity o
2

10—, . : : ‘
25 30 35 40 45

pH-value [-]
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and pulsation. Pulsation of the liquid-liquid system is intro-
duced by using an eccentric drive acting on a flexible mem-
brane at the bottom of the column. Flooding of single stirred
cells and the total column is prevented by pulsation of the
liquid-liquid system. This new technique allows for the min-
iaturization of extraction columns and enables a well-
controlled countercurrent flow. Countercurrent operation
without pulsation is not possible in this miniaturized extrac-
tion column. The frequency of pulsation is adjusted from 0.2
to 0.83 Hz. The stroke length /g of the eccentric drive is
constant (hs =5 mm) during all experiments.

For the countercurrent extraction, the organic and aqueous
phase are introduced into the column with micro gear pumps
(HNP Mikrosysteme, MZR 7255), while the mass flow rates
are controlled (Bronkhorst, Minicoriflow). The aqueous
phase is pumped into the column at the top and the organic
phase is pumped into the bottom of the column. The mass
flow rates are controlled with LabView®. An additional feed
(n-decanol/(R/S))-PSA) for fractional extraction experiments
is realized with a syringe pump (HiTec Zang, SyrDos2).

Chemical equilibrium and countercurrent flow
experiments

For the chemical equilibrium experiments, 2.5 mL of the
aqueous and organic phase were mixed and hold on constant
temperature for 24 h. Depending on the experiment, the tem-
perature was varied between 281.15 and 323.15 K. Both
phases were separated after equilibration of the system. The
concentrations of (R)- and (S)-enantiomers in the organic
phase were analyzed. Concentrations in the aqueous phase
were calculated by closing the mass balance. All experiments
were performed as duplicates to identify errors of the proce-
dure and analyses.

Continuous countercurrent flow experiments were carried
out inside the PIEC. Temperature and pH value for the frac-
tional extraction experiments were constant at 281.15 K and
pH 2.5. The feed volume flow rate was 0.2 mL/min n-dec-
anol with 50 mmol/L (R/S)-PSA. The pure organic (n-dec-
anol) and the aqueous volume flow rate (buffer system with
25 mmol/L HP-$-CD) were 4.8 and 4 mL/min, respectively.
The aqueous phase with the selector molecule and enriched
(S)-PSA was collected during the steady state after the frac-
tional extraction and injected into the back extraction (4 mL/
min aqueous phase together with 4.8 mL/min pure n-dec-

AIChE Journal January 2015 Vol. 61, No. 1

Published on behalf of the AIChE

anol). The back extraction is carried out at 323.15 K and
same pH value of 2.5.

Equilibrium studies of the enantioselective extraction

Influence of pH Influence on the Chemical Equilibrium.
The solubility of aromatic acids in the aqueous phase is con-
trolled by different pH values. It influences the dissociation
equilibrium, which is defined in Eq. 2. At low pH values,
the nondissociated form is present. This results in decreased
solubility of PSA in the aqueous phase and hence decreased
distribution coefficients. Figure 3 on the left-hand side shows
the distribution coefficients Dg and Dg at constant selector
molecule concentrations and a constant temperature. The dis-
tribution coefficients increase for PSA with higher pH val-
ues. Increased solubility of the enantiomers in the aqueous
phase increases the distribution coefficients of PSA. Our
measurements with n-decanol (DeOH) are compared to data
from Tang et al.,>* who used n-octanol (OcOH) as organic
solvent. Octanol allows for conducting the experiments at
lower temperatures. Nevertheless, a significant difference to
the literature is the primarily extracted enantiomer with HP-
p-CD. In contrast to the literature,24’28 our measurements
indicate that the (S)-enantiomer is prefered for the complex
reaction, when using pure enantiomers. The difference has to
be checked detailed in further investigations.

However, the tendency and dimension of the distribution
coefficients are the same. The comparison shows a reduced
selector molecule concentration for n-decanol as organic sol-
vent. Equivalent distribution coefficients are realized with 25
mmol/L selector molecule instead of 100 mmol/L for n-octa-
nol. Differences are based on the changed physical distribu-
tion coefficients of PSA in the organic/aqueous two phase
systems and different concentration areas of PSA.

To enable a complete separation of both enantiomers, it is
important to achieve a high operative selectivity, defined in
Eq. 6. Figure 3 on the right-hand side illustrates the opera-
tive selectivity in dependency of the pH value. The operative
selectivity decreases with increasing pH values. For low pH
values, the dissociation is negligible. The comparison of
both organic phases indicates a higher selectivity for octanol.
A lower temperature and a more suitable physical distribu-
tion coefficient for octanol allow for more selective complex
inclusions in the aqueous phase. A higher operative
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selectivity can be realized, but the intensification has to be
paid with higher amounts of the selector molecule.

Temperature Influence on the Chemical Equilibrium. The
temperature effects the stability of the complex and has
direct influence on both, the intrisic and operative selectivity.
Depending on the exothermic complex reaction, the complex
is more unstable at higher temperatures and less complexes
can be formed in the aqueous phase. The distribution coeffi-
cients decrease with increasing temperature. Figure 4 (on the
left side) shows this effect for both distribution coefficients,
Dr and Ds. The distribution coefficients decrease from
281.15 to 323.15 K. Figure 4 (on the right side) shows the
corresponding operative selectivity of the systems. The oper-
ative selectivity decreases from 281.15 to 323.15 K. The
minimum temperature for extraction is given by the melting
point of the organic solvent, in this case 279.85 K for n-dec-
anol.’! Hence, the temperature is set to 281.15 K for the fol-
lowing experiments.

As already shown for the pH values, the comparison of
both organic solvents indicates nearly the same tendency for
the temperature influence, but a higher operative selectivity
for n-octanol. Nevertheless, a higher operative selectivity
requires four times higher selector molecule concentrations.

Concentration Influence of the Selector Molecule on the
Equilibrium. The operative selectivity in dependence of
aromatic acid (PSA) and selector molecule concentrations
(HP-f-CD) is demonstrated in Figure 5. Temperature and pH
value are kept constant at 281.15 K and 2.5, respectively.
The operative selectivity indicates a high value over a broad
concentration range. The average operative selectivity is
around 1.8-2. To enable for a high operative selectivity, a
minimum selector molecule concentration of 20 mmol/L is
necessary. The high values decrease for aromatic acid con-
centrations smaller 0.5 mmol/L and high concentrations of
the selector molecule. This tendency is based on the excess
of the selector molecule. A high excess of the selector mole-
cule enable more and unselective complexes.

The selector molecule excess SE is defined by the molar
ratio between the selector molecule and the racemic mixture

[HP——CD]

TR

C))

The chosen initial condition for the countercurrent extrac-
tion indicates a selector molecule excess of SE = 10. The
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selector molecule concentration has a direct influence on the
distribution coefficients Dg and Dg, which is demonstrated
in Figure 6. Higher concentrations of HP-$-CD increase the
distribution coefficients. More complexes are generated
inside the aqueous phase. Nevertheless, Dy increases as well
and also more unselective complexes exist inside the aque-
ous phase. The system indicates a linear behavior of the dis-
tribution coefficients depending on the selector molecule
concentration. The impact of the racemate concentration is
rather small within this concentration range. However, (R/S)-
PSA concentrations smaller 0.5 mmol/L indicate reducing
distribution coefficients.

The selector molecule concentration for fractional extrac-
tion is estimated in this work based on the extraction factor.
A good separation during fractional extraction is expect for
an extraction factor smaller than one for the (R)-enantiomer
and higher than one for the (S)-enantiomer. Large differen-
ces are not desired and implicate increasing phase ratios,
which are not possible or not economical in extraction col-
umns. A first estimation for the volume flow rates of organic
(R/rafﬁnate) and aqueous phase (E/extract) is following with
Egs. 10 and 11

D
=R <
R/E

Ds

B > (10)

Figure 5. Concentration influences of the racemic mix-
ture (R/S)-PSA and the selector molecule HP-
p-CD concentrations for the operative selec-
tivity aop; T=281.15 K; pH =2.5; * measured
points.
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Figure 6. Concentration influences of the racemic mixture (R/S)-PSA and the selector molecule HP-$-CD concen-
trations for the distribution coefficients Dy (left figure) and Dg (right figure); T=281.15 K; pH 2.5; * meas-

ured points.

R/E ~ /Dy Ds (1

Considering countercurrent applications, the HP-$-CD
concentration should not exceed 30 mmol/L and go below
15 mmol/L to prevent extreme volume flow rates.

Simulation of the distribution coefficients

The distribution coefficients can be calculated for low pH
values over a broad concentration range using Eqgs. 4 and 5.
Dissociation of the aromatic acids and the formation of addi-
tional complexes with the dissociated PSA are neglected for
low pH values. Temperature influences on the complex
between the aromatic acids and the selector molecule are
mainly described by the equilibrium constants Kz and Kg,
respectively. The equilibrium constants Kg = 168.2 L/mol
and Ks=379.9 L/mol are calculated for 281.15 K, which
results in an intrinsic selectivity of o;,, = 2.26. The concen-
tration influence on the physical distribution coefficient pq is
described within the concentration range for PSA using the
correlation in Eq. 12

po=—0.019 - In ([(R/S)])+0.179;

mmol (12)
L

for [(R/S)] : <o¢:—25

Measured distribution coefficients of PSA are compared to
calculated results for the chemical equilibrium defined in
Egs. 4 and 5. Figure 7 shows the parity plots of both distri-
bution coefficients. Generally, good predictions are possible
with an error less than 17%. They are mainly based on the
molecular mass distribution of the selector molecule and
concentration influences on the physical distribution coeffi-
cients. Small concentrations of PSA (smaller 0.5 mmol/L)
and a high selector molecule excess increase the deviation.

Enantioselective liquid-liquid extraction in
countercurrent flow

The ELLE was investigated in countercurrent flow during
the past years in different devices, such as membranes’ *
and centrifugal extractors.>*>> But the high amount of
required extraction stages for a complete separation demon-
strates the necessity of efficient equipment with many equi-
librium  stages. Different to previous works, the
countercurrent extraction is here for the first time imple-
mented in extraction columns. High number of equilibrium
stages inside PIECs supports the separation efficiency of
ELLE systems with a low operative selectivity. PIECs indi-
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cate depending on small volume flow rates a good option for
small-scale operations and process development.

Hydrodynamics inside the process intensified column

In kinetic studies using a Nernst cell, Steensma et al.’¢

and Zhang et al.”’ indicated that the ELLE of amino acids
and aromatic acids can be described by a fast reaction. The
limitation of the complex reaction is only based on the mass
transfer of enantiomers over the liquid-liquid interface. For
mass transport limited systems, it is important to increase
the mass transfer with high specific surfaces, which is gener-
ated by high stirrer speeds. Nevertheless, backmixing of the
continuous phase will increase as well. To reduce backmix-
ing, the stirred cells have to be separated with stator plates,
at which, flooding is prevented by pulsation of the liquid—
liquid system. The hydrodynamics inside the active extrac-
tion part of the column is investigated at different stirrer
speeds of 700, 800, 900, and 1000 rpm and a constant pulsa-
tion frequency of 0.83 Hz. Depending on the optically analy-
sis of a sample of 450 droplets with ImageJ® , the Sauter
mean diameters d3, are calculated according to Eq. 13. The
organic phase hold-up ¢ of the active extraction part is meas-
ured by gauging the total volume of the column during the
steady state. The specific surface S/V (surface per volume

30—

251 gty
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Figure 7. Simulated and experimental distribution coef-
ficients of PSA: Dg and Dg; T=281.15 K; pH
2.5; for [(R/S)-PSA] = 0.5-2.5 mmol/L and [HP-
p-CD] = 12.5-100 mmol/L.
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Table 1. Hydrodynamic Parameters of the Stirred Cells at
Different Stirrer Speeds

rpm ds, (mm) & (%) S/V (m?*/m?)
700 0.87 9.63 664
800 0.83 12.97 938
900 0.74 15.68 1271
1000 0.76 17.39 1373

ratio) is calculated in respect to the Sauter mean diameter
and the hold-up. The results are shown in Table 1
Va IN-d* S 6 Vq
-100%; dyp=——7F; —=—
COTINGE OV dp VetV

13)

Higher stirrer speeds generate an increasing hold-up,
smaller droplets, and high specific surfaces, as expected.
Small droplet diameters and high specific surfaces support
mass transport limited systems. The highest specific surface
of 1373 m?*/m? is observed at 1000 rpm.

A more detailed description than the Sauter mean diameter
is given by the droplet size distribution go. The droplet size
distribution for different stirrer speeds inside PIECs is shown
in Figure 8. Generally, lower stirrer speeds generate broader
and higher stirrer speeds generate narrower droplet size dis-
tributions. Narrow droplet size distributions have a positive
effect on back mixing and entrainment of the dispersed
phase, because all droplets almost have the same physical
buoyancy forces. The tendency between stirrer speed and
droplet size distribution within the investigated range is
rather small. Narrow droplet size distributions can be
expected for all investigated stirrer speeds. With respect to
the mass transport limitation and the necessarily high spe-
cific surface, high stirrer speeds of 900-1000 rpm will sup-
port the ELLE in countercurrent flow.

Fractional extraction of aromatic acids

The fractional extraction of the ELLE is investigated
inside PIECs. A racemic mixture of PSA is separated using
a stripping and a washing section. The racemic mixture is
dissolved in the oganic feed and introduced between the sec-
ond and third section (height: 440 mm from the bottom) as
shown in Figure 2. Within the stripping section, the (S)-
enantiomer is extracted out of the organic phase, but depend-
ing on the low operative selectivity also the (R)-enantiomer
is extracted. The washing section washes the less preferred
(R)-enantiomer back. An integrated washing section purifies
the (S)-enantiomers in the aqueous phase as well as increase
the (R)-enantiomer yield in the organic phase. The measured
and simulated concentration profiles inside the active extrac-
tion area for PSA are shown in Figure 9. The dashed and
solid lines represent the simulated concentration profiles of
the organic and aqueous phase, respectively. The simulation
is based on the backflow model®®* with implemented ELLE
equilibrium stages defined in Eqs. 1-5. Experimental data of
the measured concentrations of the organic phase are given
as well. The highest concentrations of the enantiomers can
be observed on the feed stage. Under ideal conditions and
enough equilibrium stages, both enantiomers are completely
separated. The concentration profiles are compared in Figure
9 for different pulsation frequency. A lower frequency
improves the ELLE inside the column drastically. Generally,
the pulsation in this column type is necessary to inhibit
flooding inside the active extraction area and to destroy the
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coalescence area. Lower frequencies increase the retention
time of the dispersed phase and decrease the backmixing,
which results in a better extraction efficiency. The maximum
extraction efficiency can be expected with low pulsation fre-
quencies. But the frequency should be high enough to enable
a countercurrent flow. The combination of stirring and pulsa-
tion allows for a high specific surface within the stirred cells
and thus good mass-transfer rates, long retention times, and
a reduced backmixing between the cells.

Depending on the missing information of stirring and pul-
sation influences on the backflow model, the backmixing
inside the PIEC is fitted to experimental data of a countercur-
rent flow reference experiment. The fitting indicates a back
mixing of 20% of the total volume flow rates between each
stage. The number of calculated equilibrium stages s is
adjusted by the outlet concentrations of the top and bottom
phase. The backflow model is calculated for both enantiomers
assuming equilibrium stages defined in Eqs. 1-5. The calcula-
tion assuming equilibrium stages is a simplification of the real
behavior inside the extraction column, but gives a good tend-
ency despite its simplicity. The stripping part is well repre-
sented, but the washing part shows deviations.

The enantiomeric excess and the yield of both outlets dur-
ing the steady state are shown more detailed in Table 2. By

a

=

Figure 8. Liquid-liquid system inside the stirred cell; (a)
picture of a stirred cell with stirrer speed of
700 and 900 rpm; (b) droplet size distribution
qo for different stirrer speeds; T=281.15 K,
V, = 4.8 mL/min, V,, =4.0 mL/min, f=0.83 Hz.
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Figure 9. Experimental and simulated concentration profiles using fractional extraction with different pulsation fre-
quencies, V,=4.8 mL/min, V,=4 mL/min, V;eeq =0.2 mL/min, [(R/S)-PSAliecq =50 mmol/L; [HP-p-
CD] = 25 mmol/L; initial SE =10; T =281.15 K, stirrer speed =900-1000 rpm; ® measured (R)-enantiomer
in the organic phase; @ measured (S)-enantiomer in the organic phase; simulation: backflow ~ 20%;
simulated equilibrium stages s: (0.83 Hz —» s =7; 0.383 Hz —» s =10; 0.2 Hz — s = 15).

reducing the pulsation frequency from 0.83 to 0.2 Hz, the
enantiomeric excess and yield increase to 60 and 80%, respec-
tively. The benchmark for the fractional extraction of PSA is
given by centrifugal extractors. Tang et al.*® used 10 centrifu-
gal extractors, which represented nearly 10 equilibrium stages.
They obtained an enantiomeric excess for symmetric separa-
tions of nearly 50% and yields of 75%. This shows that the
column with 1.1 m active extraction part has a better perform-
ance than 10 centrifugal extractors. The ELLE simulations
indicate that the PIECs provide between 7 and 15 equilibrium
stages, but with a backflow of 20% between each stage.

Fractional extraction of aromatic acids combined with
back extraction

The outlet streams after the fractional extraction indicate an
enriched (R)-enantiomer in the organic stream and an
enriched (S)-enantiomer complex in the aqueous phase. The
selector molecule has to be separated from the (S)-enantiomer
and recycled for the fractional extraction to enable an eco-
nomical process. Considering pH and temperature influences,
back extraction can be realized by changing process parame-
ters. The temperature shift is preferred for this system without
destroying the buffer system. A temperature shift from
281.15 K for the fractional extraction to 323.15 K for the
back extraction leads to distribution coefficients smaller than
one and enables for a good separation of the (S)-enantiomer
from the selector molecule. Increasing Brownian motion of
the molecules by higher temperatures lowers the intermolecu-

Table 2. Pulsation Influence on the Fractional Extraction of
PSA Inside PIECs

Frequency (Hz) €€R org YR ore €€3aq Ysaq
0.83 0.41 0.66 0.36 0.73
0.33 0.48 0.64 0.36 0.78
0.20 0.62 0.78 0.57 0.82
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lar interactions within the complex. The distribution coeffi-
cients allow for high concentrations in the organic phase and
low concentrations in the aqueous phase.
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Figure 10. Experimental and simulated concentration
profiles of the back extraction, V,=4.8 mL/
min, V,, =4 mL/min, [HP-$-CD] =25 mmol/
L; ® measured (R) enantiomer in the
organic phase; ® measured (S) enantiomer
in the organic phase; T=323.15 K;
ns=1000 rpm, f=0.2 Hz; simulation: back-
flow ~ 20%; s = 20.
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The back extraction is investigated experimentally and
theoretically. During the experiment, the buffer system with
(S)-PSA and HP-$-CD is collected at steady state of the
fractional extraction and used for the back extraction. The
column used for the back extraction is the same as already
used for the fractional extraction with an active extraction
height of 1.1 m. The buffer system containing the complex
is introduced at the top of the column and pure n-decanol
phase at the bottom of the column.

Concentration profiles of PSA in the organic phase and the
concentration of PSA at the organic outlet stream during the
steady state were measured. The back extraction is demon-
strated for the fractional extraction with a pulsation frequency
of 0.2 Hz. The concentration profile in Figure 10 indicates a
satisfying extraction of PSA from the aqueous buffer system
into the organic phase. The concentration of PSA decreases
from the top to the bottom of the column. Finally, the enan-
tiomer concentration in the aqueous phase is nearly zero. The
purification of the selector molecule in the buffer system is
checked and confirmed by consideration of the pH-value and
reproducibility of the operative selectivity to aromatic acids.

The HPLC-chromatograms of the outlet streams in Figure
11 demonstrate the separation of racemic PSA using an ELLE-
downstream process by fractional extraction and recycling of
the selector molecule. The process is shown here for the best
pulsation frequency (f= 0.2 Hz). Both enantiomers indicate the
same concentrations at the inlet of the fractional extraction.
The (R)-enantiomer is measured with a high enantiomeric
excess and yield (eer = 62%; Yr = 78%) in the organic outlet
stream after the fractional extraction and the purified (S)-enan-
tiomer is (ees = 57%; Ys = 82%) in the organic outlet stream
after the back extraction. The buffer system of pH 2.5 and the
selector molecule HP-$-CD are recycled for the fractional
extraction. The mass balance for both enantiomers shows an
relative error less than 5% and is within the measurement tol-
erance. A further purification of both enantiomers using the
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ELLE is possible and requires more separation stages, which is
given by a higher column for the fractional extraction. The
back extraction dramatically increases the efficiency and eco-
nomic sustainability of the process due to reuse of the expen-
sive selector molecule (HP-f-CD).

Summary and Outlook

The ELLE in PIECs has high potential to separate racemic
mixtures with high efficiency. The PIECs provide up to 15
equilibrium stages for the fractional extraction and enable a
separation process of despite a low operative selectivity of the
chemical system. The ELLE was demonstrated with a racemic
mixture of PSA as an example for aromatic acids. Equilibrium
studies indicate that low pH-values and low temperatures are
preferred to achieve a high operative selectivity. A defined
concentration range of the selector molecule and the racemic
mixture is important to maintain a high operative selectivity
and good distribution coefficients for the countercurrent pro-
cess. The fractional extraction inside PIECs shows a good
separation efficiency. Both enantiomers are separated with an
enantiomeric excess of up to 60% and yields up to 80%.
More stages or a higher operative selectivity will increase the
separation performance. Using the countercurrent extraction
model, 41 equilibrium stages or 3 m active extraction part
were determined to separate both enantiomers completely.

A low pulsation frequency of 0.2 Hz enables more equi-
librium stages and a better extraction efficiency due to
reduced back mixing and longer retention times of the dis-
persed phase inside the fractional extraction column. The
simulation of the fractional extraction indicates a good trend,
but will be improved by a more detailed focus on hydrody-
namics considering droplet size distribution and kinetic influ-
ences on the complex reaction.

Recycling of selector molecule and the buffer system was
realized by combining fractional and back extraction. The
back extraction is possible by increasing temperature, which
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decreases the complex interaction and enables complete sep-
aration of (S)-PSA from the selector molecule. It is the first
time that a back extraction based on a temperature shift is
demonstrated for the enantioseparation of PSA. Accumula-
tion of impurities and the necessity of purging and refreshing
have to be checked for industrial applications of ELLE.
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Notation
Abbreviations and symbols

DeOH = n-decanol
ELLE = enantioselective liquid-liquid extraction

HP-f-CD = hydroxypropyl-f-cyclodextrin

OcOH = n-octanol

PIEC = process intensified extraction column
PSA = phenylsuccinic acid
P&ID = process and instrumentation diagram
UV = ultraviolet
Dg = distribution coefficient
Dg = distribution coefficient
d3, = Sauter mean diameter, mm
eeg = enantiomeric excess of the S enantiomer
eer = enantiomeric excess of the R enantiomer
‘= frequency, Hz
stroke length, mm
dissociation equilibrium constant, mol/L
Ky = complex equilibrium constant, L/mol
Ks = complex equilibrium constant, L/mol
N = number
0 = organic phase
Po = physical distribution coefficient
s = stages
= surface, mm?
SE = selector molecule excess
= temperature, K
V = volume, mm®
volume flow rate aqueous phase, mL/min
Vo = volume flow rate organic phase, mL/min
Vieea = volume flow rate feed, mL/min
w = water/aqueous buffer system
Y5 = yield of the S enantiomer
Yr = yield of the R enantiomer
oop = Operative selectivity
oine = intrinsic selectivity
y = activity coefficient
&= hold up, %
@i, = inner diameter, mm
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