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a b s t r a c t

This study demonstrates that enantioseparation by liquideliquid extraction can be done in a continuous
flow mode on both laboratory and industrial scale and is a promising technique that could become
a competitive alternative for crystallization or chromatographic approaches. We studied the enantio-
selective liquideliquid extraction of phenylglycinol (Pgl) using a bisnaphthyl phosphoric acid extractant.
Batch experiments were performed to estimate extraction model parameters. The system was described
using an extraction mechanism with homogeneous organic phase complexation. The complexation
constants were very large, in the order of 108e1010 L/mol in the temperature range 279<T<303 K. The
developed model was then used to design a multistage countercurrent extraction process with Cen-
trifugal Contactor Separator (CCS) equipment. This study demonstrates that high purity (70% ee) with
a reasonable yield (36%) can be obtained for a moderately selective system (a¼1.7) with only six ex-
traction stages. The technology is potentially applicable to a wide range of racemates.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The availability of single enantiomers of chiral compounds is
essential for the pharmaceutical industry.1 Many options are
available for obtaining enantiopure compounds, e.g., using natural
products (the chiral pool),2 or by asymmetric (bio)catalysis.3 The
most abundant strategy in industry is resolution of racemates.4

Resolution can be done via crystallization of diastereomeric
salts,5,6 (dynamic) kinetic resolution,7e10 chromatographic meth-
ods,11e14 electrophoretic techniques,15,16 membrane assisted
methods,17e19 inclusion crystallization and distillation,20 and
enantioselective fluid (liquid and supercritical) extraction
techniques.21e23 Although most industrial resolutions are achieved
by crystallization techniques, the technology is not always appli-
cable and the search for a resolving agent can be rather time
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consuming.18 As a result, there is an ongoing search for economi-
cally attractive alternatives.

Enantioselective liquideliquid extraction (ELLE) is a technology
that is potentially attractive for chiral separation on industrial scale.
It is applicable in continuous mode on all scales frommicroreaction
scale to multiton scale industrial separation. Scaling of the tech-
nology is relatively cheap and the continuous processing mode is
advantageous by elimination of batch-to-batch variations.24 The
principle of ELLE relies on an enantioselective interaction of an
extractant, for which the term host is also used,25e28 with the
substrate. The principle of host-mediated phase transfer is dis-
played in Fig. 1. In an ideal system, the host is confined to one of the
phases and the racemate is only sparingly soluble in that phase to
prevent non-selective physical transport. In such a system, if the
selectivity is very high, enantioseparation can be performed in
a single stage. The strength of ELLE is that such a very high selec-
tivity is not required, but with a moderate selectivity using a mul-
tistage process high purity can still be obtained.29,30 However,
development of ELLE hosts remains a main challenge for the
technology to become industrially competitive. Thus far, only
a limited number of studies on ELLE have been reported. Among the
variety of approaches, chiral metal complexes31e36 have been
popular for several classes of substrates, as well as the use of tar-
taric acid derivatives.37e43 Furthermore, cinchona alkaloid derived
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extractants have shown good enantioselectivities for amino acid
derivatives.28,44e48 Building on the work on perchlorate salts of
amino acids using crown ethers with a functionalized BINOL
backbone by Cram and co-workers in the 1970’s,25e27 crown ether
based extractants have taken a major place in ELLE history. De
Mendoza and co-workers attached a guanidine moiety to a crown
ether to extract tryptophan selectively,49 while de Haan and co-
workers employed Tobe’s azophenolic crown ether50,51 in biphasic
ELLE systems to extract amines and amino alcohols.30,52,53
Fig. 3. Experimental setup of CCS devices. Six devices in line are used for the ELLE of
Pgl, a seventh CCS for the back-extraction is positioned further backwards in the hood.

Fig. 1. Host-mediated phase transfer, the principle underlying ELLE. Symbols: grey: (S)-
enantiomer of substrate; black: (R)-enantiomer of substrate; black rectangles: host or
extractant. Reproducedwith permission fromRef. 36, � 2009, American Chemical Society.
Instead of focusing on the crown ether part of Cram’s break-
through ELLE hosts, the BINOL backbone could also serve as scaffold
for enantioselective hosts. We have recently demonstrated that
PdCl2(S)-BINAP shows a good selectivity towards a range of un-
protected amino acids,36 and have developed a BINOL based
extractant for ELLE of amino alcohols and amines.54

In the current work, we focus on the ELLE of phenylglycinol (Pgl,
see Fig. 2, left) using the extractant 3,30-(3,5-bis(trifluoromethyl)
phenyl)-2,20-diyl hydrogenphosphate-1,10-binaphthyl (PA1, see
Fig. 2, right). This extractant was developed in our labs and showed
operational selectivities of up to 2.2 towards primary amines.54 The
purely physical partitioning over the aqueous and dichloromethane
(dcm) phases is examined to localize the complexation (pure in-
terface versus homogeneous reaction). The complexation constants
are determined over a temperature range from 279 to 303 K, from
which the effect of the temperature on the intrinsic selectivity is
determined. Also included in the studies is the temperature de-
pendence of the protonation in the aqueous phase. The obtained
parameters are used to model the extraction performance in order
Fig. 2. Left: phenylglycinol (Pgl), right: 3,30-(3,5-bis(trifluoromethyl)phenyl)-2,20-diyl
hydrogenphosphate-1,10-binaphthyl.
to better understand the effect of process conditions on the ee and
the yield in both single stage extractions andmultistage continuous
processes. Based on these insights a six stage continuous extraction
process was executed to demonstrate the power of ELLE to yield
high purity products based on only a limited selectivity.

The six stage continuous extraction process has been carried out
using bench-scaled centrifugal contactor separators (CCS), see
Fig. 3. Use of CCS-equipment is beneficial, as through the large
rotational frequency of the centrifuge the mixing between the
static housing and the rotating centrifuge is very intense, and the
separation is very efficient because of the high centrifugal force.
Because of the efficient separation, the required liquid volume is
very limited and the host inventory can be greatly reduced as
compared to traditional extraction column or mixer-settler
processes.28,47,48
2. Theory

This theory section provides an overview of the terminology
that is required to comprehend the results and discussion section.
Most important is the selectivity. The enantioselectivity of the
process is usually expressed as the operational selectivity (aop).29 In
the extraction of Pgl with PA1, the (S)-enantiomer is the preferred
extracted enantiomer and the operational selectivity is thus de-
fined as:

aop ¼ DðSÞ�Pgl

DðRÞ�Pgl
(1)

Here, the distributions D are defined as the ratios of the total
concentration of all Pgl species in the organic phase over the total



Fig. 4. Three stages in a multistage countercurrent ELLE process of Pgl using PA1
extractant.
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concentrations in the aqueous phase.29 For (S)-Pgl, the distribution
is defined as:

DðSÞ�Pgl ¼ ½ðSÞ � Pgl�all forms
org

½ðSÞ � Pgl�all forms
aq

(2)

The operational selectivity (Eq. 1) is a parameter that is de-
pendent on the extraction conditions. Even good host/substrate
combinations can yield no operational selectivity if the proper
conditions are not used. Therefore the operational selectivity is not
a very good measure for the potential of a host/substrate combi-
nation. The intrinsic selectivity (aint) is the ratio of the complexa-
tion constants, and depends only on temperature. Therefore, it is
better to use the intrinsic selectivity to indicate the potential of
ELLE systems. If operational conditions approach the ideal, the
operational selectivity approaches the intrinsic selectivity.52

aint ¼ KcS

KcR
(3)

The parameter used here to define the operational performance
for an extraction process is the performance factor (PF).55 For the
extraction system investigated, PF is defined as:

ðaÞ PFS ¼ eeorgYS;org
�
bÞ PFR ¼ eeaqYR;aq (4)

The PF maximum is 1.0 and occurs when full separation is
obtained. Here, the ee is defined as:

eek ¼ j½ðSÞ � Pgl�k�½ðRÞ � Pgl�kj
½ðSÞ � Pgl�kþ½ðRÞ � Pgl�k

ðk ¼ aq; orgÞ (5)

The yields (Y) are defined as the fraction of the enantiomer in
the feed that ends up in the desired phase. Since the (S)-enantiomer
is the preferred enantiomer in extraction, the yield of the (S)-en-
antiomer is considered for the organic phase and the yield for the
(R)-enantiomer is considered for the aqueous phase:

ðaÞ YS;org ¼ Vorg½ðSÞ � Pgl�all forms
org

Vaq½ðSÞ � Pgl�all forms
aq;init

bÞ YR;aq ¼ ½ðRÞ � Pgl�all forms
aq

½ðRÞ � Pgl�all forms
aq;init

(6)

Because in ELLE, selectivities are typically too low to obtain
a high PF in a single stage, multistage countercurrent processing is
required. In such a multistage approach, the organic and aqueous
phases flow countercurrently to improve the extraction efficiency,
such a countercurrent approach is displayed in Fig. 4. From Fig. 4 it
follows, that in order to understand the extraction of Pgl with PA1
in a multistage approach, the required parameters are the basicity
constant (Kb), the partition coefficient (m), and the complexation
constants Kc,R and Kc,S. The parameters are defined as:

Kb ¼
gPglqHþ

h
PglqHþ

i
aq
gOH�

h
OH�

i
aqh

Pglq
i
aq

ðq ¼ R; SÞ (7)

m ¼ ½Pgl�org (8)
½Pgl�aq

Kcq ¼ ½ðqÞ � PglPA1�org
½PA1�org½ðqÞ � Pgl�org

ðq ¼ R; SÞ (9)
The g’s in Eq. 7 represent the activity coefficients for ionic
species in water. In case the aqueous phase ionic strength exceeds
10�3 mol L�1, non-ideality should be taken into account.46 The
extractant PA1 was designed to be highly lipophilic, whereas Pgl
partitions over the phases (vide infra), therefore the organic phase
is where the complexation takes place.

3. Results and discussion

To model the extraction under equilibrium conditions, the
values of the parameters Kb, m and the organic phase com-
plexation constants Kcq need to be determined. The experi-
mental determination of these parameters is described in the
first subsection. The second subsection describes optimization
of the performance factor PF in a single stage process to gain
fundamental understanding of the effects of operating variables
on the extraction performance, and in the third subsection an
experimental multistage cascade process is described. The
model was used to select the optimal configuration for the
cascade.



Table 1
Estimated coefficients for Eq. 12

Coefficient Value

a1 [1/K2] �1.33(�0.49)�10�3

a2 [1/K] 5.82 (�1.63)�10�2

a3 [�] 1.28 (�1.24)�10�1
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3.1. Parameter estimation

3.1.1. Estimation of the temperature dependent basicity con-
stant. Under an inert atmosphere, Kb was determined for Pgl over
a temperature interval of 295e335 K by measuring the pH of
aqueous solutions of Pgl. The concentration was set to
[Pgl]init¼3�10�5 and 11�10�5 mol L�1. At these concentrations,
the conditions ([Pgl]init<<10�3 mol L�1) can be considered ideally
and the Kb may be determined from the experimentally observed
[OH�] and the intake of Pgl (Eq. 10). Furthermore, Eq. 10 shows the
relationship between Kb and the standard enthalpy, and entropy
of reaction.56

lnðKbÞ ¼ ln

 h
OH�

i
½Pgl�init�

h
OH�

i
!

¼ �DHq
b

R$T
þ DSqb

R
(10)

Eq. 10 was fitted to the experimental data, see Fig. 5 for the
parity plot. The standard enthalpy of reaction was DHb

q¼�9.54
(�0.09)�104 J mol�1 and the standard entropy of reaction was
estimated at DSb

q¼�4.29 (�0.03)�102 J mol�1 K�1. The value of
Kb was estimated to be 3.53.10�6 mol L�1 at room temperature,
which is in accordance with the reported value in the
literature.57
Fig. 5. Parity plot for [OH�] Symbols: ,: [PGL]init¼3.10�5 mol/L, B:
[PGL]init¼11.10�5 mol/L.

Fig. 6. Parity plot for physical partitioning parameter estimation experiments.
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Fig. 7. Parity between extraction model and experimental data (T¼294 K). Symbols:
,: PGLR, B: PGLS.
3.1.2. Determination of the temperature dependent partitioning co-
efficient (m) of Pgl. The partitioning ratio (m) was determined over
the temperature interval 279e303 K using Eq. 11. Eq. 11 is obtained
by rewriting Eq. 8 using the mass balance for Pgl. The experimental
procedure described in the Experimental section was used with
[PA1]¼[PglHþ]¼0.0 mM.

½Pgl�aq ¼
½Pgl�aq;init
1þ f$m

(11)

Here, f is defined as the volume ratio Vorg/Vaq, and [Pgl]aq the
experimentally determined value of the two enantiomers in the
aqueous phase. The value of m was fitted to the experimental data
using Eq. 11 for the various temperatures. The temperature de-
pendency of m was quantified via an empirical relation as given in
Eq. 12.

m ¼ a1$ðT � 273Þ2þa2$ðT � 273Þ þ a3 (12)

The estimated values of the coefficients ai are given in Table 1.
Good agreement between the modeled and experimental data

was confirmed, see Fig. 6.
At T¼298 K, m¼0.73, which is a slightly higher value than that
reported in literature52 (m¼0.6). This value of m confirms the sol-
ubility of Pgl in both the organic phase (DCM) and the aqueous
phase, the requirement for use of the model with homogeneous
organic phase complexation.

3.1.3. Estimation of the equilibrium constants of complexation (Kc,R

and Kc,S). Within a temperature interval of 279e303 K, reactive
extraction experiments were done using enantiopure Pgl to de-
termine the equilibrium constants of complexation Kc,R and Kc,S. At
room temperature (294K), the values of these equilibriumconstants
were found tobeKc,R¼(8.75�1.12)�108 L/mol andKc,R¼(1.57�0.17)�
109 L/mol at T. The good agreement between modeled concentra-
tions and experimental concentrations is displayed in Fig. 7.
Similarly, at 279, 283, 288, 294, 298, and 303 K the equilibrium
constants were fitted. The enthalpy and entropy of complexation,
DHqand DSq, were calculated using Eq. 13 and given in Table 2.

lnðKÞ ¼ �DHq

R$T
þ DSq

R
(13)



Table 2
Thermodynamic parameters of the complexation reaction of PA1 with Pgl

Entry Substrate DHq [105 J mol�1] DSq [102 J mol�1 K�1]

1 (R)-Pgl �1.75�0.017 �4.23�0.42
2 (S)-Pgl �1.78�0.017 �4.28�0.39

B. Schuur et al. / Tetrahedron 67 (2011) 462e470466
The Van ‘t Hoff plot for the complexation is shown in Fig. 8. It
can be concluded that the effect of the temperature on the intrinsic
selectivity (Eq. 3) is small: the slopes for both enantiomers are
essentially similar. The intrinsic selectivity shows a slight decrease
on increasing temperature: from aint¼1.89 at 279 K to aint¼1.72 at
303 K, which is a behavior previously observed in ELLE.27,52
3.3x10-3 3.6x10-3

15

20

25

ln
(K

c)

1/T (1/K)

Fig. 8. Van ‘t Hoff plot for the complexation reaction of PA1 with Pgl. Symbols: ,: (R)-
Pgl, B: (S)-Pgl.
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Fig. 10. The effect of pH on eeorg (-, solid line) and YS (-, dashed line). Conditions:
T¼280 K, [Pgl]aq,init¼1.0 mmol L�1, [PA1]org,init¼1.0 mmol L�1, f¼1.
3.1.4. Model validation. ELLE experiments of Pgl with PA1 were
done over a pH interval of 1.0e8.5 to validate the model (at pH
>8.5, the extractant turned out to suspend as a white solid in the
aqueous phase, the extractant being responsible for the suspension
was confirmed by 31P NMR). During the experiments, T¼297 K,
[PA1]¼0.70 mmol L�1, and [Pgl]¼1.0 mmol L�1. As can be seen in
Fig. 9, the model is valid over a broad pH range.
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Fig. 9. Model validation over a broad pH range. (R)-Pgl (left), (S)-Pgl (right). In both figures [PA1]org,init¼0.70 mmol L�1 and [Pgl]aq,init¼1.0 mmol L�1. Lines are model predictions,
squares and circles are experimental points.
3.2. Optimization of the performance of a single equilibrium
stage

The performance factor (PF) was defined in Eq. 4 as the product
of the yield and the ee. In this section, the PF will be optimized to
gain fundamental understanding of the effects of process condi-
tions on the PF. This understanding is required for determining the
right process conditions in the multistage process in next section.
First, the crucial importance of the pH on the extraction per-
formance is discussed. The effect of the pH on the ee and the yield
(Y) is depicted in Fig. 10. Upon increasing the pH, an opposing effect
is observed between the ee and the Y. The Y increases from almost
0.0 to a maximum close to 1.0 between pH¼0 and 7. The eeorg de-
creases from 33% down to non-significant values. These opposing
trends are the basis for the PF going through a maximum (0.1 at
a pH of about 2). The equilibrium in the aqueous phase is ac-
countable for this effect, as on increasing the pH, it shifts towards
the neutral form of Pgl. As a result, the distribution of both enan-
tiomers towards the organic phase is increasing. The increase of the
distribution of the unwanted (R)-enantiomer decreases the eeorg,
until all of the Pgl is complexed to the host. When these results are
used to determine the PF (Fig. 11 (left), solid line) a clear maximum
of PF¼0.1 is observed at a pH around 2.
To gain more insight into the effect of different host/substrate
ratios, the PF was modeled at the same pH interval, with a de-
creased host concentration. While [Pgl]aq,init was kept at
1.0 mmol L�1, [PA1]org,init was lowered to 0.70, 0.50 mmol L�1, and
0.20 mmol L�1, respectively. At 0.70 mmol L�1 host, after the
initial optimum in the PF, a constant PF in the pH interval be-
tween 5 and 7 is observed. This is the regime in which all host is
occupied. As a result, the Y and ee remain constant within this pH
interval. At a pH above 7, the PF drops again as a result of the
significant physical partitioning of Pgl, which results in non-
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selective substrate transport into the organic phase. At host
concentrations of 0.50 mmol L�1 and below, the host/guest ratio
is so low that the host occupation is essentially determined by the
intrinsic selectivity of the system, and therefore the plateau re-
gime follows directly after the maximum PF has been reached.
Finally, when the pH approaches the pKb, a drop in PF is observed
because of significant physical (and non-selective) partitioning.
The profiles of the PF as a function of the pH at an increased
temperature (303 K) closely resemble those of the extraction at
lower temperature. However, the maximum PF is slightly lower
(0.085) due to the decrease in intrinsic selectivity upon increasing
temperature.

The results in Fig. 11 show that the PF is influenced by the pH,
the host/guest ratio and the temperature. The maximum perfor-
mance is obtained at a pH around 3 and at a low temperature.
Fig. 12. Representation of the cascade with six CCS devices in series with full recovery of the host in a single back-extraction stage.
The PF of 0.1 is not enough to obtain the substrate with a high ee
and Y in a single extraction step. Therefore, a fractional multistage
countercurrent extraction cascade is required.

3.3. A six stage centrifugal contactor separator cascade

A cascade of six CCS devices of the type CINC V-02 (Fig. 3) with
a max throughput of 1.9 L min�1 was applied in combination with
a back-extraction step (BE) in a single CCS device for recovery of the
extracted (S)-Pgl and recycling of the host. The optimum configu-
ration of the cascade (e.g., feed input, concentrations, flow rates)
was determined by multistage equilibrium modeling of the ex-
traction using the parameters determined in section 3.1. The
mathematical model for the cascade includes the mass balances for
all components (i.e., (R)-Pgl, (S)-Pgl, and PA1) and the equilibrium
relations for each stage. The model predicts that 23 stages are re-
quired at room temperature to obtain both enantiomers in high ee
(>99% ee). With the experimental limitation of only six CCS devices
available for the cascade and one for the back-extraction unit, an
arbitrary choice had to be made on which of the two enantiomers
was to be obtained in high ee and reasonable yield. We selected (S)-
Pgl to be obtained enantio-enriched in a reasonable yield using the
conditions displayed in Fig. 12.
In an experiment aimed at obtaining enantiopure (S)-Pgl, 1.35 L
host solution (4.3 mM) was recycled continuously through the
seven CCS’s with 57.1 mL min�1. The feed flow ([(R),(S)-Pgl]¼
1.0 mM, [Na2CO3]¼1.9 mM, pH¼5.7) entered stage four at
23.8 mL min�1. At stage one two separate flows entered the cas-
cade. The reflux flow (flow rate¼36.5 mL min�1), containing high
excess (S)-Pgl to increase the ee in stage one, was mixed with the
wash stream (flow rate¼19 mL min�1). Increasing the ee in stage
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one using the reflux flow affected the entire process positively,
leading to a higher separation performance. The wash flow is
applied to raise the pH to 2.32 and to wash the undesired (R)-Pgl
out of the organic phase. The organic closed cycle exiting from
stage one, and containing (S)-Pgl complexed to the host in high
enantiomeric purity was then back-extracted. The host was recy-
cled to the cascade in stage six. The (R),(S)-Pgl concentrations
were monitored in both aqueous exit streams (exiting stage six
and the BE stage), and all stages (1e6). The exit stream from BE is
the stream with the eventual output, which contains (S)-Pgl with
a high ee.

In the CCS cascade, the three most important parameters are the
temperature, the pH in the aqueous phase, and the host concen-
tration in the organic phase. They govern the distribution and the
PF, and are preferentially kept stable. In the hours before starting
the measurements of the experiments (�240<t<0 min), it became
clear that (a) The temperature was stable at 295 þ/�1 K. (b) The
selected solvent (dcm) was evaporating at a much higher rate than
we expected. Therefore, a small pump was installed pumping ad-
ditional dcm into the system at a rate of about 1 mL min�1 (in
a previous study we added solvent in small portions manually.48)
(c) The pump responsible for the flow rate of the wash flow had to
be adjusted carefully to obtain the desired pH of 2.32. The pH
fluctuated between 2.63 and 1.37 before a steady operation was
reached (t¼0 min) with an actual flow slightly higher than the
intended 19 mL min�1. After 60 min running steady, the pump
responsible for the wash flow broke down. As a result, the pH
dropped below 2.32, which is visualized in the concentration pro-
file of the exit stream from BE and shows a decrease in the con-
centration (see Fig.13). This is a direct consequence of the lower pH,
which lowers the distribution and keeps the Pgl confined in the
aqueous phase. After solving the pump problem, the pH was re-
stored to 2.32 and the concentration showed a steady state in the
interval 120<t<180 min.
Fig. 13. Concentration (left) and ee (right) profile of the stream exiting from BE.
In the steady state interval a [Pgl]¼0.18 mM (model: 21 mM)
and ee¼70% were found, corresponding to a yield of 36% with
respect to the desired enantiomer. The agreement with the model
prediction was reasonable. A clearer overview at the process is
provided by plotting the concentrations throughout the stages
(Fig. 14).

The concentration and profiles throughout the setup are
depicted in Fig. 14. In general, it may be concluded that the trend
predicted by the model is also observed experimentally. It is
though clear, that although the concentration in the exiting stream
from BE appears to be at steady-state (Fig. 13), the system was not
yet at steady-state after the pH-shock caused by the broken pump.
The concentration profile is moving towards the model line from
147 to 177 min, the moment we had to stop the experiment. In our
previous work the time taken to reach equilibrium was about
4 h.48 It can thus be expected that the resemblance between ex-
perimental results and the model prediction are much closer if the
system is allowed to reach equilibrium. In addition, the system
moving back to the steady-state after the unintended pH-shock
demonstrates the robustness of the system and the chemistry.
Based on the steady-state yields, and the observed robustness of
the chemistry (see Ref. 54), with this type of six stage cascade of
CINC V-020s, as much as 5 kg of racemate per week can be sepa-
rated with corresponding results, using 380 g of host, which is not
consumed, but continuously used and recycled in the process. For
higher purity product, the number of stages should be increased,
e.g., for the current intrinsic enantioselectivity of 1.7, some 23
stages are required to obtain both enantiomers in more than 99%
ee. To our opinion, a 23 stage extractive enantioseparation is not
excessive, but in the development of new systems, a high selec-
tivity of >5 is desired to limit the number of stages to less than 10
for a pair of highly pure (>99% ee) single enantiomers.

4. Conclusions

We have studied the enantioselective liquideliquid extraction
(ELLE) of phenylglycinol in both batch experiments and in contin-
uous centrifugal contactor separator (CCS) equipment using
a countercurrent setup to investigate the potential of this chiral
separation technology. The batch experiments were used to gain
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understanding of the effects of process variables on the yield and
the ee. The parameters determined with the batch experiments
were used for experimental design of the multistage continuous
process. (S)-Phenylglycinol was thus extracted preferentially from
the racemic aqueous feed into a bisnaphthyl phosphoric acid
extractant containing dichloromethane phase, followed by a back-
extraction to recycle the extractant. The extracted (S)-phenyl-
glycinol was obtained in an ee as high as 70% with a yield of 36% in
only six extraction stages were used, while the system exhibited
only a moderate selectivity of 1.7. From the current work it may be
concluded that multistage continuous ELLE can be used to obtain
highly enantiopure chiral compounds even with limitedly selective
systems. The bench-scaled CCS equipment allows production scales
of several kg/week, while also mg scaled batches may be separated
continuously, allowing approval of a continuous process in an early
development stage. Analogously to the chromatographic tech-
niques but much less expensive in scale-up, by aiming at moderate
selectivity it may be possible to apply single extractants for enan-
tioseparation of a broad range of substrates to significantly reduce
the costly time-to-market.

5. Experimental

5.1. Chemicals

The extractant, 3,30-(3,5-bis(trifluoromethyl)phenyl)-2,20-diyl
hydrogen phosphate-1,10-binaphthyl, was synthesized as described
previously.54 (R)-Phenylglycinol (98%) and (S)-phenylglycinol (98%)
were obtained from SigmaeAldrich. rac-Phenylglycinol and
dichloromethane (dcm) were obtained from Acros. Potassium
dihydrogen phosphate (pa), di-sodium hydrogen phosphate
dodecahydrate (pa), glacial acetic acid, hydrogen chloride (37%),
potassium chloride (pa), and sodium acetate trihydrate (pa) were
obtained fromMerck. All experiments were performedwith double
distilled water.

5.2. Experimental procedures

5.2.1. Batch experiments for localization of complexation and pa-
rameter estimation.
5.2.1.1. Physical extraction experiments. To determine the physcial
partioning of Pgl, experiments were performed with dcm as or-
ganic phase and buffered (0.100 mol L�1 phosphate buffer,
pH¼10.0) aqueous Pgl-solutions to determine the temperature
dependent partitioning behavior of non-dissociated Pgl. A pH of
10.0 was selected to ensure that most Pgl was in its neutral, non-
dissociated form. In all experiments the total liquid volume was
15.0 mL, the volume ratio f¼Vorg/Vaq was varied between 0.19 and
2.61, the temperature between 279 and 303 K, and the initial Pgl
concentration between 9�10�4and14�10�3 mol L�1. The two phase
systems were stirred vigorously for 12 h, after which the phases
were allowed to settle. Samples were taken from the aqueous phase
and analyzed by RP-HPLC equipped with a Crownpak(þ) column.
The organic phase concentrations were calculated using the overall
mass balance.

5.2.1.2. Estimation of the basicity constant (Kb) of Pgl. To de-
termine the temperature dependent basicity constant (Kb) of Pgl,
the pH of diluted Pgl solutions was measured while heating the
well stirred solutions at a rate of 1 K min�1. Two experiments were
performed with different Pgl concentrations (3�10�5 mol L�1 and
11�10�5 mol L�1) in the temperature range of 295<T<335 K. The
experiments were conducted under an inert atmosphere.

5.2.1.3. Reactive extraction experiments. The reactive extraction
experiments were performed using aqueous solutions of
enantiopure (q)-Pgl (q¼R or S) and solutions of PA1 in dcm at
varying temperatures (279e303 K), volume ratio (Vorg/Vaq¼0.5e1)
and initial concentrations (2.5�10�4e1�10�3 mol L�1 (q)-Pgl and
3�10�4e8�10�4 mol L�1 PA1). The pH was kept constant at 3.2
(0.100 mol L�1 acetate buffer). The biphasic systems were stirred
vigorously for 3 h to ensure equilibrium. Samples were taken from
the aqueous phase and analyzed by HPLC. The organic phase con-
centrations were calculated by using the overall mass balance. For
model verification, experiments with enantiopure (R)-Pgl and (S)-
Pgl were performed at the conditions described above, except for
the pH, which was varied from 1 to 8.5 (using a 0.100 mol L�1 HCl/
KCl buffer for pH<3, a 0.1 mol/L acetate buffer for 3<pH<5, and
a 0.1 mol L�1 phosphate buffer for pH>5).

5.2.2. Continuous ELLE in a countercurrent six stage CCS cascade. A
series of six CCS devices was set up in a cascade according to Fig. 12.
An additional CCS device was used as a back-extraction unit. A
1.0 mM Pgl/1.8 mM Na2CO3 aqueous solution of 1.5 L was used for
the feed. A 93.0 mM Na2CO3 aqueous solution of 1.5 L was used for
the wash. A 0.100 M HCl aqueous solution of 3.0 L was used for the
back extraction. A dcm solution of V¼1.35 L, [PA1]¼3.6 mM, was
used as the organic phase flow. Flow rates were 23.8 mL min�1 for
the feed, 19.0 mL min�1 for the wash, 40.5 mL min�1 for the
aqueous back-extraction stream, 57.1 mL min�1 for the organic
extract stream. From the 40.5 mL min�1 aqueous flow exiting the
back-extraction 36.5 mLmin�1 was refluxed, and 4.0 mLmin�1 was
collected as the product stream. The CCS devices were set at
a stirring rate of 40 Hz. Samples were taken frequently after all
stages and from the BE outlet and analyzed using RP-HPLC

5.3. Analytical procedures

Samples (10 mL) from the aqueous phase were analyzed using
reverse phase HPLC using 0.100 mol L�1 perchloric acid as eluent
with a flow rate of 0.5 mL/min. Before injection, the samples were
filtered over a PTFE syringe filter with pore size 0.45 mm (Waters
Chrom). The equipment consisted of Shimadzu CC-20AD pumps,
a Crownpak CR(þ) chiral column (Diacel, Japan) equipped with
guard column and an SPD-M20A diode array detector. Detection
was done at 204 nm UV-light. Quantitative analysis (accuracy 2%)
was performed using calibration curves. The pH-measurements
were performed using an Inolab pH 730 pH-meter equipped with
a Sentix 81 Probe.

5.4. Modeling software and optimization

Parameter fitting was performed using a nonlinear least squares
method (lsqnonlin) provided by the software package Matlab
(Mathworks). Confidence intervals (95%) are reported for the pa-
rameters. The model correlation parameters used are R2 and the
mean relative error (MRE).
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