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This article presents a mathematical model to assess and optimize the separation
performance of an enantioselective inclusion complexation-organic solvent nanofiltra-
tion process. Enantiomer solubilities, feed concentrations, solvent compositions, perme-
ate solvent volumes, and numbers of nanofiltrations were identified as key factors for
process efficiency. The model was first tested by comparing calculated and experimen-
tal results for a nonoptimized process, and then, calculations were carried out to select
the best operating conditions. An important finding was that the optimal configuration
varied with the objective function selected, e.g., resolvability versus yield, with a
boundary on product optical purity. The model also suggested that the process effi-
ciency could benefit from diafiltration of the distomer and from the use of higher feed
concentrations. However, the latter strategy would result in higher losses of eutomer.
To address this drawback, a multistage process was evaluated using the verified pro-
cess model. VVC 2009 American Institute of Chemical Engineers AIChE J, 56: 893–904, 2010
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Introduction

Preparation of enantiomerically enriched compounds for
use in the agrichemical, food, and pharmaceutical industries
is essential to obtain the desirable biological activity of race-

mic of products while avoiding adverse side effects. Isola-
tion from the chiral pool, asymmetric synthesis, and chiral
resolution are established methodologies to obtain pure enan-
tiomers.1 Diastereomeric resolution is one of the more robust
resolution techniques, which employ relatively inexpensive
resolving agents and, therefore, is commonly used at a large
scale; however, it is restricted to the enantioseparation of
acids and bases.2 On the other hand, enantioselective inclu-
sion complexation (EIC) uses more sophisticated chiral
hosts, but allows the resolution of neutral molecules, such as
alcohols, without the need for derivatization into an acid.
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Toda3 used TADDOLs, a new family of chiral hosts for EIC
resolutions, derived from inexpensive hydroxyl acids such as
tartaric or lactic acid. Several authors recently reviewed and
reported the use of TADDOLs as powerful resolving
agents.4,5 High chiral enantioselectivity between these hosts
and a broad range of resolution substrates was observed,
expanding the potential for practical EIC applications. How-
ever, in studies performed by Toda’s research group, the
recovery of the isolated enantiomers from the inclusion com-
plex was performed by high vacuum distillation. This proce-
dure limits EIC resolutions to compounds with a certain
degree of volatility and requires the use of high vacuum and
high distillation temperatures. In addition, the distillation of
purified enantiomer from the postresolution slurry can hinder
further scaling up due to mass and heat transfer limitations.

Several membrane-based processes have been proposed
for chiral resolutions.6 Over the past decades, nanofiltration
has been successfully extended from aqueous systems to or-
ganic solvent systems, because new membranes compatible
with solvents are developed.7,8 Our research group recently
reported a novel enantioseparation process, coupling the EIC
technique with an organic solvent nanofiltration (OSN) sepa-
ration.9 The EIC-OSN process described below can be oper-
ated at room temperature, with a high to moderate yield and
optical purity of products. The simplicity of the process and
of the equipment required, together with the reusability of
the host compounds, enhances the potential feasibility of this
technique for pilot and industrial scale operations. This work
presents a mathematical model that calculates the separation
performance of the EIC-OSN process, which can, therefore,
be used for the selection of process-operating conditions
configuration. The model was tested against experimental
data, which were obtained using racemic phenylethanol (rac-
PET; 122 g/mol) as a guest species and (4R,5R)-(-)-2,2-
dimethyl-a,a,a0,a0-tetraphenyl-1,3-dioxolane-4,5-dimethanol
((R,R)-TADDOL; 467 g/mol) as a chiral host.

Process description

The EIC-OSN process (Figure 1) involves two stages: a
resolution and a decomplexation stage, each employing a

different solvent. The resolution solvent promotes the selec-
tive recognition between solid host and the desired enan-
tiomer (eutomer), resulting in the formation of a crystalline
inclusion complex and leaving the undesired enantiomer
(distomer) dissolved in solution. The decomplexation solvent
ensures the dissociation of the complex in a homogeneous
solution. A nanofiltration membrane compatible with both
solvents is used in the first stage to elute the dissolved
distomer out of the system and, in the second stage, to iso-
late the eutomer in the permeate solution and to retain the
host for further use. In this study, the (S)-enantiomer is the
eutomer, and the (R)-enantiomer is the distomer.

In Step A (Figure 1), racemic (eutomer and distomer)
guest and chiral host are mixed at an equimolar ratio in the
resolution solvent. The insoluble host recognizes and forms
a crystalline inclusion complex with the eutomer, while the
distomer remains dissolved. The mixture is stirred for 6 h,
until it reaches equilibrium. In Step B, the resulting hetero-
geneous mixture is filtered and the inclusion complex is
retained by the membrane, whilst the distomer leaves the
process through the permeate solution. In Step C, decom-
plexation solvent is added to break the complex and obtain a
homogenous solution in which host and eutomer are dis-
solved. In Step D, this solution is nanofiltered, and based on
the differences between eutomer and chiral host molecular
weights, it is possible to isolate the eutomer in the permeate
solution, while the host is retained for further use. In Step E,
the decomplexation solvent in the retentate is replaced by re-
solution solvent to allow Step A of the next cycle.

In this work, and in the previous feasibility study,9 the dif-
ferent steps of this process were operated in successive
batches. Within each of the filtration steps (B, D, and E),
repeated nanofiltrations and varying feed volumes can be
employed. The permeate stream of each step is the combined
permeates of the nanofiltrations performed within that step.
It was also previously established that n-hexane (or n-hex-
ane/toluene mixtures up to a maximum concentration of
20% vol/vol of toluene in n-hexane) could effectively be
used as a resolution solvent in Step A.9 Therefore, in Step E,
filtration number and volume must provide a resolution sol-
vent composition of less than 20% vol/vol toluene for use in
the next operation cycle. Complete dissolution of the com-
plex is obtained in n-hexane/toluene mixtures with toluene
concentrations higher than 60% vol/vol, and so any solvent
mixture with [60% vol/vol toluene can effectively be used
as a decomplexation solvent in Steps C and D. In this study,
we optimized the volumes and number of filtrations used in
Steps B and D (the (R)- and (S)-elution stages, respectively),
because these variables determine the amounts of distomer
((R)-enantiomer) and eutomer ((S)-enantiomer), which are
obtained in the permeate solutions and, consequently, the
process yield and optical purity of the enantiomer-enriched
products.

Process modeling and development

Model Assumptions and Boundaries. The model devel-
oped calculates the composition of (R)- and (S)-enantiomers
in the permeate streams of the EIC-OSN process based on
mass balances, solubility of inclusion complex, and mem-
brane rejection to enantiomers and the host molecule. The

Figure 1. Schematic diagram of EIC-OSN process
structure.

R and S represent (R)- and (S)-enantiomer (guest) while H
represents chiral host.
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model was used to calculate the amount of each enantiomer
and optical purity in permeate during filtration, and it was
based on the following assumptions:

(a) Membrane rejection of the enantiomers is 0%.
(b) Membrane rejection of the host and inclusion complex

is 100%.
(c) At operating feed concentration, only one enantiomer

(the eutomer) complexes with the chiral host to form an
inclusion complex, the uncomplexed enantiomer (the
distomer) remains dissolved in the liquid.
(d) Ideal-solution behavior for liquid phase (cli ¼ 1) is

observed, and above saturation limit, the concentration of
inclusion complex dissolved in the resolution solvent
remains constant.

Because of the size of the nanofiltration equipment, we
were limited experimentally to maximum filtration feed vol-
umes of 300 cm3 and minimum retentate volumes of
10 cm3. Therefore, to facilitate experimental testing of the
mathematical model, the feed and retentate volumes used as
model parameters were kept within these limits, and when
feed volumes and the number of filtrations in Steps B and D
were parameters for optimization, the following volumes
were fixed:

(a) The retentate volume of every filtration was fixed to
the minimum value of 10 cm3.
(b) When successive filtrations were performed within the

same step, the volume of fresh solvent added to the retentate
to make up the total feed volume of a given nanofiltration
was equal to the permeate volume of the previous filtration
(i.e., VF,n ¼ VP,n�1).

(c) The volume of resolution solvent employed in Step A
was fixed at 40 cm3.
(d) In Step C, 30 cm3 fixed volume of toluene was added

to 10 cm3 of resolution solvent (carried in from Step B),
resulting in a homogeneous solution with a toluene concen-
tration higher than 75% vol/vol toluene (well above the 60%
vol/vol toluene required for total dissolution of the inclusion
complex).

(e) In Step E, 30 cm3 of n-hexane was added to 10 cm3

of the decomplexation solvent (carried in from Step C and
D), and the resulting 40 cm3 feed volume was filtered until
10 cm3 retentate remained. To this 10 cm3 of solution, a fur-
ther 30 cm3 of n-hexane was added, ensuring a solvent com-
position in Step A suitable for resolution of about 6.2% vol/
vol toluene in n-hexane, which was well below the maxi-
mum limit established at a value of 20% vol/vol.

Process Modeling. The efficiency of the process was
evaluated using the yield and optical purity of the desired
product, which was expressed in terms of enantiomeric
excess (ee) and Fogassy’s resolvability (S). The latter was
introduced by Fogassy et al.10 for quantitative evaluation of
optical resolution. Note that in this study, we used ee and S
as defined by Fogassy et al. However, we expressed yield
differently. Fogassy et al.’s yield was the percentage of the
total amount of enantiomers fed to the resolution that ended
up in the resolution product, not discriminating between the
enantiomers forms; here we used two independent yields,
one for each enantiomer as defined below:

YR
n ¼ MR

n

MR
o
� 100% for n ¼ 1; 2; 3;… (1)

eeRn ¼ MR
n�MS

n

MR
nþMS

n
� 100% for n ¼ 1; 2; 3;… (2)

SRn ¼ MR
n�MS

n

0:5Mo
� 100% for n ¼ 1; 2; 3;… (3)

YS
n ¼ MS

n

MS
o
� 100% for n ¼ 1; 2; 3;… (4)

eeSn ¼ MS
n�MR

n

MS
nþMR

n
� 100% for n ¼ 1; 2; 3;… (5)

SSn ¼ MS
n�MR

n

0:5Mo
� 100% for n ¼ 1; 2; 3;… (6)

where YRn and YSn are the (R)- and (S)-enantiomer yield of
permeate from nanofiltration n; eeRn and eeSn are the ee of (R)-
and (S)-enantiomer corresponding to yield at nanofiltration n;
SRn and SSn are resolvability of (R)- and (S)-enantiomer at step n,
respectively; MR

n and MS
n are the number of moles of distomer

((R)-enantiomer) and eutomer ((S)-enantiomer) in the perme-
ate of filtration n; MR

o and MS
o are the initial moles of distomer

and eutomer fed to the cycle; Mo is the initial moles of
racemate fed to a given cycle; and n is the filtration number.

The model is based on two mechanisms: dilution and dis-
solution.

For uncomplexed (R)-enantiomer, the distomer remains
dissolved throughout the entire process. As solvent is fed to
the process and filtrations performed, the distomer is diluted
in both resolution and decomplexation stages. Hence, the
mol of distomer obtained in permeate from each filtration
can be calculated as follows:

MR
n ¼

VP;n

VF;n
MR

o for n ¼ 1 ð7Þ
VP;n

VF;n
MR

o � Pn�1

i¼1

MR
i

� �
for n ¼ 2; 3; 4;… ð8Þ

8><
>:

where VP,n is the volume of permeate from filtration n; and
VF,n is the initial volume of feed at nanofiltration n.

The eutomer forms an inclusion complex with the solid
host during the resolution (Step A). This complex has a low
solubility limit in the resolution solvent, and therefore the
larger part of the eutomer is present at equilibrium as a crys-
talline solid, while a smaller fraction remains dissolved, satu-
rating the solution. As long as the system is at saturation
conditions (i.e., crystalline inclusion complex is present), the
concentration of eutomer dissolved remains constant.
Because additional resolution solvent is added in Step B,
more eutomer will dissociate from the complex to maintain
the solution saturated in free eutomer, and when this solution
is nanofiltered, a fraction of the eutomer is carried out in the
permeate. Therefore, the dissolution mechanism is consid-
ered for the eutomer during the successive filtrations taking
place in Step B, and the mol of eutomer in permeate of each
nanofiltration n can be calculated as follows:

MS
n ¼ VP;nKs for n ¼ 1; 2; 3; :::; d (9)

where KS is the saturation concentration of the eutomer (i.e.,
(S)-enantiomer) in the liquid (which is at equilibrium with the
solid inclusion complex); and d is the last nanofiltration
number of Step B of a particular cycle.

During the decomplexation (Step C), decomplexation sol-
vent is added to ensure that the inclusion complex fully
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dissociates and that all the eutomer dissolved in a homoge-
neous solution. Therefore, over the nanofiltrations carried out
in Step D, and further addition of decomplexation solvent,
the dilution mechanism applies, and the moles of eutomer
obtained in the permeate from each nanofiltration of Step D
can be calculated as follows:

MS
n ¼

VP;n

VF;n
MS

o �
Xn�1

i¼1

MS
i

 !
for n ¼ d þ 1; d þ 2; d þ 3; :::

(10)

Optimization Rational. The optimal conditions of this
process were determined by two interrelated approaches,
namely ‘‘distribution of nanofiltrations approach’’ and ‘‘feed
volume selection approach.’’
Approach 1: Distribution of nanofiltrations. In this
approach, the free variable is the number of nanofiltrations
performed within each filtration Steps B and D. Initially, the
total volumes of added solvent for these two steps were fixed
at six. Thus, five configurations were arranged as illustrated
in Figure 2, Configuration I-V. The volume of resolution sol-
vent increased from I to V, whilst the volume of decomplex-
ation solvent decreased from V to I.
Approach 2: Feed volume selection. Different feed vol-
umes of resolution and decomplexation solvents can be used
in nanofiltration Steps B and D. Therefore, Approach 1 was
applied for several feed solvent volumes simultaneously to
determine the optimal condition; gPROMS simulation pack-
age version 2.3 (Process System Enterprise Ltd., UK) was
used to find the optimal value of resolvability (Ss) of the
desired product. The program used the sequential quadratic
programming method for solution of the nonlinear optimiza-
tion. This method used a quadratic model and a linear model
for the objective function and the constraint, respectively.

The two approaches were applied simultaneously using
the same objective function. Yield and ee are the important
outputs of this process, which combined as resolvability.

Therefore, the objective function is eutomer resolvability in
permeate from Step D (i.e., (S)-elution stage):

max SSD ¼

P6
i¼dþ1

MS
i �

P6
i¼dþ1

MR
i

0:5Mo
� 100%

Over Configuration I ! V and VP;2=3=4=5=60 ! 300
� �
s:t: Eqs: 7; 8; 10

VP;1 ¼ 30

VP;n � 15 for n ¼ d þ 1; d þ 2; d þ 3; :::; 6

(11)

Experimental

Solubility profiles

The solubilities (KS and KR) of the two enantiomers after
inclusion complex formation in the resolution solvent are
key parameters for the model and, therefore, must be deter-
mined. In this work, three secondary alcohols and one amine
were selected for solubility measurements: rac-PET (122 g/
mol; Sigma-Aldrich), rac-phenylpropagyl alcohol (132 g/
mol; Sigma-Aldrich), rac-phenylpropanol (136 g/mol;
Fluka), and rac-phenylethylamine (PEA; 121 g/mol; Sigma-
Aldrich). The solubilities of these compounds were measured
in pure n-hexane at concentrations from 25 mol/m3 to 400
mol/m3 after being mixed with equimolar amounts of (R,R)-
TADDOL (467 g/mol; Sigma-Aldrich) in 4 cm3 of n-hexane
(Fisher Scientific, UK). The solutions obtained were stirred
at room temperature in a reaction carousel tube (RDT, UK)
for 6 h, then the suspension was allowed to settle, and
1.5 cm3 of solution was centrifuged (Micro Contour, MSE,
UK) for 15 min. The centrifuged solution was then analyzed
by GC (Agilent) using an HP-CHIRAL-20b column (Agi-
lent). Following the above protocol, the solubility of rac-
PET at 50 mol/m3 after complexation with equimolar
amounts of (R,R)-TADDOL were also measured in 6.2%

Figure 2. EIC-OSN alteration for solvent addition.

For example, Configuration I, volume 1 of added solvent is resolution solvent, volumes 2-6 of added solvent are decomplexation solvent, etc.
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vol/vol, 12.8% vol/vol, and 14.4% vol/vol toluene in n-hex-
ane solutions.

Model verification

To test the model, a given number of EIC-OSN cycles
were carried out. The rac-PET and (R,R)-TADDOL were
selected as guest and host, respectively. HPLC grade n-hex-
ane and toluene (Fisher Scientific, UK) were used as resolu-
tion solvent and decomplexation solvent, respectively. A
polyimide membrane, STARMEMTM122* (kindly supplied
by Membrane Extraction Technology, UK) with a molecular
weight cut off† of 220 g/mol was placed at the bottom of a
stainless steel nanofiltration vessel (SEPA ST Cell;
Osmonics), with an effective membrane area of 13.9 cm2.
After preconditioning the membrane by filtering 450 cm3 of
toluene at 3 MPa, 0.922 g of (R,R)-TADDOL (1.976 mmol)
and 0.250 g of rac-PET (2.044 mmol) were mixed in n-hex-
ane (40 cm3) in the cell. The mixture was stirred at room
temperature for 6 h (Step A), and 3 MPa pressure was then
applied using N2 gas to filter the solution (Step B). When
30 cm3 of permeate was collected, the cell was depressur-
ized, and 30 cm3 of n-hexane was then added to the 10 cm3

retentate to perform the next filtration. Three filtrations with
identical volumes of feed and permeate collected were per-
formed within Step B. Subsequently, 30 cm3 of pure toluene
was added to decomplex the inclusion complex (Step C).
Again, 3 MPa pressure was applied until 30 cm3 of permeate
was collected (Step D), then 30 cm3 of additional toluene
was added to the retentate to perform the next filtration. A
total of three nanofiltrations were performed within Step D.
Following this last filtration, 30 cm3 of pure n-hexane was
added to the 10 cm3 retentate to exchange the (R,R)-TAD-
DOL into resolution solvent for the next cycle (Step E); the
resulting 40 cm3 was nanofiltered, and further 30 cm3 of n-
hexane was added to the 10 cm3 of retentate, ensuring that
the resulting 40 cm3 solution sent to Step A of the next
cycle had a toluene concentration of about 6.2% vol/vol,
well below the required 20% vol/vol.

Two cycles were conducted for the purpose of model veri-
fication, however, the second cycle differed from the first
one, because (i) there was no further addition of (R,R)-TAD-
DOL in Step A; and (ii) 30 cm3 of 15% vol/vol toluene in
n-hexane solution was added at the end of the first and sec-
ond nanofiltrations of Step B instead of pure n-hexane.
Therefore, the toluene concentrations in n-hexane were
6.2%, 12.8%, and 14.4% vol/vol for the first, second, and
third filtrations, respectively, of Step B of the second cycle.

After using the model to select optimal configuration and
volumes, an additional cycle was experimentally performed
using calculated volumes for each filtration according to the
selected configuration.

Results and Discussion

Solubility profiles

Figure 3 shows the concentrations of (R)- and (S)-enan-
tiomers that remained dissolved in n-hexane after a 6-h reso-

lution with equimolar amounts of (R,R)-TADDOL. Different
initial concentrations of racemic secondary alcohols and an
amine were used as substrates. These solubility profiles con-
trol the efficiency of the resolution process (Step A). In an
ideal scenario, the entire amount of distomer added would
remain completely dissolved in solution, and the concentra-
tion of eutomer in solution would be zero (Figure 3a, dashed
line).

When a fraction of the fed distomer binds with the host,
the fraction of distomer that remains dissolved in solution is
lower, and the experimental values reported in Figure 3a fall
below the dashed line. The results from Figure 3a indicate
that the distomer remained entirely dissolved in the resolu-
tion solvent up to 400 mol/m3 of added racemate for all sub-
strates except phenylpropargyl alcohol. For PET, some of
the distomer seemed to be bound to the host. For the other
substrates, the final concentration of distomer in resolution
solvent was slightly higher than the initial concentration
(values above dashed line). This can be explained by the
evaporation of the resolution solvent, n-hexane, because the
tested concentration was considerably high (400 mol/m3 in
4 cm3), a small amount of evaporated solvent could signifi-
cantly change the concentration.

Figure 3. Solubility profiles of secondary alcohols and
amine enantiomers in n-hexane after forma-
tion of inclusion complex for feed concentra-
tions from 25 mol/m3 to 400 mol/m3.

Equimolar TADDOL was used for 6-h resolution. For rac-
phenylpropargyl alcohol, saturated concentration at room
temperature is 130.6 mol/m3 in n-hexane.

*STARMEM is a trademark of W.R. Grace & Co., USA.
†Molecular weight cut off (MWCO) is defined by the interpolation from a curve

of rejection versus molecular weight as the molecular weight corresponding to
90% rejection.
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Figure 3b shows the concentration of eutomer remaining
in solution. The best case scenario corresponds to the total
absence of eutomer from solution, implying its complete
complexation and, therefore, a resolution yield (YS) of
100%; the worst case scenario happens when all the eutomer
remains dissolved in solution and no resolution occurs.
Unfortunately, the best case scenario did not occur, because
a fraction of the eutomer had to remain in solution to bal-
ance equilibrium toward the formation of the enantiomeric-
inclusion complex. The data show that for all the racemates
tested, resolution yields (YS) higher than 50% were achieva-
ble, while for PET they can reach values of about 90%. Step
B was carried out to provide an efficient elution of the
distomer. However, some of the eutomer was also eluted in
this step, which was then compensated by dissolution of the
inclusion complex to maintain the saturation equilibrium,
leading to lower eutomer yields in Step D. This is the basis
of the dissolution mechanism. The eutomer solubility limits
obtained in n-hexane indicate that the solubility was concen-
tration dependent. In addition, these limits were specific of
the solvents or solvent mixtures used. For example, at a feed
concentration of 50 mol/m3 of rac-PET and equimolar (R,R)-
TADDOL, the respective (S)-enantiomer solubility was
5.7 mol/m3 in pure n-hexane, but it increased to 6.0, 9.0, and
9.4 mol/m3 for solutions of 6.2%, 12.8%, and 14.4% vol/vol
of toluene in n-hexane, respectively. The solubility limits, as
a function of enantiomer concentrations and solvent composi-
tion, were used as inputs for the process simulations.

Comparison between calculated results
and experimental data

The same rac-PET concentration of 50 mol/m3 used in the
previous feasibility study9 was used. At this concentration,
the (R)-PET remained entirely soluble, and at saturation con-
ditions (i.e., some solids are present), the concentration of
(S)-PET remained constant at 5.7 mol/m3 in pure n-hexane.
To test the model, calculations and experiments were carried
out as described in the experimental section for two opera-
tion cycles, using Configuration III (see Figure 2) and
40 cm3 of feed solvent (corresponding to a permeate volume
of 30 cm3) for each of the six nanofiltrations performed in
Steps B and D.

Figure 4 compares the experimental with the calculated
results for (S)-enantiomer resolvability (SS) in each of the
six nanofiltrations. Overall, good agreement was achieved
between experimental data and calculated results for both
cycles, with an R-squared value of 0.961. Therefore, we con-
sidered this model suitable for process optimization. The dif-
ferences between calculated and experimental resolvability
could be attributed to oscillations of membrane rejections to
(R)- and (S)-enantiomers due to membrane compaction, foul-
ing, variations in solution viscosity, or solvent evaporation.

Negative SS indicates that permeate from the resolution
mainly contains (R)-PET. The experimental and calculated
results showed the same trend, in which SS was at the mini-
mum value at the first nanofiltration of resolution stage (Step
B), corresponding to an elution of the dissolved (R)-PET. In
the second and third filtration, SS increased toward positive
values, because less (R)-PET remained in the system, and
additional (S)-PET was dissolved and eluted. In the decom-

plexation stage (Step D), SS was at the maximum value at
the first nanofiltration and decreased in the following nanofil-
trations, because there was less (S)-PET eluted in the perme-
ate. As expected, negative SS was found in Step B (resolu-
tion stage), where the (R)-enantiomer was mainly eluted,
whereas SS positive values appeared in Step D (decomplexa-
tion stage), where the majority of (S)-PET was obtained.
Specifically, in the first cycle, the SS of the combined perme-
ate stream was �51.67% for Step B ((R)-elution stage) and
48.16% for Step D ((S)-elution stage).

As highlighted in the experimental section, Step B of the
second cycle was not performed with pure n-hexane, but
with increasing amounts (6.2%, 12.8%, and 14.4% vol/vol)
of toluene dissolved in n-hexane for each of the first three
filtrations. Therefore, instead of the constant KS of 5.7 mol/
m3 used as a model input in the first cycle, three different
measured KS values at 6.0, 9.0, and 9.4 mol/m3 were used as
model inputs for the first, second, and third filtrations of the
second cycle respectively. This procedure aims to test the
sensitivity of the process and model to the presence of tolu-
ene during the resolution stage. Again, in the second cycle
the experimental and calculated results were in good agree-
ment, but in this cycle, the process was less efficient with SS

higher in Step B and lower in Step D. For the combined per-
meate streams, the SS was 5.37% for Step B and 13.09% for
Step D. The loss in process efficiency was directly related
with the increasing toluene concentrations over the first three
filtrations of this cycle, which led to higher KS values and,
therefore, to higher losses of eutomer through the dissolution
mechanism previously described. Notice that, for the second
and third filtrations (Figure 4, numbers 2-2 and 2-3), the SS

was actually positive when negative or near zero values are
desirable. In other words, a significant elution of eutomer

Figure 4. Experimental and calculated profiles of
resolvability of (S)-PET for the six nanofiltra-
tion permeates.

rac-PET at 50 mol/m3 was employed as substrate. Feed sol-
vent volumes were fixed at 40 cm3, corresponding to
30 cm3 of the permeate volumes. Positive S indicates (S)-
rich permeate.
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((S)-enantiomer) was observed over the (R)-elution stage,
and inevitably, lower amounts of the eutomer were available
for recovery over the (S)-elution stage (Step D), leading to
lower SS in Step D (Figure 4, numbers 2-4 to 2-6).

An obvious observation is that, because of the dissolution
mechanism, it is important to maintain the toluene con-
centration at a value much lower than the 20% vol/vol
previously established.9 This can be achieved by using the
appropriate number of filtrations in Step E and adding pure
n-hexane in filtrations within Step B. However, other factors,
in addition to higher KS, such as the feed volume and num-
ber of filtrations within Step B, can also promote the dissolu-
tion mechanism. Therefore, there is a trade-off in the selec-
tion of the number of filtrations and feed volumes in Step B,
which are required to achieve an effective elution of
distomer and a high process ee, but, which in excess will
also prematurely wash off the eutomer into the Step B per-

meate, leading to lower yields in Step D. Such optimization
is the subject of the next section.

Process optimization

The feed solvent volumes were optimized as explained
earlier for each of the nanofiltration Configurations I to V
(Figure 2). Calculations were performed for rac-PET at
50 mol/m3 using pure n-hexane as resolution solvent, and
the results were plotted in Figure 5. Similar resolvabilities,
as well as yields and ee, were found for the Configurations
II to V. Only, Configuration I presented a more moderate
resolvability and lower yield and ee. We decided to experi-
mentally operate Configuration II, because it required a
lower volume of solvent than the other configurations. Fig-
ure 6 provides a schematic summary of the sequence of
operations for the optimal Configuration II. Figure 7 shows
the resolvabilities for each of the nanofiltration permeates
obtained in Steps B and D over one cycle of operations,
where calculated and experimental results were in good
agreement with an R-squared value of 0.993.

The comparison between yield, ee, and SS of the com-
bined permeate streams of the nonoptimal process (Figure 4)
with the ones of the optimal process (Figure 7) are shown in
Table 1. It is encouraging to note that the experimental data
and the calculated values were in good agreement and ex-
hibit the same trends. As the process was optimized, the
resolvability in Step B decreased from �58.0 to �62.0%
(experimental values), implying a more selective removal of
distomer relatively to the eutomer. The YR, and also YS, in
Step B decreased for the optimal configuration, meaning less
eutomer was prematurely washed out of the system, but the
respective eeS also decreased, which implies that a higher
quantity of distomer was carried out in Step D. The objec-
tive function selected for the optimization was the resolv-
ability in Step D. Therefore, it is obvious that the optimized
configuration exhibited an experimental SS higher than that
of the nonoptimal configuration (58.2% vs. 65.2%, experi-
mental values). However, this increase was mainly due to an
increase in yield (65.3% vs. 79.4%, experimental values),
whereas a decrease in ee was observed (80.1% vs. 69.4%,
experimental values). In other words, the resolvability of the
final product was increased by performing a weaker elution

Figure 5. Calculated profiles of resolvability of (R)- and
(S)-PET in combined permeates for the differ-
ent configurations at optimal feed solvent
volumes.

rac-PET at 50 mol/m3 was employed as substrate and posi-
tive S indicates (S)-rich permeate.

Figure 6. Process schematic summary of EIC-OSN process of 50 mol/m3 rac-PET in equimolar TADDOL at optimal
operating conditions of Configuration II.
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in Step B. This allowed the transfer of higher amounts of
the eutomer through the process to permeate of Step D but
sacrificed the optical purity of the final product stream.

An alternative strategy could be to impose a constraint on
the optical purity of the final stream (permeate of Step D),
regardless of the yield obtained. At the operating concentra-
tions, the distomer does not bind to the guest, remaining
completely dissolved in the resolution solvent. Hence, before
decomplexation takes place in Step C, the distomer can
potentially be completely removed from the system by elu-
tion during Step B. This would theoretically lead to a 100%
eutomer ee in the Step D permeate. However, because an
extended elution is performed in Step B (with larger quanti-

ties of solvent or higher number of filtrations), the eutomer
dissociates to balance the inclusion complex formation equi-
librium and is eluted in Step B. Therefore, lower amounts of
eutomer reach Step D, leading to lower process yields. The
optimization of this resolution process by maximizing resolv-
ability in Step D can lead to a higher ee or yield but not to
a simultaneous increase of both of these two variables. This
trade off between yield and ee is at the core of the resolution
process optimization and can be tailored according to the tar-
get application of the process and specific requirements of
final product purity.

Figure 8 shows an example where the objective function
was still targeting Step D, but maximized yield rather than
resolvability with a lower constraint of 85% imposed for the
eeS. Configuration I, with the permeate volume of the first
filtration fixed at 30 cm3, was not able to provide sufficient
elution of the distomer in Step B, and consequently, the ee
obtained in Step D could not meet the 85% constraint. Con-
figurations II to V met this criterion, and the maximum yield
(and resolvability) was achieved by Configuration IV. In this
configuration, the optimal permeate/feed volumes for the
four filtrations of Step B were relatively low, but it provided
an effective removal of distomer, without an excessive loss
of eutomer. This suggested that the effectiveness of this step
could benefit from a continuous diafiltration. The use of a
high volume of decomplexation solvent over the two nanofil-
trations of Step D of Configuration IV yielded the required
higher elution of the eutomer, which was not achievable
with a single nanofiltration for Step D in Configuration V.

Effect of eutomer solubility limits and selection
of racemate concentration

As discussed above in the solubilities profiles section, for
compounds with lower KS and higher KR, it was possible to
achieve higher yield, purity, and resolvability of the desired
product by selecting a racemate concentration within these
two solubility limits. The best results will be obtained when
all the eutomer binds with the host (i.e., KS ¼ 0) and all the
distomer remains dissolved in solution. This was referred as
the best case scenario. The resolvability for this best case
scenario, three secondary alcohols and PEA, was calculated
at a racemate concentration of 50 mol/m3. The calculated

Figure 7. Experimental and calculated profile of (S)-
PET resolvability (S) for the six nanofiltration
permeates at optimal operating conditions of
Configuration II.

rac-PET at 50 mol/m3 was employed as substrate. Positive
S indicates S-rich permeate. Positive S indicates (S)-rich
permeate. Feed and permeate volumes follow optimal values
for configuration II as indicated in Figure 6.

Table 1. Comparison of Combined Permeate Yield, ee, and Resolvability of Nonoptimal and Optimal Process

Data type

YR (%) eeS (%) SS (%)

Nonoptimal Optimal Nonoptimal Optimal Nonoptimal Optimal

(R)-PET from Combined (R)-Elution Nanofiltration Permeates, Step B
Experimental 98.5 82.5 �41.8 �60.4 �58.0 �62.0
Calculated 97.5 87.5 �36.1 �58.7 �51.7 �64.7

Data type

YS (%) eeS (%) SS (%)

Nonoptimal Optimal Nonoptimal Optimal Nonoptimal Optimal

(S)-PET from Combined (S)-Elution Nanofiltration Permeates, Step D
Experimental 65.3 79.4 80.1 69.4 58.2 65.2
Calculated 50.5 77.1 91.2 72.2 48.2 64.7

Both experimental data and calculated values are shown.
Positive sign in eeS and SS indicates (S)-rich permeate.
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results were summarized in Table 2 and were obtained on
the basis of an optimized Configuration II and maximizing
the permeate resolvability of Step D. A resolvability of
99.2% was calculated for the best case scenario. As the solu-
bility limit of the eutomer ((S)-enantiomer) in n-hexane
increased, we moved further away from the best case sce-
nario, and more of the eutomer was used to saturate the so-
lution. This was washed out in Step B, leading to a lower
yield observed in Step D. From the selected model com-
pounds, the best resolvability was obtained for PET (with KS

¼ 5.7 mol/m3), whereas for phenylpropanol, no crystalline
inclusion complex was formed, because at a racemate con-
centration of 50 mol/m3, there was insufficient (S)-enan-
tiomer to saturate the n-hexane solution (KS ¼ 25 mol/m3).
In this latter case, the resolution required the use of higher
concentrations of racemate and host.

Interestingly, despite PET having similar organic structure
to PEA (i.e., the difference is between the hydroxyl group
and the amine group), their KS values are significantly differ-
ent. From the inspection of the X-ray crystal structures of
inclusion complexes of both compounds, the interactions
between (S)-PET-TADDOL and (S)-PEA-TADDOL were
almost identical.9,11 The higher KS, observed for PEA, must

then result from the only difference between the two crystal-
line structures, which is the strength of the hydrogen bond
between ‘‘O’’ in PET and ‘‘N’’ in PEA. Such difference is
related to a higher electronegativity of the oxygen than the
nitrogen atom (i.e., 3.44 and 3.04, respectively).12 The stron-
ger this bond, the lower the complex energy, shifting the
equilibrium of the complexation reaction toward the forma-
tion of the complex, and subsequently, less amount of (S)-
enantiomer is required to saturate the mother liquor.

It is also interesting to note from the experimental data
that the smaller the racemic secondary alcohols, the better
the enantioselectivity of inclusion (i.e., lower KS). This can
be explained by the nature of the complexation mechanism
with (R,R)-TADDOL. The larger groups in the guest seem to
open up the square of hydrogen bonds between two host
molecules that forms the 2:1 host-eutomer inclusion com-
plex. In other words, the compound with higher molecular
weight, when accommodated by the host molecules, forms
less energetically stable complexes, requiring higher amount
of (S)-enantiomer in the mother liquor.

Because of practical reasons, the experimental work and
the model calculations were performed at 50 mol/m3. How-
ever, the process could benefit from using different concen-
trations. Figure 3 shows that (S)-enantiomer solubility limit
was concentration dependent, with a slight increase of KS as
the racemate concentration increased (the TADDOL: race-
mate equimolar ratio is maintained). However, the trend for
the solubility limit followed a relatively low slope and had a
high intercept with the ‘‘y’’ axis. Thus, the higher the sub-
strate and guest concentrations, the larger the fraction of the
feed eutomer ((S)-enantiomer) was used to form the inclu-
sion complex. Therefore, higher yields and optical purities
could be achieved by working at higher feed concentrations
as long as the distomer ((R)-enantiomer) concentration
remained below its solubility limit (Figure 3), avoiding
decreases in the ee. On the other hand, as higher racemate
and TADDOL concentrations were used, the resulting n-hex-
ane solution became increasingly viscous due to the solid
crystalline inclusion complex, making it difficult to mix and
nanofilter the solution in Step B. This drawback might be
overcome by a system in which Step B would comprise a
different separation system of solids such as microfiltration
or centrifugation.

The idea of using higher feed concentrations was theoreti-
cally explored for PET, calculating the resolvability obtained
as a function of rac-PET initial concentrations, in a range of
25 to 400 mol/m3. These calculations were performed on the
basis of Configuration II at the optimal conditions, and the

Figure 8. Calculated profiles of (R)- and (S)-PET in
combined permeates for the different config-
urations at optimal feed solvent volumes.

rac-PET at 50 mol/m3 was employed as substrate, and posi-
tive S indicates (S)-rich permeate. The purity of (S)-PET
was set at 85% ee or above (for applicable configuration).

Table 2. Process Performance for Resolution of Various Secondary Alcohols and Amine Racemates Solution in n-Hexane
at 50 mol/m3 Feed Concentrations (Calculations Based on Configuration II as Described in Figure 6),

Compared With Hypothetical Best Case (KS 5 0)

Compound KS (mol/m3) MW (g/mol)

Step B ((R)-elution) Step D ((S)-elution)

Yield (%) ee (%) SSR(%) Yield (%) ee (%) SSD(%)

Best Case 0.0 – 99.2 100 �99.2 100.0 98.4 99.2
Phenylethanol 5.7 122.17 87.5 58.7 �64.7 77.1 72.2 64.7
Phenylpropargyl alcohol 6.7 132.16 87.6 53.2 �60.8 73.3 71.0 60.8
Phenylethylamine 18.9 121.18 78.5 13.5 �18.7 40.2 30.2 18.7
Phenylpropanol 25.0 136.20 93.8 0.0 0.0 6.2 0.0 0.0

Positive S indicates (S)-rich permeate and the calculation based on equimolar TADDOL host and Configuration II.
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results obtained are summarized in Table 3. As expected, for
higher feed concentrations, lower fractions of eutomer were
lost in the distomer elution stage (Step B), and so the resolv-
ability of the eutomer in Step D increased by 40% as the
feed concentration increased from 25 to 400 mol/m3. The
same trend was observed in the calculations for the other
racemates (Table 4), with dramatic improvements of the
resolvability of Step D for a concentration of 400 mol/m3.
This is illustrated by the cases of phenylpropargyl alcohol
and phenylpropanol, which were not resolved at 50 mol/m3,
or the case of PEA, for which resolvability increased from
only 18.7% to an interesting value of 73.3%. In principle,
operation at higher concentrations could be executed if the
physical limitations are overcome.

Effect of distomer solubility limits

For all substrates selected on this study, there is no signifi-
cant binding between distomer and host at the concentrations
tested (Figure 3a), and therefore the assumption that only the
eutomer binds to the host holds for such cases (assumption
c). However, there maybe other cases wherein such assump-
tions are no longer valid.

In the case where the distomer does not remain com-
pletely dissolved throughout the entire process, both mecha-
nisms, dissolution (for resolution) and dilution (for decom-
plexation), are applied. Therefore, Eqs. 7 and 8 are replaced
by Eqs. 12 and 13:

MR
n ¼ VP;nKR for n ¼ 1; 2; 3; :::; d (12)

MR
n ¼ VP;n

VF;n
MR

o �
Xn�1

i¼1

MR
i

 !
for n ¼ d þ 1; d þ 2; d þ 3; :::

(13)

To illustrate the effect of selectivity of TADDOLs, differ-
ent solubilities for the distomer (KR) were applied. Calcula-
tions were performed for a nonoptimal process with a single
resolution and decomplexation stage using Configuration III,
with a volume of permeate, and the corresponding solvent
addition fixed at 30 cm3 in every nanofiltration. The feed
was a 40 cm3 solution with a racemate concentration of
50 mol/m3. The eutomer solubility was assumed to be the
same as (S)-PET (5.7 mol/m3), the distomer solubilities were
varied from 5.7 to 8, 10, and [50 mol/m3. The first case
(KR ¼ KS) implied no discrimination of the host between
eutomer and distomer, and the last case (KR [ feed concen-
tration) is the previously discussed case where no binding
between host and distomer is observed.

The results presented in Table 5 show a dramatic impact
on the process resolvability at the lower resolution selectivity
where more distomer binds to the host.

Batch multistage process

As discussed above, the final product purity (i.e., ee in the
combined permeates of Step D) could be improved by
increasing the extension of elution during Step B ((R)-elu-
tion), permeating larger volumes of n-hexane in each filtra-
tion and/or using additional nanofiltrations. However, this
strategy would also contribute to increasing losses of euto-
mer through permeate in Step B due to the dissolution mech-
anism. The calculations in Table 3 indicate a clear improve-
ment in eutomer resolvability when higher feed concentra-
tions were employed in the resolution (Step A), because a
lower fraction of the feed eutomer was washed out together
with the distomer in Step B. However, notice that, despite a
larger fraction of the feed eutomer being isolated in Step D,
this process improvement was actually accompanied by an
increase in losses of absolute amounts of the eutomer

Table 3. Process Performance for Resolution of rac-PET in n-Hexane at Various Feed Concentrations (Calculations Based on
Configuration II as Described in Figure 6)

Concentration
(mol/m3)

KS

(mol/m3)

Step B ((R)-elution) Step D ((S)-elution)

Yield (%) ee (%) SSR(%) S loss (%) Yield (%) ee (%) SSD(%)

25 5.6 82.8 36.1 �44.0 38.8 61.1 56.1 44.0
50 5.7 87.5 58.7 �64.7 22.8 77.1 72.2 64.7
100 7.5 90.1 68.2 �73.1 17.0 82.9 78.6 73.0
200 10.1 92.3 74.9 �79.1 13.2 86.7 83.7 79.0
400 15.2 93.2 79.3 �82.4 10.8 89.2 85.9 82.4

Positive S indicates (S)-rich permeate and the calculation based on equimolar TADDOL host and Configuration II.

Table 4. Comparison Between Process Performance for Various Secondary Alcohols and Amine Racemates Solution in
n-Hexane at Feed Concentration of 50 and 400 mol/m

3
(Calculations Based on Configuration II as Described in Figure 6),

Compared With Hypothetical Best Case (KS 5 0)

Compound
MW

(g/mol)

Step D ((S)-elution)

Feed: 50 mol/m3 Feed: 400 mol/m3

KS (mol/m3) Yield (%) ee (%) SSD(%) KS (mol/m3) Yield (%) ee (%) SSD(%)

Best Case – 0.0 100.0 98.4 99.2 0.0 100.0 98.4 99.2
Phenylethanol 122.17 5.7 77.1 72.2 64.7 15.2 89.2 85.9 82.4
Phenylpropargyl alcohol 132.16 6.7 73.3 71.0 60.8 8.7* 83.3* 79.2* 73.7*
Phenylethylamine 121.18 18.9 40.2 30.2 18.7 29.7 83.1 78.8 73.3
Phenylpropanol 136.20 25.0 6.2 0.0 0.0 75.8 66.1 61.3 50.3

Positive S indicates (S)-rich permeate and the calculation based on equimolar TADDOL host and Configuration II.
*Because the racemate solubility limit in n-hexane is 130.6 mol/m3, calculations for this guest were performed at 120 mol/m3, instead of 400 mol/m3.
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through the permeate of Step B as KS increased with concen-
tration. Therefore, the performance of this process could be
further improved by a multistage filtration in which a sec-
ondary process (Figure 9, process 1b) was added with the
aim of recovery of eutomer from the Step B permeate of the
primary process (Figure 9, process 1a).

In the multistage process, the Step B permeate arising
from the primary process (Figure 9, stream 2) was used as
feed of Step A of the secondary process. The scope for addi-
tional improvement in resolution performance using this
multistage process relied on the difference between the sub-
strate concentrations in the primary and secondary processes.
The primary process was fed (Figure 9, stream 1) with a
higher eutomer concentration than the secondary stage, and
therefore the respective solubility limits were also different
(e.g., a KS of 15.2 and 5.7 mol/m3 for a 400 and 50 mol/m3

rac-PET concentrations, respectively).
To illustrate the multistage process, calculations were per-

formed for a nonoptimal process, where rac-PET was fed at
400 mol/m3 (16 mmol) in n-hexane to the primary process.
Calculations were performed assuming that the primary pro-
cess was carried out in configuration III with a volume of
permeate, and the corresponding solvent addition fixed at
30 cm3 in every nanofiltration. Step B of the primary process
(process 1a) yielded a combined permeate stream rich in

distomer (stream 2), but still with significant amounts of the
eutomer, (S)-enantiomer (1.37 mmol, 17% of the eutomer in
stream 1). This stream was fed for additional resolution into
the secondary process, for which calculations were per-
formed assuming configuration II, but with the concentra-
tions of 87.5 and 15.2 mol/m3 for eutomer and distomer,
respectively, instead of the concentrations of 25 mol/m3 for
each of the enantiomers reported in Figure 6. The model cal-
culated a stream 7 with 0.74 mmol of eutomer and 0.22
mmol of distomer, which implied a recovery of about half of
the eutomer fed to the secondary process in stream 2. The
combination of all the permeates from the Steps D from pri-
mary and secondary processes (streams 3, 7, and 11 from
process 1a and 1b) had a SS of 86.6%, whereas the SS in the
Step D of the primary process alone was 80.1%. This
enhancement in resolvability was achieved through the
improvement in yield (YSD of 90.9% and 81.6% for the multi-
stage and primary process alone, respectively) and sacrificed
optical purity (eeSD of 91.1% and 96.4% for the multistage
and primary process alone, respectively). Whether this gain
in process performance makes it worthwhile to add the sec-
ondary process or if the slight losses of optical purity
become prejudicial has to be assessed on the basis of the
specific application target and final product specifications.

Notice also that Stream 2 comprised a volume 90 cm3

instead of the usually 40 cm3 used in the resolution of Step
A. This volume was relatively large and could be reduced
by further optimizations. Furthermore, n-hexane has a boil-
ing point of 69�C, and therefore solute concentrations in
Stream 2 could be increased by evaporation of the solvent as
long as the concentration of the distomer does not become
higher than its solubility. Any of the strategies adopted to
obtain higher solute concentrations in Stream 2 would result
in a higher feed concentration of the secondary process,
enhancing the respective resolution efficiency.

Conclusions

In this article, the EIC-OSN process was mathematically
designed and developed. The model equations use the com-
bination of fundamental mass balances, solubility of inclu-
sion complex, and rejection of enantiomers and take into
account the two filtration mechanisms: dissolution and dilu-
tion. The comparison of the model with experiments shows
good agreement with calculated data. Based on the validated
model, optimization over the solvent addition step and added
solvent volume was performed. The optimal results show a
better separation performance represented by an increase
in resolvability to more than 60%. The calculations show
that depending on the objective function selected, e.g.,

Figure 9. Multistage EIC-OSN process diagram of 400
mol/m3 rac-PET with excess (R,R)-TADDOL.

Configuration III was employed in Process 1a and 2a while
Configuration II was employed in Process 1b.

Table 5. Comparison Between Process Performance for Various Distomer Solubilities (Calculations Based on Nonoptimal
Configuration III With Feed Concentration of 50 mol/m

3
and Eutomer Solubility of 5.7 mol/m

3
)

KR (mol/m3) KS (mol/m3)

Step B ((R)-elution) Step D ((S)-elution)

Yield (%) ee (%) SSR(%) Yield (%) ee (%) SSD(%)

5.7 5.7 51.2 0.0 0.0 48.0 0.0 0.0
8 5.7 72.0 16.9 �20.8 48.0 27.1 20.5
10 5.7 90.0 27.5 �38.8 48.0 66.0 38.2

[50 5.7 98.4 31.6 �47.2 48.0 93.8 46.5

Positive S indicates (S)-rich permeate and the calculation based on equimolar TADDOL host and Configuration III.
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resolvability versus yield with a constraint on product optical
purity, different configurations are optimal. This suggests
that further investigations towards the use of a diafiltration
in Step B may be interesting. The studies of the effects of
solubility of the inclusion complex and feed concentration
show that lower eutomer solubility and higher feed concen-
tration are desirable. However, further experimental work is
required to perform the process at higher concentrations,
where increases in viscosity and suspended solids pose addi-
tional filtration challenges. This work also proposes a multi-
stage EIC-OSN process, in which a combination of higher
feed concentrations and recovery of the eutomer in a second-
ary process can provide further increases in resolvability of
the overall process. For the four selected racemates, there is
no significant binding between host and distomer. However,
the application of the present process could become more
challenging when higher amounts of distomer binds to the
host resulting in lower process resolvability.
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Notation

d ¼ step number of last resolution of a particular cycle
ee ¼ enantiomeric excess, %
eeRn ¼ enantiomeric excess of (R)-enantiomer corresponding to yield at

step n, %
eeSn ¼ enantiomeric excess of (S)-enantiomer corresponding to yield at

step n, %
KR ¼ saturation concentration of complexed (R)-enantiomer, distomer,

mol/m3 or mmol/m3

KS ¼ saturation concentration of complexed (S)-enantiomer, eutomer,
mol/m3 or mmol/m3

Mo ¼ initial moles of racemate fed to the cycle, mmol

MR
o ¼ initial moles of (R)-enantiomer fed to the cycle, mmol

MS
o ¼ initial moles of (S)-enantiomer fed to the cycle, mmol

MR
n ¼ number of moles of permeated (R)-enantiomer at step n, mmol

MS
n ¼ number of moles of permeated (S)-enantiomer at step n, mmol
n ¼ step number

rac ¼ racemic
S ¼ resolvability, %

SSD ¼ combined resolvability of (S)-enantiomer from decomplexation
stage (i.e., (S)-elution stage), %

SRn ¼ resolvability of (R)-enantiomer at step n, %

SSn ¼ resolvability of (S)-enantiomer at step n, %

SRR ¼ combined resolvability of (R)-enantiomer from resolution stage
(i.e., (R)-elution stage), %

VF,n ¼ initial volume of feed at step n, cm3

VP,n ¼ volume of permeate from step n, cm3

YRn ¼ (R)-enantiomer yield of permeate from step n, %

YSn ¼ (S)-enantiomer yield of permeate from step n, %

Greak letter

cli ¼ activity coefficient of liquid phase
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