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Abstract 

Chiral resolution will increase its importance in the pharmaceutical, pesticide, and food 

industries since future chiral products will be structurally more complex while their quality will 

need to meet stringent demands to accomplish with health, crop, and environmental purposes. 

Currently, obtaining enantiopure crystals from racemic compound-forming systems (90-95% 

of chiral compounds) remains a challenge. The combination of membrane ultrafiltration and 

crystallization in a continuous process is a potential solution to this problem. This work aims 

to optimize this continuous chiral resolution process using process modeling. First, a model for 

the membrane ultrafiltration step assumes a one-site competition in which the chiral selector 

binds preferentially to one of the enantiomers. The amino acids phenylalanine, alanine, and 

valine in aqueous media along with the chiral selector BSA are the model systems studied. 

Then, three process performance parameters (purity, recovery, and a combination of the 

previous two) are assessed to optimize the conditions for the continuous membrane-based step. 

Recoveries up to 70% are achieved while fulfilling purity levels beyond eutectic point 

compositions, a requirement for the enantiopure crystallization. Additionally, the properties of 

an ideal process chiral selector are explored. Finally, the crystallization step (with recoveries 

up to 65%) is coupled to evaluate the maximum recovery of the overall process. Simulations 

show that the membrane-crystallization process performance is governed by a trade-off 

between purity and recovery. We predict that an ideal BSA-similar chiral selector should bear 

an unprotonated binding site for a wide pH range and a difference between enantiomer 

complexation constants of at least 2-3 pK units to improve the process performance.  

 

Keywords: chiral separation, continuous process, membrane, crystallization, process modeling  
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1. Introduction 

Chiral molecules occur in left- and right-handed configurations that can be considered as 

mirror images (enantiomers), and that, like hands, cannot be superimposed onto each other [1]. 

Enantiomers of chiral drugs may present different pharmacological and toxicological effects 

[1,2]. For instance, the (S)-enantiomer of naproxen when administered in the human body has 

an anti-inflammatory effect whereas the (R)-enantiomer is poisonous to the liver [3,4]. In the 

absence of in vivo racemization, chiral resolution (the process to obtain enantiopure molecules 

by means of the physical separation of enantiomers) of racemic mixtures or impure enantiomers 

would prevent the undesired effects. Chiral resolution processes are therefore of great 

importance in the pharmaceutical industry as well as in the agrochemical and food 

manufacturing sectors [5–7]. The chiral separation of racemic environmental pollutants has 

also attracted attention due to the different impact of each enantiomer to the environment [8,9]. 

The chiral pollution is a serious issue for health and environment due to the enantioselective 

biodegradation of the chiral pollutants. More than 1500 chiral pollutants are present in the 

environment [10]. Chiral resolution will increase its already sizeable importance in these fields 

where future chemical products will be larger and contain more stereocenters while their 

quality and purity will require to meet increasingly stringent demands and specifications. 

However, the separation of enantiomers into highly enantiopure crystalline products from a 

complex multicomponent mixture remains a challenge. 

Although continuous membrane technologies could potentially be used to achieve 

enantiomer enrichment, they cannot reach enantiomer purity levels close to 100% in a feasible 

manner. The consecution of high purity would require several membranes, a fact that would 

compromise the recovery of the process, and therefore making the process unfeasible [11]. 

Some efforts have been done in obtaining high purity levels in solution, but none of them led 
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to the full separation and neither to the recovery of a pure solid product [12–14]. While 

crystallization-enabled resolution such as preferential crystallization can be highly effective 

and efficient due to the near-perfect selectivity of the solid phase, it relies on the formation of 

a conglomerate [5,6]. Nonetheless, in racemic solutions, only 5-10% of the chiral compounds 

form such conglomerates while the majority of the chiral compounds (90-95%) form a racemic 

compound [5,6,15–19]. Therefore, obtaining enantiopure crystalline products from racemic 

solutions of racemic compounds is currently a challenge.  

Integrated processes can combine the high productivity of a not too selective separation 

technology with a narrow process window but highly selective separation technology. The first 

technology is used to create the conditions with the right process window for the second 

technology. Here, the selectivity is understood in terms of the required enantiomeric 

enrichment that the first technology will be able to provide to the second technology, which 

will produce the enantiopure products. Examples of these integrated processes are pertraction-

crystallization [20,21] and chromatography-crystallization [22,23]. A third novel approach is 

to couple membrane ultrafiltration and crystallization processes, so forming a membrane 

ultrafiltration-crystallization integrated process. In this latter, a chiral selector is used to 

preferentially complex one of the enantiomers. A membrane ultrafiltration process renders 

enantiomeric enrichment by means of a size-exclusion non-enantioselective solid membrane. 

This type of membranes is promising due to its convenience, affordability, energy efficiency, 

and ease of scale-up [11]. From the enriched solution, the enriched enantiomer can be 

selectively crystallized in the permeate as an enantiopure solid. 

Here we report the process modeling and optimization of a continuous chiral resolution 

process that combines membrane ultrafiltration and cooling crystallization to produce 

enantiopure crystal products starting from racemic solutions of racemic compound-forming 

systems. The chiral systems chosen to demonstrate the feasibility of the membrane-assisted 
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crystallization resolution are the hydrophobic amino acids phenylalanine (Phe), alanine (Ala), 

and valine (Val) in aqueous media. Bovine serum albumin (BSA) is a chiral selector, which is 

known to have enantiomeric selectivity with this class of amino acids [12–14]. A one-site 

competition model is presented to describe the complexation interaction of these amino acids 

systems with the chiral selector BSA. The model is validated and its predictions determine the 

optimal conditions for the membrane process. In addition, sensitivity studies of thermodynamic 

constants permit the prediction of the ideal chiral selector properties. Finally, the feasibility of 

coupling the membrane ultrafiltration and crystallization is investigated.	 	
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2. Experimental section 

2.1. Materials 

D-phenylalanine (D-Phe, Sigma-Aldrich, ≥98%), L-phenylalanine (L-phe; Sigma-Aldrich, 

≥99%), D-alanine (D-Ala, Sigma-Aldrich, ≥98%), L-alanine (L-ala; Sigma-Aldrich, ≥99%), D-

valine (D-Val, Sigma-Aldrich, ≥98%), and L-valine (L-val; Sigma-Aldrich, ≥98%) were used 

as purchased. Milli-Q water was taken from a Merck Millipore purification system and had a 

resistivity of 18.2 MW·cm at 25ºC. 

2.2. Solubility determination methodologies 

Two different methods were used to determine the solubilities at temperatures T = 80ºC and 

T’ = 1ºC because some systems present fouling phenomena when they crystallize, which 

prevented using light to detect the presence of crystals for some of the amino acid systems 

studied. A second gravimetric method based on equilibrium concentration was required to 

assess their solubilities. The two methods used were the temperature variation (TV) and 

equilibrium concentration (EqC) methods [24]. 

2.2.1. Temperature variation (TV) method 

For the TV method, a similar protocol was used as reported in the literature [24] using the 

Crystal16 multiple reactor setup (Technobis Crystallization Systems). Samples were prepared 

by dissolving increasing amounts of the solid with 1 mL of Milli-Q water in each vial. The 

samples were agitated using a magnetic stirrer bar with a stirring rate of 700 rpm. Three 

temperature cycles were applied starting at 20ºC, with maximum and minimum temperatures 

of 90ºC and 1ºC, respectively, and with heating and cooling rates of 0.3 ºC/min. Hold times of 

1 h were applied when maximum (90ºC) and minimum (1ºC) temperatures were reached in 

each cycle. Clear and cloud points were registered based on the transmission of the light. Then, 
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the solubility at a certain temperature was determined by taking the average of three clear points 

measurements (RSD within ±1%). This method was used for the solubility determination of 

alanine. 

2.2.2. Equilibrium concentration (EqC) method 

For the EqC method, a similar gravimetric protocol was used as reported in the literature 

[24]. Samples were prepared by adding an excess of compound to 1 mL of Milli-Q water in 

each vial. Then, the saturated solutions in the vials were equilibrated at different constant 

temperatures in the Crystal16 multiple reactor setup (Technobis Crystallization Systems) for 

at least 2-3 days. During that period, the samples were agitated using a magnetic stirrer bar 

with a stirring rate of 700 rpm. Afterwards, at various temperatures, solution samples of 

approximately 1 mL were taken with a syringe, filtered, weighed and left in the oven (65ºC) 

for at least 7 days for the solvent to evaporate. When the crystals appeared dry, they were 

weighed. Two days later, they were weighed again to check for any additional mass loss until 

the mass was constant. The solubility at a certain temperature was determined by taking the 

average of three gravimetric measurements (RSD within ±2%). This method was used for the 

solubility determination of phenylalanine and valine. 

2.3. Computational software 

The process model presented in this document was implemented in GAMS 24.7.4 [25] and 

all the optimization problems were solved using the GAMS/CONOPT solver, which is based 

on the generalized reduced gradient method and generally used for large-scale non-linear 

programming (NLP) optimization problems [26]. To avoid local optima, multiple initial 

guesses were provided by a random number generator in MATLAB R2018A [27] to GAMS 

using the GDXMRW interface [28].  



8 

3. Results 

3.1. Model development 

The novel chiral resolution process consists in an initial feed of a racemic amino acid  

aqueous solution which first undergoes an enantiomeric enrichment by means of a chiral 

selector-assisted membrane ultrafiltration step followed by selective crystallization of an 

enantiopure crystalline product (Fig. 1). 
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Fig. 1. a) Process flowchart for the membrane-crystallization chiral resolution. b) Scheme of the core process 

(colors relate to the core steps in bold in a). c) Overall process ternary phase diagram for the resolution of a 

racemic compound-forming system. T and T’ account for both initial and final temperatures in the cooling 

crystallization step, respectively; and xD and xeu,D are the solvent-free enantiomer fraction and eutectic point 

composition for enantiomer D, respectively. 

3.1.1. Membrane ultrafiltration step 

We assumed that the one-site competition model [12–14] explains the complexation 

between the chiral selector BSA and the enantiomers of hydrophobic amino acids 

phenylalanine (Phe), alanine (Ala), and valine (Val) in the membrane ultrafiltration step (Fig. 

1). This one-site competition model was applied to systems with the similar amino acids 

tryptophan (Trp) and kynurenine, as reported by Garnier [13] and Randon [14]. The mechanism 

considers that only the zwitterionic forms of both enantiomers of the amino acid will compete 

to bind to a single unprotonated site of the chiral selector BSA (Fig. 1b).  

In this way, this model accounts for the speciation found in the membrane ultrafiltration step 

(Fig. 1b) taking into consideration the combination of three thermodynamic equilibria: 

1) Complexation equilibria of chiral selector BSA with the zwitterionic form of the amino 

acid enantiomers 

D± + BSA ⇌ D±BSA, 		𝐾" =
𝐶"±#$%
𝐶"±𝐶#$%

																																									(1a) 

L± + BSA ⇌ L±BSA, 		𝐾& =
𝐶&±#$%
𝐶&±𝐶#$%

																																										(1b) 

K and C represent the thermodynamic constants and species concentrations involved in the 

complexation equilibria, respectively (see Notation section 4.6.). KD and KL should differ from 

each other as much as possible for the pair of enantiomers, indicating then a much higher 



10 

selectivity of the chiral selector for one of the two enantiomers. This difference is essential to 

obtain an enantiopure crystalline product at the end of the overall process (Fig. 1). 

2) Acid-base dissociation equilibria of each amino acid enantiomer with solvent 

D' + H(O ⇌ D± + H)O', 		𝐾*+," =
𝐶"±𝐶-'
𝐶"'𝐶-

																																	(2a) 

D± + H(O ⇌ D. + H)O', 		𝐾*(," =
𝐶".𝐶-'
𝐶"±𝐶-

																																	(2b) 

L' + H(O ⇌ L± + H)O', 		𝐾*+,& =
𝐶&±𝐶-'
𝐶&'𝐶-

																																			(2c) 

L± + H(O ⇌ L. + H)O', 		𝐾*(,& =
𝐶&.𝐶-'
𝐶&±𝐶-

																																		(2d) 

Ka and C represent the thermodynamic constants and species concentrations involved in the 

acid-base dissociation equilibria, respectively (see Notation section 4.6.). Here,  𝐾*+," = 𝐾*+,& 

and 𝐾*(," = 𝐾*(,&  because the acid-base dissociation thermodynamic equilibria are not 

affected by stereoisomerism. 

3) Acid-base dissociation equilibrium of the chiral selector BSA with solvent 

BSA' + H(O ⇌ BSA + H)O', 		𝐾#$% =
𝐶#$%𝐶-'
𝐶#$%'𝐶-

																													(3) 

KBSA and C represent the thermodynamic constant and species concentrations involved in 

the acid-base dissociation equilibrium of BSA, respectively (see Notation section 4.6.). The 

values for the above thermodynamic constants are given in Table 1, indicated as pK (which 

means -log10K). The values of pKD and pKL for alanine and valine systems are assumed equal 

to those for phenylalanine [29] because of the similar hydrophobic amino acid behavior (Table 

1). As mentioned above, acid-base dissociation constants, and then also pKa1 and pKa2, have 
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the same values for both enantiomers [30]. The acid-base dissociation equilibrium of BSA with 

water is reported in the literature [13,14]. 

Table 1. pK values for thermodynamic equilibria constants in Eqs. (1)-(3) for the amino acid systems studied at 

25ºC. pKD and pKL, pKa1 and pKa2, and pKBSA account for the complexation constants of both amino acid 

enantiomers with BSA and acid-base dissociation constants of the amino acid enantiomers and BSA with water, 

respectively. 

Amino acid pKD pKL pKa1 pKa2 pKBSA 
Phenylalanine 

-5.27 -6.25 
1.83 9.13 

9.40 Alanine 2.34 9.69 
Valine 2.32 9.62 

 

The thermodynamic constants described above (Table 1) along with the material balances 

for each enantiomer of the amino acid and chiral selector permit the study of the speciation in 

the membrane ultrafiltration step (Fig. 1ab). The material balances considered for the different 

species x involved in this step can be expressed as follows (4): 

𝐶/,0 = 8 𝐶1
1	∈	4567164	/	89:;4

																																																				(4) 

Species x are enantiomer D or L or chiral selector BSA. Cx,0 and Ci represent the total 

concentration of species x and concentration for each form of species x present in the membrane 

ultrafiltration step, respectively. 

The membrane ultrafiltration step consists of a filtration system which makes use of a size-

exclusion non-stereoselective solid membrane. This membrane is assumed to have total 

rejection for the chiral selector and chiral selector-amino acid complexes. In that way, only the 

free enantiomers of the amino acids (D and L-forms) can permeate the membrane. The model 

membrane is also assumed to not influence the permeate concentration compared to the 

retentate solution which means that the free enantiomers concentrations in the retentate and 

permeate solutions are equal (CD,r = CD,p and CL,r = CL,p). Only the retentate volume Vr and 
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permeate volume Vp vary over time. As the chiral selector, present at the retentate side of the 

membrane, preferentially binds one of the enantiomers, the permeate solution gets 

enantioenriched with the other (Fig. 1ab) [31,32]. In the amino acid systems treated here, the 

enantiomer L preferentially binds to the chiral selector and therefore the enantiomer D is 

enriched in the permeate (Fig. 1b), which can be seen from the higher complexation value of 

KL (more negative pK) compared to KD (less negative pK) (see Table 1). Several recirculation 

cycles of the retentate solution occur in the membrane ultrafiltration step to produce enough 

permeate volume Vp to go further in the next steps of the overall process at the end of the 

membrane step. That is, a certain volume Vp from the initial feed volume V0 is collected at the 

permeate side. The enantiomeric enrichment level reached in the permeate solution can be 

increased if the number of membrane ultrafiltration stages n is also increased (Fig. 1a). This 

option can be used to optimize the process, meaning that the membrane ultrafiltration step can 

be adapted with more stages for chemical systems that require a higher enantiomeric 

enrichment. The model description in this section mainly refers to the single-stage membrane 

ultrafiltration (n = 1) case. Then, the two outgoing streams in the membrane ultrafiltration step 

(Fig. 1a) are taken as the retentate and permeate. The multi-stage membrane ultrafiltration (n 

> 1) case is treated with further detail in section 4.3.3. as an extended approach for those 

systems that require high enantioenrichment. 

We define three key performance indicators (KPIs) to assess the performance of the 

membrane ultrafiltration step (Fig. 1ab) as defined below (5)-(7):  

1) Purity of the membrane ultrafiltration step (for permeate stream, Table 2) 

𝑃𝑢; = 𝑥" =
𝐶",5

𝐶",5 + 𝐶&,5
																																																						(5) 
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Purity Pum is defined by the solvent-free enantiomer D fraction xD. CD,p and CL,p represent 

the total concentrations of enantiomers D and L in the permeate p, respectively. 

2) Recovery of the membrane ultrafiltration step (Table 2) 

𝑅𝑒; =
𝑉5𝐶",5
𝑉0𝐶",0

																																																																(6) 

CD,0 represents the total initial concentration of enantiomer D in the feed solution. 

3) PuRe of the membrane ultrafiltration step (Table 2) 

𝑃𝑢𝑅𝑒 = 𝐸",5𝑅𝑒; = (2𝑃𝑢; − 1)𝑅𝑒;																																									(7) 

This PuRe definition can be inferred from Pum and Rem alongside their relationship with the 

enantiomeric excess ED,p defined as: 

𝐸",5 =
𝐶",5 − 𝐶&,5
𝐶",5 + 𝐶&,5

= 𝑥" − 𝑥& = 2𝑃𝑢; − 1																																				(8) 

Note that we use the fact that the total sum of both solvent-free enantiomer fractions for 

enantiomers D and L (xD and xL, respectively) is equal to 1. 

The three KPIs defined for the membrane ultrafiltration step, indicated by the subscript m, 

are considered sufficient to study this step with a thermodynamic approach considering the 

equilibria and concentrations that involve the one-site competition model. Purity Pum accounts 

for the enantiomeric enrichment of the membrane ultrafiltration step and indicates whether the 

process liquid can continue to the following steps or, instead, needs further enrichment. 

Recovery Rem accounts for the performance of the membrane ultrafiltration step regarding the 

amount of enantiomer D obtained in the permeate in comparison with its initial amount in the 

feed. PuRe accounts for both the purity and recovery of enantiomer D, which allows for the use 

of one parameter for optimization. The objective is to find the highest PuRe value for the 
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membrane ultrafiltration step, which will strike a balance between obtaining a high purity and 

recovery. 

3.1.2. Concentration and selective crystallization steps 

Once sufficient enantioenrichment is obtained in the permeate for the enantiomer D, it is 

possible to selectively crystallize this enantiomer (Fig. 1). The three model amino acid systems 

are racemic compounds. Their ternary phase diagram represents the phase behavior of the 

mixture containing the solvent, enantiomer D, and enantiomer L; at a fixed temperature and 

pressure (Fig. 1c) [5,6]. Standard atmospheric pressure (101,325 Pa) is typically assumed for 

crystallization-based chiral resolution methods [5,6]. For racemic compounds, the ternary 

phase diagrams are characterized for having two symmetric eutectic points (Fig. 1c). A more 

detailed description about ternary phase diagrams of racemic compound-forming systems can 

be found in the literature [5,6,16]. In each eutectic point, a saturated liquid phase solution of 

the racemate is in equilibrium with the solid phases of the racemic compound and one of the 

pure enantiomers (D or L). Therefore, these points also distinguish the limits of the phase 

regions where we can find only one solid phase crystallizing (racemic compound or one 

enantiomer) (Fig. 1c). Our process focuses on the left side of the ternary phase diagram (Fig. 

1c) because it is where the enantiomer D region lies down (Fig. 1c). The solvent-free 

enantiomer D fraction at the eutectic xeu,D indicates the enantiomeric ratio required to reach the 

eutectic equilibrium where both chiral solids coexist. Thus, the selective crystallization of the 

enantiopure product is only attainable as long as the enantiomeric enrichment level xD reached 

surpasses the eutectic point composition xeu,D in the ternary phase diagram (Fig. 1c). So, 

𝑥" > 𝑥6<,"																																																																			(9) 



15 

Then, if the concentration in the permeate fulfills this boundary condition (9) so that xD can 

be kept stable and above xeu,D under supersaturated conditions, the pure enantiomer can be 

crystallized (Fig. 1c).  

We consider a cooling crystallization method for the last step of the process. However, the 

requirement of a concentration step (Fig. 1ac) between the membrane ultrafiltration and cooling 

crystallization steps is also studied. 

For that, we define the concentration factor F: 

𝐹 =
𝐶",=∗

𝐶",5
																																																																	(10) 

which indicates how much the permeate concentration of enantiomer D 𝐶",5  needs to be 

concentrated to reach the solubility concentration 𝐶",=∗  of enantiomer D at temperature T in 

order to start the selective cooling crystallization step (Fig. 1c). 

The crystallization step is assumed selective for only one of the two enantiomers 

(enantiomer D), meaning that the crystallization of the counter enantiomer L is prevented if the 

overall composition remains inside the two-phase region (where only the solid phase of 

enantiomer D can crystallize from the supersaturated liquid phase solution) of the ternary phase 

diagram during crystallization (Fig. 1c). The model considers that crystallization starts when 

the system is in this two-phase region of the ternary phase diagram (Fig. 1c) and that this point 

in the phase diagram will be maintained constant while the whole crystallization step takes 

place. This becomes feasible if we assume a steady-state condition that is given when operating 

in continuous mode. 

The selective cooling crystallization starts at the saturation concentration 𝐶",=∗  of enantiomer 

D at temperature T and ends at the saturation concentration 𝐶",=?∗  of enantiomer D at temperature 
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T’ (Fig. 1c). Then, only enantiomer D crystallizes out of the solution at T’ (Fig. 1c), obtaining 

thus the enantiopure crystalline product (Fig. 1). 

At this point, the model requires the definition of a fourth KPI, Rec, the recovery in the 

selective cooling crystallization step: 

1) Recovery of the selective crystallization step (Table 2) 

𝑅𝑒7 =
𝐶",=∗ − 𝐶",=?∗

𝐶",=∗
																																																									(11) 

The subscript c refers to the crystallization step. Here, crystallization volume Vc is assumed 

equal for both saturation concentrations 𝐶",=∗  and 𝐶",=?∗ . Thus, Rec assesses the amount of pure 

enantiomer crystals which can be collected from the crystallization step. 

3.1.3. Overall process 

A The racemic feed for the membrane ultrafiltration step renders an enantioenriched 

solution in the permeate (Fig. 1). Then, a concentration step between the membrane 

ultrafiltration and crystallization steps (Fig. 1ac) is required as the concentration in the 

permeate is low compared to the solubility of the enantiomer. Finally. if the enantioenriched 

permeate fulfills condition (9), the enantiomer can be selectively crystallized (Fig. 1). 

We require a last KPI, Rep, in order to account for the recovery of the overall process, which 

can be defined as follows: 

1) Recovery of the overall process (Table 2) 

𝑅𝑒5 = 𝑅𝑒;𝑅𝑒7 =
𝑉7𝐶",=∗ − 𝑉7𝐶",=?∗

𝑉0𝐶",0
																																									(12) 

The subscript p refers to the overall process. The recovery Rep compares the amount of pure 

enantiomer crystals obtained at the end of the process with the amount of the same enantiomer 
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in the feed. Note that the overall process recovery Rep is the product of the recoveries of the 

membrane ultrafiltration and selective crystallization (Fig. 1). 

Table 2. Model key performance indicators (KPIs) of the membrane-crystallization chiral resolution process. 

KPI Symbol Mathematical definition Equation 

Membrane ultrafiltration purity Pum 𝑃𝑢! =
𝐶",$

𝐶",$ + 𝐶%,$
 (5) 

Membrane ultrafiltration recovery Rem 𝑅𝑒! =
𝑉$𝐶",$
𝑉&𝐶",&

 (6) 

Membrane ultrafiltration PuRe PuRe 𝑃𝑢𝑅𝑒 = (2𝑃𝑢! − 1)𝑅𝑒! (7) 

Selective crystallization recovery Rec 𝑅𝑒' =
𝐶",(∗ − 𝐶",(*∗

𝐶",(∗
 (11) 

Overall process recovery Rep 𝑅𝑒$ =
𝑉'𝐶",(∗ − 𝑉'𝐶",(*∗

𝑉&𝐶",&
 (12) 

 

3.2. Exploration of complexation conditions for the membrane ultrafiltration step 

3.2.1. Speciation 

The amino acid species concentrations evolve differently depending on the pH of the 

medium and the presence of the chiral selector BSA (Fig. 2). The concentrations of the different 

BSA species also depend on the pH because of the acid-base dissociation equilibrium with 

water (3) (Fig. 2a). 

In the absence of chiral selector (Fig. 2bc left), the concentration profiles for enantiomers D 

and L species are the same when comparing each ionic species of the two enantiomers. This is 

found for the three amino acid systems phenylalanine, alanine, and valine (Fig. 2bc right). This 

means that both enantiomers have the same acid-base dissociation behavior when BSA is not 

present. Instead, when BSA is available (Fig. 2a and 2bc right), enantiomer D and L species 

concentration profiles are not the same anymore and differ from those with no chiral selector 

(Fig. 2bc). A maximum of complexation between the zwitterionic form of both enantiomers 

and chiral selector BSA is observed at pH = 9.3-9.5, where species L± binds more than D± to 
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the BSA (Fig. 2a), which is consistent with the larger value of the thermodynamic 

complexation constant KL compared to KD (Table 1). This different complexation behavior 

between both amino acid enantiomers can be exploited in the membrane ultrafiltration step and 

explains the enantiomeric enrichment that is obtained in the permeate, where the total 

concentration of the free enantiomer D species CD,p is higher than the total concentration of the 

free enantiomer L species CL,p (Fig. 2bc right). 
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Fig. 2. Evolution of concentrations C of all the species involved in the complexation process, described by Eqs. 

(1)-(4), between the amino acids and chiral selector BSA: a) BSA species, b) free enantiomer D species, and c) 

free enantiomer L species. The simulations are for the phenylalanine system in absence of BSA with CD,0 = CL,0 = 

10-4 M and CBSA,0 = 0 M (b and c, left) and presence of BSA with CD,0 = CL,0 = CBSA,0 = 10-4 M (a; b and c, right). 

Alanine and valine systems present similar concentration profiles. 

3.2.2. Optimal complexation conditions 

The model describing the complexation of the enantiomers of hydrophobic amino acids to 

the chiral selector BSA enables the exploration of process conditions to maximize purity Pum 

and recovery Rem in the membrane ultrafiltration step. For that, Pum and Rem equations are 

taken independently in a way that first the purity Pum equation is the objective function to be 

maximized for the one-site competition model, using Eqs. (1)-(6), and then after recovery Rem 

is calculated for the optimal values obtained for purity Pum. The parameters for this 

optimization take the values of the thermodynamic constants provided in Table 1 and the fixed 

total amino acid enantiomer concentrations CD,0 = CL,0 = 10-4 M. Then, the simulations reveal 

the maxima of purity Pum and their corresponding recovery Rem in the BSA concentration range 

of CBSA,0 = 10-8-10-1 M and pH range of pH = 0-14 (Fig. 3ab), based on the speciation dictated 

by the chemical equilibria (1)-(3). In practice, BSA concentrations CBSA,0 would be fixed by 

dissolving the required amount of chiral selector BSA in the aqueous buffer solutions with the 

pH values required in each case. For these simulations’ series, we assumed that the full initial 

volume V0 fully converts into the permeate volume Vp, so the volume split ratio Vp/V0 is equal 

to 1. This approach gives the same results when taking first recovery Rem equation as the 

objective function to be maximized and after calculating purity Pum based on recovery Rem 

optimal values. Thus, this means that the outcome of these simulations on purity Pum and 

recovery Rem gives their maxima surfaces as a function of BSA concentration CBSA,0 and pH 

ranges, as represented below (Fig. 3ab). 
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For the three amino acids under study (Phe, Ala, and Val), the same maxima are predicted 

due to the similar thermodynamic constants associated to their equilibria (Table 1). For the 

same initial concentrations of each enantiomer CD,0 = CL,0 = 10-4 M, Pum maximum of 0.91 (Fig. 

3a, in red) and Rem maximum of 1.00 (Fig. 3b, in red) are obtained at different CBSA,0 and pH 

values. Thus, it is observed that when the maximum of Pum is reached (Fig. 3a, in red) then, at 

the same CBSA,0 and pH conditions, the minimum is obtained for Rem (Fig. 3b, in blue). This is 

observed when CBSA,0 ≥ CD,0 = CL,0 = 10-4 M and pH = 9.3-9.5. This result agrees with the 

binding ratio of 1:1 between the zwitterionic form of one amino acid enantiomer and the 

unprotonated site in the chiral selector BSA, as the model proposes in Eq. (1). Therefore, the 

membrane process outcome is determined by the trade-off between the purity Pum and recovery 

Rem in the membrane ultrafiltration step. Amino acid enantiomers concentrations CD,0 and CL,0 

are chosen equal to 10-4 M based on the literature [32], indicating that the initial racemic 

solution concentration needs to be not very high to assume that the membrane ultrafiltration 

system does not present fouling phenomenon.  

The trade-off observed makes desirable the optimization of the third KPI PuRe, which 

includes both purity Pum and recovery Rem (Table 2), to determine the process conditions for 

the membrane ultrafiltration step at which the purity Pum is most balanced with the recovery 

Rem. A U-type optimal PuRe surface is obtained in the pH-BSA concentration CBSA,0 window 

at which PuRe has a value of around 0.40 for a wide range of combinations of pH and BSA 

concentration CBSA,0. This optimal range corresponds to a value of purity Pum = 0.78 and 

recovery Rem = 0.70 (Fig. 3c, light blue). Nevertheless, when considering the economics of the 

process, meaning using the least amount of chiral selector possible, since the use of it is costly, 

only one maximum appears, which is the one at CBSA,0 = CD,0 = CL,0 = 10-4 M and pH = 9.3-9.5 

(Fig. 3c, yellow circle). This maximum represents the optimal conditions to reach the 

enantioenriched permeate point for the membrane ultrafiltration step (Fig. 1c, grey point), 
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starting from the initial racemic feed (Fig. 1c, orange point). A PuRe value of 0.40 also 

indicates that there is still room for improvement until reaching the ideal PuRe = 1.00 (so, Pum 

= Rem = 1.00). For that, two possibilities for improvement arise: trying to improve the current 

chemical system by a membrane cascade (see section 4.3.3.) or by improving the chemical 

system itself (see Appendix A). 

 

Fig. 3. a) Pum, b) Rem, and c) PuRe surfaces as a function of BSA concentration CBSA,0 and pH. There is a trade-

off between Pum (a) and Rem (b). The optimization of PuRe (c) indicates the best membrane ultrafiltration 

conditions (light blue region in the U-type surface in c) for the enantioenriched amino acid concentration, 

especially when considering the minimum use of BSA (yellow circle in c). 

3.3. The need for a multi-stage membrane approach 

Enantiopurity xD data can be compared with the eutectic point composition xeu,D, which is 

the limit that must be surpassed for the crystallization of the pure enantiomer (Table 3). The 

phenylalanine and alanine systems do not meet the condition xD > xeu,D (9), whereas the valine 
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system does (Table 3). This means that D-valine could be separated with a single-stage 

membrane ultrafiltration crystallization process because the enantiomeric enriched point in the 

ternary phase diagram of valine (Fig. 1c, grey point) would already be inside the two-phase 

region (Fig. 1c, fuchsia point) where D-valine is the only solid that can crystallize after 

concentrating the permeate stream. On the contrary, phenylalanine and alanine would require 

a multi-stage membrane step to make the enantiomeric fraction xD surpass their eutectic point 

compositions xeu,D (Table 3).   

Table 3. Comparison of literature eutectic point composition xeu.D [33,34] with predicted enantiomeric purity xD 

(here, equal to Pum) for the aqueous systems of amino acids Phe, Ala, and Val with chiral selector BSA, at 25ºC. 

Rem and PuRe parameter values are also shown. PuRe value is obtained from its maximization in the one-site 

competition model, then Pum and Rem values are related to this PuRe maximum. 

System Eutectic point composition, xeu,D 
xD (Pum, 
model) 

Rem 
(model) 

PuRe 
(model) 

Phenylalanine 0.92 
0.78 0.70 0.40 Alanine 0.80 

Valine 0.73 
 

A multi-stage membrane cascade approach (Fig. 4) is proposed in order to find the number 

of membrane stages n required to increase the solvent-free enantiomer fraction xD. 
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Fig. 4. A multi-stage membrane cascade for the membrane ultrafiltration step in order to enhance the enantiomeric 

enrichment. The feed F0 consists of a racemic solution of amino acid to which is added a certain amount of BSA 

until reaching CBSA,0. The equilibrated solution is filtered through the ultrafiltration membrane in stage 1, giving 

a permeate P1 enriched with enantiomer D. The enriched permeate stream is fed into the next stage after fresh 

BSA is added. This process is repeated with n membrane stages until fulfilling xD > xeu,D (9) in the permeate Pn. 

Retentates streams (R1 to Rn) have the potential to be recycled in a further approach of the membrane cascade. So 

far, recycling is not considered in the simulations. 

The retentate-permeate splitting effect studied relates the retentate volume Vr with the 

permeate volume Vp, which informs about how the feed volume V0 is distributed to the retentate 

and permeate streams. Then, the retentate-permeate splitting can be seen as a parameter capable 

to inform about the membrane permeability (which is not explicitly included in our model) 

with a direct proportional relationship, and so with the effective membrane surface area. A 

splitting with higher fraction of permeate volume Vp indicates higher membrane permeability 

and/or effective membrane surface area. Contrarily, a splitting with lower permeate volume Vp 

proportion indicates lower membrane permeability and/or effective membrane surface area. 

Both number of membrane stages and splitting effects are studied in the outcome of the 

membrane ultrafiltration step (Pum and Rem) for the three systems under study (Fig. 5). 

Phenylalanine, alanine, and valine systems show similar predicted purities when the number of 

membrane stages n and the retentate-permeate splitting effects are varied (Fig. 5). The main 

difference among these systems is the eutectic point composition xeu,D that phenylalanine, 

alanine, and valine require to surpass for the crystallization of the pure D-form (Table 3, Fig. 5 

blue dotted line). Note that only the valine system meets the condition xD > xeu,D (9) with a 

single membrane stage, as concluded earlier. The other two systems (Phe and Ala) require one 

more membrane stage to achieve such condition (9) (Fig. 5). Therefore, a 2-stage membrane 

ultrafiltration step for phenylalanine and alanine systems is needed for the feasible 

crystallization of their pure enantiomers. Note that the different retentate-permeate splitting, 
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that are related with the membrane permeability and/or effective membrane surface area, is 

predicted to have no effect on the purity obtained for the same membrane stage (Fig. 5). The 

recoveries of the three systems are different (Fig. 5). The predicted Rem for valine will be higher 

than the ones for phenylalanine and alanine since the incorporation of an extra membrane stage 

translates to a decrease in Rem (Fig. 5). Moreover, this change in the recovery will not only be 

affected by the number of membrane stages n but also by the retentate-permeate splitting. In 

addition, we observe that when the permeate volume Vp decreases to the detriment of the 

retentate volume Vr, then Rem also decreases, even in the same membrane stage (Fig. 5).  
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Fig. 5. Predicted Pum and Rem obtained depending on the retentate-permeate splitting and number of membrane 

stages n applied in the membrane ultrafiltration step, for the three systems under study: a) phenylalanine, b) 

alanine, and c) valine. The blue dotted line in purity graphs represents the eutectic point composition xeu,D at 25ºC 

that each amino acid system requires to surpass to make feasible, in terms of purity, the crystallization of their 

pure D-form: a) xeu,D(Phe) = 0.92, b) xeu,D(Ala) = 0.80, and c) xeu,D(Val) = 0.73. 
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3.4. Model validation 

The results predicted from the one-site competition model for the membrane ultrafiltration 

step are validated for a single membrane stage. Several predicted amino acid enantiomers 

concentrations Cpre (CD,p and CL,p) of phenylalanine are calculated using Eqs. (1)-(6) of the 

model and compared to the experimental Cexp values found in the literature (Fig. 6) [32]. 

The model predicts the experimental results better when the amino acid concentrations are 

low. A major discrepancy between prediction and experiments is observed when the 

concentrations are increasing (Fig. 6). At higher concentrations, only the D-form concentration 

is well predicted. The L-form shows higher calculated concentrations Cpre than the ones 

obtained in the experiments, Cexp. This last scenario seems to reflect a stronger interaction 

between the L-form and the chiral selector BSA at higher concentrations than the one predicted 

by their complexation constant in the model.  

 

Fig. 6. Experimental permeate amino acid enantiomers concentrations Cexp (for Phe: CD,p = CL,p = 0.3-5.0·10-4 M) 

at a chiral selector concentration CBSA,0 = 10-4 M in the pH range from 3 to 11 [32], versus their predicted 

concentration Cpre values calculated from the one-site competition model equations frame (see Eqs. (1)-(6)). The 

dashed line is just for comparison between experimental Cexp and predicted Cpre values. 
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3.5. Feasibility of the coupled crystallization step 

Once the enantiomeric purity requirement is fulfilled, cooling crystallization can be applied 

just after the membrane ultrafiltration step or a concentration step may be needed first. 

Furthermore, the recovery for the overall process Rep can be determined when the 

crystallization step is considered in the model.  

The concentration and crystallization steps are assumed to be coupled to the membrane 

ultrafiltration step as represented in the phase diagram (Fig. 1c, fuchsia and yellow points). 

First, the permeate solution is concentrated from CD,p to C*D,T and, then, this concentrate is 

cooled until reaching C*D,T’ to permit the crystallization of the D-form of the different amino 

acids considered (Phe, Ala, and Val). For this thermodynamic process, the following 

solubilities of the D-form of the amino acids studied were considered: C*D,T = 56.4 (Phe), 292.9 

(Ala), 78.3 mg·g-1 (Val) and C*D,T’ = 20.3 (Phe), 107.4 (Ala), and 49.5 mg·g-1 (Val). These 

solubilities were determined experimentally with the TV and EqC methods. Also, it is implied 

that only the D-form can crystallize because of meeting condition xD > xeu,D (9) at the steady-

state of the continuous process, as explained in section 4.3.1.2. 

A concentration step is required between the membrane ultrafiltration and selective cooling 

crystallization steps. The concentration gap between the membrane ultrafiltration and 

crystallization steps is about 104-2·105 times, when using the concentration levels reported in 

the literature for the membrane ultrafiltration step [32]. Specifically, the concentration factors 

F calculated with Eq. (10) are, from the highest to the lowest: 1.9·105 (Ala) > 1.5·105 (Phe) > 

9.6·104 (Val), indicating a demanding process in terms of concentration process efficiency. The 

recoveries for each step Rem and Rec and for the overall process Rep are illustrated below (Fig. 

7) for different retentate-permeate splitting factors. 



28 

The membrane ultrafiltration recovery Rem followed the same decreasing pattern with the 

retentate-permeate splitting ratio observed before (Fig. 5). The valine system has the highest 

Rem value, then phenylalanine, and the lowest value is for alanine. The crystallization recovery 

Rec does not depend on the retentate-permeate splitting and is higher for phenylalanine and 

alanine (both similar, ca. 65%) than valine system (ca. 40%). The overall process recovery Rep 

decreases with the retentate-permeate splitting ratio and the highest value is predicted for 

valine, then phenylalanine, and the lowest value is predicted for the alanine system. Therefore, 

the splitting causes a decrease in Rem, and then also in Rep. 

The highest overall process recoveries Rep are expected for those systems that only require 

one membrane stage in the ultrafiltration step and have solubilities with strong temperature 

dependence. The number of membrane stages n seems more impactful than solubility, for 

temperature-dependent solubilities. 

A coupled chiral resolution process consisting of a membrane ultrafiltration step followed 

by a concentration and selective cooling crystallization steps may be envisaged despite the 

concentration gap found for the systems investigated here. 
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Fig. 7. Effect of retentate-permeate splitting on the predicted recoveries for the membrane ultrafiltration and 

crystallization steps (Rem and Rec, respectively) and overall process (Rep) for the three amino acid systems under 

study: a) Phe, b) Ala, and c) Val.  



30 

4. Discussion 

The process optimization of the membrane ultrafiltration step determines the best conditions 

to separate one enantiomer from the other as much as possible and, at the same time, obtaining 

the highest recovery Rem possible for the desired enantiomer in the permeate. The optimization 

permits to find and treat the trade-off behavior between both purity Pum and recovery Rem for 

the amino acids aqueous systems studied: phenylalanine, alanine, and valine. The one-site 

competition model predicts a maximum Pum and minimum Rem for CBSA,0 ≥ CD,0 = CL,0 = 10-4 

M and pH = 9.3-9.5, in agreement with the binding ratio of 1:1 between the zwitterionic form 

of one amino acid enantiomer and the unprotonated site in the chiral selector BSA, previously 

reported in the literature for tryptophan in water [13,14]. The optimization of PuRe and a 

process economics consideration predicts the optimal process conditions for the membrane 

ultrafiltration step at CBSA,0 = CD,0 = CL,0 = 10-4 M and pH = 9.3-9.5 (Fig. 3c, yellow circle). 

The model predicts a single-stage membrane ultrafiltration for valine in terms of 

enantiopurity xD. However, it predicts at least one stage more for the other two systems 

phenylalanine and alanine in order to meet condition xD > xeu,D (9) for the crystallization of a 

pure enantiomer (Fig. 5). For all the systems, the Pum obtained is very similar showing no 

differences with retentate-permeate splitting ratio and following the same pattern with the 

number of membrane stages n. The last fact occurs because of taking the same complexation 

constants (pKD and pKL) for phenylalanine as for alanine and valine calculations, assuming that 

hydrophobic amino acids with similar structure should have similar interactions with the same 

chiral selector. In that way, Pum is expected to change more when systems are more different 

between them, that is, having different interaction affinities with the chiral selector. The model 

predicts higher Rem in valine than in phenylalanine and alanine due to the incorporation of an 

extra membrane stage, fact seen as the trigger for the decrease in Rem. 
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The membrane ultrafiltration model, validated with experimental data obtained from the 

literature for phenylalanine system [32], predicts better results at low concentrations. At higher 

concentrations, D-form concentration is adjusted to its prediction, whereas L-form shows higher 

predicted concentrations values than the ones obtained in the experiments (Fig. 6). This fact 

seems to reflect a stronger interaction between L-form and BSA at higher concentrations. This 

observation can be of utility for the refinement of equilibria complexation constants, a 

procedure that might help to predict or give a more accurate estimation of these thermodynamic 

constants in accordance to experiments. 

The complexation and chiral selector acid-base dissociation constants sensitivity studies 

(Figs. A.1-A.4) not only confirmed the modeled behavior reported [13,14], but also affirmed 

that an ideal BSA-similar chiral selector should bear an unprotonated binding site for a large 

pH range and very different complexation constants for each enantiomer, meaning that a │pKD 

– pKL│ ≥ 2-3. These are the main chiral selector properties that will make possible the obtaining 

of sufficient enantiomeric enrichment with also enough recovery in the membrane 

ultrafiltration step. Furthermore, we believe that the type of sensitivity studies shown can be 

useful even when considering BSA-different chiral selectors. For them, new parameters and 

values might be required, but the importance of assessing the KPIs (Table 2) in the way we 

describe here will permit researchers to optimize the chiral selectivity conditions in the process, 

which are tightly linked to the overall process outcome. We also think that molecular docking 

and molecular dynamics simulations would be helpful tools for the major understanding of the 

fit between the enantiomers and chiral selector systems which require molecular interaction 

specificity. 

The feasibility study for the coupling of the cooling crystallization step confirms that a 

concentration step (e.g. distillation or simple evaporation) is required between the membrane 

ultrafiltration and the crystallization steps. The concentration factors F for the three amino acid 
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systems investigated (Phe, Ala, and Val) are found high, indicating a demanding process in 

terms of concentration process efficiency. However, when analyzing the recoveries for the 

membrane ultrafiltration Rem and crystallization Rec steps as well as for the overall process Rep, 

we can infer that, when saving the concentration step is possible or this is small, this process 

in a whole could become feasible and be able to produce good recoveries for those systems that 

only require one membrane stage in the ultrafiltration step and have solubilities with a strong 

temperature dependence. 

We envisage that the overall process recovery Rep can be increased when applying the 

recycling step in the process (Fig. 8a). This new step can be easily understood as the 

introduction of a recycled enantioenriched solution which includes: the retentate (or retentates, 

if several membrane stages apply) in the membrane ultrafiltration step, the pure solvent from 

the concentration step, and the enantioenriched remaining solution from the selective 

crystallization step. This is shown in the overall process represented in the ternary phase 

diagram (Fig. 8b, green and white points). Note that the model and simulations presented here 

assume the introduction of fresh free chiral selector at each stage of the membrane 

ultrafiltration step (Fig. 4). However, we think that the recyclability of the complexed form of 

the chiral selector should be considered to make the process more cost-effective. This could be 

achieved by recuperating the original free form of the chiral selector by readjusting the pH 

conditions in such a way that the enantiomers could be unbound from the chiral selector.  

Finally, the coupled process described is restricted to the existing interaction between the 

chiral selector and the racemic compounds examined. In the future, we aim at testing the new 

combined resolution process with other BSA-similar/different chiral selectors and for other 

racemic compounds in not only aqueous media but also in organic solvents or in their mixtures 

with water. In addition, apart from a cooling crystallization, other types of crystallization 
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techniques could be assessed depending on the solubility behavior of the enantiopure product 

of interest. 

 

Fig. 8. a) Process flowchart starting from an equilibrated racemic mixture (feed) until the obtaining of a pure 

enantiomer and b) overall process ternary phase diagram for the resolution of a racemic compound-forming 

system, now completed with the recycling step.  
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5. Conclusions 

The one-site competition model is well applicable to describe the complexation interaction 

between the chiral selector BSA and the hydrophobic amino acids phenylalanine, alanine, and 

valine in aqueous media. In the membrane ultrafiltration step, a trade-off exists between the 

purity and recovery in the permeate because the same complexation conditions that favored 

purity also favored the binding of both competing enantiomers to BSA due to the partial 

stereoselectivity of this chiral selector with the three amino acid systems. Although with 

different binding proportion of both enantiomers to BSA, the recovery decreases. The 

conditions to obtain the optimal purity and recovery correspond to CBSA,0 = CD,0 = CL,0, based 

on the minimum use of BSA in view of its high cost, and pH = 9.3-9.5. The model predicts 

that, starting from a racemic solution, a single-stage membrane ultrafiltration can lead to a 

purity that is enriched sufficiently beyond the eutectic point composition for the valine system 

to enable, after a concentration step, the continuous crystallization of the pure enantiomer solid 

product. However, for those systems with a more demanding eutectic point composition, such 

as phenylalanine and alanine, more membrane stages are needed. The sensitivity studies for the 

complexation and chiral selector acid-base dissociation constants predict that an optimal chiral 

selector similar to BSA should bear an unprotonated binding site for a large pH range, so a low 

pKBSA, and highly distinct complexation constants for the two enantiomers with │pKD – pKL│ 

equal or larger than 2. The overall process obtains the optimal recovery when the concentration 

gap between the membrane ultrafiltration and crystallization steps is saved or small and for 

those systems which only require one membrane stage in the ultrafiltration step and have 

solubilities with a strong temperature dependence. We envisage that the sensitivity study of 

other chiral selectors and its optimization in a similar way as described here along with the 

introduction of a recycling step, which will recirculate a partial enantioenriched solution into 

the process, will increase the overall process recovery not only for the systems investigated 
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here, but also for other chiral systems. Therefore, this novel membrane ultrafiltration-

crystallization resolution process has application potential for the enantioseparation of racemic 

solutions of racemic compound-forming systems.  
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 Notation 

Ala Alanine 

BSA Bovine serum albumin 

C Concentration [M] 

CBSA Concentration of chiral selector BSA with unprotonated complexation site [M] 

CBSA+ Concentration of chiral selector BSA+ with protonated complexation site [M] 

CBSA,0 Total (feed/initial) concentration of chiral selector BSA [M] 

CD+ Concentration of cation D+ (amino group protonated) [M] 

CD± Concentration of zwitterion D± (amino group protonated and carboxyl group 

deprotonated) [M] 

CD‑ Concentration of anion D- (carboxyl group deprotonated) [M] 

CD±BSA Concentration of complex D±BSA [M] 

CD,p  Total concentration of enantiomer D (all free species) in permeate [M] 

CD,r  Total concentration of enantiomer D (just free species) in retentate [M] 

CD,0 Total (feed/initial) concentration of enantiomer D [M] 

C*D,T Solubility concentration for enantiomer D at temperature T [mg·g-1] 

C*D,T’ Solubility concentration for enantiomer D at temperature T’ [mg·g-1] 

Cexp Experimental concentration [M] 

CL+ Concentration of cation L+ (amino group protonated) [M] 

CL± Concentration of zwitterion L± (amino group protonated and carboxyl group 

deprotonated) [M] 

CL‑ Concentration of anion L- (carboxyl group deprotonated) [M] 

CL±BSA Concentration of complex L±BSA [M] 

CL,p  Total concentration of enantiomer L (all free species) in permeate [M] 
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CL,r  Total concentration of enantiomer L (just free species) in retentate [M] 

CL,0 Total (feed/initial) concentration of enantiomer L [M] 

Cpre Predicted concentration [M] 

Cw Concentration of H2O [M] 

Cw+ Concentration of H3O + [M] 

Cx,0 Total (feed/initial) concentration of species x [M] 

ED,p Enantiomeric excess of enantiomer D in the permeate [-] 

EqC Equilibrium concentration method 

F0 Feed stream 

F Concentration factor [-] 

Ka1,D Dissociation constant of the first proton of enantiomer D [-] 

Ka2,D Dissociation constant of the second proton of enantiomer D [-] 

Ka1,L Dissociation constant of the first proton of enantiomer L [-] 

Ka2,L Dissociation constant of the second proton of enantiomer L [-] 

KBSA Dissociation constant of proton of chiral selector BSA complexation site [-] 

KD Complexation constant of enantiomer D and chiral selector BSA [-] 

KL Complexation constant of enantiomer L and chiral selector BSA [-] 

KPI Key performance indicator 

n Number of membrane ultrafiltration stages [stage or stages] 

Phe Phenylalanine 

Pn Permeate stream of stage n of the membrane ultrafiltration step 

Pum Purity of the membrane ultrafiltration step [-] 

PuRe PuRe of the membrane ultrafiltration step [-] 

Rn Retentate stream of stage n of the membrane ultrafiltration step 

Rec Recovery of the crystallization step [-] 
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Rem Recovery of the membrane ultrafiltration step [-] 

Rep Recovery of the overall process [-] 

RSD Relative standard deviation [%] 

T Initial temperature for the cooling crystallization step [ºC] 

T’ Ending temperature for the cooling crystallization step [ºC] 

Trp Tryptophan 

TV Temperature variation method 

V0 Feed (initial) volume [L] 

Val Valine 

Vc Crystallization volume [L] 

Vp Permeate volume [L] 

Vr Retentate volume [L] 

xD Solvent-free enantiomer fraction for enantiomer D [-] 

xeu,D Enantiomeric ratio in the eutectic point (also referred as eutectic point composition) 

for enantiomer D [-]  

xL Solvent-free enantiomer fraction for enantiomer L [-] 
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