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Abstract

Aromatic amines are crucial in pharmaceuticals, but their synthesis is challenging due to unfavorable
reaction equilibria and the use of costly, environmentally unfriendly methods. This study presents a
membrane extraction (ME) process for in situ product removal (ISPR) of aromatic amines. Using a
supported liqguid membrane (SLM), a-methylbenzylamine (MBA) and 1-methyl-3-phenylpropylamine
(MPPA) were separated from isopropyl amine (IPA). COSMO-RS was employed to screen over 200
organic mixtures, identifying twelve mixtures based on trioctylphosphine oxide (TOPO), lidocaine, and
menthol as solvent candidates, due to their hydrophobicity. These mixtures were analysed for critical
solvent properties including density, viscosity, hydrophobicity, and hydrogen bonding interactions. ME
tests showed TOPO-thymol had the highest solvent residual and selectivity. Moreover, TOPO-thymol
demonstrated solute fluxes of 9.0+3.0 g/(m?2 h) for MBA, 16.5+5.4 g/(m?2 h) for MPPA, and 0.7£0.3 g/(m?
h) for IPA, with selectivity values of 12.4+0.8 for MBA/IPA and 22.8+1.4 for MPPA/IPA. Compared to
undecane, which had lower selectivity values of 6.9+0.8 for MBA/IPA and 10.1+1.3 for MPPA/IPA,

TOPO-thymol showed superior selectivity, indicating its promise as an extractant for ME applications.

Keywords Aromatic amines; Membrane extraction; COSMO-RS; Supported liquid membranes; TOPO-
based solvents



1. Introduction

Chiral amines are a class of compounds, which have emerged as pivotal building blocks and
intermediates for the pharmaceutical industry. Over 40% of all pharmaceutical products employ chiral
amines during their production. Additionally, these compounds are used as resolving agents,
precursors, and chiral auxiliaries for the synthesis of highly enantiopure organic molecules [1,2].
Especially, primary chiral amines are highly desirable in this domain, as they allow for a high degree of
manipulation of the amine group [3]. One of the main challenges of chiral amines is their synthesis,
which can be done chemically or biochemically. Although the chemical method is preferred due to its
stability under harsh process conditions and well-known chemistry, costly and highly toxic transition
metals are used as a catalyst [4]. On the other hand, the biochemical route provides an environmentally
friendly alternative, as it uses enzymes as a biocatalyst [3,5]. The main advantage of using enzymes is
their selectivity relative to the substrate, i.e., they can differentiate between enantiomers in a racemic
mixture. Furthermore, only mild process conditions are needed, e.g., room temperature, neutral pH,

and aqueous media [6,7].

Various enzymes have already been used for this route, such as lipases, imine reductases (IRED),
amine dehydrogenases (AmDH), monoamine oxidases (MAO), and transaminases (TA). These
different classes are presented in Fig. 1. Lipases, belonging to the hydrolase family, catalyse the
formation and cleavage of amides and esters, with Bayer developing a lipase-based kinetic resolution
process for producing chiral amines already in the mid-1990s. BASF also began industrial production
of specific chiral amines using a lipase-catalysed approach. Imine reductases (IREDs) can enantio-
selectively reduce imines to their corresponding amines using NADPH. Amine dehydrogenases
(AmDHSs) catalyse the reductive amination of ketones using NADH, whereas amine oxidases, a
subgroup of oxidoreductases, facilitate redox reactions. Specifically, monoamine oxidases (MOAS)
oxidise amines to imines while concurrently reducing Oz to H202. Last, transaminases (TAs) can
reversibly transfer amino groups from an amine donor to a ketone or aldehyde. Among the various
enzyme possibilities, TAs offer distinct advantages in amine synthesis, due to their broad substrate
range, outstanding enantioselectivity, high turnover rates, and the absence of a requirement for cofactor
regeneration [1,8]. Various studies can be consulted for more details on the use of TAs for chiral amine
synthesis [1,9-13].
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Fig. 1. Different enzyme classes for the enantioselective synthesis of chiral amines, adapted from Ghislieri et al.
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However, enzymes tend to be less stable in large-scale operations compared to the chemical synthesis
[14]. Additionally, a significant drawback of using enzymes is the unfavourable thermodynamic
equilibrium, which can lead to product inhibition [15]. To solve this issue, in situ product removal (ISPR)
can be used to shift the equilibrium to the product side. The ISPR strategy can be performed using
various technologies, including liquid-liquid extraction, but most techniques suffer from low solvent
selectivity, high production costs, and a high environmental impact [16,17]. For a comprehensive
overview of alternative ISPR and separation methods, the reader is referred to our previous review [18],
along with the work of Tufvesson et al. [12] and Madsen et al. [19]. One prospective method for
accomplishing ISPR is the use of supported liquid membranes (SLMs). An SLM is a three-phase system
in which a liquid membrane phase is held inside of a microporous film by capillary forces. Usually, the
membrane phase is an organic solvent, which separates two aqueous phases. The solutes can pass
from the donor to the acceptor phase by diffusion through the membrane, due to a concentration,
pressure, or electrical potential gradient. SLMs show many advantages compared to traditional
extraction methods, such as low energy consumption, high selectivity, low separation cost, simplicity of
operation, and low solvent usage. However, the main disadvantage of this technique is its impaired
long-term stability and difficult solvent selection [20-22]. The solvent choice for SLMs becomes even
more complex given the broad range of options that can serve as the membrane phase, including

volatile organic solvents, ionic liquids (ILs), deep eutectic solvents (DESs), and solvent mixtures.

Deep eutectic solvents (DESs) are particularly intriguing for various extraction applications. According
to Martins et al. [23], a DES is defined as “a mixture of pure compounds for which the eutectic point
temperature is below that of an ideal liquid mixture”. In these mixtures, one compound serves as a
hydrogen bond donor (HBD) and the other as a hydrogen bond acceptor (HBA), resulting in a eutectic
mixture with a depressed melting point. This reduction in melting point is generally attributed to charge

delocalisation caused by hydrogen bond interactions, as well as steric effects and ionic interactions, if
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an anion/cation pair is used. The stronger the hydrogen bonds compared to those in the precursor
compounds, the more significant is the melting point reduction. DESs typically have a low production
cost, simple preparation methods, and in general a high biodegradability and low toxicity [23,24]. Due
to these characteristics, DESs are viable alternatives to conventional organic solvents and even
alternative solvents, such as ionic liquids [25-27]. SLM applications using DESs have already been
studied for gas separations [28-30], the separation of olefins [31-33], and the extraction of organics

from aqueous solutions [34—-36].

However, the extensive variety of hydrogen bond donors and acceptors still complicates the solvent
selection process. To simplify the solvent choice, COSMO-RS can be used as a fast and effective tool
to predict thermophysical and thermodynamical properties of fluids and fluid mixtures, without the need
for experimental data. The strength of COSMO-RS lies in its ability to quickly compute chemical
potentials and activity coefficients for compounds in liquid mixtures, making it a viable alternative to
conventional group contribution methods (GCMs). When combined with a solvent database, COSMO-
RS enables highly efficient and rapid thermodynamic calculations, including large-scale screening of
solvents. For a more in-depth discussion of the COSMO and COSMO-RS methodology, the reader is
referred to the works of Klamt [37—-41] and others [42—44]. COSMO-RS has already been used in
predicting various industrial processes, such as denitrification, desulfurisation, and the separation of
aliphatic-aromatic mixtures. Additionally, several studies have used COSMO-RS for the facilitated
screening of DESs in applications including antioxidant extraction [45], oil extraction from plant seeds

[46], fucoxanthin extraction [47], and extraction of benzene from organic mixtures [48].

In this study, the use of supported liquid membranes (SLMs) was explored for the separation of aromatic
amines. Specifically, the product amines «a -methylbenzylamine (MBA) and 1-methyl-3-
phenylpropylamine (MPPA) were separated from the donor amine isopropyl amine (IPA). Initially,
COSMO-RS was employed to rapidly screen over 200 organic mixtures to evaluate their affinity and
hydrophobicity. Subsequently, various organic mixtures were prepared by combining trioctylphosphine
oxide (TOPO), lidocaine, and menthol with various HBDs, including carboxylic acids and thymol. TOPO
is a conventional HBA for deep eutectic solvents (DESSs), as evidenced by its frequent use in the
literature [49-52]. The properties of the obtained mixtures, including density, viscosity, and hydrogen
bond interactions, were then characterised. Finally, the stability of the prepared mixtures was tested,
and the extraction performance and selectivity were evaluated for the most stable mixtures in
conventional SLM tests.



2. Material and methods

2.1 Chemicals and membranes

The chemicals, as listed in Table 1, were used for the experimental work in this study. The molecular
structures of these compounds can be found in Fig. S1 in the Supplementary Material. A
polytetrafluoroethylene (PTFE) membrane with a pore size of 50 nm, kindly provided by Donaldson,

was used as the support material in the membrane extraction tests.

Table 1. Overview of the used chemicals in this work.

Compound Acronym  Purity, %  Supplier
Octanoic acid C8 acid 98 Alfa Aesar
Nonanoic acid C9 acid 97 Thermo Fisher Scientific
Decanoic acid Cl0acid 99 Acros Organics
Dodecanoic acid Cl2 acid 98 Sigma Aldrich
Oleic acid Ole acid T.R. Carl Roth
Thymol Thy >99 VWR
Trioctylphosphine oxide TOPO 99 Sigma Aldrich
Lidocaine Lid > 99 TCI Europe
Menthol Men =95 Sigma Aldrich
Sodium carbonate Na2CO2 2999 Merck Life
Sodium bicarbonate NaHCOs AR. Fisher Scientific
Sodium dihydrogen phosphate NaH:POs =98 VWR
Phosphoric acid HsPO4 85 VWR

Sodium hydroxide NaOH >98.5 VWR
a-Methylbenzylamine MBA 98 Merck Life
1-Methyl-3-phenylpropylamine MPPA 98 Sigma Aldrich
Isopropyl amine IPA >99.5 Sigma Aldrich

2.2 Preparation of organic solvent mixtures

The extractant preparation is notably simple as the process involves direct mixing of the HBA and the
HBD in a specific molar ratio. The molar ratio was chosen based on literature, where an HBA/HBD
molar ratio of 1:2 is commonly used [53,54]. If this ratio did not yield a liquid mixture, then a 1:1 molar
ratio was used. Both the HBA and HBD were weighed and added to a bottle, after which the mixture
was added to a water bath and heated to 80 °C under continuous stirring. The mixture was allowed to
remain on the hotplate, until it became homogeneous and transparent, for a maximum duration of five

hours [36,55,56]. All the liquid mixtures prepared in this work are given in Table 2.



Table 2. Overview of the prepared organic mixtures with their HBA and HBD.

HBA HBD Molar ratio
Lid C8 acid 1:2
Lid C9 acid 1:2
Lid Cl0acid 1:2
Men C8 acid 1:2
Men C9 acid 1:2
Men Cl0acid 1:2
TOPO C8 acid 1:2
TOPO C9 acid 1:2
TOPO Cl0acid 1:2
TOPO Cl2 acid 1:1
TOPO Ole acid 1:2
TOPO Thy 1:2

2.3 Experimental analysis of critical solvent parameters

The density and viscosity of the considered mixtures were measured at 25 °C with a Lovis 2000 ME
rolling-ball type viscometer (Anton Paar). This was accomplished using three capillaries of distinct sizes,
namely 1.59, 1.8, and 2.5 mm in diameter. A maximum coefficient of variation of 1% and an angle of
70° were used during the whole procedure. The apparatus was cleaned with acetone and water

between each measurement.

To analyse the hydrogen bonding interactions and their impact on the mixture properties, FTIR analysis
using a Nicolet iN10 Infrared Microscope was conducted on both the mixtures and their constituents.
First, the equipment was cooled down using liquid nitrogen. For liquid samples, a droplet of the
compound or mixture was placed on a rectangular crystal plate, which was spread uniformly on the
plate until a thin layer was obtained. This plate was then positioned horizontally above the light beam
of the device. The camera was adjusted to obtain a clear image of both the sample and the background.
For solid samples, a small amount of the compound was first ground with potassium bromide using a
mortar and pestle. After grinding, the powder was compacted into a small pellet using a circular mould,
by applying 10 bar of pressure, to ensure that light can pass through effectively. The pellet was then

added to the sample plate. The software Omnic-Picta was used for data analysis.
2.4 Membrane impregnation

To perform the membrane impregnation, the membrane and filter paper were cut into circles with a
diameter of approximately 46 mm. The membrane was weighed using an analytical scale. Next, the

filter paper was positioned on the Blchner filter, and the membrane was placed on top of the filter. After



ensuring the membrane covered the entire surface, the vacuum pump was turned on. Then, 1 to 2 mL
of the considered mixture was pipetted on the membrane and spread with a spatula until the membrane
surface was covered completely. To ensure a complete impregnation, the vacuum pump was left
running for 45 minutes. After the designated time, the vacuum pump was turned off, the excess of the
mixture was wiped off with a paper towel and the membrane was weighed again using an analytical
scale. To assess the membrane affinity for the mixture, the impregnation efficiency was defined as the
liquid mixture uptake in the membrane pores divided by the membrane surface area [57]:

Mwet—Mdry (1)

Impregnation efficiency (%) = a

in which mg,, (9) is the weight of the dry membrane before impregnation, m,,¢ (g) the weight of the
membrane after impregnation, and 4 (m?) the membrane surface area. To assess the membrane
stability, the weight of the membrane was recorded before and after the extraction test to determine the

solvent loss. The solvent residual after the test was calculated as follows [57]:

Solvent residual (%) = —fter"™dry . 1 90y, 2)
Mwet—Mdry

in which mger (Q) is the weight of the membrane after the experiment.
2.5 Membrane extraction experiments

For the extraction tests, a feed and a strip buffer solution were prepared at a pH of 10 and 3,
respectively. For the feed solution, 500 mL of Milli-Q water was added to a beaker. Then, 3.79 g of
Na2COs and 5.38 g of NaHCOs were weighed and added to the beaker. The solution was mixed until
the compounds were fully dissolved. Then, 250 mg of each amine, namely, a-methylbenzylamine
(MBA), 1-methyl-3-phenylpropylamine (MPPA) and isopropyl amine (IPA), were added to the solution.
Similarly, for the strip solution, 500 mL of Milli-Q water was added to a beaker, after which 10.49 g of
NaH2PO4 was weighed and added. The solution was mixed until complete dissolution was obtained.
Next, 862 uL of an 85% (w/w) solution of HsPO4 was added [58].

The setup for the membrane extraction is shown in Fig. 2. Two gear pumps were used to circulate the
feed and strip solution counter-currently at a flow rate of 10 L/h. A membrane contactor with a spiral
pattern was used to maximise the surface contact between the two phases. The pressures at the in-
and outlets of the membrane contactor were recorded, as well as the flow rates and temperatures of
the feed and strip solution. Samples of the feed and strip solution were collected at the start of the
experiment and after 1, 3, 6 and 24 hours. The concentration of MBA and MPPA was analysed using
HPLC-UVVIS (Shimadzu Prominence-I LC-2030C 3D) with acetonitrile and 0.1 v% HsPOs as the mobile
phases, while the IPA concentration was determined using headspace GC-FID (Autosystem XL,

PerkinElmer) with helium as the mobile phase. An Rtx-5 Amine (30 m, 0.25 mm, 0.50 um) was used as



the column. Additionally, 200 uL of a 25% NaOH solution was added to the feed and strip sample to

achieve a sufficiently high pH in the solution, as IPA can only volatilise at an elevated pH [57,58].
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Fig. 2. Schematic diagram of the used membrane extraction setup, adapted from Van Eygen et al. [58].

The fluxes of solute i (MBA, MPPA, or IPA) for the ME experiments were determined as follows:

in which C¢(t) is the feed concentration of the solute (g/L) at time t (h), V the feed volume (L), and A
the effective membrane surface area (m?). The membrane surface area was equal to 0.000561 m2. The
feed volume is assumed to be constant at 250 mL over 24 hours, as the loss due to sampling is
considered negligible. The times ¢t; and t, are time points in between which the flux has stabilised (see
Fig. S2). The overall process selectivity S;; of solute i over solute j was determined by calculating the

flux ratio of those compounds:
_Ji
Sii (/) = . (4)
J

in which J; is the flux of solute i (g/(mzh)). The recovery of solute i could be defined as:

Cr(t1)—Cr(t2)

Ri(%) = Cr(t1)

()

2.6 COSMO-RS simulations

The quantum calculations were performed using the density functional theory (DFT) with a resolution
identity (RI) approximation in the TmoleX v. 4.5 software package. Furthermore, to check if an electronic
energy minimum was achieved, vibrational frequency calculations were performed. To obtain the

optimised geometries of the HBAs and HBDs, a triple zeta valence polarised basis set (def-TZVP), the



Becke-Perdew (BP-86) functional level of theory, and the COSMO-solvation model were used. These
optimised geometries were stored as COSMO files. The presence of an optimised energy state was
then confirmed using the vibrational frequency calculations. Finally, the thermodynamic properties of
the considered mixtures were predicted using the generated COSMO files as an input in
COSMOthermX. Within COSMO-RS, the mixtures are represented according to the molar composition
of their constituents [59—-61]. For a more in-depth description of the COSMO-RS model, Section SD-3

in the Supplementary Material can be consulted.
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3. Results and Discussion

3.1 COSMO-RS screening

COSMO-RS was used for a primary screening of various organic solvent mixtures according to their
selectivity towards the target amines MBA and MPPA over the donor amine IPA. The selectivity is
directly affected by the activity coefficient at infinite dilution of the solutes, a key factor that determines
their preferential interaction with a specific phase, either the aqueous or organic phase. The selectivity
can be defined as the ratio of the partition coefficients of the target amine (either MBA or MPPA) over
the donor amine IPA [48,58].

(6)

in which y represents the activity coefficient at infinite dilution. The subscripts A and B denote the target
amines and the donor amine, respectively, and the superscripts I and II represent the aqueous and

organic phase, respectively [58].

For the COSMO-RS simulations, thirteen organic acids, four terpenes, six alcohols, two parabens, four
phenols, choline chloride (ChCl), and TOPO were selected as the mixture constituents. The considered
compounds and their abbreviations are given in Table S1. The separation into HBAs and HBDs is based
on the capacity of a specific compound to function primarily as a donor or an acceptor in hydrogen bond
interactions. The hydrogen bond donor and acceptor moments were calculated for each compound
using COSMO-RS. The results can be seen in Fig. 3a. Camphor, TOPO, and choline chloride all have
a very low HBD moment, indicating their HBA character. Menthol and lidocaine and all the considered
alcohols are better suited as HBAs, as their HBD/HBA < 1. On the other hand, thymol and all the acids,
phenols, and parabens are better HBDs, as their HBD/HBA > 1. Next to their HBA and HBD moments,
the dipole moment, which is a measure for the polarity of the molecule, was calculated using COSMO-
RS. From Fig. 3b, all the acids and terpenes show a similar polarity. Only choline chloride shows a
much larger dipole moment due to its charged character.
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Fig. 3. Simulated results of (a) the ratio of the HBA and HBD moment of various compounds, and (b) the dipole
moment of various compounds, obtained by COSMO-RS. The abbreviations of the compounds are given in

Section SD-4 in the Supplementary Material.

The simulated MBA/IPA and MPPA/IPA selectivities are given in Fig. 4 for various organic mixtures. All
the simulated mixtures display a preferential selectivity towards the target amines MBA and MPPA,
compared to the donor amine IPA. This can be attributed to the significantly lower activity coefficient of
IPA in the aqueous phase (y;ps = 4.9), whereas MBA and MPPA show a much lower affinity for this
phase (yyga = 76.2 and yyppa = 240.1). Moreover, all mixtures demonstrate a higher MPPA/IPA
selectivity than MBA/IPA selectivity. The HBA choice impacts the overall selectivity more than the HBD.
For MBA, the choice is less critical as the selectivity ranges between 2 and 7. However, for MPPA,
three HBAs — camphor, lidocaine, and TOPO — demonstrate a significantly higher selectivity. Alcohols
show a lower selectivity, which decreases with a longer alkyl side chain length. These compounds have
a very high HBA moment (see Fig. 3a), indicating that strong hydrogen bonds can be formed. The
choline-chloride based mixtures do not exhibit a high MPPA/IPA selectivity, likely due to their hydrophilic

nature, which is indicated by their higher polarity than water, as noted by Cicci et al. [62].

Based on the simulations, the choice of the HBD is less crucial. From Fig. 4, both the phenols and
parabens show very similar selectivity values when used as HBDs. However, these compounds were
omitted from the selection due to their inherent toxicity [63,64]. Carboxylic acids and thymol seem to
provide satisfactory selectivity values as the HBD. For the alcohols, similar to the acids, an increase in
the alkyl side chain length leads to a decrease in the selectivity. More complex alcohols with shorter
alkyl chains, such as tetraethylene glycol and hexylene glycol, show enhanced selectivity. The presence
of shorter alkyl chains, which enable the formation of dominating hydrogen bond interactions, leads to
a better selectivity. For phenyl alcohol derivatives (PhAs), it was also found that with an increasing chain
length, the contribution of dispersive forces compared to hydrogen bonds becomes more significant to
the association degree. Hence, PhAs associate better if they contain longer alkyl chains [65]. The
increase in the alkyl chain leads to better association between the HBA and HBD, making it more difficult

for the bulkier compounds MBA and MPPA to interact with the mixture, as opposed to the smaller IPA
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molecule, explaining their reduced selectivity. This contrasts with [N(Tf)2]-based ionic liquids (ILs),
where an increase in the cation alkyl chain length leads to a higher selectivity due to enhanced
hydrophobicity [58,66]. It should be noted that this effect cannot be generalised to all ionic liquids, as

the effect of the cation alkyl chain length on the ionic liquid selectivity is dependent on the used anion
type [67].

Alcohols Terpenes Alcohals Terpenes
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Fig. 4. The organic mixture selectivity for (left) MBA/IPA, and (right) MPPA/IPA for various equimolar mixtures at
25 °C, obtained by COSMO-RS simulations. The abbreviations are given in Section SD-4 in the Supplementary
Material.

Based on Fig. 4, twelve organic mixtures were selected to experimentally evaluate the effect of the
mixture composition on the final extraction performance. Five organic acids (i.e., octanoic, nonanoic,
decanoic, dodecanoic acid, and oleic acid) and the terpene thymol were selected as the HBDs, while
lidocaine, menthol, and TOPO were selected as the HBASs, as listed in Table 2. Choline chloride was
removed from the HBA candidates, as ChCl-based mixtures exhibit an impaired MPPA/IPA selectivity,
as can be seen in Fig. 4. Furthermore, lidocaine, menthol, and TOPO have already been used

successfully for the preparation of hydrophobic mixtures for extraction applications [49,54].

In a mixture, the affinity of a compound towards the other compounds can be analysed by their o-profile
and -potential. The o-profile provides a histogram of the charge density distribution over the surface of
the molecule, whilst the o-potential gives a measure of the affinity of a compound in a mixture towards
the others. If the screening charge density o is in the range [-0.0085; 0.0085] eA2, then the molecular
surface is too non-polar to participate in hydrogen bonding interactions. For ¢ < -0.0085 eA?2, the
molecular surface may interact as a hydrogen bond donor, and for o > 0.0085 eA, as a hydrogen bond
acceptor [47]. The g-profiles of the considered solutes are given in Section SD-5 in the Supplementary
Material. The o-profiles of MBA, MPPA, and IPA are all mostly located in the non-polar region, but the
peaks of MBA and MPPA are larger, indicating that they are more non-polar than IPA. Additionally, all
three amines have a small peak at o < -0.0085 eA2, indicating their ability to act as a HBD. Therefore,
solvents that are predominantly non-polar and that can act as a HBA should show a higher selectivity

towards the target amines MBA and MPPA. The o-profiles of the considered mixture compounds are
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given in Section SD-6 in the Supplementary Material. All the acids (namely, octanoic, nonanoic,
decanoic, dodecanoic, and oleic acid) have their main peaks in the non-polar region, next to a small
peak in the HBA region, while thymol is primarily non-polar. Among the HBAs, TOPO exhibits the largest
peak in the non-polar region, making it a suitable candidate for extracting the target amines. In contrast,
both lidocaine and menthol display lower peaks, although they are also primarily in the non-polar region.

3.2 Extractant characterisation
3.2.1 Density characterisation

The density values of the prepared mixtures are given in Fig. 5a and b for various hydrogen bond donors
and acceptors, respectively. All the considered mixtures exhibit densities lower than 1 g/mL and
specifically in the range between 0.88 and 0.97 g/mL. Hydrophobic DESs prepared with neutral
compounds generally have densities lower than water, which aids in the segregation of the aqueous
and organic phase in extractive applications [68]. This contrasts with most hydrophilic DESs, which
generally have a density higher than water (around 1.15 g/mL) [54].

The mixture density is strongly correlated with the individual density of the mixture constituents. For
example, the lidocaine-based mixtures have a much higher density, as lidocaine itself has a higher
density of 0.979 g/mL compared to the other compounds (see Table S2 in the Supplementary Material).
Moreover, the density decreases for an increase in the alkyl chain length of the carboxylic acids (see
Fig. 5b) for all tested HBAs. This was also observed by Nunes et al. [69] for menthol-based DESs. Data
from this work align with the literature (see Table S3 in the Supplementary Material).

a OHBA = TOPO b HBD = mC8 acid @mC9 acid @mC10 acid
0.950 1.000
0.975 - 1
=0.925 | | = a1
- . .
£ £ 0.950
o (2]
E\O.QOO . i 30.925 1
‘©» B .
s $ 0.900 - .
0 0.875 - o
0.875 - H
0.850 0.850
e z = z i) 2 o S =
g8 8 8& & 8§ F S = -
foe] )] o o o) [
o O 5 5 o
Hydrogen bond donor Hydrogen bond acceptor

Fig. 5. Experimental densities of organic mixtures: (a) different HBDs combined with TOPO as the HBA, (b)
different HBAs combined with carboxylic acids as the HBD. All mixtures were prepared using a 1:2 molar ratio of
HBA to HBD. Abbreviations are listed in Table 1.
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3.2.2 Viscosity characterisation

The viscosity values of the prepared mixtures are given in Fig. 6a and b for various hydrogen bond
donors and acceptors, respectively. The viscosities of all mixtures, except for the lidocaine-based
mixtures, are lower than 100 cP. This contrasts with hydrophilic DESs, which generally have a relatively
high viscosity limiting mass transfer. Similar to the density values, the use of neutral compounds leads
to solutions of lower viscosity [68]. Generally, longer alkyl chains imply a greater potential for Van der
Waals interactions, leading to a higher viscosity [70,71]. For example, the TOPO-based mixtures with
octanoic, nonanoic, and decanoic acid show a similar viscosity around 31 cP, while the mixture with
dodecanoic acid has a larger viscosity of 45 cP. The use of lidocaine as the HBA leads to a significantly
higher viscosity, compared to TOPO and menthol.

As previously mentioned, highly viscous mixtures are desired, which leads to a higher SLM stability
[58,72]. Although, it should be noted that too viscous mixtures can be problematic for industrial process
application, as it requires more time for compounds to diffuse through the membrane, leading to
increased costs. Hence, the ideal viscosity for mixtures used in industrial processes is below 100 cP
[73]. Data from this work align with the literature (see Table S3 in the Supplementary Material), although
larger viscosity variations can be observed, potentially due to differences in water content, as no drying
stage was used prior to analysis in this work.
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Fig. 6. Experimental viscosities of organic mixtures: (a) different HBDs combined with TOPO as the HBA; (b)
different HBAs combined with carboxylic acids as the HBD. All mixtures were prepared using a 1:2 molar ratio of
HBA to HBD. Abbreviations are listed in Table 1.

3.2.3 Hydrophobicity and intermolecular interactions

The presence of hydrogen bonds formed between the two constituents of a mixture can be discerned
in an FTIR spectrum through shifts in the position of their transmittance peaks, indicating transitions
between spectra. This technique has already been used in various studies in the literature for the

analysis of hydrogen bonds in polymer blends [74,75], gels [76], and alcohol-ester mixtures [77].
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According to Cao et al. [54], the strength of hydrogen bonds in photo-excited fluorescent dyes can be
inferred from red- and blue-shifts. A redshift occurs when an X-H bond (with X being more
electronegative) elongates, allowing it to interact with Y (an element with available electron pairs). This
causes a shift of IR absorption peaks to lower wavelengths, indicating stronger hydrogen bonding. In
contrast, a blueshift reflects weaker hydrogen bonds, shortening the X-H bond and shifting absorption

peaks to higher wavelengths [78,79].

The FTIR spectra of the different TOPO-based mixtures are given in Fig. S6 and for the lidocaine- and
menthol-based mixtures in Fig. S7. Theoretically, the P=0O bond of TOPO functions as the sole HBA
site, which can interact with the hydroxide group of carboxylic acids or of thymol. The FTIR spectra of
the carboxylic acids show broad peaks around 2400-3200 cm™* (see Fig. S6a-d), which can be attributed
to O-H stretching of a carboxylic acid. Additionally, both TOPO and the carboxylic acids show a broad
peak around 3400-3600 cm™ (see Fig. S6a-d), possibly due to water absorption [79]. Interestingly, the
FTIR spectrum of the TOPO-based mixtures lack these broad peaks, indicating the formation of
stronger hydrogen bonds between TOPO and the carboxylic acid and a lower water absorption. On the
other hand, for the lidocaine- and menthol-based mixtures, the broad peaks at 2400-3200 cm™ are still
present (see Fig. S7), except for lidocaine-octanoic acid. Notably, for TOPO-thymol, a clear redshift can
be observed for the O-H stretching peak from 3450 to 3200 cm?, indicating strong hydrogen bonding

interactions.

COSMO-RS simulations can calculate the interaction energies for the considered mixtures. Various
studies have already shown that generally COSMO-RS can predict well the excess enthalpies of various
solvent types, including ionic liquids and DESs [80,81]. This excess enthalpy of mixing or interaction
(Hint), calculated as a temperature derivative of the Gibbs free energy, enables a more detailed analysis
of the contributions from different interaction types, which are represented through COSMO-RS as
follows [80,82]:

Hine = Hyr + Hug + Hypw (10)

In which Hy is the enthalpic penalty accounting for steric hindrance and charge misalignment, and Hyg
and Hypy are the contributions from hydrogen bonding and van der Waals interactions [80]. Fig. 7a and
b present the total mean interaction energy of the HBA and HBD for different hydrogen bond donors
and acceptors, respectively. Fig. 7a reveals that the hydrogen bond acceptor TOPO exhibits a higher
interaction energy than the HBDs. Additionally, it shows that as the alkyl chain length of the carboxylic
acid increases from eight to twelve carbon atoms, the interaction energy from the acid increases. Fig.
7b demonstrates that TOPO has a significantly higher interaction energy compared to the other HBAs
menthol and lidocaine, which is in line with the FTIR analysis. Again, an increase in the interaction
energy of the acid is visible with a longer chain length. The contributions of the total interaction energy
are provided in Section SD-8 of the Supplementary Material. It is evident that the van der Waals

interactions (due to dispersion) are the primary contributors to the total mean interaction energy. Both
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the contributions due to hydrogen bonding and van der Waals interactions increase with a longer alkyl

side chain of the carboxylic acid.

a 0 EHBA = TOPO b HBD = OC8 acid @mC9 acid mC10 acid
3 =
g -25 1 o -25 A
s &
EA-SO- éA-SO- ||
85 75 1 85 -75 -
gE g E
£ 32-100 A £ 2-100
::“ =~ %
- 4 (] - .
GEJ 125 7 7 i 7 ZN- 125 L
& 150 2 -150
= g o b o > = o 5 ©
o o o (5] I'E o i £
@ V] © (3] (@) 'E' ©
8 8 g ¢ a 2 2
O O = =
Hydrogen bond donor Hydrogen bond acceptor

Fig. 7. COSMO-RS analysis of the total interaction energies of the HBD (represented by full bars) and HBA
(represented by dashed bars) in organic mixtures: (a) different HBDs combined with TOPO as the HBA,; (b)
different HBAs combined with carboxylic acids as the HBD. All mixtures were prepared using a 1:2 molar ratio of
HBA to HBD. Abbreviations are listed in Table 1.

3.3 SLM stability and extraction performance

3.3.1 Impregnation efficiency and SLM stability

A summary of the impregnation results and stability data after the tests can be found in Fig. 8a and b
for the TOPO- and lidocaine-based mixtures, respectively. All the TOPO-based mixtures demonstrate
a similar impregnation efficiency of around 40 to 50 g/m?, as shown in Fig. 8a. This indicates that the
PTFE membrane has a comparable affinity for all mixtures. For the lidocaine-based mixtures, a similar
affinity was observed, except for lidocaine-octanoic acid, which showed an impregnation efficiency of
approximately 150 g/mz2. This high value is likely an experimental artefact caused by layering of the
liquid mixture on top of the membrane surface rather than filling of the pores. More importantly, all
impregnated membranes experienced solvent loss after 24 hours. Notably, the lidocaine-based
mixtures are less stable than the TOPO-based mixtures, with lidocaine-nonanoic acid retaining only
20% of the solvent. In contrast, the TOPO-based mixtures demonstrated improved stability up to 78.5%
for TOPO-thymol. However, some variability in stability values was observed, indicating a non-negligible
effect of the operating conditions on the overall membrane stability. The higher stability of TOPO-thymol
could be attributed to its significantly higher viscosity (77.9 cP) compared to other TOPO-based

mixtures, which range between 31.7 and 51.7 cP.
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Fig. 8. Experimental results showing the impregnation efficiency of the PTFE membrane and solvent residuals
following a ME test of 24 hours for organic mixtures containing various HBDs combined with (a) TOPO or (b)
lidocaine as the HBA. All mixtures were prepared using a 1:2 molar ratio of HBA to HBD. Abbreviations are listed
in Table 1.

Although the lidocaine-based mixtures have a significantly higher viscosity than the TOPO-based
mixtures (see Fig. 6b), their SLM stability is compromised. Mjalli et al. [83] reported that when water is
added to a DES phase, the water molecules can penetrate this phase and disrupt the strong hydrogen
bonding interactions among the DES constituents. Additionally, Pandey et al. [84] found that the
introduction of water enhances interspecies hydrogen bonding between the added water and the DES
constituents. Florindo et al. [85] also stated that hydrogen bonds within DESs can be partially broken
when brought into contact with water, after which the individual DES constituents can penetrate the
agueous phase according to their individual water solubility. The water solubility of the individual mixture
constituents used in this work is detailed in Table S2.

Therefore, it is hypothesised that SLM stability depends on the interplay between the water miscibility
of the liquid mixture and the strength of the intermolecular hydrogen bonding interactions among its
constituents. For example, lidocaine-decanoic acid (2:1) has a water content of 20.6% after mixing with
water, indicating that water can easily infiltrate this mixture [86]. Furthermore, the considered lidocaine-
based DESs have a lower hydrogen bonding interaction energy compared to the TOPO-based DESs
(see Fig. S8d), making them more susceptible to disruption by penetrating water molecules.
Additionally, as shown in Fig. S6a-d, the FT-IR spectra of the TOPO-based mixtures lack the broad
peaks around 3400-3600 cm™, while such peaks are still present in both lidocaine- and menthol-based

mixtures (see Fig. S7), suggesting the formation of stronger hydrogen bonds in TOPO-based mixtures.

In summary, a high viscosity and low water miscibility of the final liquid mixture, along with a low water
solubility of its individual components and strong hydrogen bonding between them, contribute to the

formation of hydrophobic and stable organic mixtures. Among the tested systems, only the TOPO-
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thymol mixture demonstrated sufficient stability for amine extraction, with no volume exchange between

the feed and strip buffer, and no changes in the pH of the buffers.
3.3.2 Extraction efficiency

The membrane extraction performance is given as a transmembrane flux of the considered solutes,
namely MBA, MPPA, and IPA. The definition of this flux is given in Section 2.5 and the obtained fluxes
and recoveries are given in Fig. 9. It can be observed that TOPO-thymol presents fluxes and recoveries
which are much higher compared to the ionic liquid [Pe6.6.14][N(Tf)2] for both MBA and MPPA. It should
be mentioned that the mass balances for MBA and MPPA correspond almost perfectly, while no
increase in the IPA concentration can be found in the strip solution. This can be due to multiple factors,
such as a preference of IPA to remain in the membrane phase or volatilisation of IPA from the feed
solution. As can be seen in Fig. 9a, MPPA shows a higher flux and recovery compared to MBA and IPA
which can be linked to the COSMO-RS data, stating that all mixtures show a higher affinity towards
MPPA, compared to MBA and IPA.
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Fig. 9. Experimental results of (a) the solute fluxes, and (b) the recovery of the considered amines, through the
supported liquid membrane wetted with TOPO-thymol compared to the benchmark solvents undecane and
[Ps.6,6,14][N(Tf)2]. The data of the benchmark solvents were obtained from Van Eygen et al. [58].

In addition to the overall flux, the selectivity is an important process parameter. The selectivity can be
defined as the ratio of the MBA or MPPA flux to the IPA flux. As can be seen in Fig. 10, the MPPA/IPA
values are higher compared to the MBA/IPA for every extractant, implying a higher selectivity for MPPA.
The overall selectivity of the target amines over the donor amine remains high, due to IPA having a low
activity coefficient in the aqueous phase compared to the activity coefficient of the targeted amines,
which indicates a preference for MBA and MPPA to transfer to the organic phase [58]. The mixture
TOPO-thymol gives the highest selectivity for the target amines, with an MPPA/IPA selectivity twice as
high as undecane. The high selectivity of TOPO-thymol, linked with its high solvent residual, indicates
that this mixture is the best suited for the extraction process. Additionally, the reusability of TOPO-based

DESs has already been investigated in various studies [87,88].
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Fig. 10. Experimental results of the selectivity of the target amines MBA and MPPA over IPA through the
supported liquid membrane wetted with TOPO-thymol compared to the benchmark solvents undecane and

[Pes.6.6,14][N(Tf)2]. The data of the benchmark solvents were obtained from Van Eygen et al. [58].

A comparison with previous studies is given in Table 3. Variations in fluxes can occur due to differing
conditions, such as using a different extractant phase or feed concentration. However, the current study
shows a significant improvement of the fluxes, compared to the literature data.

Table 3. Comparison of flux and feed concentration data for supported liquid membrane extraction of amines.

CMBA/ ]MBA/ CMPPA/ ]MPPA/ CIPA/ ]IPA/ Ref
(9/L) (9/(m?/h)) (9/L) (9/(m?/h)) (9/L) (9/(m?/h))

0.50 2.73 0.50 4.93 0.50 1.24 [57]
0.12 0.06 - - - - [89]
2.42 0.67 2.98 0.64 59.11 0.08 [90]
0.50 9.04 0.50 16.55 0.50 0.74  This study
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4. Conclusions

In this study, various liquid mixtures were investigated as selective extractants for SLM extraction of
aromatic amines. Initial screening of over 200 organic mixtures was performed using COSMO-RS
simulations, which revealed that the molecular structure of the mixture constituents plays a significant
role in the overall mixture selectivity. TOPO emerged as the most effective HBA, demonstrating the
highest HBA moment and a negligible HBD moment, which indicates its ability to form robust hydrogen

bonds — crucial for optimal process performance.

Based on the COSMO-RS results, twelve mixtures were selected and tested for their density, viscosity,
hydrogen bonding interactions, and overall SLM stability. Of these, the TOPO-thymol mixture
demonstrated the best stability (with a solvent residual of 78.5%), largely due to its higher viscosity
(77.9 cP). In contrast, the lidocaine-based mixtures, despite having a higher viscosity (> 200 cP),
exhibited lower stability (< 20%), likely due to greater water solubility and weaker hydrogen bonding.
Additionally, the TOPO-based mixtures with long-chained saturated carboxylic acids did not achieve
the same stability as TOPO-thymol, due to their lower viscosity (< 50 cP). The TOPO-thymol mixture
also delivered high solute fluxes, with values of 9.0+3.0, 16.5+5.4, and 0.7+0.3 g/(mz2h) for MBA, MPPA,
and IPA, respectively. These fluxes significantly outperformed the ionic liquid benchmark, which
recorded fluxes of 2.7+0.0, 4.9+£0.1, and 1.7+0.4 g/(m2h) for the same compounds. Additionally, the
TOPO-thymol mixture showed enhanced selectivity values of 12.4+0.8 and 22.8+1.4 for MBA/IPA and
MPPA/IPA, respectively, compared to the organic benchmark undecane, which had selectivity values
of 6.9+0.8 and 10.1+1.3. While the COSMO-RS model, based on infinite dilution activity coefficients
and assuming mutual phase immiscibility, proved effective for initial screening, the discrepancies
between experimental and simulated selectivity values indicate that further analysis is needed for more

accurate predictions.

In conclusion, the TOPO-thymol mixture exhibits strong potential as a solvent for SLM extraction of
aromatic amines. Critical factors for effective liquid mixtures used include strong HBA or HBD moments
to support robust hydrogen bond formation, as well as high viscosity and hydrophobicity. This research
contributes to the improvement of current ISPR processes by improving efficiency, reducing
environmental impact, and lowering costs in the production of valuable chiral amine compounds. Future
studies should investigate the long-term stability and reusability of TOPO-based mixtures under
practical conditions and focus on improving their stability. Additionally, since variations in operating
conditions were found to affect the overall SLM stability, further investigation is needed. Key parameters
to explore include flow rates, temperature, feed concentration, and pH. Last, assessing the scalability
of this technology and its integration into existing industrial systems will be crucial for its practical

implementation.
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Highlights:

e  TOPO-thymol mixture shows superior selectivity for aromatic amine extraction.

e COSMO-RS simulations screened over 200 mixtures for SLM extraction effectiveness.
e TOPOQ's strong HBA moment is crucial for robust hydrogen bond formation.

e High viscosity and hydrophobicity are key for stable and effective SLM extraction.

e TOPO-thymol's success suggests potential for efficient industrial ISPR.
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