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ORIGINAL ARTICLE

Polymeric pseudo-liquid membranes from
poly(dodecyl methacrylate): KCI transport
and optical resolution

Yuya Murai and Masakazu Yoshikawa

A polymeric pseudo-liquid membrane (PPLM) was constructed from poly(dodecyl methacrylate) (PC12MA), which exhibited a
rubbery state under membrane transport conditions and was used as the membrane matrix, and from dibenzo-18-crown-6
(DB18C6) or O-allyl-N-(9-anthracenylmethyl)cinchonidinium bromide (AAMC), which was used as a model transporter.
Membrane performance was studied using KCI or a racemic mixture of phenylglycine (Phegly) as a model substrate. The PPLM
with DB18C6 transported KCI. The membrane transport ability depended on the DB18C6 concentration, implying that DB18C6
worked as a transporter within the PC12MA membrane matrix. L.-Phegly was preferentially transported over p-Phegly through the

membrane with AAMC from the racemic mixture of Phegly, and the permselectivity was determined to be 1.55. The present
results suggest that PPLMs are applicable not only in metal ion transport but also in optical resolution.
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INTRODUCTION

Membrane separation is considered to be an environmentally benign
separation technology compared with other separation methods.'
Membranes with high permselectivity toward target molecules can
be attained by introducing molecular recognition compounds or
functional moieties that exhibit molecular recognition toward the
target molecule into the membranes. These membranes are divided
into two types of membrane system, liquid membranes or solid
(polymeric) membranes. The former directly and effectively reflect
the affinity of the molecular recognition material (transporter or
carrier) that is found in the liquid membrane. Additionally, a liquid
membrane is easily constructed by dissolving the transporter in a
solvent. However, the drawback of a liquid membrane is its lack of
long-term stability; the membrane solution may evaporate or the
transporter and/or transporter/target molecule complex may ‘wash-
out’ during operation.* If these drawbacks can be overcome, a liquid
membrane would be a promising membrane system for the separation
of a target molecule from a mixture that contains compounds with
similar or the same molecular dimensions and compounds that exhibit
similar or the same chemical and/or physical properties.

Various studies have obtained durable liquid membranes, including
(1) polymer liquid crystal composite membranes,'®!! (2) polymer
inclusion membranes,'>'° (3) organogel membranes,’>?! (4) the
stabilization of a top layer of supported liquid membranes via
interfacial polymerization,”>>* (5) room temperature ionic

liquids,>>*® and (6) polymeric pseudo-liquid membranes

(PPLMs).231 A PPLM is defined as a liquid membrane that
consists of polymeric materials in a rubbery state and a transporter
for a given target molecule. Polymeric materials in a rubbery state
have an important role as a membrane component that dissolves a
transporter and as a barrier that separates two phases, such as a source
phase and a receiving phase. Because of this setup, a PPLM is different
from a supported polymeric liquid membrane,>* which is a
microporous hydrophobic membrane, in which the pore is loaded
with a polymeric (origomeric) liquid that exhibits an affinity toward
the organic compounds of interest. The authors’ research group
demonstrated that liquid-state polymeric membranes work as a
matrix for a liquid membrane.?*3! The transport mechanism was
shown to be a carrier-diffusion mechanism by using poly(2-ethylhexyl
acrylate) (P2EHA), which has a glass transition temperature of
~—60°C, as the membrane matrix.3!

Determining more suitable membrane materials for PPLMs is both
interesting and indispensible. To this end, poly(dodecyl methacrylate)
(PC12MA), which has a glass transition temperature of ~—65°C,
close to that of P2EHA,?>37 was used as a candidate material for a
PPLM. The transport of KCl through a PPLM made from PC12MA
and dibenzo-18-crown-6 (DB18C6) and the chiral separation of a
racemic mixture of phenylglycine (Phegly) through a PC12MA and
O-allyl-N-(9-anthracenylmethyl)cinchonidinium bromide (AAMC)
membrane were investigated.
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EXPERIMENTAL PROCEDURE

Materials

Dodecyl methacrylate (C12MA) was purified using vacuum distillation.*8
Benzyl 2-bromo-2-methylpropionate was prepared from 2-bromo-2-
methylpropionyl bromide and benzyl alcohol.* Toluene, ethyl acetate and
chloroform (CHCIl;) were purified using conventional methods.*’ CuBr,
N,N,N',N',N"-pentamethyl diethylenetriamine, ethanol, hexane, DB18C6,
KCl, AAMC, p-Phegly and 1-Phegly were obtained from commercial sources,
and were used as received. Tetrahydrofuran, HPLC grade, were purchased and
were used without further purification. Water that was purified by an ultrapure
water system (Simpli Lab, Millipores S. A., Molsheim, France) was used.

Preparation of PC12MA

The polymerization scheme is shown in Figure 1. The atom transfer radical
polymerization of C1I2MA was conducted as follows: 10.00g (3.93 x 10 ~2mol)
of CI2MA, 11.0 cm? of ethyl acetate and 255.6 mg (1.47 x 10 3 mol) of a ligand
(N,N,N',N',N"-pentamethyl diethylenetriamine) were mixed together in a two-
neck flask. The solution was purged under a nitrogen flow for at least 60 min;
then, 211.4 mg (1.47 x 10 > mol) of CuBr was added. The solution was stirred
for 60 h and heated to a reaction temperature of 70 °C in an oil bath, after which
126.3 mg (4.91 x 10 ~*mol) of the initiator benzyl 2-bromo-2-methylpropionate
was added dropwise. The reaction was stopped by cooling the solution to
ambient temperature, adding an excess of ethyl acetate and stirring it under air.
The catalyst was removed via filtration over a neutral aluminum oxide. The
solvent was evaporated, and the PCI2MA was redissolved in 5cm? of CHCl;
and precipitated in ethanol/hexane (2/1, v/v ratio), which was maintained at
~ —70°C. The resulting precipitate was collected. The obtained polymer was
then dried in vacuo, and 4.083 g (40.8%) of PC12MA was obtained.

Characterization of PC12MA

Gel permeation chromatography was performed on a liquid chromatography
system (JASCO Co., Hachioji, Japan) that was composed of a PU-2089 HPLC
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Figure 1 PC12MA polymerization scheme.
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pump and an 860-CO column oven (operated at 35°C) and equipped with
JASCO 870-UV and Shodex RI-101 RI detectors (Showa Denko K.K., Tokyo,
Japan). Polystyrene standards (Tosoh Co., Tokyo, Japan) were used for
calibration, and tetrahydrofuran was used as an eluent at a flow rate of
1.0 cm® min —L.

Differential scanning calorimetry measurements were performed on a
Shimadzu DSC-60 (Shimadzu Co., Kyoto, Japan). The heating rate was fixed
at 10°Cmin~!, and the sample was purged with nitrogen at a flow rate of

50 cm® min L.

Preparation of PPLMs

The PPLMs for KCl transport were prepared as follows: approximately
100.0mg of PC12MA and the prescribed amount of DB18C6, which was
~2.5, 5.0 or 7.5mg, were dissolved in 1.0cm® of CHCl;. The prepared
polymer solution was then poured into a flat laboratory dish (48 mm in
diameter), followed by the immersion of a polytetrafluoroethylene (PTFE)
membrane filter (Omnipore Membrane Filter, Millipore Corporation (Bill-
erica, MA, USA); diameter of 47 mm; pore radius of 0.10 pm; porosity of 0.80;
and thickness of 80 um) into the cast solution. The flat laboratory dish was
then evacuated in a desiccator to enable the cast solution to thoroughly
penetrate into the pores of the PTFE membrane filter. The solvent was allowed
to evaporate for 5h at 25°C and for an additional 24 h at 40 °C.

A control membrane was prepared as follows: 100.0 mg of PCI2MA was
dissolved in 1.0 cm® of CHCl;. The PPLM control membrane was constructed
from the solution as described above.

A PPLM for chiral separation was prepared as described above. Instead of
DB18C6, 2.5 mg of AAMC was used as the transporter for the chiral separation
of a racemic mixture of Phegly.

KCl transport

The transport of KCI through the membrane was studied using the apparatus
schematically shown in Figure 2. The PTFE filter membrane that was
impregnated with PC12MA was tightly secured with parafilm between the
two chambers of a permeation cell. The PTFE filter thickness, 80 jm, was used
as the membrane thickness for this study. In the present study, the membrane
area of the PTFE filter membrane was 3.0cm?, the effective membrane
area was 2.4cm?, and the volume of each chamber was 40.0cm®. A 1.0 x
10 *molcm 3 KCl aqueous solution was placed in the left-hand side
chamber, and deionized water was placed in the right-hand side chamber
(R-side). Transport experiments were conducted at 40°C (313K), 30°C
(303K), and 20°C (293K). The aqueous solutions in both chambers were
stirred by magnetic stirrers. The revolution rate of the magnetic stirrer was
maintained as constant as possible, although the rate could not be determined.
The KCl concentration in the permeate side (R-side) was determined by
conductometric analysis using a Portable Kohlrausch Bridge TYPE BF-62A
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Figure 2 Schematic representation of the KCI transport setup.
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(Shimadzu Rika Instruments Ltd., Kyoto, Japan) and a CO-1305 oscilloscope
(KENWOOD Co., Yokohama, Japan), which is schematically shown in
Figure 2.

Chiral separation of Phegly

An aqueous solution of racemic Phegly was placed in the left-hand side
chamber and an aqueous solution was placed in the right-hand side chamber.
The racemic Phegly concentration was fixed at 1.0 x 10 "*molcm =3, The
transport experiment was conducted as described above at a constant
temperature of 40°C. The pH condition of the source phase (left-hand
side chamber) was maintained at 11 using Na,HPO,/NaOH, and that of the
receiving phase was maintained at pH 3 using H3PO,/NaH,POs.

The amounts of p- and 1-Phegly that were transported through the
membrane were determined by liquid chromatography (JASCO PU-2080,
equipped with a ultraviolet detector (JASCO UV-2075)) using a CROWNPAK
CR(+) column (Daicel Co., Osaka, Japan) (150 x 4.0 mm (i.d.)) and aqueous
HCIO,4 (pH 1.0) as an eluent.

The permselectivity oy is defined as the flux ratio Ji/Jp divided by the
concentration ratio [L-Phegly]/[p-Phegly]:

ar/p = (J./Jp)/([L — Phegly]/[D — Phegly]) (1)

RESULTS AND DISCUSSION

Preparation of PC12MA

The number-average molecular weight of PCI2MA, M,, was
2.01 x 10% and its polydispersity index, M,,/M,, was 1.16.

Figure 3 shows the obtained differential scanning calorimetry
thermogram of PC12MA. The glass transition temperature (Ty) of
the polymer was determined to be —66.3 °C, which coincides with
the reported value.3>>7 The differential scanning calorimetry result
revealed that the PC12MA prepared in the present study exhibited a
rubbery state at the membrane transport operation temperature of
40 °C. It was expected that the membrane performance through the
PC12MA PPLM would be comparable with that through the previous
P2EHA membrane,’! which had a glass transition temperature of
~ —60°C.

Transport of KCl through the membranes

DBI18C6 was used as a model transporter and KCI was used as a target
substrate to compare the membrane performance of PCI12MA with
previous results.*>*! Figure 4 shows the time-transport curves of KCI
through the three types of PPLM that consist of PCI2MA and
DB18C6 and through the corresponding control membrane. The
straight line for each transport curve in Figure 4 was regarded as
the steady state for each transport experiment. KCl was slightly
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Figure 3 PC12MA differential scanning calorimetry thermogram.
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transported through the control membrane, that is, the simple
diffusion of KCl, the diffusion of free ions and uncomplexed ion
pairs through the membrane, was observed.

In the case of the transport of a uni-univalent salt, such as KCI, in
which the salt is transported through a given liquid membrane
simultaneously by simple diffusion and by facilitated transport, the
flux of the uni-univalent salt can be represented by the following
equation.*142

Jeobsd = (Deak/3)[K* ] + (DerakK[DB18C6] /3) [K | (2)

The fact that the transport of K+ through a PPLM is represented
by equation 2 was shown using the P2EHA/DBI18C6 system,’!
implying that membrane transport through a PPLM is attained by
a carrier-diffusion mechanism.*"#2

Figure 5 shows the flux dependence on the transporter concentra-
tion. The total flux of K* through the PPLM (Jc) exhibited a linear
relation to the transporter concentration [DB18C6]. The relation held
for the flux of the control membrane, which had a transporter
concentration of zero.

It is interesting to compare the results obtained in the present study
with previous results, such as those for PPLMs made from
P2EHMA?® and P2EHA,?! for a supported liquid membrane,** and
for a polymer inclusion membrane.'* The membrane performances of
these membranes are given as normalized fluxes and are summarized
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Figure 4 The time-transport curves of KCI through the PC12MA liquid
membranes (operating temperature of 40°C (313 K)).
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Figure 5 Relation between the KCI flux and the DB18C6 concentration
through the PC12MA liquid membranes at 40 °C (313 K).



Table 1 Comparison of the K* flux values for various membranes

J (normalized flux of K*)

(molcmem—2h~1)

Operating

(molcm=3) (molcm—3)? Ratio  temp./°C
PC12MA/DB18C62 5.79 x 10% 350 40
P2EHA/DB18C6P 5.88 x 103 35 40
P2EHA/DB18C6° 6.58 x 10* 390 40
P2EHA/DB18C6¢ 1.33x 105 800 40
P2EHMA/DB18C6® 6.20x 103 37 40
CHCI3/DB18C6' 1.67 x 102 1 25
PIM/DC18C68 2.37 x 102 1.4 25

2Present study; M, of PC12MA=2.01 x 10%.
bCited from ref. 31; M, of P2EHA=1.98 x 10%.
cCited from ref. 31; M, of P2EHA=9.80 x 103,
dCited from ref. 31; M, of P2EHA=7.90 x 103.
eCited from ref. 30; M, of P2EHMA =2.50 x 103.
fCited from ref. 43.

gCited from ref. 14.

in Table 1. The normalized flux is the flux per unit membrane
thickness per unit transporter concentration per square unit substrate
concentration. The present PPLM gave a higher K+ flux than the
supported liquid membrane and the polymer inclusion membrane.
Comparing the present membrane with the P2ZEHA PPLM, which had
a molecular weight close to that of PC12MA, the normalized flux of
the present membrane was ~ 10 times higher than that of the P2ZEHA
one (M,=1.98 x 10%). The normalized flux of the PCI2MA mem-
brane was also ~ 10 times higher than that of the P2EHMA PPLM,
which consisted of P2EHMA with a glass transition temperature
of —14.3°C. Contrary to this result, two other types of PPLM,
which gave the molecular weight of P2EHA as 9.80 x 10° and
7.90 x 10%, gave higher normalized flux values than the present
membrane. The PC12MA PPLM, which has a molecular weight less
than 1.0 x 10%, should give higher normalized flux values than
P2EHA membranes.

In our previous study, the apparent activation energies of K™
transport through two types of PPLM were studied. In the present
study, the apparent activation energy of K™ transport through a
PCI2MA liquid membrane was determined, and its dependence on
the glass transition temperature of the membrane matrix was also
studied. Figure 6 shows the relation between the K+ flux and the
reciprocal of the absolute temperature. The slope of the straight line
in the Arrhenius plot yields the apparent activation energy of the
membrane transport. The apparent KT transport activation energy
through the PCI2MA PPLM was determined to be 32.7kJmol '/,
which is slightly lower than that through P2EHA with a glass
transition temperature of —60.5°C. From this result, it is expected
that the apparent activation energy of membrane transport would
decrease with decreasing glass transition temperature for a given
membrane matrix.

Application of PPLM for chiral separation

The results obtained in the present and previous studies reveal
that polymeric materials, which exhibit a rubbery state under the
operating conditions, were applicable as membrane matrices for
PPLMs. It is not only interesting but also indispensable to study
other possible uses of these membrane matrices to expand the
potential of PPLMs. To this end, the potential for enantioselective
transport through a PC12MA membrane was investigated because

29-31
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Figure 6 Temperature dependence of KCI transport through the PC12MA
liquid membrane ([DB18C6]1=6.13 x 10°molcm—3).
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Figure 7 Chiral separation of the Phegly racemic mixture through the
PC12MA liquid membrane at 40°C (313 K).

chiral separation by a membrane is required in industries, such
as pharmaceuticals, agrochemicals, food additives, perfumes, and
so on. 4447

Cinchona alkaloids have been used as resolving agents for chiral
binalphtols,48 chiral acids,*® amino acid derivatives*~? and
oligopeptides.’! Cinchona alkaloid was also used as a transporter
for optical resolution.”> On the basis of these studies, AAMC was
chosen as a transporter for enantioselective transport, and the
membrane performance was investigated using a racemic mixture of
Phegly as a model racemate.

In the present study, AAMC with a cationic charge was used as a
transporter to separate racemic mixtures of Phegly. On the basis of
this setup, Phegly needed to be anionic to smoothly interact with the
chiral transporter of AAMC at the interface, which was in contact
with the source phase. Furthermore, the fast desorption of Phegly was
required to release it from the membrane into the receiving phase at
the interface between the membrane and the receiving phase. To this
end, the pH value of the source phase was maintained at 11 and that
of the receiving phase was maintained at pH 3.

Figure 7 shows the time-transport curves of racemic Phegly
through the membrane. The r-isomer of Phegly was preferentially
transported compared with the corresponding p-isomer. The perm-
selectivity toward 1-Phegly was determined to be 1.55, and the
tentative transport mechanism is shown in Figure 8. Canepari
et al> reported that a liquid membrane consisting of AAMC and
CHCI; preferentially transported 1-Phegly, and the permselectivity
reached two. In that study, membrane transport was studied using a
‘U’ glass membrane; therefore, it is impossible to compare the
membrane performances between the present study and that
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Figure 8 Tentative transport mechanism of the Phegly racemic mixture through the PC12MA liquid membrane. A full color version of this figure is available

at Polymer Journal online.
reported by Canepari et al”> On the basis of the experimental
conditions for chiral separation, the difference in the permselectivity
in the present and the reported® studies may be mainly due to the
differences in the affinities between 1-Phegly and AAMC and between
p-Phegly and AAMC in the membrane matrices with PC12MA and
with CHCL.

The present study revealed that a PPLM was applicable not only to
the transport of metal ions but also to the chiral separation of racemic
mixtures, which was expected based on the transport mechanism of a
PPLM. The incorporation of biological transporters into a PPLM will
lead to novel separation membranes, and such a membrane system is
expected to contribute to the understanding of unknown transporters
that are found in biological membranes.

CONCLUSIONS
A PPLM was constructed from PC12MA, which exhibited a rubbery
state under the membrane transport conditions and was used as the
membrane matrix, and from DB18C6 or AAMC, which was used as a
model transporter. KCl or a racemic mixture of Phegly was used as a
model substrate to study membrane performance. The PPLM with
DBI18C6 transported KCI. The membrane transport ability depended
on the DB18C6 concentration, implying that DB18C6 worked as a
transporter within the PCI2MA membrane matrix. 1-Phegly was
preferentially transported over p-Phegly through the membrane with
AAMC from the racemic mixture of Phegly, and the permselectivity
was determined to be 1.55. The present results suggest that PPLMs are
applicable not only in metal ion transport but also in optical
resolution.

D¢y = diffusion coefficient of the free solute (cm?*h 1)

Dcy 4 = diffusion coefficient of the complexed solute (cm? h~1)

Jc = total flux of the diffusing solute, K™, across the membrane per
unit membrane thickness (Jc =03 X Jc obsq) (molcmem —2h 1)

Jc obsd = observed total flux of the diffusing solute, K™, across the
membrane (molcm ~2h 1)

k =partition coefficient of the solute between water and the
organic membrane (mol ~! cm?)

K =equilibrium association constant (mol ! cm?)

0 = membrane thickness (cm)

[DB18C6] = total concentration of complexed and uncomplexed
DBI18C6 transporters in the membrane (molcm ~3)

[K*] = concentration of the diffusing solute, K™, in the source
phase (molcm —3)
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