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APPLICATION OF ALKYLATED CROWN ETHER
DERIVATIVE IN MODIFYING SELECTIVITY OF
POLYPROPYLENE MEMBRANES

Monika Naumowicz, Anna Wencel, and Zbigniew Figaszewski*

Institute of Chemistry, University in Bialystok, Al. J. Pilsudskiego 11/4,
15-443 Bialystok, Poland

ABSTRACT

It has been investigated whether it is possible to induce selectivity to polymer
membranes by modifying them with an alkylated crown ether derivative.
Polypropylene (PP) membranes were hydrophilized with 2-hydroxymethyl
[18]corona-6 palmitate solutions of concentrations ranging from 0 to 60 wt%
in a 1,2-dichloroethane-hexane solvent system of 1:4 volume ratio. The inves-
tigations were carried out by a impedance measurement method using two
electrolyte solutions: 0.1 molldm= NaCl and 0.1 molldm- KCI. Changes in
transport properties of the studied membranes were evaluated as a function of
hydrophilizing agent concentrations. Electric resistance of the studied mem-
branes was found to decrease drastically in the 0—5 wt% 2-hydroxymethyl
[18]corona-6 palmitate concentration range, and it proved to be constant at
higher concentrations. Non-Debye capacitance of the membranes increased in
the 0-5% concentration range, and was constant at higher concentrations.
Polypropylene membranes hydrophilized with 2-hydroxymethyl[18]corona-6
palmitate were found to behave differently depending on the electrolyte used.
This suggests that macrocyclic groups are able to induce selectivity to poly-
propylene membranes.

Key Words: Impedance; Polypropylene membranes; Hydrophilization;
Selectivity; 2-Hydroxymethyl[18]corona-6 palmitate.

*Corresponding author. On leave from the Chemistry Department, University of Warsaw, ul.
Pasteura 1, 02-093 Warsaw, Poland.

291

Copyright © 2001 by Marcel Dekker, Inc. www.dekker.com



12:18 24 January 2011

Downl oaded At:

292 NAUMOWICZ, WENCEL, AND FIGASZEWSKI
INTRODUCTION

Selectivity and transport rate of components are fundamental properties of
the membranes from the point of view of their application. Wettability, porosity,
and pore distribution play an important role in the transport of mass through a
membrane (1, 2).

Polypropylene membranes were used in this work to build ion-selective
membranes. They have been used hitherto for separation of numerous ions; their
importance and the number of applications have been increasing.

Polypropylene membranes are one of the main types of membranes used for
separating ions. The significance of these membranes and the degree of their
application increases rapidly (3—7). To construct ion-selective membrane on a spe-
cific ion, a neutral or charged lipophilic compound is used. The compound is able
to bind the ion reversibly and transport them through the membrane on the way of
translocation (8, 9). So far, numerous ionophores have already been synthesized.
They are selective either to alkali metal ions, ions of transition group metal, heavy
metal ions (10-14), organic cations (crown ethers (15—17), hemispherands (18),
calixarenes (19, 20)) or to anions (macrocyclic polyammonium compounds (21),
guanidine derivatives (22, 23), receptors with metal atoms (e.g., salophenes) (24,
25).

Since their development in 1976 (26), crown ether molecules have been
exploited as the ionophore for the specific complexation they provide with alkali
metal ions. The work of Fyles and coworkers (27-29) concerning the synthesis
of ion channels and their properties deserve special attention. During the re-
search, the scientists discovered the existence of a transport selectivity series
(K*>Rb*>Cs*>Na*>Li") corresponding to the properties of the crown ether used.
They have found that the activation energy equals 30 kJ/mol, which is comparable
to the activation energy of ions transport by gramicidin (32 kJ/mol). Interesting
results have been obtained in the case of membranes containing crown ethers
(with carboxylic groups) immobilized within pores of polyamide membranes
(30); as well as membranes obtained from polymers containing crown rings in the
main chain (31). The results of the experiments conducted on similar polymer
membranes are promising if we take into consideration the fact that channel
mechanism enables quick transportation of ions according to their size. The
physicochemical characteristics of this process is already well-known (15, 32, 33).

Hydrophobic polypropylene membranes, which do not contain water solu-
tion in their pores, are characterized by high electric resistance. Hydrophilic mem-
branes containing electrolyte water solution in their pores are characterized by low
electric resistance (34). The contribution of particular ions influence the conduc-
tivity of such membrane. Membranes selective for specific ions are characterized
by low conductivity in the presence of those ions. The contribution of particular
ions in conductivity is generally described by means of electric equivalence cir-
cuits with transport shown as connected parallel branches (35).
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The aim of this work is to check if the introduction of a group selectively
binding a given ion or a group of ions into membrane pores fulfills the role of
ionophores and induces selectivity to these ions to the membrane. A compound
that selectively complexes a given ion is needed to design a ion-selective mem-
brane. Synthesizing an alkylated crown ether derivative aims at obtaining a com-
pound that should combine selectivity with a relatively long alkyl chain. The com-
pound should undergo adsorption at the hydrophobic membrane surface due to its
hydrophobic part (the alkyl chain) and to form a complex with metal ion from
aqueous solution flowing through the membrane due to its hydrophilic part (the
macrocyclic ring).

Transport properties of polypropylene membranes subject to hydrophilization
with a crown ether derivative, were determined by studying the permeability of the
Na*, K*, and CI- ions through the modified membrane (by means of impedance).

The impedance measurement method was used in the studies because of its
accuracy, rapidity (in a computer controlled system), and effectiveness in electro-
chemical studies (36-38). Although today, impedance spectroscopy is a standard
electrochemical method, the treatment of a porous membrane with surface charge,
i.e., with some ion selectivity, has rarely been described in the literature (39-42).

EXPERIMENTAL
Synthesis of 2-Hydroxymethyl[18]corona-6 Palmitate

2-Hydroxymethyl[18]corona-6 ether was dissolved in a double amount of
palmitoyl chloride and tetradimethylaminopyridine was added as catalyst.
Pyridine was added to the mixture to form salt with evolving hydrogen chloride
and to prevent acidifying the solution. The mixture was stirred for 24 h, then
poured into cold water (283 K), and extracted three times with diethyl ether. The
extract was washed with hydrochloric acid and water to remove pyridine and with
aqueous sodium hydrogen carbonate to remove the excess of palmitoyl chloride
and palmitic acid formed by palmitoyl chloride hydrolysis.

The organic phase was dried with anhydrous magnesium(II) sulphate(VI). A
brown-yellow oil, obtained after evaporation of the solvent, was purified by col-
umn chromatography using chloroform an increasing content of methanol (up to
10%) as eluent.

The presence of 2-hydroxymethyl[18]corona-6 palmitate was confirmed by
proton nuclear magnetic resonance (\H NMR), 13C NMR, and infrared (IR) spectra.

Hydrophilization of Membranes

Standard 2E-PP membranes with 0.2 to 0.58-pm pores manufactured by
ACCUREL were used. Their physical properties were described in (43). The syn-
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thesized 2-hydroxymethyl[18]corona-6 palmitate was used as a hydrophilizing
agent. The hydrophilization of a membrane was carried out by immersing it in a
boiling 2-hydroxymethyl[18]corona-6 palmitate solution of suitable concentration
for 1 h. The ester was dissolved in 1,2-dichloroethane-hexane mixture of 1:4 vol-
ume ratio (1,2-dichloroethane increases solubility of the ester and hexane prevents
hydrophilization of the membrane with 1,2-dichloroethane). The hydrophilization
was monitored by measuring the membrane impedance and it was being continued
until the results proved reproducible.

Impedance Measurement

The Model 273 A set manufactured by PAR was used in the measurements.
The block diagram of the apparatus was presented in (44) and the measuring ves-
sel was described in (45). The measurements were made in the 5 Hz-2.5 kHz fre-
quency range using a four-electrode arrangement with two platinum current elec-
trodes and two silver-silver chloride measuring electrodes. The measurements
were carried out in 0.1 molldm3 NaCl electrolyte and then the membrane was
placed in 0.1 molldm-3 KClI for 24 h. The duration was sufficient to achieve com-
plete replacement of sodium ion in the complexation centers by potassium ion
because crown ethers with 18 atoms in the ring form more stable complexes with
the K" ion than with the Na* ions (46)). The measurements were then carried out
in the 0.1 molldm™3 KClI electrolyte.

The properties of membranes are successfully described in terms of the
Randles’s model (36). However, the experimental impedance spectra of real sam-
ples differ from those of ideal (Debye) capacitors and resistors. The half-circle
centers in the spectra of membranes were situated below the Z' axis and they were
characterized as a resistor, R, and a non-Debye capacitor, Q, of constant phase
angle also called CPE (Constant Phase Element). The parameters characterizing
the membrane were calculated from such a spectrum using the Equivalent Circuit
program (Equivcrt.Pas) elaborated by B. A. Boukamp (47).

Two electric equivalent circuits were used to describe the properties of mem-
branes (Fig. 1). In the case where 0.1 molldm- NaCl electrolyte was used, the
sodium ions were complexed by 2-hydroxymethyl[18]corona-6 palmitate present at
the surface hereby introducing the surface conductivity (the surface transport) of
complexed sodium ions. It brought about the appearance of the (©,, Q,) branch (Fig.
1) in the equivalent circuit. In the case of the 0.1 molldm KCl electrolyte, the potas-
sium ions were very strongly complexed and did not contribute to surface transport;
it resulted in the reduction of Model I (Fig. 1a) to Model II presented in Figure 1b.

RESULTS AND DISCUSSION

Typical plots of impedance of chosen membranes, hydrophobic and
hydrophilized ones, are presented in Figures 2—4. The dependence of the changes
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Figure 1. Electric equivalent circuit of experimental impedance: a) 0.1 molldm-3 NaCl electrolyte
(Model I); b) 0.1 molldm-3 KCI electrolyte (Model II). Here, R, - electrolyte resistance, Q, - non-
Debye capacitance due to pore filling with electrolyte, ©, - electrolyte resistance in pores, and ©,,
Q, - surface transport due to sodium ion complexes.

of characteristic parameters of hydrophilized membranes: resistance (©) and non-
Debye capacitance (Q) on hydrophilizing agent concentration are presented in
Figures 5 and 6. Mean experimental values are collected in Table 1.

Hydrophilization of polypropylene membranes is schematically presented in
Figure 7.

In the presence of 0.1 molldm-3 NaCl electrolyte, the Cl- and Na* ions tra-
verse through the membrane. In Figure 3, the first half-circle corresponds to the
volume transport of these ions through the membrane, while the second one is
responsible for the surface transport of the Na* ions, which is due to the weak
complexing by 2-hydroxymethyl[18]corona-6 palmitate present on the surface of
pores. Stability constant of the formed complex is so low that the cations are liber-
ated from the macrocyclic crown and transported in the layer of the complex on
the surface of pores.

One half-circle appears only in the case of 0.1 molldm= KCI electrolyte
(Fig. 4). The potassium ions are stopped by the polyether crown while the chloride
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Figure 2. Dependence of the imaginary part (Z") on the real part (Z') for a hydrophobic membrane
(+ - experimental points, - nonlinear fit of the impedance function (16)).

ions traverse through the membrane. The hydrophilized membrane is positively
charged and, therefore, reduces permeability for potassium ions. 2-Hydroxy-
methyl[18]corona-6 palmitate molecule diameter is smaller than the pore diameter
of the polypropylene membrane. For this reason, not all K* ions are complexed; a
part of them pass through the center of the pore. Therefore, it may be concluded
that the created half-circle is influenced by the chloride ions and a part of the
potassium ions that are not complexed.

As seen in Figure 5, the membrane resistance drastically decreases in the
0-5 wt% 2-hydroxymethyl[18]corona-6 palmitate concentration range and be-
comes constant above 5 wt%. These changes suggest that the adsorption of ester
molecules at the membrane surface and in the pores gradually increases in the 0-5

5,0
+ measurement
4.0 4 o fit
p 2 )
3.0 - gt " ¥
_ il
2320 - o F o= -
1 @D?
104 B a
=%
0,0 T T T T T T T T T T T T T

175 176 177 178 179 180 181 182 183 184 185 186 187 188 189
Z'[Q]

Figure 3. Dependence of the imaginary part (Z") on the real part (Z') for a membrane
hydrophilized with 8 wt% 2-hydroxymethyl[18]corona-6 palmitate using 0.1 molldm= NaCl elec-
trolyte.
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Figure 4. Dependence of the imaginary part (Z") on the real part (Z') for a membrane
hydrophilized with 8 wt% 2-hydroxymethyl[18]corona-6 palmitate using 0.1 molldm= KCI elec-
trolyte.

wt% concentration range. A constant © value in concentrations above 5 wt% indi-
cates that the ester molecules are not further adsorbed. Thus, it can be assumed
that with 5 wt%, the ester adsorption and membrane hydrophilization reach maxi-
mal value.

The non-Debye capacitance of the membranes (Fig. 6) increases in the 0—5
wt% 2-hydroxymethyl[18]corona-6 palmitate concentration range and does not
change when the concentration is further increased.

The capacitance of condenser reflects the ability to store electric energy.
When there are dipoles inside the condenser, capacity drastically increases. The
storage of energy is then related to the orientation of dipoles by electric field. The
presence of electric charges in ion-selective functional groups, which are con-
nected to the membrane by long chains, enables the deflection of chains due to the
field. As a result, the condenser capacity increases and the storage of electric
energy is possible. All the above described occurrences cause a high increase of
non-Debye capacitance of polymeric membranes modified by 2-hydroxymethyl
[18]corona-6 palmitate.

Table 1. Mean Calculated © and Q Parameters After Stabilization

0.1 mol-dm™ NaCl 0.1 mol-dm™ KClI
0, [Q] 0, [Q] Qi [F] Q2 [F] 0 [Q] Q[F]
5.79 11.60 4.50-10° 6.16-10° 6.16 1.42-10°

Hydrophilization of polypropylene membranes is schematically presented in Fig. 7.
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Figure 5. Variation of membrane resistance (©) with 2-hydroxymethyl[18]corona-6 palmitate con-
centration.

The increase in non-Debye capacitance of membrane, accompanied by the
decrease in resistance (Figs. 5 and 6) in the 0-5 wt% range. It suggests that the
pores are only partly hydrophilized. It can be assumed that the decrease in resis-
tance is caused by the transport of ions through completely hydrophilized pores.
Whereas, partly hydrophilized pores filled with electrolyte contribute to the
increase in non-Debye capacitance only.

Constant © and Q values above 5 wt% 2-hydroxymethyl[ 18]corona-6 palmi-
tate concentration are evidence that the membranes are completely hydrophilized
in this range. Consequently, the transport of ions is stable there.

An analysis of variations in experimental parameters allows us to state that
the hydrophilization process of polypropylene membranes is complete at about 5
wt% of the ester. The hydrophilization of membrane is not affected by a further
increase in hydrophilizing agent concentration.

The resistance of hydrophilized membranes can be described in terms of
conductance:

1 - A LE [B + A
© l l (1
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Figure 6. Variation of non-Debye capacitance (Q) with 2-hydroxymethyl[18]corona-6 palmitate
concentration.

Here:
A, A, - molar conductivity of ions,
Aar = 506004, A =73.5004, A, = 76.500-* m?[@-'fhol-! [48],
¢ - electrolyte concentration, 0.1 molldm™3,
S - membrane area, 31.17007° m?2,
| - membrane thickness, 10000-°m.
Because the anion and cation concentrations are equal and identical with the
electrolyte concentration, i.e., c, = c_ =c, the above equation takes the form:

1 - <
6 - 0 EU\_ [S_ + )\+ ES+) (2)

and it can be transformed into:

— |
© - ¢ OA B_+A, [8) (3)
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pore

Figure 7. Scheme of polypropylene membrane hydrophilization with 2-hydroxymethyl[18]corona-
6 palmitate. Dependence of the imaginary part (Z") on the real part (Z') for a membrane
hydrophilized with 8 wt% 2-hydroxymethyl[18]corona-6 palmitate using 0.1 molldm=> NaCl elec-
trolyte.

The pore surface area of the membrane, which is accessible for the transport
of cations (S,), can be assumed to be equal to that of the anions (S.):

S, =S_=a[B (a - filling coefficient pore in membrane) 4)
Therefore, the electrolyte resistance can be presented as:

l
cBO(A_+A,) (5)

The assumption (4) an approximation because hydrophilized membrane is
positively charged.

The experimental capacitance values are presented in Table 1. The experi-
mental capacitance is the sum of polymer part capacitance given by the first term
of Equation 6, capacitance of pores filled with electrolyte solution given by the
second term and C_, complexing agent capacitance:
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STl-o)E &, , SHEE

C = .
| l (6)

Here:
S - membrane surface area,
€, - relative electric permittivity of hydrophobic polypropylene membrane, 3.80,
g, - relative permittivity of vacuum, 8.8500-12 F/m,
| - membrane thickness.
C, can be presented as the sum:

CC = CCpore + CCsurface (7)
where:
C, pore -~ Capacitance due to the complexing factor present at the pore surface,
C, =SHl-a)lt (K (8)
surface surface ester

Courface ester - SUrface concentration of the hydrophilizing agent,
K - coefficient responsible for storing electric energy by hydrocarbon chain hav-
ing the freedom of motion,
« surface - Capacitance caused by the presence of complexing factor at the mem-
brane surface
C =S [t

Cpore surface ester

| )

where s is pore length.

Estimation of two initial terms of Equation 6 assuming suitable values yields
1.0500'" F and 2.21000-1° F, respectively. The comparison of these values with
the values obtained from the measurement of capacitance (Tab. 1) shows that the
measured capacitance should be linked to the third element describing the pres-
ence of complexing agent (2-hydroxymethyl[ 18]corona-6 palmitate).

Relative electric permittivity of hydrophilic membranes, which equals
1.46[10°, has been calculated on the basis of results obtained in the measurements
of non-Debye capacitance. The increase of permittivity in hydrophilic membranes
in comparison to hydrophobic ones (relative electric permittivity =3.8) is surpris-
ing. However, similar permittivity values have been obtained by the authors (44).
They used impedance measurement methods to analyze the changes in permeabil-
ity of ions through polypropylene membranes in the function of ethyl alcohol con-
centration used for their hydrophilization. The increased permittivity is related to
the deflection of long chains of hydrophilizing agents. In the work (41), similar
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permittivity values have been obtained when ion-exchanging membranes as the
temperature function have been analyzed, by means of the impedance method.
According to the quoted authors, the increasing mobility of ion-exchanging
groups in the membranes the increase of temperature causes the increase of rela-
tive electric permittivity. It suggests that hydrophilization of membranes gives
similar effects of permittivity as the temperature increases.

It can be summarized that the analysis of the changes in experimental © and
Q parameters at the complexing agent concentrations above 5 wt% proves that
building-in of groups selectively binding a given ion or a given group of ions into
the pores of polymer matrix induces selectivity of the membrane to these ions.

The impedance method has only been used by few authors to study poly-
meric membranes containing crown ethers (30, 31, 49-52). Analog studies con-
cerning polypropylene membranes have not been carried out so far.

In the continuation of the studies of polypropylene modification, it seems
appropriate to undertake the synthesis of derivatives of ether with 15 atoms in the
main ring. Such compounds would form the most stable complexes with sodium
cations. The ability of the membrane to retain sodium cations would be evident in
the disappearance of one of the two half-circles in the analysed spectrum.

CONCLUSION

A crown ether alkyl derivative, 2-hydroxymethyl[18]corona-6 palmitate, has
been synthesized in this work, and its effect on the variation in hydrophobic char-
acter of polypropylene membranes has been analyzed. The ability of the synthe-
sized ester to modify selectivity of membranes, as well as the effect of
hydrophilization on transport properties of the membranes, have been considered.
The impedance measurement method has been applied in the studies of hydropho-
bic polypropylene membranes. Two electrolytes: 0.1 molldm= NaCl and 0.1
molldm3 KCI have been used in the impedance measurements.

Changes in transport properties of the studied membranes in the function of
hydrophilizing agent concentration have been evaluated on the grounds of resis-
tance and non-Debye capacitance results. Hydrophilization of hydrophobic
polypropylene membranes with 2-hydroxymethyl[18]corona-6 palmitate have
been found to be complete at 5 wt% concentration.

The polypropylene membranes hydrophilized with 2-hydroxymethyl[ 18]corona-
6 palmitate behave differently depending on the used electrolyte, what suggests that
macrocyclic groups are able to induce selectivity to polypropylene membranes.

On the basis of the changes in electric resistance (@) and in non-Debye
capacitance (Q) of the membranes in the function of 2-hydroxymethyl[ 18]corona-
6 palmitate concentration the process of hydrophilization at the ester concentra-
tion of about 5 wt% has been found to be one-step. The transport properties of
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polypropylene membranes become constant after hydrophilization with 2-hy-
droxymethyl[18]corona-6 palmitate.

The experimental impedance spectra and parameters representing the
hydrophilization process indicate that the modified membranes behaved differ-
ently depending on the electrolyte used. It is caused by different mobility of ions
traversing the polymer matrix and differences in the stability constants of ions
complexes with 2-hydroxymethyl[18]corona-6 palmitate. The stability constant is
considerably higher for the K* ions than for the Na* ions.

The continuation of the studies of modified polymer membranes should
comprise the attempts to synthesize crown ether derivatives with 15 atoms in the
main ring.
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