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Abstract. Poly(acrylic acid) and copolymers of acrylic acid and di(ethylene glycol)methyl ether methacrylate were grafted onto
polycarbonate and poly(ethylene terephthalate) membranes using dielectric barrier discharge plasma. The obtained membranes
exhibited responses to pH change. When they were porous, they behaved as pH-sensitive valves. When pores were filled with gel,
they were able to work in dialysis and separated LiCl, KCl, and NaCl salts. The best selectivity for alkaline ions was obtained for
poly(ethylene terephthalate) membranes grafted onto copolymer of acrylic acid and di(ethylene glycol)methyl ether methacrylate
with a grafting yield of 0.16 mg/cm2. The separation should be conducted at pH = 5.5. It was noted that there is better membrane
selectivity towards lithium and potassium than sodium ions.
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1. Introduction

The alkali metals form an important group of elements.
It is believed that increasing production in electronics and
predicted change of the automobiles market should cause
growing demand for lithium [1]. Potassium, the second
important element of alkali metals, is critical for agriculture.
The available amount of potassium in the soil is not sufficient
for intensive farming and its supplementation by fertilizers
is essential. Increasing demand for these elements and the
possibility of their recovery from aqueous solutions promote
the search for new separation techniques.

In our previous paper [2], we presented the possibility to
separate alkaline ions by means of membranes showing the
gating effect. As the membrane support, Celgard 2500 was
used. At some temperatures, the grafted chains reorganized
and were able to form some structures that facilitated ions
transport. However, the used

Celgard 2500 membranes showed the substantial draw-
back: the membrane had irregularly shaped pores with
pretty wide polydispersed size. To have narrow dispersity
of pores, track-etched polyterephthalate and track-etched
polycarbonate membranes were selected. Both of them had
the same nominal pore diameter and comparable porosity.
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Table 1: Properties of used membranes.

Membrane PET PC
Producer SterliTech Corp. GE Healthcare
Thickness [µm] 15–12 7–20
Pore size [µm] 0.2 0.2
Porosity [%] 24 20

Table 2: Plasma parameters for PET and PC membranes modifica-
tion.

Plasma parameters PET PC
Voltage, kV 20 15
Current, mA 5 5
Argon flow, l/h 40 40
Modification time, sec 60 75

In this work, poly(acrylic acid), PAA, was used as the
stimuli response polymer. It belongs to the group of polymers
that is strongly sensitive to pH alteration and weakly to
the temperature changes [3]. It was the authors’ assumption
that grafted brushes of acrylic acid, AA, copolymer with
di(ethylene glycol) methyl ether methacrylate, DEGMEM,
as ionophore can form membrane with controllable alkaline
ions transport. In the literature some papers describing
membranes with various ionophores can be found too [4–7].

The goal of presented studies was to prepare and evaluate
separation effectiveness of ion-gating membranes obtained
on track-etched polycarbonate, PC, and poly(ethylene tereph-
thalate), PET, microfilters. When PC contained mostly aro-
matic structures, PET had aliphatic units too. That difference
in chemistry of the polymers allowed us to compare the
efficiency of plasma activated grafting and to verify the thesis
on a chance to use prepared membranes for separation of
alkaline ions.

2. Experimental part

2.1. Materials. Porous PET and PCmembranes were used as
the substrate. Their properties are shown in Table 1.

Before plasma treatment, both membranes were
rinsed with ethanol and dried at room temperature.
Di(ethyleneglycol)methyl ether methacrylate was purchased
from Sigma Aldrich and used as delivered. Acrylic acid
(Merck) was vacuum distilled before the use.

2.2. Plasma treatment. Membrane was modified in dielectric
barrier discharge plasma in device supplied by Dora Power
Syst., Poland. Plasma parameters (see Table 2) were kept
constant during the whole studies.

2.3. Grafting procedure. Both membranes were placed into
a plasma reactor and treated with dielectric discharge plasma

Table 3: Parameters for monomer(s) grafting process.

PET PC
AA
in
water

AA/
DEGMEM in
ethanol

AA
in
water

AA/
DEGMEM in
ethanol

Solution con-
centration,
vol. %

25 25/50 25 25/50

UV illumina-
tion time, min

4 6 5 7

on both sides. After plasma treatment, the samples were
kept in the air for 10 min. Next, they were immersed in
20% aqueous solution of acrylic acid or its mixture with
di(ethyleneglycol) methyl ether methacrylate and irradiated
with UV lamp (2 kW). Parameters of grafting protocol are
given in Table 3. To remove unbound (co)polymers the
samples were washed with a large volume of water and
ethanol.

2.4. Characterization of modified membranes.

2.4.1. Grafting degree. The grafting yield (GY) was calcu-
lated gravimetrically and expressed in mg/cm2:

𝐺𝑌 = 𝑀1 −𝑀2
𝐴 , (1)

where𝑀1 and𝑀2 are weights of membrane after and before
grafting and 𝐴 is membrane area.

2.4.2. Pores size. The pores size, 𝑟, were calculated accord-
ing to the following formula:

𝑟 = 2

√
8𝐽𝑑𝜂
𝑝𝜀 , (2)

where 𝐽 is water flux, 𝑑 is membrane thickness, 𝜂 is water
viscosity, 𝑝 is pressure, and 𝜀 is porosity.

2.4.3. IR spectroscopy. To characterize the obtained mem-
branes, Perkin-Elmer IR System 2000 was used with ATR
device equipped with Ge crystal of 45o. 64 scans with
resolution of 4 cm−1 were collected.

2.4.4. Water permeability. Water permeability through eval-
uatedmembraneswas tested at pH=3.0 and pH=5.5 at room
temperature. For all measurements the pressure in Amicon
8200 cell was set at 0.002 MPa. Before filtration, membranes
were hydrophilized by immersing them in 1:1 water:ethanol
solution for 15 min and transferring them to pure water.

2.4.5. Dialysis process. Ion separation properties of eval-
uated membranes were measured in the dialysis process.
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Figure 1: Volumetric flux through PET membranes grafted with P(AA-co- DEGMEM) copolymers. Grey bar: pH = 3.0 and black bar: pH
= 5.5.
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Figure 2: FTIR spectra: (A) no modified membrane PET, (B) membrane grafted with PAA, and (C) membrane grafted with P(AA-co-
DEGMEM).

Solutions of KCl, NaCl, and LiCl with 0.1M concentration
were used as feeding phase. HCl aqueous solutions of pH
= 3.0 and 5.5 served as receiving phase. Both phases,
of 35 mL volume mixed with a magnetic stirrer, were
divided by membrane of 2.5 cm radius. Concentration of
ions wasmonitored by atomic absorption spectroscopy (GBC
SavantAA Sigma).

3. Results

Track-etched PET membranes were grafted with PAA or
PAA-DEGMEM copolymers. Taking into account the dif-
ferent reactivity of acrylic monomers, the molar ratio of
AA to DEGMEM was changed from 1:0.5 to 1:3 to obtain
grafts with various compositions. The results are shown in
Figure 1. It is visible that any increase of DEGMEM contents
made the grafted membrane less permeable at pH = 3 when

the carboxylic groups were neutral. At pH = 5.5, when
the carboxylic groups dissociated, pores were completely
plugged independently on the amount of used DEGMEM.
On the basis of the presented studies, it was decided to
use AA:DEGMEM 1:2 mixture to modify PET and PC
membranes.

Chemical composition of modified membranes PET and
PC was characterized by means of FTIR spectra (Figure 2).
The peaks on spectra of grafted membranes demonstrated the
presence of glycol derivatives. The differences of peak shapes
in the area of 3300–3200 cm−1, 1740–1720 cm−1, and 1470-
1410 cm−1 were attributed to hydroxyl and carbonyl groups
introduced by DEGMEM.

Absorption peaks in the spectra of the modified PC
membranes at 1558, 1457, and 1715 cm−1 were attributed
to the carboxyl groups. Its widening proved presence of PAA
and PAA-DEGMEM on the surface (Figure 3).
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Figure 3: FTIR spectra: (A) no modified PC membrane, (B) PC membrane grafted with PAA, and (C) PC membrane grafted with P(AA-
co-DEGMEM).

Table 4: Average pore size as function of grafting yield. Tested at
pH = 3.

PC PET
GY, mg/cm2 𝑟, µm GY, mg/cm2 𝑟, µm
0 0.200 0 0.200
0.0124 0.191 0.082 0.00935
0.0250 0.186 0.162 0.00126

3.1. Filtration membranes. Both membranes with low graft-
ing yield showed similar phenomenon: they had volumetric
flux at pH = 3.0 of order 52–59 dm3/m2h and were
completely impermeable for solutions at pH = 5.5. When
the grafting yield increased, the pores of the modified
membranes got narrower (Table 4). In the case of PC support
the average pore size did not reduce so fast as for PET
support. It seemed it was the effect of small grafting yield for
PC membranes resulted, probably, from the lower number of
radicals formed on the plasma activated surface.

The obtained results on pH-sensitive membranes are in
good agreement with data discussed in literature by Mika et
al [8–10], Zhao et al [11], and Hu and Dickson [12].

3.2. Dialytic membranes. For studies on dialytic separa-
tion of alkaline ions, PC and PET membranes with the
largest grafting yield were used. Hence, the following PET
membranes with the grafting yield of 0.157 mg/cm2 for
PAA and 0.162 mg/cm2 for PAA-DEGMEM were selected.
Polycarbonate membranes had five times smaller grafting
yield and reached values of 0.0210–0.0257 mg/cm2.

Separation properties of PC and PET membranes were
tested in relation to lithium, sodium, and potassium ions.

Dialysis was carried out with 0.1M solutions of their chloride
salts at pH 3.0 and 5.5. Figures 4–6 show changes in the
concentrationof LiCl, NaCl, and KCl during dialysis. It
can be seen that the best transport properties showed PET
membrane grafted by P(AA-DEGMEM).

The concentration of potassium ions after dialysis through
PET/P(AA-DEGMEM) membrane was much higher than
the concentration of potassium passing through PAA mem-
branes. The differences between these concentrations were
substantially higher when the process was carried out at
pH = 5.5 than at pH = 3.0. It meant that DEGMEM units
supported transport of alkali ions when grafted chains were
swollen. Unfortunately PC membranes did not show such
phenomenon. It seemed to be a result of a too low amount
of polymer brushes grafted to the membrane.

Figure 7 summarized the kinetic studies on KCl, NaCl,
and LiCl transport through PAA and P(AA-co-DEGMEM)
grafted membranes. It is evident that potassium ions were
transferred faster through membrane than sodium and
lithium. Interesting data can be obtained by comparing fluxes
for PAA and P(AA-co-DEGMEM) membranes. The value of
flux improvement, caused by the presence of DEGMEM, can
be expressed as follows:

Fi(X) JPAA JP(AA-co-DEGMEM) J PAA, (3)

where FI(X) is flux improvement and JP(AA-co-DEGMEM) and
JPAA are fluxes of X ion through P(AA-co-DEGMEM) and
PAA membranes, respectively.

The calculated values of FI(X) are listed in Table 5. The
data show that presence of DEGMEM, for single-component
solution at pH = 5.5, improved fluxes of ions in the order:
K > Li > Na. Dialyses at pH 3.0 were not sensitive to the
presence of di(ethyleneglycol)methyl ether methacrylate.
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Figure 4: LiCl transport through membranes. Left: membrane PET: (A) PAA membrane at pH 5.5, (A‘) PAA membrane at pH 3.0, (B)
P(AA-co-DEGMEM) membrane at pH 5.5, (B‘) P(AA-co-DEGMEM) membrane at pH 3.0; Right membrane PC (C) PAA membrane at pH
5.5, (C‘) PAA membrane at pH 3.0, (D) P(AA-co-DEGMEM) membrane at pH 5.5, (D‘) P(AA-co-DEGMEM) membrane at pH 3.0.
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Figure 5: NaCl transport through membranes. Left: membrane PET: (A) PAA membrane at pH 5.5, (A‘) PAA membrane at pH 3.0, (B)
P(AA-co-DEGMEM) membrane at pH 5.5, and (B‘) P(AA-co-DEGMEM) membrane at pH 3.0. Right: membrane PC: (C) PAA membrane
at pH 5.5, (C‘) PAA membrane at pH 3.0, (D) P(AA-co-DEGMEM) membrane at pH 5.5, and (D‘) P(AA-co-DEGMEM) membrane at pH
3.0.

Table 5: Flux improvement for PET membranes grafted with PAA-
DEGMEM brushes. Single salt tests.

Ion pH
5.5 3.0

K 68% 9%
Na 13% 3%
Li 36% 9%

However, the most valuable results of membrane selec-
tivity can be obtained when membrane is exposed to
competitive transport of several ions. For that reason,
membrane selectivity was evaluated for three-component
solution (Table 6). At pH = 5.5, flux improvement for LiCl
was comparable to that for KCl and higher than that for
NaCl. It meant that the modified membranes transferred
better lithium and potassium ions. At the lower pH, how-
ever, the separation selectivity of membranes disappeared
almost completely. This observation confirmed the previous
outcome: DEGMEM units were able to form complexes
with alkaline ions and supported ions transport at pH =

Table 6: Flux improvement for PET membranes grafted with PAA-
DEGMEM brushes. Mixture of LiCl, NaCl and KCl. tests.

pH FI(Li+) FI(Na+) FI(K+)
5,5 32% 19% 28%
3,0 3% 3% 4%

5.5. That process took place when polymer brushes were
expanded. It is hence possible that, at these conditions, the
ion-transporting structures were formed.

4. Conclusion

Grafting of PAA and its copolymers with DEGMEM on
PC and PET track-etched membranes allowed obtaining pH-
sensitive nanovalves. However, any increase of ionophore
content in the copolymer decreased the sensitivity of the
membrane to pH changes.
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Figure 6: KCl transport through membranes. Left: membrane PET: (A) PAA membrane at pH 5.5, (A‘) PAA membrane at pH 3.0, (B)
P(AA-co-DEGMEM) membrane at pH 5.5, and (B‘) P(AA-co-DEGMEM) membrane at pH 3.0. Right: membrane PC: (C) PAA membrane
at pH 5.5, (C‘) PAA membrane at pH 3.0, (D) P(AA-co-DEGMEM) membrane at pH 5.5, and (D‘) P(AA-co-DEGMEM) membrane at pH
3.0.
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Figure 7: KCl, NaCl and LiCl transport through PET mem-
branes at pH 5.5, (I) LiCl, PAA membrane, (I‘) LiCl, P(AA-co-
DEGMEM) membrane, (II) KCl, PAAmembrane, (II‘) KCl, P(AA-
co-DEGMEM) membrane, (III) NaCl, PAA membrane, (III‘)NaCl,
P(AA-co-DEGMEM) membrane.

PET membranes grafted with a large amount of P(AA-
co-DEGMEM) copolymer allowed obtaining dialytic mem-
branes that exhibited ions-transporting effect related to
solution acidity. In the case of separation of ions from mix-
tures, the PET-modified membrane showed good selective
properties for lithium and potassium. In the case of PC
membranes a too small amount of grafted brushes did not
allow using these membranes for dialysis.
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Dear Colleagues,

Although publications covering various aspects of nuclear receptors 
(NRs) appear every year in high impact journals, these publications are 
virtually buried among an overwhelming volume of articles that are only 
peripherally related to NRs. � e latter fact prompted a group of promi-
nent scientists active in the � eld of nuclear receptor research to conclude 
that gathering publications on this superfamily of receptors under one 
umbrella would provide an invaluable resource for a broad assemblage of 
scientists in the � eld; thus the idea for a new journal, Nuclear Receptor 
Research, was born. 

I am pleased to share with you that Nuclear Receptor Research is now 
a reality as an open access peer-reviewed journal devoted to publishing 
high-quality, original research and review articles covering all aspects of 
basic and clinical investigations involving members of the nuclear recep-
tor superfamily. Nuclear Receptor Research has an editorial board com-
prised of a group of renowned scientists from around the world. Board 
members are committed to make Nuclear Receptor Research a vibrant 
forum showcasing global e� orts in this ever-expanding area of research. 

We believe that the impact and visibility of papers related to nuclear re-
ceptors will be signi� cantly enhanced by appearing in a journal devoted 
exclusively to nuclear receptors. In addition, it is hoped that Nuclear Re-
ceptor Research will serve as a catalyst to encourage collaborative stud-
ies as well as to foster interdisciplinary initiatives within this expansive 
and dynamic � eld.  For these reasons, I invite you to consider Nuclear 
Receptor Research (http://www.agialpress.com/journals/nrr/) as a 
vehicle to share your novel research � ndings as well as your vision for 
the future of nuclear receptor research with your colleagues around the 
world.

      Mostafa Badr
      Editor-in-Chief
      Nuclear Receptor Research


