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of poly(glycidyl methacrylate-N-methyl-D-glucamine) (P(GMA-NMG)) was performed by in situ synthesis via
radical polymerization. The surface of the polypropylene membrane was activated by hydrophilic grafted poly-
electrolyte, and then, pressure injectionwas used for the impregnation of the reactive solution in themembrane.
Two types of pore-filled membranes were synthesized, chelating interpenetrating homopolymer networks of
P(GMA-NMG), and chelating-ion exchange interpenetrating polymer networks (e.g., P(GMA-NMG)/P(AA),
P(GMA-NMG)/P(AMPSA), and P(GMA-NMG)/P(ClVBTA)). After their synthesis, the modified polypropylene
membraneswere characterized using techniques such as the electrokinetic potential, SEM, FT-IR, and Donnan di-
alysis to corroborate the chromium ion transport. The P(GMA-NMG) and complex networkmembranes exhibit-
ed a hydrophilic character with a water-uptake capacity between 20% and 35% and a percentage of modification
between 4.0% and 7.0% in comparison with the behavior of the unmodified polypropylene membrane.
Hexavalent chromium ions were efficiently transported from the food chamber at pH 9.0 when the 65.2%
MTA1 P(ClVBTA) homopolymer IPN membrane and 48.5% MTAG P(GMA-NMG)/P(ClVBTA) IPN membrane
were used. Similarly, hexavalent chromium ions were removed from the food chamber at pH 3.0 when MTAG
(63.30%) and MTA1 (35.68%) were used in 1 mol·L−1 NaCl solution as the extraction reagent.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

A current major environmental problem is water pollution. Because
of fast industrial development, chromium, mercury, copper, nickel,
cadmium, arsenic, and other water-contaminating species pollute our
water systems. Chromium is a widely used heavy metal in many
engineering and chemical industries because of its durability and
aesthetic quality.

Stable ions, such as trivalent chromium Cr(III) and hexavalent
chromium Cr(VI), are very common and present in different oxidation
states in water and the environment.

In biological systems, Cr(VI) ions are water-soluble across all pH
values and accumulates. Cr(III) ions are not as toxic as Cr(VI) ions in
the environment. Cr(III) is an essential element for life [1]. Nevertheless,
at certain concentrations, it can damage the biological permeability of
cell membranes, ionic channels, receptors, and enzymes [1]. These
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ions, especially Cr(VI), can cause serious health problems, such as
cancer. This toxicity depends on the concentration and exposure period
[2]. The World Health Organization (WHO) recommends a maximum
concentration limit of 0.05 mg·L−1 [3].

Because Cr(VI) ions exist as oxyanions, their speciation depends on
the pH and concentration. Dichromate (Cr2O7

2−), chromic acid
(H2CrO4), and dichromate acid (H2Cr2O7) form if the pH is strongly
acidic and the Cr(VI) ion is highly concentrated [4]. This leads to a
high quantity of chromate (CrO4

2−) ions at weakly acidic pH values
above 6.0, causing this species to exist as an acid chromate (HCrO4

−)
and dichromate (Cr2O7

2−) ion mixture.
In industry, Cr(VI) and Cr(III) compounds are used as dye pigments,

as well as in surface plating and chromium electro-plating (decorative
and hardplating), aluminum anodizing, chemical industries, oxidative
dyeing, cooling water towers, and so on, and there are more common
sources for pollution. Chromium ions may also enter drinking water
from corrosion inhibitors that are used in water pipes and containers
[5].

The most common methods to remove Cr(VI) ions from polluted
solutions are reduction and precipitation [6], absorption [7], and ion
exchange [8]. Cr(VI) has also been removed usingmembrane technolo-
gies. These technologies include reverse osmosis, nanofiltration,
dialysis, ultrafiltration, Donnan dialysis, membrane electrolysis,
ustry Press. All rights reserved.
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diffusion dialysis, and electrodialysis [9,10] using liquid, emulsified, and
supported membranes [11–13]. However, it is hard to remove ions
when the ions are of the same valence and close in nature or size. In
this particular case, Donnan dialysis stands out because it has applica-
tions in many areas, such as chemical analysis for pre-concentration,
extraction processes, hydrometallurgy [14], separating acids from
their salts [15], radioactive flow deacidification [16], removing copper
and zinc using commercial cationic membranes [17], and removing
inorganic anions, such as fluoride, nitrate, bromated, and borates, from
drinking water [18–20].

Donnan dialysis uses chemical potential differences between
membrane sides to generate ionic transport (the driving force) and
maintain the electro-neutrality of the two solutions during the process
[21]. In addition, Donnan dialysis removes Cr(VI) ions using commercial
anion exchange membranes, such as SB-6470, AFN, ACM, and Raipore
1030 [14,22,23].

Selecting a suitable workingmembrane guarantees efficient Donnan
dialysis processes. Therefore, functional membranes are ideally
developed from chemically stable commercial porous materials. Some
examples of commercial disposable micro-porous membranes are
polypropylene (PP) or polyethylene.

Ion exchange pore-filled polymeric membranes with interpen-
etrating polymer networks (IPNs) are attractive candidates. These
IPNs form when two or more polymer networks are partially and non-
covalently crosslinked at the molecular scale. IPN architectures cannot
be separated by link breakages via chemical methods [8,24].

The disadvantage of ion exchange resins and membranes is their
lack of selectivity in the presence of cation and anion mixtures in the
pollution solution. Therefore, the development of selective membranes
that may use N-methyl-D-glucamine (NMG) ligands would be interest-
ing. NMG ligands have been added to water-soluble polymers and
immobilized on resins to remove arsenic [25,26], chromium [27], and
boron [28] ions from water.

Themain goal of thiswork is tomodify PPmembraneswith selective
ligand-ion exchange IPNs of poly(glycidyl methacrylate-NMG) P(GMA-
NMG), as well as also complex networks, such as P(GMA-NMG)/P(AA),
P(GMA-NMG)/P(AMPSA) and P(GMA-NMG)/P(ClVBTA). These mem-
branes were studied for Cr(VI) ion transport via Donnan dialysis.
2. Experimental

2.1. Materials

Macroporous (AN06 Merck Millipore, 0.6-μm pore size) isotactic PP
membraneswere employed. For the activation of the PPmembrane sur-
face, the reagents employed were polyvinyl alcohol (PVA 15000,
Merck), ethanol (Merck), and Type I deionized water from Thermo
Fig. 1. Illustrative scheme of preparati
Fisher Scientific. The activation of the PP membrane surface method
was described previously [26].

N-methyl-D-glucamine (NMG, Aldrich), 2-acrylamido-2-methyl-1-
propane sulfonic acid (AMPSA, Aldrich), ar-[(vinylbenzyl)trimethyl
ammonium chloride] (ClVBTA, Aldrich), N,N′-methylene
bisacrylamide (MBA, Aldrich), acrylic acid (AA, Aldrich), glycidyl
methacrylate (GMA, Aldrich), and ammonium persulfate (APS,
Merck) were employed to modify the polypropylene membrane for
IPN synthesis. An aluminum flat-reactor was used for thermal radical
polymerization of the functional IPNs. A stirred-cell filtration unit
(Millipore, model 8050) was used to inject the reactive solution into
the porous PP membrane. The synthesis of the glycidyl methacrylate-
N-methyl-D-glucamine (GNMG)monomer is described in the literature
[25].

A UB-10 pH/mV meter from Denver Instrument was used to mea-
sure the pH of the solutions, and HNO3 (Merck) and NaOH (Merck)
were used as controls for the pH. K2Cr2O7 (Merck) was the chromium
(VI) source, and NaCl (Merck) was the extraction reagent.

A Cary 100 Scan UV–Visible spectrophotometer from Varian was
used to directly measure the Cr(VI) ion concentration [29,30]. The
Cr(VI) ion was measured at the wavelength 350 nm in a solution of
pH 3.0 and at a wavelength of 370 nm in a solution of pH 9.0 [29,30].
Origin® Pro 8 software was used to build the transport profile.

2.2. Formation of IPNs inside the membranes

The functional monomers, crosslinking reagent (MBA) solution, and
initiator agent (APS) in a 20-ml reaction solution were passed through
the membrane [27]. A stirred-cell filtration unit was used with a pres-
sure of 0.1 MPa from nitrogen gas. Only one injection was performed.
In situ free-radical polymerizationwas performed on the surface and in-
side the membrane pores at 70 °C for 24 h, and APS at 1 mol% was
employed as the radical-generating reagent [31].

Fig. 1 shows the steps for the preparation of the modified mem-
branes. The hydrophilic MPP and homopolymer network synthesis
were obtained according to Table 1 [26].

The experimentalmixture designs for IPN formation insidemacropore
polypropylenemembraneswere of threedifferent types. Thefirstmixture
was 0.5 mol·L−1 AA, 0.2 mol·L−1 GNMG, 8 mol% MBA and 1 mol% APS.
The second was a mixture of 0.5 mol·L−1 AMPS, 0.2 mol·L−1 GNMG,
8 mol% MBA and 1 mol% APS. The third was a mixture of 0.5 mol·L−1

ClVBTA, 0.2 mol·L−1 GNMG, 8 mol% MBA, and 1 mol% APS.

2.3. Characterization

2.3.1. Percentage of modification
The percentage of modification was gravimetrically measured.

Initially, the dry, unmodified membranes were weighed. After the
on of the GNMG/functional IPNs.



Table 1
Experimental conditions for the synthesis of the interpenetrating homopolymer networks
[26]

Code Conditions

MG1 GNMG MBA 8 mol%
MG2 GNMG MBA 15 mol%
MA1 AA MBA 8 mol%
MA2 AA MBA 15 mol%
MS1 AMPS MBA 8 mol%
MS2 AMPS MBA 15 mol%
MTA1 ClVBTA MBA 8 mol%
MTA2 ClVBTA MBA 15 mol%
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modification process, the dry-membrane samples were weighed again.
The percent modification (ΔPM) was calculated from Eq. (1):

ΔPM ¼ w f−w0ð Þ
w0

� 100% ð1Þ

where wf is the dry IPN-membrane mass (g) andw0 is the unmodified-
membrane mass (g). This method quantitatively calculated the mass
percent of the ion exchange IPNs.

2.3.2. Water-uptake percentage
Themass of the IPN-modified drymembrane sampleswasmeasured

before and after wetting with Type I deionized water for 24 h at room
temperature. During this period, the samples reached their swelling
equilibrium. The modified membranes are porous for this reason. The
mass of these membranes was measured 3 times. In all of the tests, ex-
cessive water was removed from the modified wet membranes using
absorbent paper. This method was gravimetric. The water-uptake per-
cent (ΔWw) was calculated from Eq. (2):

ΔWw ¼ Wwet−Wdry
� �

Wdry
� 100% ð2Þ

where Wwet is the wet IPN-membrane mass (g) and Wdry is the dry
IPN-membrane mass (g).
Fig. 2. Scheme of the D
2.3.3. Volumetric permeate flux
The time required for 50 ml of deionized water to pass through the

modified membrane was measured. The equipment used during this
stepwas a stirred-cell filtration unit (Amicon) that works with nitrogen
gas. This analysis probes the indirect formation of the IPN in the pores. A
pressure of 0.1 MPa was maintained for all of the tests.

2.3.4. Scanning electron microscopy (SEM)
This technique was used to analyze the superficial morphological

changes in the modified and unmodified membranes. A 20,000-kV
JOEL microscope (JSH 6380LV model) was used.

2.3.5. Fourier transform-infrared spectroscopy coupled to attenuated total
reflectance (ATR-FTIR)

Using a Nicolet FT-IR instrument with a DTGS-KBr detector (Omnic
5.2 Nicolet Instrument Corp.), the FTIR spectra of the IPN-modified
and unmodified membranes were obtained. The measurement was
collected between 400 and 5000 cm−1.

2.3.6. Electrokinetic properties
The membrane samples were cut into thin pieces and submerged

into 5 × 10−2 mol·L−1 KCl solutions at pH values of 3.0, 7.0, and 9.0.
Brookhaven ZetaPlus equipment was used. The values pH was
controlled using HCl and NaOH.

The electrokinetic potential ϛ was determined from the ionic
mobility (μe) by using the Smoluchowski (Eq. (3)):

μe ¼
ε � ς
η

; ð3Þ

where μe is the ionic electrophoretic mobility (cm2·V−1·s−1), ε is the
liquid permittivity (J·V−2·m−1), and ϛ is the electrokinetic potential
or the zeta potential (mV) [32,33].

2.3.7. Donnan dialysis analysis of the Cr(VI) ions
Fig. 2 shows a dual-chamber cell working under the Donnan equilib-

rium principle, and the functional membrane was placed between the
chambers. Each chamber had a 250 ml capacity and was filled with
150 ml of the working solution for the tests.
onnan dialysis cell.



Table 2
The values of the modified degree percentage, water uptake percentage and volumetric
flux of the homogeneous modified membranes with interpenetrating homopolymer
networks

Code ΔPM/% ΔWW/% Volumetric flux/L·m2·h−1

MA1 2.1 21.2 58.9
MA2 5.2 16.5 28.3
MS1 3.9 24.4 44.6
MS2 4.2 20.9 27.9
MTA1 3.6 36.3 48.5
MTA2 4.5 27.9 24.6
MPP 0 0 90.3
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2.3.7.1. Experimental design.Modified interpenetrating polymer network
membranes were used for Cr(VI) ion transport. The feed chamber was
filled with the Cr(VI) solution, and the extraction chamber was filled
with a 1 mol·L−1 NaCl solution as the extraction agent at pH 3.0 and
9.0. The Cr(VI) ion sources were 2.4 × 10−4 mol·L−1 and
1.2 × 10−4 mol·L−1 K2Cr2O7 at pH 3.0 and 9.0, respectively. Every
60 min for 24 h, 3 ml was extracted from the extraction chamber.

Direct UV–visible spectrophotometry was used to measure the
Cr(VI) ion concentration [29]. The samples were returned to the extrac-
tion chamber after reading the Cr(VI) ion concentration. The transport
of Cr(VI) ionswas evaluated based on the extraction percentage (E) cal-
culated using Eq. (4):

E ¼ 100%� Ve � Ce
i;t

V f � C f
i;0

 !
ð4Þ

where Ci ,t
e , is the ion concentration in the extraction chamber, which

changes with time. Ci ,0f is the ion concentration in the feed chamber at
time of 0, and Ve and Vf are the extraction chamber and feed chamber
volumes (L), respectively.

3. Results and Discussion

3.1. Morphological and microstructural characterization

The changes in themodification percent, water-absorption capacity,
and volumetric flux must be considered for the evaluation of the
modified membranes. These samples were compared with unmodified
microporous membranes.

Fig. 3a shows the change in the modified mass and water uptake
percentage of the polyelectrolyte P(GMA-NMG) networks. The percent-
age ofmodification in all samples gradually increased from0 to 7% at the
time the crosslink agent (MBA) concentration increased. However, the
percentage mass modification value of the MG2 is lower than the ion
exchange polyelectrolyte/NMG membranes.

The MG1 and MG2 membranes with the NMG single functional
group achieved the lowest percentage of mass modification values, in
comparison with the ion exchange polyelectrolyte/NMG membranes.
The percentage ofwater uptake (see Fig. 3a) forMG1andMG2has a ten-
dency to increase similar to the percentagemassmodified values. These
results imply that the porous MPP membranes are filled by crosslinked
polyelectrolyte chains [34,35]. The percentages of the water uptake
values showed that the distribution of the functional NMG interpen-
etrating networks is not high or homogeneous inside the structure of
the PP membrane. However, the highly hydrophobic nature of the PP
does reject the aqueous reactive glycidylmethacrylateNMGmonomeric
solution with a certain percentage.
Fig. 3. Percentage of modification in mass, percentage of water uptake
Additionally, Fig. 3a indicates that the polymeric networks com-
posed of ion exchange polyelectrolyte and poly(NMG) achieved per-
centage mass modified values higher than the polymeric networks of
the P(GNMG). The reason for this behavior is that the ion exchange
functional groups (quaternary ammonium, sulfonate and carboxylic
acid) of the monomers provided the NMG monomer complete access
to the inside PP microporous membrane. The sulfonate monomer can
enhance the aqueous reaction pressure impregnation with the NMG
mixture (MSG membrane). The sulfonate monomer helps to reduce
the superficial tension between the aqueous reactive monomeric solu-
tion and the PP fiber surface in comparison with the acrylic acid and
quaternary ammonium (MAG and MTAG membranes). The percentage
of water uptake for MTAG, MAG, and MGS presents the same tendency
to increase with the percentage mass modified values (see Fig. 3a). The
interpenetrating network concentration increases, and then, the water
can introduce itself inside the structure membrane.

Fig. 3b shows the change in the volumetric flux of the modified
membranes in comparisonwith the unmodified PPmembrane. The vol-
umetric flux of water decreased for all modifiedmembrane samples be-
cause the pore size decreased, which produced resistance to water
because the interpenetrating networks can swell. Although MBA and
ion exchange monomers provide a rigid structure for the membrane,
it also contributes to their brittleness [36]. However, a high degree of
crosslinking is favorable for the stability of membranes [37].

Table 2 summarizes the percentage of modification, the percentage
of water uptake, and the change in the volumetric flux of water by the
interpenetrating homopolymer networks. These values are a function
of the concentration of the crosslinking-reagent MBA. As the MBA con-
centration increased, the water uptake and hydrophilicity of the mem-
branes decreased because of the compact structure of the IPNs. If the
IPN concentration increases inside the membrane, then the volumetric
flux of water would be lower. These differing results occurred because
of themorphology in the layer shape and the agglomerated, amorphous
particles [26,27,31].
, and volumetric flux of water of the modified IPNs membranes.
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3.2. SEM analysis

The surface morphology of an unmodified macroporous MPP mem-
brane is shown in Fig. 4a and b. In Fig. 4a, the membrane face exhibits
low porosity, an intertwined fiber structure and a smooth superficial as-
pect, while in Fig. 4b, a high density was observed based on the thick,
compacted fiber group. The membrane morphology changes for the
IPNmembranes were compared with those changes for the unmodified
MPP membrane.

For example for the MG2, Fig. 4c and d shows two phases of the
P(GNMG) and PP, and these are relative to the unmodified MPP (see
Fig. 4a and b). These results represent an anisotropic membrane [38,
39]. The P(GNMG) networks were agglomerated in large quantities on
the surface, which makes it easier to access the ion-exchange groups
(see Fig. 4d). However, in their cross-sections, the membrane achieved
low IPN concentration because of the hydrophobic nature of the isotac-
tic PP and low pore uniformity. Shinde et al. achieved stablemodified PP
Fig. 4. SEM images of the modified and unmodified PP membranes with magnification of 1.0 k
Surface. f. Cross-section area). MSG (g. Surface. h. Cross-section area). MTAG (i. Surface. j. Cros
membranes of the pore surface modification by grafting poly(glycidyl
methacrylate) in the reaction with the NMG, and the SEM images are
similar to those obtained in this research [5].

In the case of the MAG, on the top of the membrane, a high concen-
tration of ion exchange domain particles (see Fig. 4e) was present in
comparisonwith the top of theMG2membrane (see Fig. 4c). This result
is due to the poly(acrylic acid) fraction that improves the stability of the
functional networks by hydrogen bonds between the carboxylic acid
group and hydroxyl group of the NMG and the poly(vinyl alcohol)
grafted on the PP fibers. However, in the cross-area, the quantity of
P(AA-GNMG) was poor (see Fig. 4f) because the neutral carboxylic
acid did not help to improve the introduction of the initial reactive mix-
ture inside the PP membrane. These domain particles are large and ag-
glomerate [31].

Additionally, MSG membranes have small domain particles that are
very homogeneous on the top of membrane in comparison with the
MAG membrane (see Fig. 4g). However, IPNs agglomerated in large
. MPP (a. Surface. b. Cross-section area). MG2 (c. Surface. d. Cross-section area). MAG (e.
s-section area).



943Y. Tapiero et al. / Chinese Journal of Chemical Engineering 25 (2017) 938–946
quantities on the cross-section area (see Fig. 4h). The P(AMPS-GNMG)
networks tended to bemore homogeneous and covermore polypropyl-
ene fibers than the P(AA-GNMG) networks. The sulfonate group makes
accessing the ion-exchange groups easier inside the membrane.

MTAG membranes achieved low formation of IPN domains on the
top and the cross-section area in comparison with the other modified
membranes (see Fig. 4i, and j). This membrane exhibited low IPN con-
centrations in their cross-sections because of the hydrophobic nature
of the isotactic PP and lowpore uniformity because of their highly asym-
metric character [40,41].

Some research reports show similar results when a PP film was su-
perficiallymodifiedwith sodiumpolystyrene sulfonate and a polyethyl-
ene film was modified with sodium polystyrene sulfonate. The main
results found a structural surface change where small particles with
small pores appeared [42]. Similarly, poly(N,N-dimethylaminoethyl
methacrylate) (PDMAEMA) was grafted and crosslinked onto the PP
membrane surface. The membrane had 80% porosity with a 0.20-μm
pore size [43]. In the same way, MPP membranes had poly(vinylbenzyl
ammoniumsalts) crosslinked in situwithin its pores [44]. Another study
grafted and copolymerized a 4-vinylpyridinium monomer within PP
membranes with 0.5-μm pores [45].
Fig. 5. ATR/FT-IR of the anion-N-methyl-D-glucamine membranes and unmodified
polypropylene. a. MPP. b. MAG. c. MSG.

Fig. 6. ATR/FT-IR of the cation-N-methyl-D-glucamine membranes and unmodified
polypropylene. a. MPP. b. MG1. c. MTAG.
3.3. Fourier transform-infrared with total attenuated reflectance (ATR/FT-
IR) spectroscopy

In themicrostructural analysis of themodifiedMPPmembranes, the
ATR/FT-IR absorption bands corresponding to the functional groups
were determined. The unmodified MPP membrane had characteristic
absorption bands at 2970–2800 cm−1 corresponding to the stress and
asymmetric stretching of C\\H (δas) bonds in the (\\CH3) methyl
groups. The peak at 1480–1380 cm−1 results from the C\\H (δas) of
the CH2 bond flexion vibrations because these bonds have asymmetric
deformations. The symmetric interaction flexion vibrations for the
C\\H (δs) in the CH3 bonds were generated across the same range.
The signals from 1300 to 700 cm−1 represent the changing isotactic
polypropylene microstructural characteristics. The signals at 1200,
1116, 998, 841, and 800 cm−1 are the isotactic configuration crystallin-
ity sequences [46] (see Figs. 5a and 6a).

The signal at 970 cm−1 corresponds to the monomeric head-to-tail
isotactic PP configuration [47]. C\\H and C\\C bonds were observed in
the spectra for the modified and unmodified MPP membranes. These
signals are stronger in the modified membrane than in the unmodified
MPPmembrane. The absorption signals (ʋas (\\CH2), δas (\\CH2) and δs
(\\CH2)) were stronger in the modified membrane samples than in the
unmodified MPP membrane (see Figs. 5a and 6a).

Fig. 5b shows that the absorption band of the MAG at 1690 cm−1 is
due to the presence of a (C_O) stretching vibration. The band at
3400 cm−1 is due to the (\\OH) stretching vibration, overlapping
bands at 1077 cm−1 (C\\O), 1035 cm−1 (C\\N), one at 1174 cm−1

(CH\\OH), and 1563 cm−1 (CO\\O) [25]. The absorption band at ap-
proximately 2930 cm−1 is due to the C\\H stretching of the polymer
backbone, and the (C\\O) bond stretching absorbed at 1150 cm−1.

Fig. 5c shows that the absorption band of the MSG at 1644 cm−1 is
due to the stretching vibration of the (C_O) double bond and that
1453 cm−1 is the vibration of (C\\N). The bands at 1115 cm−1 and
1047 cm−1 are due to the asymmetric and symmetric vibrations of
(S_O), respectively. The overlapping bands at 1077 cm−1 correspond
to (C\\O). The band at 1035 cm−1 corresponds to (C\\N). The band at
1174 cm−1 corresponds to (CH\\OH), and the (C\\O) stretching
absorbed at 1150 cm−1 and 1563 cm−1 (CO\\O) [25].

Fig. 6b shows the absorption signals for MG1 with the NMG ligand
group. The vibrational bands included overlapping bands at
1077 cm−1 (C\\O), 1035 cm−1 (C\\N) and one at 1174 cm−1

(CH\\OH), and the vibrational bands included 1719 cm−1 (C_O) and
1563 cm−1 (CO\\O) [25].
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Fig. 6c shows the absorptions band of MTAG with the aromatic
(C_C) absorption signals occurring in the range from 1400 to
1600 cm−1, 1077 cm−1 (C\\O), and 1035 cm−1 (C\\N), as well as
one at 1174 cm−1 (CH\\OH). The vibrational bands included
1719 cm−1 (C_O) and 1563 cm−1 (CO\\O) [25]. The quaternary am-
monium group has absorption signals at 1581 cm−1 for the (N\\H)
bond and (C\\N) vibration and at 1483 cm−1 for the (\\N+\\(CH3))
group bond flexion.

3.4. Electrokinetic properties

In themembranes, ionic functional groups cause superficial charges.
The surface charge is related to phenomena, such as wetting, adsorp-
tion, and ion transport. The electrokinetic potential is the fixed charge
potential difference (cationic, anionic, weak acid and chelating groups)
between the mobile ionic charges in the absorption layer [26].

The electrokinetic potential depends on the IPN concentration, pH,
and capacity of the electric double layer formed.

Fig. 7, Curve a shows the behavior of MTAG, which exhibited higher
electrokinetic potentials when the pH was 3.0. Because the NMG and
quaternary ammonium groups have a positive charge, the network
was swollen. The excess H+ repels the quaternary ammonium and
NMG groups with positive charges. However, at a pH of 9.0, the
electrokinetic potential decreases because of the presence of OH−

ions. The network was contracted, and these OH− ions compete with
the Cl− ions in the diffusion layer. The movement of the Cl− counterion
in the diffusion layer becomes favored when the pH is 3.0.
Fig. 7. Electrokinetic potential of modified membranes with IPNs with 5 × 10−2 mol·L−1

of KCl. a. MTAG. b. MAG. c. MSG. d. MG2. e. MPP.
In Fig. 7, Curve b shows the behavior ofMAGwhenNMGhas positive
charge at low pH values (pH 3.0) but the acrylic acid has an uncharged
structure. However, at high pH values (pH ≥ 4.8) [48], the carboxylic
side groups are negatively charged, and because of the electrostatic re-
pulsion between the side groups, their conformation is an extended
structure, while the NMG groups are uncharged.

MSG exhibited the most negative electrokinetic potential values
over the pH range tested. The sulfonate groups can overlap the positive
charge of NMG at acidic pHs (see Fig. 7, Curve c). When the pH was 3.0,
the electrokinetic potential became less negative because H+ ions com-
peted with Na+ ions in the diffusion layer. These results depended on
the acid character of the functionalized surface, and the excess OH−

ions repelled the groups fixed in the network and favored the move-
ment of the Na+ counterion in the diffusion layer.
In Fig. 7, Curve d shows the behavior ofMG2. At low pHvalues, it has
a positively charged structure, but at high pHvalues, it is uncharged. The
MPP membrane is hydrophobic without any modification and has no
ionic functional groups, which renders themembrane inert to electrical
fields (see Fig. 7, Curve e).

3.5. Donnan dialysis analysis of the Cr(VI) ions

Themodified pore-filled PPmembraneswith IPNswere evaluated to
determine the Cr(VI) ion transport capacity. Four conditions for the
Cr(VI) ions were used, an acid medium (pH 3.0) and basic medium
(pH 9.0), each at two different concentrations (1.2 × 10−4 mol·L−1

and 2.4 × 10−4 mol·L−1), in the food chamber. For all of the tests, the
extraction reagent was 1 mol·L−1 NaCl.

For the concentration of 1.2 × 10−4 mol·L−1 of Cr(VI), Fig. 8a shows
the Cr(VI) ion extraction percentage profile of the modified pore-filled
membranes with pH 3.0 compared with wetted unmodified PP mem-
brane with ethanol. The E values were highest for this probe, 35.7% of
the MTA1, 32.7% of the MTAG and 26.9% of the MG2. The E values
were highest for the concentration 2.4 × 10−4 mol·L−1 of Cr(VI) at
pH 3.0 (see Fig. 8b), and they were 63.3% of the MTAG, 56.7% of the
MG1, and 46.1% of the MG2.

The E values were high for the high concentration of Cr(VI) than the
low concentration of Cr(VI) because of the saturation of the functional
groups. All modified membranes achieved Donnan equilibrium be-
tween 250 min and 300 min at pH 3.0. The values of E for the modified
membranes are shown in Table 3.

At pH 3.0, the modified membranes with ammonium quaternary
and NMG groups achieved swollen networks because of the excess of
electrostatic repulsion forces. These electrostatic forces were generated
between the nitrogens with a positive charge. However, the passive
transport of Cr(VI) ions to the extraction chamber occurred because of
the concentration gradient. However, the NMG group acts as a ligand
and ion exchange functional group at pH 3.0. In the same way, a strong
quaternary ammonium group interaction with HCrO4

− and Cr2O7
2− ions

exists, decreasing the ion exchange velocity and increase the ion ex-
change relationship [49]. The Cr(VI) ionicfluxes depend on themorpho-
logical changes of the modified membranes with respect to that of MPP
[4].

The MTA1 membrane showed the best results in all of the tests.
The object of this study was to compare composite (P(GMA-NMG)/
Polyelectrolyte) interpenetrating polymer network membranes with
homo-polyelectrolyte interpenetrating polymer network membranes,
and it was found that the extraction percentage values of the Cr(VI)
ions are very close to the values of the homo-polyelectrolyte
membranes.

At pH 3.0, the poly(acrylic acid) networks were protonated and the
networks produced an hydrophobic effect. This reason can explain the
low E values. However, in the MAG, the NMG groups participated in
ion exchange and chelating effects for the Cr(VI) ions. However, the
concentration gradient can exceed to the retention effect of the
membrane, but with a low efficiency.

Themodifiedmembraneswith sulfonate groups present an excess of
negative charge in the pore walls and in the membrane surface. The re-
pelling interaction between the Cr(VI) ions and negative surface is
known as the Donnan repulsion principle. This principle limits the
force of the concentration gradient between the two chambers. There-
fore, the E values are low for the MS1, MS2 and MSG. The participation
of the NMG group in this process is only for retention because the pos-
itive charge is neutralized. This whole process occurs under acidic
conditions.

Fig. 8c shows the results that were obtained from the Cr(VI) ions ex-
traction percentage using a low concentration of 1.2 × 10−4 mol·L−1 in
the food chamber at pH 9.0. The E values highest for this probe were
56.7% of the MTA1, 48.5% of the MTAG and 32.0% of the MG1. The test
using the highest concentration of 2.4 × 10−4 mol·L−1 of Cr(VI)



Fig. 8. Extraction percentage of Cr(VI) ions. a. Low concentration of Cr(VI) (1.2 × 10−4 mol·L−1) at pH 3.0. b. High concentration of Cr(VI) (2.4 × 10−4 mol·L−1) at pH 3.0. c. Low
concentration of Cr(VI) (1.2 × 10−4 mol·L−1) at pH 9.0. d. High concentration of Cr(VI) (2.4 × 10−4 mol·L−1) at pH 9.0.
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achieved 65.2% of the MTA1, 60.5% of the MTAG, and 47.5% of the MG1
(see Fig. 8d). This behavior is very similar to that obtained for the high
concentration of 2.4 × 10−4 mol·L−1 of the Cr(VI) in the food chamber
test at pH 3.0. The values of E for themodifiedmembranes are shown in
Table 3.

Moreover, the evaluation of the Cr(VI) ion transport through the
modified membranes at pH 9.0 was more efficient compared to the
transport obtained at pH 3.0. The forces between the Cr(VI) ions and
the quaternary ammoniumwere overcome by the concentration gradi-
ent force for the diffusion passes through the MTA1, MTA2 and MTAG.

At pH 9.0, the NMG does not have a positive charge because the ni-
trogen is not protonated. For this reason, the polymeric chains of the
functional networks generate a hydrophobic effect, but the glucoside
Table 3
The values of the extraction percentage (E) in the receiving chamber

Code sample (E ± 1) × 10−3

Cr(VI)f (pH 3.0)/mol·L–1 Cr(VI)f (pH 9.0)/mol·L–1

1.2 × 10−4 2.4 × 10−4 1.2 × 10−4 2.4 × 10−4

MPP 2.3 3.8 1.3 1.3
MG1 23.8 56.7 32.0 47.5
MG2 26.9 46.1 23.9 26.2
MTA1 35.7 37.6 56.7 65.2
MTA2 19.7 23.3 18.5 40.5
MTAG 32.7 63.3 48.5 60.5
MA1 – – 12.0 26.2
MA2 6.4 15.1 – –
MAG 16.9 17.8 8.6 13.4
MS1 – – – –
MS2 – – – –
MSG 3.4 5.1 6.8 9.8
function produces a chelating effect. MG2 achieves a retention effect
for the low and high concentration of Cr(VI) because of the crosslinking,
while the concentration gradient forces are highest for the MG1.

At pH 9.0, theDonnan exclusion principle is highest for the sulfonate
groups of the MS1, MS2 and MSG. These membranes achieve a strong
excess of negative charge that excludes the CrO4

2− ions. This is the rea-
son for the low transport. It is possible that the membrane presents lo-
cations at which ion leakage can occur to the extraction chamber. In the
same way, MA1, MA2 and MAG with carboxylic acid groups are pro-
duced from the Donnan exclusion principle at pH 9.0. The carboxylic
acid groups are ionized completely, and a strong excess of the negative
charge excludes the CrO4

2− ions.
Themain reason for the exclusionwas due to the change in the ionic

conduction properties of the functional groups, and this situation
helped to develop the concentration gradient. For example, at pH 9.0,
Donnan equilibrium was achieved between 150 min and 250 min; in
comparison with the test at pH 3.0. At pH 9.0, most Cr(VI) ions are in
the CrO4

2− form. Cr(VI) ions compete against the hydroxyl ions in the
ion exchange inside the membrane. Additionally, the size difference of
the CrO4

2−, HCrO4
− and Cr2O7

2− ions produces friction to the movement
and a strong electrostatic force in the ion exchange.

4. Conclusions

The IPNs can be prepared using microporous PP membranes with
ion exchange-ligands through radical polymerization. The concentra-
tions of the glycidyl methacrylate NMG monomer, the crosslinked
agent MBA and the proper ion exchange monomer play an important
role in membranes with IPN in situ synthesis because they can control
the density of the formed networks. The modified MPPs were valued
in terms of their water uptake, modified mass, morphology, and
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transport capacities. The pore-filled polypropylenemembranes, includ-
ing P(GMA-NMG), and the complex networks, including P(GMA-NMG)/
P(AA), P(GMA-NMG)/P(AMPSA), and P(GMA-NMG)/P(ClVBTA) IPNs,
were evaluated using SEM, FT-IR analysis, and their electrokinetic prop-
erties. The modified membranes were compared with the unmodified
PP membranes. Through these results, it was demonstrated that IPNs
formed inside the pores.

The transport properties under the Donnan dialysis principle for the
Cr(VI) ionswere evaluated as a function of the concentration in the feed
(low and high) and the pH values. From the obtained results, the MTA1
membranewas chosen because of the obtained results (35.7%) from the
use of Cr(VI) ion transport at a pH of 3.0 and a low food concentration of
Cr(VI). However, MTAG is used because its Cr(VI) ions have a transport
capacity of 63.3% at pH 9.0 and a high food concentration of Cr(VI).

At pH 9.0, MTA1 achieved 56.7% of the extraction of the Cr(VI) ions
when a low concentration of Cr(VI) was used. At a high concentration
of Cr(VI), this membrane achieved 65.2% of the extraction of the
Cr(VI) ions. In both cases, with an acidic or basic pH, the MTAG mem-
brane achieved results of the Cr(VI) extraction very close to the MTA1.

These results were influenced by various factors, including the su-
perficial charges of the membranes, solution concentration of the feed
phase (low and high), and steric effects. The Donnan exclusion principle
and equilibrium influenced the ion transport.
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