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In this work we introduce novel synthetic methods for the modification of a macroporous polypropylene
(PP) membrane with poly(2-aminoethyl methacrylate) (polyAEMA) and subsequently anchoring a Schiff
base with the aim of adsorbing specific metal ions from aqueous solution. The Schiff base synthesis on
the surface of the PP membrane was done by a sequence of reactions. First the hydrophobic character of
a commercial PP membrane (pore diameter 0.4 pm) was modified via UV irradiation-induced “grafting-
from” of poly(2-hydroxyethyl methacrylate) (polyHEMA). The hydroxyl groups of polyHEMA were then
reacted with the pre-synthesized photoinitiator 4-ethoxy-5-oxo-4,5-diphenylpentanoyl bromide. UV-
irradiation was thereafter used for the “grafting-from” of polyAEMA. The free amino groups of this grafted
comb-like brush layer on the surface were reacted with salicylaldehyde to form a Schiff base. ATR-FTIR
spectroscopy was carried out to determine the functional groups’ introduction and conversion. Scanning
electron microscopy images showed the changes between unmodified and modified membranes.
The specific surface area was determined by nitrogen adsorption and BET analysis, and the water per-
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meability was also measured. The efficiency of membrane adsorbers with a Schiff base in the grafted layer
in binding to Cu(i) ions was determined by atomic absorption spectroscopy. Overall, the established
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Introduction

Membrane separation is nowadays one of the most important
technologies for the treatment of waste water.' ™ Microfiltra-
tion is an important process which has found application in
water treatment. Conventional microfiltration membranes are
typically used for their potential capability in the process of
separation of (colloidal) particles based on size exclusion or
depth filtration."™ Developing the membrane’s functionali-
zation methods would enable the water treatment industries to
also remove heavy metals with small sizes that could not be
rejected by macropores. One of the most effective techniques
which has been developed for this purpose is an adsorption
method. The process of adsorption in heavy metal treatment
of wastewater involves ion uptake by the active surface of an
absorbent.” The adsorbent may be composed of mineral,
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functionalization sequences and the obtained functionality have potential for the development of

organic or inorganic materials such as silica, synthetic poly-
mers, natural materials and industrial by-products.®” By intro-
ducing complexing agent groups as an adsorbent in a
membrane, the capability of membranes for removal of heavy
metals could be expanded.

During the past decade, several metal retaining membranes
have been developed for efficient removal of heavy metals. The
application of polyethyleneimine (PEI) with a large amount of
amino and imino groups in its polymer chain has been investi-
gated in membrane synthesis as a chelating agent for Pb(u),
Cd(n), Cu(u), Cr(m)'>" and Hg(u) ion removal.'* A thiol
functionalized mesoporous poly(vinyl alcohol)/SiO, composite
nanofiber membrane was synthesized and used for Cu(u)
removal."® A metal-complexing membrane containing poly(4-
vinylpyridine) was prepared and used for removal of Hg(u)
from aqueous solution.”® A multifunctional porphyrin mem-
brane was prepared and showed selectivity for Cd(u) ion
adsorption when other cationic species existed in solution."®

Schiff bases are among the most widely utilized ligands in
metal coordination chemistry and are found to be stable under
oxidative and reductive conditions. They are easily formed by
the condensation of primary amines and aldehydes and have

This journal is © The Royal Society of Chemistry 2015
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found application as a good chelating ligand anchored
polymer for solid support catalysis by different metals.'®™*® In
membrane chemistry, a number of potentiometric sensors
based on Schiff bases and their complexes have been
reported.’®*° Many studies have focused on the use of a Schiff
base as a cation carrier in ion-selective electrodes for determin-
ing ions such as Al(m),”" Co(n),** Cu(u),>® Zn(u),** Ag(1),>> Hg(u)*®
and also for photovoltaic application.>”

A typical microfiltration membrane which can be functiona-
lized for further application is made from polypropylene (PP).
The surface modification of a hydrophobic membrane can
change its characteristic to hydrophilic or make it accessible
for further functionalization.”®° A permanent modification
by polymer brush layers will be best realized by a covalent
grafting to the base polymer via in situ surface-selective copoly-
merization of functional monomers from the surface. This
“grafting-from” approach has proved to be very flexible and
versatile.”™*> There are several approaches for grafting from
surfaces, involving plasma treatment, UV irradiation and
ozone methods.?** UV-initiated graft copolymerization is a
powerful technology with high efficiency, a low tendency for
base membrane degradation and low cost. It has been used
widely for the functionalization of various membranes made
of different materials, for example, polyacrylonitrile,>*** poly-
sulfone,® polypropylene®®>° or polytetrafluoroethylene.*® The
first step in UV-initiated “grafting-from” copolymerization is
usually the immobilization of a photoinitiator on the polymer
surface. Three approaches are typically used for the immobiliz-
ation of a photoinitiator on the membrane surface: first, physi-
cal adsorption,**?” second, an entrapping method,**° and
third, covalent initiator attachment.®® The photoinitiator
entrapping method as originally proposed for a PP membrane
is based on pre-swelling in heptane, subsequent exchange to a
polar solvent and thus entrapping of the photoinitiator at the
surface layer of the PP.>®° A variety of photoinitiators was
compared in this method, but benzophenone (BP) was found
to be one of the best choices.’® The efficiency of this method
can be low, especially because of the re-dissolution of the
photoinitiator into the monomer solution used in the grafting
step. Recently, we reported a novel surface selective photo-
grafting method via covalent initiator attachment to the mem-
brane surface followed by “grafting-from” initiated by UV-
irradiation.®® One of the most outstanding advantages of the
UV-irradiation method is controlled surface polymerization.
Controlling the architecture of the grafted brushes layer is
important in order to optimize membrane performance. This
goal can be achieved by optimizing grafting parameters such
as: the initiator concentration, UV intensity and UV irradiation
time in combination with varied monomer mixtures.>®*°

In continuation of our previous studies on the functionali-
zation of a PP membrane as an adsorbent of a protein®**° and
our above mentioned recent study,*® we introduce here novel
synthetic methods for the modification of a PP membrane
with grafted comb-like poly(2-aminoethyl methacrylate) and
anchoring a Schiff base in that layer to obtain metal ion mem-
brane adsorbers.

This journal is © The Royal Society of Chemistry 2015
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Experimental
Materials

Polypropylene (PP) membranes (Accurel PP 2E HF, cut-off pore
size ~0.4 pm, membrane thickness ~150 pm) were purchased
from Membrana GmbH, Wuppertal. 2-Aminoethyl methacry-
late hydrochloride (AEMA; min. 95%) was purchased from
Polysciences, Inc. N-(2-Aminoethyl) methacrylamide hydro-
chloride (AEMAm; 98%) and 2-hydroxyethyl methacrylate
(HEMA; 97%) were purchased from Sigma-Aldrich. The other
reagents and solvents were of chemical purity and were
obtained from Fluka or Sigma-Aldrich. All chemicals were
used as received.

Methods

Synthesis of the photo-initiator

4-Ethoxy-5-0x0-4,5-diphenylpentanoic acid (1). All details can
be found in ref. 40.

4-Ethoxy-5-0x0-4,5-diphenylpentanoyl bromide (2). All details
can be found in ref. 38.

Primary modification of a PP membrane with poly(2-hydroxy-
ethyl methacrylate) (polyHEMA (I)). The weight of a membrane
sample with a diameter of 48 mm was measured prior to the
experiments. Thereafter, it was soaked in a 2 mL solution of
1 wt% benzophenone (BP) in heptane for 1 h. Then the mem-
branes were kept in methanol for 10 minutes and directly
immersed for 2 hours in 2 wt% of 2-hydroxyethyl methacrylate
(HEMA) solution. Next, the membranes were immersed in
2 mL of HEMA solution in a Petri dish (60 mm x 15 mm). Sub-
sequently, a second smaller Petri dish was placed on the
sample, as described in ref. 41. The membrane was irradiated
using a high intensity UV lamp at 42 mW cm™> for 6 min.
Thereafter, it was washed for 2 h with pure water and dried in
an oven under vacuum at 60 °C for 2 h and weighed to deter-
mine the degree of graft-polymer modification (DG). DG was
calculated according to the following formula:

DG = (Wl - WO)/WOSSpec

where W, is the initial sample weight, W; is the weight after
modification, and Sspe. represents the specific surface area of
the membrane after each modification step determined by
BET analyses (c¢f. below). The DG after this modification step
along with data for the base membrane (Sspec = 27.2 m* g~ ")
can be converted to DG(%) (DG(%) = (W; — W,)/W, x 100)) by
the conversion ratio of 40 ng cm™> = 1%.

Covalent immobilization of the photo-initiator on primary
modified PP with polyHEMA (II). Each membrane modified
with polyHEMA was kept in a solution of 40 mg 5-ethoxy-5-oxo-
4,5-diphenyl-pentanoyl bromide (2) and 0.72 mg benzoyl
bromide, in the presence of 5 puL triethylamine, in dried aceto-
nitrile, for 12 hours and shaken at 55 °C. After that, samples
were washed sequentially with ethanol, water, and ethanol and
then dried in an oven under vacuum at 60 °C for 2 h and were
then weighed.

Secondary comb-like modification of the membrane with
polyAEMA (III). Membranes with polyHEMA and the immobi-
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lized photo-initiator were first soaked in methanol for
1 minute, kept in a 6 wt% solution of AEMA for 30 minutes
and then irradiated in a Petri dish containing a monomer
solution while the secondary Petri dish was placed on the
sample for 15 min using a high intensity UV lamp of 60 mW
cm 2. Next, samples were washed with pure water for 2 h and
then with methanol, dried in an oven under vacuum at 60 °C
for 2 h and then weighed.

Synthesis of Schiff base modified membrane (V). For this
step, a modified membrane containing the comb-like grafted
structure polyAEMA should be neutralized, so samples were
firstly soaked in methanol and then kept in a solution of 0.2 M
K,CO; for 1.5 h and shaken, washed with pure water for
15 min, dried and thereafter weighed (IV). Then samples were
kept in a 0.5 M solution of salicylaldehyde in DMF at 60 °C for
24 h for Schiff base synthesis. In this step the membrane’s
color changed from white to yellow. Then the samples were
washed sequentially with ethanol, pure water and ethanol for
2 h and then dried as described before.

All the sequential modification steps (from (I) to (V))
described above were repeated for each modification condition
at least three times with independent samples. For membrane
functionalization under optimized conditions, a total of 40
samples (V) were prepared which were then used for the analy-
sis of copper binding (c¢f. below). Average values and standard
deviations for DG are reported.

Copper adsorption-desorption process

Schiff base membranes were weighed and then soaked for
1 min in ethanol. Thereafter they were put into plastic contain-
ers, and 10 ml of a CuBr solution with different concentrations
(Co) in water were added. Containers were shaken overnight.
After that, the solutions were analysed by atomic absorption
spectroscopy (AAS) to determine the equilibrium concentration
(Ceq)- Membrane samples were then washed with Milli-Q water
for 2 h. For the determination of the amount of Cu adsorbed
on the membrane surface, samples were immersed in 10 mL
of a concentrated HCI solution for 10 hours. Then the solu-
tions were analysed by AAS to determine the amount of
adsorbed Cu (Cepyee)- The mass g of copper absorbed at equili-
brium per g of membrane (mg g™ ') was obtained as follows:

g = (Co — Ceq)V/mp

where C, and C.q are the initial and equilibrium concen-
trations of Cu(u) ions in the solution (mg L"), respectively. V
is the volume of the solution (L) and my, is the mass of the dry
membrane (g).

On the other hand, the mass gejyt Of copper desorbed per g
of membrane was obtained as follows:

Gelute = Celutev/mD

where Cepyee is the adsorbed amount of Cu(i) on the membrane
(mg L™, V is the volume of the solution (L) and my, is the
mass of the dry membrane (g).

All analyses at different Cu(u) concentrations were done
with at least three independent membrane samples, and
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average values and standard deviations for g values are
reported.

Membrane permeability

An Amicon cell 8100 (Millipore) connected to a reservoir and
pressurized with nitrogen was used for all water permeability
measurements. All samples obtained from each step were used
for measurements. The permeability P is calculated as follows:

P=V/tAp

where V is the volume of water (L), ¢ is the time for permeation
of that volume (h), A the area of the membrane (m?), and p the
transmembrane pressure (bar).

Instruments and instrumental methods

Ultraviolet (UV) irradiation was carried out in a self-built UV
chamber using a UV-A Print lamp (Hoenle, Grifelfing,
Germany). The membrane surface chemistry was analyzed by
Fourier transform infrared spectroscopy attenuated total reflec-
tion (FTIR-ATR) using a Bruker Equinox 55 instrument (Bruker
Optics Inc., Billerica, MA) equipped with a liquid nitrogen
detector. A total of 32 scans were performed at a resolution of
4 ecm™'. Scanning electron micrographs and energy dispersive
X-ray spectra were obtained using an ESEM instrument,
Quanta 400 FEG (FEI, Czech Republic). The membrane
samples were dried and sputtered with carbon using a K 550
sputter coater (Emitech, UK). The surface area of the mem-
brane was measured using nitrogen adsorption and analysed
(BET)
Beckman Coulter™ SA3100 instrument. Samples after metal

with the Brunauer-Emmett-Teller method on a
ion loading tests were analyzed with an atomic absorption
spectroscopy (AAS) instrument according to DIN EN ISO/IEC
17025:2005. A statistical analysis of data was done using Sig-
maPlot software version 12 (Systac Software Inc.) for Microsoft
Windows. Data were compared using analysis of variance
(ANOVA).

Results and discussion
Membrane functionalization

Schiff bases containing -N=—C groups are important chelating
agents. The main purpose of this work is to introduce a Schiff
base on the surface of macroporous PP membranes for new
potential applications in removing heavy metals from water.
Toward this aim, a new strategy was designed to achieve the
synthesis of a surface anchored Schiff base in a polymer brush
layer by a sequence of reactions (Scheme 1).

To synthesize a Schiff base via addition of aldehyde, amino
groups should be introduced on the membrane. A direct
functionalization using 2-aminoethyl methacrylate hydrochlo-
ride (AEMA) or N-(2-aminoethyl) methacrylamide hydrochlo-
ride (AEMAm), which both have amino groups as side groups,
was performed via entrapping benzophenone as a photo-
initiator in the PP membrane surface followed by UV-induced
“grafting-from” in aqueous monomer solution. Grafting could

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthesis strategy for the modification of the PP membrane toward anchoring copper-chelating Schiff base groups in a comb-like

grafted copolymer layer.

be achieved, but there was a decrease in DG after Schiff base
synthesis when the membranes were treated with an organic
solvent. It is assumed that this happened because graft copoly-
merization was not the main reaction, and homopolymeriza-
tion in the monomer solution within the membrane pores had
also taken place. Although this procedure for grafting had
been proved to be an appropriate method with a minimized
extent of homopolymerization,* in this case, homopolymeri-
zation might be magnified, due to H abstraction by UV-excited
BP from the monomer side group yielding starter radical for-
mation. This is probable because the amino-alkyl groups can
serve as a co-initiator in combination with the “type II” photo-
initiator BP.>*7°

To overcome the discussed difficulties and achieve high
yields of grafting, a new strategy was designed to achieve Schiff
base synthesis by a sequence of two “grafting-from” reactions
(Scheme 1). These strategies were selected to solve in a first
step the side reactivity problem encountered with amino-alkyl
monomers like AEMA or AEMAm with a PP membrane using
another neutral monomer, and in a second step an alternative
(“type I”) photoinitiator was used which did not lead to hydro-
gen abstraction from CH, segments next to amino groups. A
“type I” photoinitiator yields directly starter radicals while a
“type II” photoinitiator will react with a co-initiator to produce
starter radicals (the latter reaction is the intended reaction of
BP with PP).

This journal is © The Royal Society of Chemistry 2015

The selection of monomer was important from two aspects:
first, to have hydrophilic character and, second, to have func-
tional groups suitable for covalent attachment of the initiator
for the next polymerization, leading to a comb-like grafted
structure. For this purpose 2-hydroxyethyl methacrylate
(HEMA) was chosen. The surface functionalization by the UV-
induced method was done in two steps: (i) entrapping of the
photo-initiator (here BP), and (ii) grafting-from of polyHEMA
from PP by UV irradiation. In order to achieve a low grafting
density of polyHEMA, 42 mW cm™> UV irradiation intensity
and 1 wt% initiator concentration and 2 wt% monomer con-
centration were selected for grafting. The efficiency of grafting
was investigated as a function of varied UV irradiation time
(Fig. 1). As is apparent, polyHEMA grafting occurred very well.
By prolonging the irradiation, the DG increased. Samples
obtained after 15 minutes grafting time were completely
shrunken and deformed. We also observed that when the time
of membrane soaking in HEMA solution increased under
otherwise identical conditions from 1 h to 12 h, the DG also
increased (Fig. 1). One of the probable reasons might be deep
immersion of the porous structure of the membrane in the
monomer solution due to slow wetting of the pore surface. In
this case, shrinking due to too excessive modification occurred
after 12 minutes of irradiation. To achieve our purpose, deep
penetration of polymer brushes is preferred. The optimized
conditions were 12 h pre-swelling of membrane samples in

Polym. Chem., 2015, 6, 1584-1593 | 1587
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Fig. 1 Influence of UV irradiation time on polyHEMA grafting relative to

the specific surface area of the macroporous PP membrane: (a) 1 h, (b)
12 h, soaking in a monomer solution before irradiation.

monomer solution followed by 5 minutes UV irradiation
leading to an average DG of (244 + 20) ng cm™>. This corre-
sponds to a relative weight increase of the membrane of 6%.

Successful modification of the PP membrane with poly-
HEMA enabled us to change the hydrophobic character to
hydrophilic and on the other hand, to have hydroxyl groups on
the surface. The secondary modification was graft copolymeri-
zation of a monomer containing amino group. To inhibit
homopolymerization in this step, we covalently immobilized
our synthesized initiator 4-ethoxy-5-oxo-4,5-diphenylpentanoyl
bromide (2) to hydroxyl groups of polyHEMA of the modified
PP membrane. The reaction did not proceed successfully when
only compound (2) was used; by gravimetry no changes were
observed after this step or during the following UV-irradiation
grafting. However, this reaction proceeded successfully in the
presence of 20% of benzoyl bromide (Scheme 2). The calcu-
lated DG after this step was about 155 ng cm™>. The role of the
fast reacting benzoyl bromide in this reaction might be that of
facilitating the sorption and hence the reaction of the more
bulky and hydrophobic compound (2) within the grafted poly-
HEMA layer.

The mechanism of UV-initiated graft copolymerization is
based on a conventional radical mechanism: the more efficient

View Article Online
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Fig. 2 Influence of UV irradiation time on DG for grafting polyAEMA

and polyAEMAm from grafted polyHEMA on the macroporous PP
membrane.

starter radical is tethered to the polymer surface®” so that the
growing polymer chains also become attached to the surface in
a comb-like structure on the firstly grafted polyHEMA.

After attachment of (2), the next step was grafting polymer
brushes containing amino groups. For this purpose the two
monomers AEMA and AEMAm were used. UV-induced
grafting-from was performed. Different parameters such as
irradiation intensity and time, as well as the monomer concen-
tration, were investigated. The best results were obtained at
60 mW cm™ for UV intensity and 5 wt% for monomer concen-
tration. The DG changes were investigated with time of UV
irradiation, and the results are presented in Fig. 2.

A high DG of about 480 ng cm™> was obtained for poly-
AEMA in 15 minutes of irradiation, but the highest DG for
polyAEMAm was only about 280 ng em ™ (Fig. 2). These values
correspond to weight increases of 12% for grafted polyAEMA
and 7% for grafted polyAEMAm.

We selected AEMA for UV induced grafting with the opti-
mized conditions of 60 mW cm ™ irradiation intensity, 5 wt%
monomer concentration and 15 minutes irradiation time.
Membrane samples II were then graft copolymerized with
AEMA under optimized conditions to obtain II (¢f. Scheme 1).
In this case samples III had ammonium salt side groups.

an

Scheme 2 Synthesis pathway for the immobilization of photo-initiator (2) to the membrane surface.

1588 | Polym. Chem., 2015, 6, 1584-1593
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To neutralize III, samples were soaked and shaken in K,CO;
solution to obtain the neutral form IV. The final step was intro-
ducing a Schiff base from the amino groups of the grafted
layers. Neutralized samples IV were placed in a salicylaldehyde
solution for 24 and 48 h at 55 °C to obtain V. It seemed that
Schiff base formation was complete in 24 h, and prolonging
the reaction time did not increase the DG obtained from gravi-
metric data. After this step the DG change was 225 ng cm™?,
which is equal to 50% conversion of the introduced amino
groups (based on DG for that step). This corresponds to a rela-
tive weight increase of the membrane of 5.5%.

Characterization of grafted layer structure

Changing different parameters in the sequential grafting and
reaction steps enabled us to obtain the desired grafted layer
structure. FTIR-ATR spectra after each step were recorded, and
unmodified PP membranes were compared with primary
modified I, secondary modified III and Schiff base V. Schiff
base membrane (V) was also compared with the Schiff base
membrane after Cu binding (VI) (Fig. 3).

In the spectrum of the primary modified PP membrane
with dilute grafting of polyHEMA (I), the stretching absorption
peak of the ester carbonyl group appeared with a low intensity
at 1727 em™". After secondary modification with polyAEMA
(Im) the stretching absorption band of the ester carbonyl group
was more apparent at 1729 cm ™', and for ammonium salt (NH;")
a broad band in the range of 3000-3500 cm™" was observed. In
the Schiff base state (V) the changes of the ammonium group to
azomethine (-N=C-) had resulted in the appearance of a new
stretching absorption band at 1634 cm ™. When the Schiff base
was treated with copper ions (VI), the complex formation hap-
pened and the peak for the (-N=C-) group shifted to a lower
wavenumber and appeared at 1620 cm ™.

|
I 1734 r‘l m
o A fl (] 1620 , 1) ||I |
1723 |
| 1 A
o] 634l ,JI\
TR W l
o LA N WAY L\w‘b '\M«_w- R _«Jlj |.\
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‘i ||| | "‘ II |‘“| i'
A e
TR I
M (1] &l
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L || uamodified PP i
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Fig. 3 Comparison of ATR-FTIR spectra for the unmodified PP mem-
brane and modified membranes (1), (Ill), (V), and (V1) (cf. Scheme 1).
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Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) spectroscopy were carried out for the inner mem-
brane surfaces; images are presented in Fig. 4.

The macroporous structure of the unmodified membrane
underwent some significant variations due to functionalization.
However, those could only be identified by focusing on details
of the cross-section while the overall porous morphology, as seen
in Fig. 4(A’), remained unchanged. After the primary modifi-
cation with polyHEMA (I) the membrane pore sizes changed
slightly (compare Fig. 4(B) and (A)). However, after secondary
modification to yield the comb-like grafted structure (III), the
effect of higher DG with polyAEMA (also leading to a more
intense IR band; ¢f. Fig. 3) caused that pores seemed to become
smaller (compare Fig. 4(C) and (B)). The morphology of the mem-
brane with a Schiff base (V) looked slightly denser in comparison
with IIT (compare Fig. 4(D) and (C)). The presence of copper after
using a Schiff base membrane (V) in adsorption experiments was
qualitatively proven by the EDX study (data not shown).

The specific surface area of the porous material can be
determined by the nitrogen adsorption technique using the
BET method. The conventional macroporous membrane (pore
size >50 nm) has normally a low specific area. The BET
surface area of the unmodified PP membrane was measured to
be 27.2 m* g™'; this value showed a decreasing trend after each
modification step. For primary modified membrane (I) it was
26.8 m* g, after secondary modification (III) it was 25.3 m>
¢~! and for the Schiff base membrane (V) it was 22.1 m* g~ .
This observation completely correlates with changes in SEM
images (Fig. 4) and the reason is the filling of small pores in
the dry state by a grafted polymer.

Water permeability

The water permeability of unmodified and modified mem-
branes was measured. For a microfiltration membrane this is
an important criterion for its performance. The modification
resulted in a decrease of pore size and consequently the water
permeability decreased with an increase of DG value by each
step of modification (Fig. 5).

After the first step of polyHEMA photografting with a DG of
about 245 ng cm ™2, a permeability of about 11100 + 100 L m™~>
h bar was obtained. This was only slightly smaller than the
data for the unmodified membrane. After the second step, the
decrease of permeability was more apparent; a higher amount
of grafting (DG = 480 ng cm™?) resulted in a water permeability
of 9300 + 150 L m™> h bar. Only relatively small further
changes were observed for the Schiff-base membrane (V); per-
meability was 8600 + 150 L m ™~ h bar, in agreement with a DG
change of about 225 ng cm™>. Overall, the change of water per-
meability correlates with DG variation in each step of the
modification (¢f. Fig. 5), and this is in agreement with the
reduction in average pore diameter evoked above.

Adsorption capability of the Schiff base membrane for
copper ions

The behavior of the Schiff base functionalized membrane (V)
in Cu removal was investigated. Membrane samples were put

Polym. Chem., 2015, 6, 1584-1593 | 1589
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Fig. 4 SEM images: unmodified PP membrane: overview on cross-section (A’) and details of cross-section (A); details of cross-section for mem-
branes primary modified with polyHEMA (B), secondary modified with polyAEMA (C), and after the Schiff base functionalization (D).
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Fig. 5 Effect of DG obtained in the step-wise modification on the water
permeability of the membranes.

1590 | Polym. Chem., 2015, 6, 1584-1593

into aqueous CuBr solution with different concentrations. The
adsorbed amount of Cu on the membrane was calculated from
the mass balance, and the results are the mass g of copper
adsorbed at equilibrium per gram of membrane (mg g7') as a
function of the equilibrium concentration C.q of Cu() when
the initial concentration C, varied in the range of 2.5 to
2500 mg L. The values of g increased with increasing Cy, as
expected if the sorption equilibrium was simply driven by the
increasing amount of Cu(u) in solution.

In order to optimize the use of adsorbents, it is important
to understand the adsorption in more detail. Langmuir and
Freundlich isotherms are two common models to describe the
behavior of adsorbents and were used to analyze the experi-
mental data.”” The Langmuir isotherm model which character-
izes a homogeneous system in single layer adsorption is often
given as follows:

q= QmKLCeq/(l + KLCeq)

This journal is © The Royal Society of Chemistry 2015
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where ¢ is as defined before, g, is the maximum uptake
capacity (mg g~'), Ceq is the equilibrium concentration of the
adsorbate (here, copper ions) in solution (mg L"), and K, is
the Langmuir adsorption constant (L mg '), reflecting the
affinity of the absorbate to the absorbent.

The Freundlich isotherm model, which is an empirical
equation used to describe a heterogeneous adsorption system,
usually in multiple layer adsorption, is often given as follows:

q = KiCeg''"

where g and C.q have the same definitions as before and K is
the Freundlich constant [(mg g™)(L mg™")]"", which has a
positive correlation with the adsorption capacity, and n is an
empirical parameter, in general larger than 1, and it may
increase on increasing the degree of heterogeneity.

The fitting of the Langmuir and Freundlich models to the
adsorption data of copper ions on the Schiff base membrane
(V) was carried out and the results are shown in Fig. 6. We
found that best fitting is for a lower concentration range of 2.5
to 250 mg L™". The corresponding fitting parameters for the
Langmuir and Freundlich isotherm models from the analysis
are given in Table 1. The Freundlich model gave only a very
poor fit of the data (low R*). From the Langmuir model fitting
(R* = 0.997), the maximum adsorption capacity of copper ions
on V is predicted to be about 90 mg g~ .

70 -
60 -
50
40

30 A

q (mg/g)

20 4

10 4 ——e——  Adsorption data for V
Langmuir model fitting
Freundlich model fitting

T T T T 1

0 20 40 60
Ceq(mg/L)

Fig. 6 Adsorption isotherm data and the fitted results of the Langmuir
and Freundlich isotherm models.

Table 1 The fitting parameters of the Langmuir and Freundlich iso-
therm models to the adsorption data of Cu(i)

Langmuir model Freundlich model

m Ky Ke[(mg g™Y)-
(mgg™) (Lmg™) R n  (Lmg )" R
Adsorption 90.3 0.03 0.996 1.78 5.3 0.996
data of V
Desorption 35.7 0.006 0.723 3.63 4.1 0.942
data of V

This journal is © The Royal Society of Chemistry 2015
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To obtain a better understanding of membrane V binding
behavior, after metal binding and washing using water at the
same pH as that used in the binding step, the desorption data
of Cu obtained by elution with concentrated HCI solution was
also analyzed. The fitting of the Langmuir and Freundlich
models to the desorption data of copper ions strongly bound
to the Schiff base membrane (V) was carried out and the
results are shown in Fig. 7. The corresponding fitting para-
meters are given in Table 1.

The results show that the Freundlich model gives a better
description of the isotherm based on desorption data. The
adsorption heterogeneity calculated as the parameter n for V is
3.6. This shows the high affinity of Cu ions to the membrane.
The isotherm based on desorption data after washing off weakly
bound Cu shows bimodal behavior. As is apparent, there is a
good fitting to the Langmuir model for data with g varying in
the range of 1.3 to 10 mg g '. This may be described by theore-
tical calculation of g for Schiff base ligands in which each Cu**
chelates with two Schiff base groups (Scheme 3, left side of the
cartoon), and the maximum absorbed mass of Cu at saturation
is 10 mg g '. Since the Langmuir model describes a single
mode adsorption, this good correlation can be well understood.

For desorption data with ¢ varying in the range 10 to
28 mg g, the isotherm behavior changed. This is due to the

30 +
25 4

20 4

q (mg/g)

——@&—— Desorption data for V
04 — — —  Langmuir model fitting
Freundlich model fitting

0 200 400 600 800
Ceq (mg/L)
Fig. 7 Adsorption isotherm data from desorption of Cu after binding

and washing and the fitted results of the Langmuir and Freundlich iso-
therm models.

Scheme 3 Schematic illustration of copper binding to chemical groups
in a grafted functional polymer layer on the membrane pore surface.
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interference of other functional groups (-NH,, -OH) from poly-
AEMA and polyHEMA brushes in adsorbing Cu ions
(Scheme 3, right side of the cartoon). If we consider that the
Schiff base and amino groups (each Cu®** chelates with four
amino groups) interfere, the theoretical amount of ¢ calcu-
lated from the DG value of V would be 20 mg g~*. This descrip-
tion could be the reason for the better fitting of the whole
isotherm to the Freundlich model, describing multiple mode
adsorption.

Conclusion

In this study, novel synthetic methods for the functionalization
of a PP membrane with comb-like grafted polyAEMA on
grafted polyHEMA and subsequently anchoring Schiff base
groups were introduced. Modification of the PP membrane
was performed using two sequential UV-irradiation methods,
by “entrapping” and covalently immobilizing two types of
photo-initiators. PolyHEMA was grafted from the PP mem-
brane by entrapping benzophenone as a “type II” photo-
initiator. It was shown that a long immersion of the PP
membrane in a HEMA solution resulted in a higher DG of
grafting within a shorter UV time. A novel method for the
immobilization of a “type I” photo-initiator used as a car-
boxylic acid bromide derivative by covalent attachment to
hydroxyl groups of polyHEMA lead to successful grafting of
polyAEMA. It was found that the highest degree of grafting
without macroscopic deterioration of the membrane integrity
was obtained at 60 mW cm > UV intensity and 5 wt%
monomer concentration. A Schiff base synthesis was done
after neutralization, with the best results obtained using salicy-
laldehyde solution in DMF and shaking for 24 hours. Success-
ful modifications after each step were proved by ATR-FTIR
spectroscopy. Morphological changes were followed by SEM.
BET data proved the decrease of the specific surface area in
the dry state after each modification which is due to the
grafted polymer filling the pore structure. The effect of the
grafted layer and chemical modification was investigated by
water permeability, which showed good correlation with step-
wise degree of grafting increases. The behavior of the Schiff
base modified membrane with respect to metal ion capturing
was evaluated. From the sorption-desorption isotherms it was
found that the modified membrane shows bimodal behavior
in metal capturing. In the range of low concentration of Cu,
binding to Schiff base groups dominates, and at higher con-
centration, binding to amino and hydroxyl groups interferes.
Consequently, the isotherm from Cu desorption after washing
off the weakly bound metal showed good fitting to the Freun-
dlich model, describing multiple layer adsorption. The per-
meability of the membrane after the last modification step
was still high, which later allowed the use of the membranes
in flow-through metal capturing. Overall, the established
functionalization sequences and the obtained functionality
have significant potential for the development of efficient
membrane adsorbers.
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