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This  work  describes  the  synthesis  of charged  poly(vinylidene  fluoride)  (PVDF)  membranes.  Cationic
membranes  were  prepared  by  graft modification  using  radiation-induced  polymerization.  Glycidyl
methacrylate  (GMA)  and  ethylene  glycol  dimethacrylate  (EDMA)  were  used  as  monomers  and  after  graft
polymerization  the  former  was  sulfonized  with  sodium  sulfite.  Membrane  characterizations  were  carried
out  by  FTIR-ATR,  SEM-EDS,  ionic  exchange  capacity,  hydraulic  permeability  and  liquid–liquid  displace-
ment.  FTIR-ATR  and  SEM-EDS  analysis  revealed  that  increasing  grafting  degree  increased  the  amount
harged membrane
rafting
ouling
ily wastewater

of  the  sulfonic  group  in  the  membranes.  Sulfonated  membranes  showed  smaller  pore  sizes  and  higher
pore  density  than the  original  PVDF  membrane.  Oil/water  ultrafiltration  tests  with  the  charged  PVDF
membranes  showed  interesting  permselectivity  performance;  high  oil  retention  values  (R > 98%),  low
chemical  oxygen  demand  in  the  permeate  solution  (COD  < 59  mg  L−1). In  addition,  low  fouling  (<16.6%)
and  negligible  irreversible  fouling  of  the  charged  membranes  was  observed  during  the  ultrafiltration
tests.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The treatment of exhausted oil emulsions is a great envi-
onmental problem due to its high content of non-degradable
ydrocarbons and its high chemical oxygen demand (COD). In
he last two decades, membrane processes such as microfiltration
MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis
RO) are increasingly been applied for treating oily wastewater
1–4]. Cheryan and Rajagopalan [5] described several studies of

embrane applications in a hybrid system when combined with
onventional chemical treatment systems to concentrate sludge. In
heir work the potential of applying membranes to the treatment of
ily wastes was also discussed. Although the UF process has been
uccessfully used in oil reduction and chemical oxygen demand,
he use in oil/water emulsion treatment applications has remained
imited as a result of low permeate fluxes due to membrane fouling.

 rapid diminution of the permeate flux reduces the competitive-
ess of the process. It is well known that the fouling is caused
y two main factors, the hydrodynamics of the process and the

hysicochemical properties of membrane and feed solution. Sev-
ral approaches to solve this problem have been attempted, among
hem, back pulsing, vibratory or centrifugal devices to enhance

∗ Corresponding author. Tel.: +54 2652 446211; fax: +54 2652 430224.
E-mail address: aochoa@unsl.edu.ar (N.A. Ochoa).

376-7388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2011.10.019
shear at the membrane surface, pretreatment of feed, and mod-
ification of membrane surfaces to increase hydrophilicity and/or
its surface charge. This paper is focused on the latter of these
approaches.

Ulbricht [6] has presented a complete outline on the develop-
ment of polymeric membranes having advanced or novel function
in the various membrane separation processes. Fouling-resistant
surface functional membrane could be obtained by various meth-
ods to improve the membrane hydrophilicity. Charged membranes
offer the advantage that in addition to solute retention by size
exclusion mechanism, an electrostatic repulsion effect is added
[7,8]. The poly(vinylidene fluoride) (PVDF) polymer has widely
been studied and reported as a material to tailor polymeric mem-
brane for many different applications and as candidate for surface
modification. It is due to its good thermal stability, chemical
resistance, excellent process facility, and handiness in controlling
structural and morphological characteristics. However, the strong
fouling tendency generated from its intrinsic hydrophobicity limits
the application of PVDF membranes in aqueous mixtures filtration.
Several techniques to synthesize charged PVDF membranes have
been reported in the literature, such as blends or base polymer
modifications by a chemical or physical process. Hester and Mayes

[9] prepared immersion precipitated membranes with enhanced
fouling resistance from blends of PVDF and a free-radically synthe-
sized amphiphilic comb polymer having a methacrylate backbone
and poly(ethylene oxide) side chains. Hydrophilic PVDF–PVP

dx.doi.org/10.1016/j.memsci.2011.10.019
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:aochoa@unsl.edu.ar
dx.doi.org/10.1016/j.memsci.2011.10.019
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where W0 and W1 are the weights (g) of the PVDF film and GMA
grafted film, respectively.

Table 1
Monomer concentrations, grafting degrees and conversions.

Membrane GMA  (w/w %) EDMA (w/w %) GD (%) X (%)

PVDF – – 0 0
2 M.A. Masuelli et al. / Journal of M

ltrafiltration membrane was achieved by using KMnO4 and
OH as oxidant and strong base to facilitate the HF-elimination

rom PVDF chain, and polyvinylpyrrolidone aqueous solution as
 coating media [10]. Wei  et al. [11] described the properties
f surface-modified PVDF membranes. These membranes were
reated by coating hydrophilic polymers on the support PVDF
embrane to reduce the tendency to protein fouling. Baroña

t al. [12] prepared negatively charged PVDF microfiltration mem-
ranes using simple and direct sulfonation with chlorosulfonic
cid without grafting or irradiation techniques.

Graft polymerization of specific functionalities or polymer lay-
rs has been employed as a route to tailor PVDF polymeric
embrane surfaces for many different applications, particularly

or proteins separation and purification processes. Considerable
ttention has been directed at modifications using irradiation
ource as a way to reduce fouling, for example: grafting process
long the ion track of irradiated PVDF films to obtain an inhomo-
eneous composite material of polystyrene-PVDF [13]; covalent
onding of amino-terminated molecules onto acrylic acid by radi-
tion induced grafting PVDF [14]; post-radiation-induced-graft
olymerization of poly(acrylic acid) onto PVDF using reversible
ddition-fragmentation transfer (RAFT) mechanism [15]; modify-
ng the pore surface and inner part of polymeric material by plasma

ethod [16]; grafting PVDF porous membrane with poly(ethylene
lycol) methyl ether methacrylate by the pre-irradiation method
ith high energy electron beam [17]; grafting the zwitterionic

ulfobetaine methacrylate on the surface of PVDF membrane
ia ozone surface activation and surface-initiated atom transfer
adical polymerization [18]; grafting polymerization of N-vinyl-
-pyrrolidinone onto the PVDF-based microporous membrane
ontaining a small quantity of poly-ethersulfone under UV irradia-
ion [19]; and irradiating PVDF powder in air using a 60Co �-ray
ource, and then grafting hydrophilic monomers of acrylic acid
AAc) or methyl acrylic (MAA) [20].

As it was above mentioned the PVDF modifications were usu-
lly focused on improving the membrane antifouling performance
or protein concentration or separation from aqueous solutions.
he research which our group is undertaken examines the effects
f membrane morphologies and surface modifications on fouling
ehavior during oily wastewater treatment. In previous work blend
embranes with different degrees of hydrophilicity were prepared

rom PVDF and poly(methyl methacrylate) (PMMA) [21]. Oily emul-
ion tests showed that membranes with higher PMMA  content lead
o lower fouling. Charged ion exchange resin-polymer composite

embranes to treat oily suspension were performed [22]. It was
ound a high electrostatic oil repulsion at 20% (w/w) resin con-
ent resulting in membrane no fouling and low oil concentration
n the permeate solution. More recently, new membranes based
n sulfonated polycarbonate (SPC) and PVDF were prepared [23].
PC was obtained by treating polycarbonate with acetyl sulfate.
embrane performance was assessed using an oil–water emulsion.

esults indicated that the membranes containing 20% of SPC did not
resent an appreciable irreversible fouling.

As a continuance of our previous published papers on emulsi-
ed oily wastewater treatment [21–23],  in this work, an alternative
ethod to surface modification techniques to obtain PVDF graft

harged membranes to improve the oily emulsion fouling resis-
ance is proposed. The technique involves the use of glycidyl

ethacrylate (GMA) and ethylene glycol dimethacrylate (EDMA)
onomers in the grafting polymerization step followed by sul-

onated with sodium sulfite. Data of FTIR-ATR, SEM-EDS, ionic
xchange capacity, hydraulic permeability and liquid–liquid dis-

lacement are included in order to carry out a physicochemical
haracterization. Finally, the fouling behavior of the synthesized
embranes is analyzed by permeation tests with an oil emulsion

olution.
rane Science 389 (2012) 91– 98

2. Experimental

2.1. Materials

PVDF Solef® 1015 high viscosity was  provided Solvay Belgium
and polyvinylpyrrolidone (PVP) K30 was supplied from Fluka.
Glycidyl methacrylate (GMA) and ethylenglycol dimethacrylate
(EDMA) were purchased at Sigma–Aldrich Co., St. Louis, USA,
and used as provided. Sodium sulfite, isopropanol, isobuthanol,
methanol, N,N-dimethylacetamide (DMAc), natrium hydroxyde
(NaOH), natrium chloride (NaCl) and chlorhydric acid (HCl) were
provided by Merck. Viledon 2431 non-woven support (thickness:
0.14 mm;  air permeability at 200 Pa: 500 L/m2 h) was kindly pro-
vided by Carl Freudenberg, Germany.

Commercial emulsive oil (Insignia® oil) was purchased from
JyM Lubricantes S.A. (Argentina). Oily/water emulsion was pre-
pared mixing 1 g of Insignia® oil in 1 L of distillated water (0.1%
(w/v) oil concentration) by stirring with an UltraTurrax-T50 stir-
rer at 500 rpm. The emulsion had the following characteristics: pH
7, viscosity � = 1.058 × 10−3 Pa s, average oil droplet diameter of
2.5 �m (optical microscopy) and chemical oxygen demand (COD)
of 1700 mg  L−1 [22].

2.2. Membrane preparation

The general procedure for membrane preparation was  as fol-
lows: 12% of PVDF and 10% of PVP were dissolved in DMAc at 50 ◦C
by stirring with a magnetic bar during 10 h. The final mixture was
cast onto the non-woven support using a film extensor at 25 ◦C.
Then, the supported polymeric film solution was coagulated in bi-
distilled water at 25 ◦C. Afterwards membrane was  introduced in a
5 L water bath during 12 h.

2.3. Grafting GMA and GMA-EDMA

GMA  and EDMA were used as monomers (reactive and cross-
linker monomer respectively) in the grafting polymerization
step. In a 1 L vessel PVDF porous membrane (membrane sur-
face = 374 cm2) was soaked in a monomer solution. Monomer
solution was prepared in distilled water and methanol 1:1 degassed
by N2 bubbling. GMA  and EDMA monomer concentrations (w/w %)
are informed in Table 1. The samples were irradiated at room tem-
perature in a 60Co PISI semi industrial irradiation source (CNEA,
Ezeiza, Argentina) at a dose rate of 0.9 KGy/h and a total dose
of 7 KGy. The irradiated membranes were washed first with a
methanol/water solution (1/1), and then with pure methanol.
Finally, they were dried at 60 ◦C during 24 h. The grafting degree
(GD) of GMA  was  determined from:

GD[%] = W1 − W0

W0
× 100 (1)
G1-PVDF 0.10 – 0.8 99
G1X-PVDF 0.10 0.01 0.6 95
G5-PVDF 0.5 – 3.2 99
G5X-PVDF 0.5 0.05 3.1 95
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.4. Sulfonation

Grafted-irradiated membranes were sulfonated by soaking in
 solution of sodium sulfite/water/isopropanol (wt%, 10/75/15)
t 40 ◦C during 24 h in order to ensure the major conversion of
poxy group to sulfonic group [24,25]. Sulfonated membranes were
abeled with an additional letter (S). The conversion from epoxy to
ulfonic group was calculated from the GMA  weight (W1) change
s follows:

[%] = (W2 − W1)/103
(W1 − W0)/142

× 100 (2)

here W2 is the weight of sulfonated film. The values 142 and
03 correspond to the molecular weights of GMA  and sodium sul-
te, respectively. The PVDF grafting and sulfonation reactions are
chematized in Figs. 1 and 2.

.5. Pore size measurements by liquid–liquid displacement
orosimetry

Three liquids (mixture of isobutanol/methanol/water; 15/7/25,
/v/v) (surface tension, � = 0.35 mN/m)  are used to pores analy-
is by applying relatively low pressures [26]. Procedure consists
n filling the membrane with a liquid (wetting liquid, aqueous
hase) and then displacing it from pores with the organic phase
isobutanol saturated with water and methanol). Flux through the

embrane is obtained by using a syringe pump (ISCO 500D) to
radually increment the flux on the organic-phase side. Simultane-
usly, equilibrium pressure is measured in each incremental stage

sing a pressure transducer (OMEGA DP200). When the applied
ressure and flux through the membrane were monitored, then
he radii of opened pores at each applied pressure can be calcu-
ated from Cantor’s equation [27]. This equation is valid if it is

Fig. 2. Scheme of GMA  + EDMA grafting o
Fig. 1. Scheme of GMA  insertion in PVDF and sulfonation reaction.

assumes the liquid effectively wets the membrane (i.e. with null
contact angle).

rp = 2�

�p
(3)

where �p  is the applied pressure, � is the interfacial tension
and rp is the pore equivalent radius. Assuming cylindrical pores,

Hagen–Poiseuille relationship can be used to correlate volumetric
flux density Jvi to a given pore radius rp. In each stage of incremen-
tal volumetric flux density, the corresponding pressure (�pi) was

nto PVDF and sulfonation reaction.
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easured. From these data the distribution of the number of pores
ni) versus pore radius were calculated according to:

dni

drpi
= −����p6

i

16��6

d2Jvi

d�p2
i

(4)

here � is the dynamic viscosity, � is the tortuosity, and � is the
ore length which corresponds to the active layer thickness of the
embrane. The membrane surface porosity (ε) can be evaluated

rom

 =
�
∑n

i nir
2
pi

Am
(5)

here Am is the membrane surface area (Am = 2.46 × 10−3 m2).

.6. Ion exchange capacity

Data on ion exchange capacity (IEC) gives information regard-
ng ionizable groups available on the membrane. The ion exchange
apacity – with units mequiv./g of dry polymer – of the original
nd sulfonated PVDF membranes was measured using the standard
xperimental method according to Taeger et al. [28] as follows:
embrane was immersed in 1 N HCl for 24 h, rinsed in distilled
ater; subsequently, membrane samples were soaked for 24 h in

 N NaCl solution (exchange of H+ by Na+ within the film) and
itrated with 0.01 N NaOH to determine the concentration of the
xchanged protons. The IEC values was calculated from

EC = (VN)M − (VN)b

m
(6)

here V and N are the volume and normality of the NaOH spent
n the membranes (M)  and blank (b), and m is the mass of the
embrane sample.

.7. FTIR-ATR spectroscopy

Membranes IR spectra were recorded by Impact 410 – Nico-
et FT-IR Spectrometer. ATR technique was performed on multiple
eflection system using a vertical variable angle (fixed to 45◦) with

 KRS-5 crystal (thallium bromide–iodide).

.8. SEM-EDS microscopy

The morphologies of PVDF and charged membranes were
bserved using a scanning electron microscope (SEM) LEO 1450VP,
nd energy dispersion X-ray analysis was carried out using an EDS
enesis 2000 (EDAX). For the SEM morphological cross-sections
nalysis, samples were prepared by fracturing the membranes after
mmersion in liquid nitrogen and afterward coated with carbon.
hey were observed under high vacuum and EDS spectrums were
btained applying an acceleration voltage of 120 kV.

.9. Filtration experiments

All filtration experiments were carried out with a Minitan-S
ltrafiltration device (Millipore Corp), with an effective membrane
ransfer area of 3 × 10−3 m2. The experimental protocol was: first,
he membrane was compacted at 100 kPa pressure of transmem-
rane during 30 min  [29]. Then, the hydraulic permeability of
he original membrane was determined from measurements of
ure-water fluxes at different pressures (100–20 kPa). Fouling test
xperiments with 0.1 wt% of oil emulsion were performed during
 h at 67 kPa and feed flow of 1 L/min. After that, the membrane
as cleaned with pure water during 1 h at the same operational

onditions that fouling test. Finally, in order to determine the irre-
ersible fouling resistance, pure-water flux was measured under
rane Science 389 (2012) 91– 98

the same hydraulic permeability conditions (100–20 kPa). All per-
meation trials were carried out in duplicate.

2.10. Chemical oxygen demand (COD)

Permeate samples were refluxed in strongly acid solution with
a predetermined excess of potassium dichromate. The consumed
oxygen was  measured against standards at 600 nm by U-2001
UV–visible Hitachi spectrophotometer according to the 5220D
Standard Method for the Examination of Water and Wastewater
[30].

2.11. Oil retention

Oil content was evaluated by UV–vis spectroscopy at 220 nm.
The oil retention coefficient R (%) was  calculated from [22]

R% =
(

1 − Cp

Cf

)
× 100 (7)

where Cp and Cf are the oil concentration in permeate and feed,
respectively.

3. Results and discussion

3.1. Grafting and sulfonation

The grafting degree of GMA  grafted on to the irradiated mem-
brane is shown in Table 1. The GD increase as the monomer GMA
concentration increases and it slightly decrease in presence of the
EDMA crosslinker. Similar results were reported in (GMA/DVB or
GMA/EDMA) cografting of polyethylene [31,32].  Conversion degree
of GMA  epoxy group into the sulfonic group is also shown in Table 1.
The results indicated that the epoxy groups of grafted membrane
were satisfactorily functionalized (X between 95 and 99%).

Membranes modification can be qualitatively verified by FTIR.
Fig. 3 shows the resulting spectrum of PVDF, G5  PVDF, and G5
PVDF (S) membranes. The bands at 3400 cm−1 and at 3600 cm−1

of the PVDF spectrum are due to the stretching of the antisym-
metric C–H bond and to the symmetric stretching, respectively.
The amide carbonyl band at 1688 cm−1 [33] indicates the presence
of PVP coming from casting dope. At 1200 cm−1 the predominant
vibrations are C–H, C–C and C–F deflections. Within the range
of 1020–1330 cm−1, band is produced by overlapped elongation
of C–H and C–F. In 505 and 880 cm−1, the signals are due to
torsion, bending and stretching of atoms C, H and F [34]. The
characteristic signals of GMA  grafted membrane previous to sul-
fonation (spectrum G5-PVDF) are: C O at 1720 cm−1 and C O wag
at 630 cm−1, –O– (oxirane) presents absorption bands at 848, 908
and 990 cm−1 [35,36] being the last band the only one not over-
lapped, C–O–C at 1100 cm−1, –CH2 at 2970 cm−1, –OH and –OH wag
at 3420 and 2400 cm−1, respectively. The spectrum correspond-
ing to G5-PVDF(S) shows visible characteristic peaks for SO3

− with
absorption at 1250–1150 and 1060–1030 cm−1 [37,38]. The strong
band of frequency 1250–1150 cm−1 can be ascribed to stretch
vibration for S O, and the absorption band at 1060–1030 cm−1 is
assigned to the symmetric stretching band. However, the C–O–C
for asymmetric stretching band is 1290–1180 cm−1, and the O–C–O
peak is 645–575 cm−1. After sulphite reaction absorption peak at

990 cm−1 disappears (oxirane ring of GMA). The spectra of G1-
PVDF, G1-PVDF(S) and crosslinked membranes (G1X-PVDF and
G5X-PVDF) showed similar signals than G5-PVDF, and G5-PVDF (S)
membranes (spectra are not shown).
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Table 2
Membrane elemental analysis from EDS measurements.

Membrane F/C (w/w) O/C (w/w) S/C (w/w) S/O (w/w)

PVDF 0.480 0.004 0 0
G1-PVDF(S) 0.410 0.032 0.021 0.652
G1X-PVDF(S) 0.440 0.030 0.018 0.597
Wave

Fig. 3. ATR-FTIR spectrum of PVDF

.2. SEM-EDS microscopy

Fig. 4 illustrates the images obtained by backscattered electrons
f the surface as well as the data obtained by EDS for PVDF and
he sulfonated G5-PVDF(S) and G5X-PVDF(S) membranes. From the
DS results, it can be observed that the PVDF membrane shows
ignals corresponding to C, F and O. PVP presence in PVDF mem-
rane can be observed by low O/C ratio. Membrane G5-PVDF(S)
ave two kind of phases: (i) mainly grafted and sulfonated phase
howing a comparable C, F, Na, S and O signals, and (ii) small regions
clearly shown in the micrograph) where C and F are the main
ignals respect to Na, S and O signals.
Table 2 shows changes in ratios of the elemental components of
rafted membranes (F/C, O/C, S/C, and S/O). The elemental ratio of
he original PVDF membrane was included as reference. It can be
oticed that radiation-induced grafting of GMA/EDMA onto PVDF

Fig. 4. SEM membrane surface images and EDS spectra: (a and
G5-PVDF(S) 0.237 0.155 0.098 0.621
G5X-PVDF(S) 0.350 0.108 0.034 0.570

membrane causes a drastic decrease in the F/C ratio compare to
the original membrane. This can be ascribed to the fact that the
grafting process mainly occurs at the membrane surface, as it can be

noticed from the very low mass incorporated in the grafting process
(GD less than 3.5% in all cases). On the other hand, the observed
decreasing trend in the F/C ratio with the increasing grafting degree

 b) PVDF; (c and d) G5-PVDF(S); (e and f) G5X-PVDF (S).
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Table 3
Ionic and structural parameters of the membranes.

Membrane IEC (�equiv./g) rpLLDP (nm) ε (%)

PVDF 0 43.84 24.03
G1-PVDF(S) 6.60 7.22 15.63
G1X-PVDF(S) 5.78 7.35 15.89
G5-PVDF(S) 9.88 4.18 4.16
G5X-PVDF(S) 8.65 2.23 8.50
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Fig. 5. Pore size distribution of the membranes from LLDP measurements.

an be attributed to an increase in the thickness of the grafted GMA
ayer. The third and fourth columns in Table 2 show that the S/C
s well as O/C ratios increase with the increase of the degree of
rafting of the membranes indicating an augment of the sulfonic
roups in the membrane.

.3. Ion exchange capacity

Table 3 shows the ion exchange capacity of the sulfonated mem-
ranes. The results indicated that all modified membranes had
igher ion exchange capacity than PVDF membrane. This capacity

ncreased with GMA  content and decreased when the crosslinker
as included in the grafted polymer. The crosslinking reaction pro-
uces a more closed structure of the grafted polymer decreasing the
mount of oxirane groups available to generate sulfonic groups in
resence of sodium sulphite.

.4. Measurements of pore size distribution

Structural characteristics of the prepared membranes were ana-
yzed using the LLDP technique. Fig. 5 shows the results of pore
ize distribution of the studied membranes, indicating that there
as a noticeable diminution in the pore size of the sulfonated

embranes compared with those of the original PVDF membrane.
nly G1X-PVDF(S) membrane presented a bimodal distribution of
ore radius with maximum at 5 nm and 9 nm.  Table 3 shows the
ean pore radii data determined from the pore size distribution,

able 4
ydraulic permeability, initial and limiting fluxes, oil retention, and COD data.

Membrane Lh ± �ε  (×1010 ms−1 Pa−1) Jv∞ ± �ε  (×105 ms−1) 

PVDF 22.38 ± 1.8 4.25 ± 0.40 

G1-PVDF(S) 6.08 ± 0.52 3.21 ± 0.29 

G1X-PVDF(S) 5.07 ± 0.41 2.68 ± 0.23 

G5-PVDF(S) 3.71 ± 0.27 2.13 ± 0.21 

G5X-PVDF(S) 6.04 ± 0.54 3.23 ± 0.30 
t (s)

Fig. 6. Membrane permeated fluxes versus filtration time.

evidencing a reduction on pore size from 43.84 nm for the unmod-
ified membrane to 4.18 nm for sulfonated membrane with 0.5%
GMA  (G5-PVDF(S)). The presence of crosslinker leaded to a major
decrease of mean pore size reaching a minimum value of 2.23 nm
for the membrane with 0.05% of EDMA (G5X-PVDF(S)). The general
tendency indicated grafted-sulfonated technique generated mem-
branes with lower porosity and higher number of pores of smaller
size than those of the unmodified membrane.

3.5. Functional characterization

Table 4 shows the main results obtained from pure water flux
measurements through the prepared membranes, i.e.: hydraulic
permeabilities of the virgin membranes (Lh), hydraulic permeabil-
ity of the membranes after cleaning procedure (Lhc). The initial
permeate flux (Jv0) can be obtained from hydraulic permeability of
the membranes at �p = 67 kPa. Good reproducibility of water per-
meability of the charged membranes after cleaning was  obtained
indicating there was a very low irreversible fouling during the fil-
tration tests. Charged membranes reduced notably the hydraulic
permeability compared with the PVDF membrane in concurrence
with their mean pore size and porosity decrease. Membrane G5X-
PVDF(S) showed the smallest pore size (2.23 nm), however its Lh
value was  higher than the G5-PVDF(S) (rpLLDP = 4.18 nm)  probably
as a consequence of its highest porosity (ε = 8.5%).

The oil retention and COD values are also informed in Table 4.
The grafted-sulfonated G5-PVDF(S) and G5X-PVDF(S) membranes
showed the highest oil retention (R%) in total agreement with their
highest IEC and smallest pore size. The water permeate from the fil-
tration with sulfonated membrane has appropriate characteristics
(COD < 100 mg  L−1) for direct discharge into municipal wastewater
treatment plant and river ditches, according to the current legisla-

tion in Argentina [39].

Fig. 6 shows the normalized permeate flux (Jv/Jv0) as a func-
tion of time for original and modified PVDF membranes. It shows
the variation of normalized flux with time during the permeation

Lhc ± �ε (×1010 ms−1 Pa−1) R (%) COD (mg  L−1)

7.49 ± 0.72 82.90 230.6
5.91 ± 0.55 98.24 49.6
5.11 ± 0.48 97.78 54.7
3.81 ± 0.37 98.75 43.9
5.86 ± 0.57 99.20 39.0
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Table 5
Resistances (m−1) of original and charged PVDF membranes.

Membrane Rm ± �ε  × 10−11 RT ± �ε × 10−11 RF × 10−11 RiF × 10−11 RF/RT (%)

PVDF 4.47 ± 0.40 14.90 ± 1.1 10.43 8.87 70.0
G1-PVDF(S) 16.46 ±  1.2 19.73 ± 1.3 3.27 0.45 16.6
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G1X-PVDF(S) 19.82 ± 1.4 23.63 ± 1.9 

G5-PVDF(S) 26.90 ± 2.1 29.73 ± 2.3 

G5X-PVDF(S) 16.54 ± 1.2 19.60 ± 1.5 

xperiences, where there was a drop in permeate flux and after-
ard it remained essentially constant during the rest of the test

eaching a pseudo-steady state (limiting flux, Jv∞). Flux decay is a
easure of the fouling phenomenon, which it was more evident in

VDF membrane. Grafted membranes with sulfonic groups result
n a significant reduction in the flux drop under emulsion ultrafil-
ration. The electrostatic exclusion plays an important role during
he oil emulsion filtration process. Due to the emulsion droplets
t pH 7 [22] have the same charge sign as the fixed charge in the
rafted membrane surface (negative), the emulsion droplets were
ejected from the membrane surface diminishing the fouling phe-
omena. The permeation flux during filtration can be expressed in
erms of the resistance model [22] as

v = dV

Adt
= �p

�(Rm + RF)
= �p

�RT
(8)

here Jv is the permeate flux (m3/m2 s), RT the total resistance
f permeation (m−1), and � is the permeate viscosity (Pa s). RT
nvolves the intrinsic resistance of membrane, Rm, and the fouling
esistance, RF. The osmotic, concentration polarization and others
ouling effects are included in RF, which can be subdivided into
eversible fouling (RrF) and irreversible fouling (RiF),

F = RrF + RiF (9)

The limiting flux values after t = 120 min  (Jv∞ in Table 4), were
sed as a reference fluxes to evaluate the total resistance. The

rreversible fouling resistances were obtained from the hydraulic
ermeabilities after membrane cleaning with water (Lhc in Table 4).
able 5 shows the resistance data that quantify the fouling phe-
omenon. The original PVDF membrane has a higher hydraulic
ermeability as mentioned above, resulting in a lower intrinsic
embrane resistance. However, PVDF membrane showed the high-

st RF and RiF fouling which represent a 70% and 60% respectively
f the total resistance. On the other hand, the grafted-sulfonated
embranes possessed higher Rm (lower Lh) and lower RF values

han the PVDF membrane. The case of membranes with high IEC
alues (G5-PVDF(S) and G5X-PVDF(S)) was the most noticeable.
MA-EDMA grafted membranes had a lower fouling resistance con-

ribution to total membrane resistance when they were compared
ith GMA  grafted membrane. As it can be noted, the irreversible

ouling values obtained from (Lhc − Lh) were within the Lh exper-
mental error, so it can be considered negligible compared to the
ntrinsic membrane resistance. As general result, the incorporation
f ionizable groups by means of irradiation-induced polymeriza-
ion produced membranes with low fouling feature.

. Conclusions

PVDF membrane was modified with glycidyl methacrylate
GMA) by gamma-rays induced graft polymerization method. In
rder to obtain charged membranes the oxirane ring of grafted
embranes was efficiently sulfonated by reaction with sodium
ulphite. These results were confirmed by FTIR-ATR and SEM-
DS measurements. The characterization results indicated that the
odified membranes had higher ion exchange capacity, smaller

ore size and lower porosity than the unmodified PVDF membrane.

[

3.81 −0.25 16.1
2.83 −0.63 9.5
3.10 0.52 15.8

Charged membranes presented a very low irreversible fouling, high
oil retention and low COD values in the permeate stream. Results
obtained demonstrated that the synthesized grafted-sulfonated
PVDF membranes have promising permselectivity properties to
separate oil from oily wastewater with adequate COD character-
istics, showing a potential for industrial wastewater treatment.
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