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a b s t r a c t

New membranes based on sulfonated polycarbonate (SPC) and polyvinylidene fluoride (PVDF) were pre-
pared. SPC was obtained by treating polycarbonate (PC) with acetyl sulfate. The ion exchange capacity (IEC)
of the sulfonated polymer was 0.6753 meq/g. Scanning electron microscopy revealed that the SPC/PVDF
ccepted 2 November 2008
vailable online 17 November 2008

eywords:
ltrafiltration

membranes constituted heterogeneous blends. Porosimetric measurements by liquid–liquid displace-
ment indicated that there is no substantial change in pore-size distribution due to growing SPC content.
Membrane performance was assessed using an oil–water emulsion. Results indicated that the membranes
present lower fouling as SPC content increases. When using the resistances-in-series model to quantify
fouling, membranes containing 20% of SPC did not present irreversible fouling.
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. Introduction

Membrane processes constitute an efficient technology that is
pplied to achieve water recovery from emulsified oily effluents.
ouling is a phenomenon that limits the economy of the said pro-
ess as it manifests as a diminution in permeate flux as operating
ime increases. In a cross-flow system, this phenomenon can be
iminished by both augmenting tangential filtration velocity and
iminishing transmembrane pressure. Another way to minimize

ouling is by obtaining membranes that are capable of lower-
ng the solutes’ tendency to deposit on the membrane surface
1]. To achieve this goal, membrane material can be modified or
unctionalized by: (1) synthesis of new polymers with defined
haracteristics [2]; (2) functionalization of polymeric membranes;
3) preparation of homogeneous or heterogeneous blends start-
ng from different polymeric materials or particles from organic
r inorganic origin [3].

Kim and Paul [4] have exhaustively studied the blend of PC
ith polystyrene (PS), polymethylmetacrylate (PMMA), bisphenol
PC (BPA-PC), and tetramethylbisphenol A PC (TMPC). Results indi-

ated that polar groups in PC achieved enhanced miscibility in
lends containing PMMA, and methyl groups in PC did the same
ith PS. Moussaif and Jerome [5–7] studied a PVDF/PC blend using
MMA as compatibilizer and demonstrated that 40% of PMMA
enerates an increase in miscibility and a beneficial effect on the
echanical properties of the resulting membrane. Lee et al. [8] have

nalyzed composite membranes of polyaniline/sulfonated poly-

∗ Corresponding author. Tel.: +54 2652 424689; fax: +54 2652 430224.
E-mail address: aochoa@unsl.edu.ar (N.A. Ochoa).
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arbonate (SPC). In these membranes, ion exchange capacity is
ncreased by a rise in SPC content, thus allowing increased electric
onductivity but simultaneously lowering mechanical stability.

Bowen et al. [9] have obtained membranes using blends
f polyetherimide (PEI) and sulfonated polyether–ether–ketone
SPEEK). They found that hydraulic permeability (Lh) increases
rom 24 × 10−11 to 36 × 10−11 m3 s−1 N−1, and that the PEG rejection
oefficient increases from 60 to 93.1% indicating that the addition
f SPEEK contributes to high surface porosity but low pore size. In a
ifferent report, the same research group [10] informed a blend of
Sf and SPEEK that achieved high permeability membranes capable
f rejection retentions of almost 100% against 4 kDa dextrans.

Ochoa et al. [3] carried out the preparation of a blend of PVDF and
MMA, dissolved in N,N-dimethylacetamide. The good blending of
oth polymers is due to the presence of basic oxygens in PMMA
nd acidic hydrogens in PVDF, thus enabling H-bond interactions.
esults indicated that an increase in membrane hydrophilicity was
btained by increasing PMMA, thus lowering the contact angle.
esults indicated that membranes containing higher PMMA levels
chieved lower fouling and enhanced permeate quality with lower
OD as compared to a PVDF membrane.

Blanco et al. [11] obtained nanofiltration membranes by sulfona-
ion of polysulfone (PSf), polyethersulfone (PES) and PES-CardoTM

t different coagulation conditions. This sulfonation promoted high
evels of macrovoid vitrification, as observed in SEM photomicro-
raphs. The sulfonated-polymers/PSf blend generated membranes

resenting irregular macropores and a finger-like structure.

Wang et al. [12] have obtained ultrafiltration membranes from
blend of a block copolymer of pluronic-b-polyethylenglycol

P123-b-PEG) and polyethersulfone. The results of ultrafiltra-
ion experiments revealed that the reversible fouling resistance

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.2008.11.011
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membrane is obtained by using a syringe pump (ISCO 500D) to
gradually increment the flux on the organic-phase side. Simultane-
ously, equilibrium pressure is measured in each incremental stage
using a pressure transducer (OMEGA DP200).

Table 1
Weight percent relation SPC/PVDF.
M. Masuelli et al. / Journal of Me

omposed the dominated part of total fouling resistance, which
ndowed the blend membranes containing P123-b-PEG copoly-
ers with higher flux recovery ratio. In order to prepare

ltrafiltration membranes, Malaisamy et al. [13] have studied the
lend of polyurethane (PU) and sulfonated polysulfone (SPSf) at
ifferent compositions. Thus, they obtained mean pore sizes that
aried from 30 to 100 Å when increasing SPSf.

Lang et al. [14] have prepared polyvinylidene fluoride
PVDF)–perfluorosulfonic acid (PFSA) blend hollow fiber ultra-
ltration (UF) membranes. The anti-fouling property of the
VDF–PFSA-H blend UF membrane was superior to that of the
VDF–PFSA-Na blend membrane. Mahendran et al. [15] have
tudied the effect of annealing on cellulose acetate/sulfonated poly-
ulfone and cellulose acetate/epoxy resin blend UF membranes.
nnealing in membranes reduces the flux of pure water, and the
resence of SPSf considerably reduces membrane fouling when
sing BSA. Arthanareeswaran et al. [16] have studied cellulose
cetate/sulfonated polyethersulfone (SPES) blend UF membranes.
his group achieved membranes presenting a 29–69 kDa molecular
eight cut-off and an increase in hydraulic permeability accord-

ngly to SPES content. SEM images show an increase in pore size
ccording to the increase in SPES content. The same authors [17]
erformed Cr (VI) removal at pH 6 and at different concentra-
ions of polyvinylalcohol as macroligand; the percentage rejection
mproved at a macroligand concentration of 2 wt.%.

Sajitha et al. [18] obtained cellulose acetate/carboxilated poly-
ulfone (PSf-COOH) blend UF membranes achieving an increase in
ydraulic permeability when rising PSf-COOH content. Wang et al.
19] performed a blend of an acrylonitrile copolymer containing
onic groups and phenolftalein-PES. These membranes showed low
SA adsorption at high pH values. In another report [20], the same
uthors analyzed the same membrane using SEM, water flux and
olyethylenglycol rejection. These membranes showed images of
ough surfaces, reduction of water flux 230–40 L m−2 h−1 (as mea-
ured at 100 kPa), and rejection of PEG20000 and PEG35000 was
ncreased from 12.9 to 73.89% and from 55.28 to 91.00%, respec-
ively.

Shen et al. [21] have obtained sulfonated polyetherimide
SPEI)/polyetherimide (PEI) blend hollow fiber UF membranes.
hese SPEI–PEI membranes showed anti-fouling properties regard-

ng BSA flux at pH 8, achieving 32% reduction as compared to 75%
n PEI.

In summary, the blend of two different polymers confers impor-
ant characteristics – such as structure alteration and anti-fouling
roperties – to ultrafiltration membranes. Our interest is to gen-
rate membranes that – in addition to separating an emulsion by
ize exclusion – show low flux declinations – low fouling – due to
lectric exclusion by means of having surface and pore charge of
he same sign as the emulsion charge.

In order to reach this goal, we have prepared SPC/PVDF mem-
ranes that have not been reported up to date. These were
haracterized by FT-IR, SEM and by the liquid–liquid displacement
echnique in order to reveal structure. The material’s electrical
harge was expressed by determining its ion exchange capacity
IEC). Finally, the membranes were assessed through fouling tests
sing an oily emulsion, observing permeate quality, and applying
he resistance-in-series model.

. Experimental
.1. Materials

Poly(vinylidene fluoride) high viscosity was provided by Solef®

015 supplied by Solvay Belgium, Polyvinylpyrrolidone (PVP) K30
rom Fluka, polycarbonate (Lexan, General Electric). Isobuthanol,

M

P
5
1
2
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ethanol, methylene chloride, N,N-dimethylacetamide (DMAc),
aOH, HCl were provided by Merck. Commercial emulsify
il (Insignia® oil) was purchased from JyM S.A. Lubricantes
Argentina). Viledon 2431 non-woven support was kindly provided
y Carl Freudenberg, Germany.

.2. Polycarbonate sulfonation

The used sulfonation technique was similar to that informed by
mitha et al. [22] and Elabd and Napadensky [23]. Ten (10) grams of
C were dissolved in 100 mL of methylene chloride. After polymer
issolution, the reactive mix (7.5 mL of acetic anhydride and 7 mL of
oncentrated H2SO4 in 40 mL of methylene chloride) was added and
et to reflux at 50 ◦C during 1 h. Following, the sulfonated polymer
as precipitated in methanol, filtered and dried at 60 ◦C during

4 h.

.3. Preparation of blend charged membranes

The general preparation procedure is as follows: PVDF and PVP
re dissolved in DMAc at 50 ◦C in a concentration of the 15 and
wt.% respectively until a clear solution is obtained, then the SPC

s added to the solution. The mixture was stirred during 5 h at the
ame temperature. At this time, a heterogeneous dispersion was
bserved. The final mixture was cast onto the non-woven support
sing a film extensor. The solution is then coagulated with bidis-
illed water at 25 ◦C. Afterwards membranes are stored in a water
ath until being used. Table 1 shows the different SPC/PVDF ratio
sed in each membrane.

.4. Microscopy

Scanning electron microscopy images were obtained using an
VO40 Carl Zeiss microscope (Cambridge, London). Membrane
amples were freeze-fractured and then coated by sputtering a thin
old layer. They were observed under high vacuum.

.5. FT-IR spectra

FT-IR analyses of Polymer and sulfonated PC were carried out by
icolet PROTEGE 460 Spectrometer to characterize the films. FT-IR

pectra were measured in the wavenumber range 400–4000 cm−1.

.6. Pore-size measurement by liquid–liquid displacement

Three liquids (mixture of isobutanol/methanol/water; 15/7/25,
/v/v) (surface tension, � = 0.35 mN/m) are used to analyze pores
pplying relatively low pressures [24]. The procedure consists on
lling the membrane with a liquid (the wetting liquid, aqueous
hase) and then displacing it from the pores with the organic phase
isobutanol saturated with water and methanol). Flux through the
embrane %PVDF %SPC

VDF 100 –
SPC 95 5
0SPC 90 10
0SPC 80 20
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When the applied pressure and flux through the membrane
re monitored, then the radii of the pores opened at each applied
ressure can be calculated using Cantor’s equation, which is valid
hen it can be assumed that the used liquid effectively wets the
embrane (i.e. with a null contact angle).

p = 2�

�p
(1)

here �p = applied pressure, � = interfacial tension and rp = pore
quivalent radium. Assuming that pores are cylindrical, the
agen–Poiseuille relationship can be used to correlate volumetric
ux density Jvi to a given pore radium rp. In each stage of incre-
ental volumetric flux density, the corresponding pressure (�pi)

s measured and, therefore, distribution Qi can be written as:

i = dJvi

d �pi
=

∑i

k=1

nk�r4
k

�pi

8�l
(2)

n order to obtain the distribution of pore numbers in function of
ore radium, the equation can be written as follows:

dni

drpi
= −��l �p6

i

16��6

d2Jvi

d �p2
i

(3)

here � = dynamic viscosity, � = tortuosity, and l = pore longitude
hich corresponds to membrane thickness.

.7. Ion exchange capacity

The ion exchange capacity (IEC) – with units meq/g of dry
olymer – of the sulfonated membranes was measured using the
tandard experimental method that consists in the following: the
embrane is immersed in 1N HCl for 24 h, followed by soaking in

istilled water to remove excess acid; subsequently, the membrane
amples are soaked for 1 day in 2 M NaCl solution (exchange of H+

y Na+ within the film) and then the solution is titrated with 0.01N
aOH to determine the concentration of the exchanged protons

25].
Data on ion exchange capacity offer information regarding ion-

zable groups available on the membrane. The IEC expression is as
ollows:

(VN) − (VN)

EC (meq/g) = memb blank

m
(4)

here V and N are the volume and normality of the NaOH spent
n the membrane and blank; and m is the mass of the membrane
ample.

a
b
v
i
i

Fig. 1. FT-IR spectrums of polycarbonat
e Science 326 (2009) 688–693

.8. Filtration experiments

All experiments of filtration were carried out in a Minitan-S
ltrafiltration device from Millipore Corp. The experimental proto-
ol was as follows: first, the membrane was compacted at 100 kPa
ressure of transmembrane during 30 min [26]. Then, different
ressures from 100 to 20 kPa were applied measuring the corre-
ponding pure-water fluxes.

Once measurements were carried out, the membrane was
echanical cleaned with pure water for 1 h at 67 kPa with a feed

ow of 1 L/min. After that, no fouling was observed. Then, fouling
est experiments with oil emulsion were performed for 2 h at the
ame pressure and feed flow. After that, the membrane was cleaned
ith pure water at high feed rate. Finally, pure-water flow was mea-

ured under the same emulsion conditions. Emulsion was obtained
dding Insignia® oil to distillated water at 8.333 Hz (500 rpm). The
mulsion with 0.1 wt.% of oil concentration has the following char-
cteristics [1]: pH 7, average oil droplet diameter of 2.5 �m and COD
700 ppm.

.9. Oil content

Oil content was evaluated by UV–vis spectroscopy based on
avelength of 220 nm.

.10. Chemical oxygen demand (COD)

Samples were refluxed in strongly acid solution with a pre-
etermined excess of potassium dichromate. Consumed oxygen
as measured against standards at 600 nm by U-2001 UV–Visible
itachi spectrophotometer according to the 5220D Standard
ethod for the Examination of Water and Wastewater.

. Results and discussion

Qualitatively, PC sulfonation was verified by IR spectroscopy.
ig. 1 shows the results of FT-IR spectra for PC and SPC. The detection
f a broad peak at approximately 3400 cm−1 has been ascribed to
tretching modes of hydroxyl groups of SO3H groups and water
olecules retained by the sample. The typical peaks of SO3H are
bsorption at 1250–1150 and 1060–1030 cm−1 [27]. The strong
and of the frequency, 1250–1150 cm−1, can be ascribed to stretch
ibration for S O, and the absorption band at the 1060–1030 cm−1

s assigned to the symmetric stretching band. However, the stretch-
ng band of C O is 1765–1720 cm−1 in the ester group for PC, while

e and sulfonated polycarbonate.
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Fig. 2. Membrane

he C O C for asymmetric stretching band is 1290–1180 cm−1, and
he O C O peak is 645–575 cm−1.

Micrographs (Fig. 2) show that there is a small effect of SPC on
he membrane’s structure: porous substructure densifies in pres-

nce of SPC (see the hydraulic permeability section for further
iscussion).

Images obtained by backscattered electrons allow observation
f phase changes in a given material. By using this technique (see
ig. 3), small SPC spheres appear in the PVDF matrix. The polymeric

ig. 3. Backscattered-electron SEM micrograph, of 20SPC membrane. Magnification
78×.

s
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icrophotographs.

lend of polycarbonate and PVDF is heterogeneous [5,6]. Therefore,
ulfonation does not generate a higher compatibility between these
olymers and small spheres can be observed as inserted in the PVDF
tructure of approximately 1 �m in all the transversal section and

urface image (Fig. 4).

Table 2 shows the ion exchange capacity determined for sul-
onated polycarbonate and for SPC/PVDF membranes. Results
ndicate that an increase in the SPC content of the membrane incre-

ent the IEC. However, PVDF exerts a shielding effect that results

ig. 4. Backscattered-electron SEM micrograph of 20SPC membrane surface. Mag-
ification 600×.
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Fig. 5. Membrane rp distributions.

n lower ion exchange capacities, as compared to IEC theoreti-
al values. The IEC theoretical values are 0.0337 meq/g for 5SPC,
.06753 meq/g for 10SPC, and 0.135 meq/g for 20SPC.

Fig. 5 shows pore-size distributions obtained from liquid–liquid
isplacement technique. Slight diminutions in mean pore size
rpDLL) due to the presence of SPC can be explained by the increase in
iscosity that SPC generates in the polymeric solution (see Table 2).
he viscosity of the PVDF-casting solution is 6945 × 10−3 Pa s
6945 cP). This values increases upon a SPC content rise, reaching
855 × 10−3 Pa s (7855 cP) at 20 wt.% SPC/PVDF. This increase in the
iscosity of the casting solution leads to a diminution of pore size
s is commonly pointed out in literature [1].

The hydraulic permeability test was performed by comparing
ydraulic permeability after fouling and water washing (Lhla) in
unction of initial hydraulic permeability (Lhi). Table 3 lists data on
ydraulic permeability of the blend membranes.

Data in Table 3 clearly indicate a decrease in hydraulic perme-
bility paralleling an increase in sulfonated polycarbonate content.
his phenomenon could be justified by considering that a vis-
osity increase in the casting polymeric solution due to the

resence of SPC would provoke an increase in porous substruc-
ure densification that in turn generates a diminution of Lhi.
his decrease in hydraulic permeability can be recorded from
1.81 × 10−10 to 7.61 × 10−10 m Pa−1 s−1 and can be analyzed by

able 2
embrane ion exchange capacities and pore radii.

embrane IEC (meq/g) rpDLL (nm)

PC 0.6753 –
VDF 0.0009 46.06
SPC 0.0191 41.32
0SPC 0.0272 37.57
0SPC 0.0362 35.89

able 3
embrane hydraulic permeabilities (m s−1 Pa−1).

embrane Lhi × 1010 Lhla × 1010

VDF 11.81 4.74
SPC 11.33 4.40
0SPC 10.60 5.03
0SPC 7.61 4.95
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Fig. 6. Normalized flux (Jv/Jvo) vs. time.

bserving macrovoid diminutions in the transversal sections of the
ifferent membranes showed in the micrographs in Fig. 1.

Fig. 6 shows the normalized flow decline of the oily effluent
ith prepared membranes. There is a more marked flow decline in

he non-charged membrane, and therefore a higher fouling. As the
PC content in the membrane increases, this decline becomes less
nd less sharp, until the fouling phenomenon disappears in 20SPC
embrane. In a previous work [1] can be seen that, at pH 7 emulsion

articles are negatively charged. As sulfonic groups content in the
embrane increase the electrostatic exclusion phenomena become

n important factor in the filtration of this emulsion.
Mass permeation flux during filtration can be expressed in terms

f a resistance model as

v = dV

A dt
= �p

�(RM + RF)
(5)

here Jv is the permeate flux (m3/m2 s), �p the applied pressure
Pa), RT the total resistance of permeation (m−1), and � (Pa s) is the
ermeate viscosity. RT involves the intrinsic resistance of mem-
rane, RM, and the fouling resistance, RF. The osmotic effect, the
ffect of polarization by concentration, and the effect of fouling are
ll included in RF, which is subdivided into reversible fouling (RRevF)
nd irreversible fouling (RIrrevF).

F = RRevF + RIrrevF (6)

The model’s data are informed in Table 4. Charged membranes
resent lower fouling compared to non-charged membranes. PVDF
embranes present reversible and irreversible fouling, while 5%

PC content (IEC 0.0191 meq/g) can markedly reduce irreversible
ouling. When the IEC reaches a value of 0.0272 meq/g or higher
10SPC or 20SPC membranes), then fouling resistance is lowered
nd irreversible fouling is eliminated (Fig. 7). Only a small diminu-
ion of permeate flux occurs in these membranes. This diminution
s reverted by washing with a flux of pure water thus removing
articles that are weakly adhered to pores and membrane surface.
able 5 shows both the oil rejection coefficient R and COD data for
lend membranes. R was calculated as a percentage according to
he following expression:
=
(

1 − CP

CFeed

)
100 (7)

here CFeed is the oil concentration in the feed, and CP is the oil
oncentration in the permeate.
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Table 4
Membrane resistance data.

Membrane RM × 10−12 (m−1) RT × 10−12 (m−1) RF × 10−12 (m−1) RRevF × 10−12 (m−1) RIrrevF × 10−12 (m−1)

PVDF 0.8470 2.3500 1
5SPC 0.8830 1.1400 0
10SPC 0.9430 1.1700 0
20SPC 1.3100 1.4100 0

Fig. 7. Fouling resistance (RF), RRevF and RIrrevF vs. membrane ion exchange capacity.

Table 5
Permeate quality obtained from membranes.

Membrane R (%) COD (ppm)

PVDF 95.46 80.30
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SPC 96.66 69.48
0SPC 96.71 69.51
0SPC 96.63 69.69

Regarding oil content rejection, values reach 95.46% in PVDF
embranes, while other membranes containing SPC present sim-

lar values ranging from 96.63 to 96.71%. COD in all membranes is
elow 100 ppm (water quality according to Law 5420, the Province
f San Luis, Argentina).

. Conclusions

Preparation of charged blend membranes is achieved according
o the process of wet phase inversion, by adding growing amounts
f SPC to PVDF casting solution. The increase in SPC content gener-
tes an increase in the ion exchange capacity of these membranes
nd a slight diminution in pore mean radium. Hydraulic permeabil-
ty data clearly indicate that a decrease in hydraulic permeability
ccurs when there is an increase in the sulfonated polycarbonate
ontent because there is an increase in porous substructure den-
ification, as is shown in the SEM images. These micrographs also
eveal that the PVDF/SPC blend is heterogeneous. When the IEC
eaches a value of 0.0272 meq/g or higher (10SPC or 20SPC mem-
ranes), then fouling resistance is lowered and irreversible fouling

s eliminated. The permeate COD is lower than the value established
y law, that is lower than 100 ppm; and rejection to oily content in
embranes containing SPC was always higher than 96.63%.
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