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a b s t r a c t

Polysulfone (PSf)/polyacrylic acid ultrafiltration (PSf/PAA) membranes were prepared from a polymer
blend in dimethylformamide by coagulation in water according to the wet phase inversion method.
Immobilization of water-soluble PAA within the non-soluble PSf matrix was proven by the increase of
ion exchange capacity and the intensity of the carboxyl groups’ peak with the increase of PAA content as
shown by Fourier transform infrared spectra. These results lead to consider that PSf and PAA form a semi-
interpenetrating polymer networks. The obtained membranes showed a decrease of mean surface-pore
sizes, the overall porosity and the hydraulic permeability with the increase in PAA content. Such results
ltrafiltration membrane
ater depollution

ead
eavy metal
EM-EDX

were imputed to the morphologic modifications of PSf film with the immobilization of increasing PAA
amount.

PSf/PAA membranes showed high lead, cadmium and chromium rejection which reaches 100% at pH
superior to 5.7 and a low rejection at low pH. Moreover, the heavy metal rejection decreases with feed
solution concentration and applied pressure increases. These behaviors were attributed to the role of car-
boxylic groups in ion exchange or complexation. As a matter of fact, the strong lead ion–PAA interactions
were revealed by the scanning electron microscopy with energy dispersive X-rays (SEM-EDX).
. Introduction

Membrane processes are increasingly used in the environment
rotection, drinking-water production and medical applications
1–3]. These processes are widely used in many countries (Gulf
ountries, Japan) to produce drinking water, to recover reusable
omponents or to purify industrial effluents, etc. Pollution of water
ources is usually due to human activities that lead to the presence
f toxic species like pesticides, microorganisms, dyes and heavy
etals in surface water, and eventually in ground water. Heavy met-

ls are well known for their high toxicity for human beings. They
re soluble in water as ions or chemical complexes and they could
e ingested if water is not correctly treated [4–8]. Various tech-
iques have been devoted to the removal of these metals from water
9–11]. Over the last few years, several works were dedicated to the

urification of water and effluents, containing heavy metal, with
ltrafiltration assisted by complexation [12–15]. The complexing
gents were added to the feed water to form high molecular-weight
omplexes with heavy metal ions. Such complexation prevents the

∗ Corresponding author.
E-mail address: chamec1@yahoo.fr (C. Mbareck).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.123
© 2009 Elsevier B.V. All rights reserved.

heavy metal ion permeation through ultra/nanofiltration mem-
branes.

Polyelectrolytes like polyacrylic acid (PAA), polystyrene sodium
sulfonate (PSSNa) and polyethylenimine (PEI) [16–26] were used
as complexing agents for the removal of heavy metal ions from
water. These additives are generally pre-mixed with water before
treatment by ultrafiltration in order to permit the complexation of
heavy metal ions at an appropriate pH. However, in such a tech-
nique, there is a risk of more severe fouling due to the lower
diffusivity of the large-size complexed species, and their lower
hydrophilicity after charge coupling in the complexes [27]. In
addition, alternative membrane-based processes were achieved
by incorporation of ionic groups in preformed-membrane surface
[28–30].

In water filtration processes, incorporation of charges in the
membrane is expected to reduce considerably the fouling effect,
improve membrane efficiency and increase the membrane life. The
main methods used to impart charges to polysulfone membranes

were (i) sulfonation: insertion of sulfonate groups, (ii) carboxyla-
tion: insertion of carboxylic acid groups and (iii) quaternization:
insertion of quaternary ammonium groups [31–34]. However, it can
be predicted from the general polymer chemistry knowledge that
the polysulfone chains undergo upon chemical modifications chain

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chamec1@yahoo.fr
dx.doi.org/10.1016/j.jhazmat.2009.05.123
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egradation, surface smoothness alteration and sometimes become
ighly swollen, leading to a decrease in the membrane mechanical
roperties.

Due to its simplicity, polymer blending is an attractive tech-
ique for the design of new materials [35,36]. However, its use

s limited by the lack of polymer systems in which the polymer
omponents are enough miscible for the target applications. In
previous paper [37], we described for the first time, prepara-

ion of ultrafiltration membranes by blending poly(acrylic acid)
ith uncharged polysulfone. Polymers formed a chemical structure

eminiscent of semi-interpenetrating polymer networks, with an
symmetric morphology. The formation of this network was inter-
reted as a result of hydrophobic interactions between polysulfone
hains during the coagulation process.

The present paper aims at exploring the membrane perfor-
ances in the removal of heavy metal ions from water. Prior to the

ttempt of metal-ion removal, the membranes were characterized
y different techniques. Membrane morphology, porosity, swelling
atio, and polyelectrolyte entrapment were studied by using scan-
ing electron microscopy (SEM), electron dispersive X-rays (EDX)
nd Fourier transform infrared (FTIR). The influence of metal-ion
oncentration and pH of the feed solution, and of the transmem-
rane pressure on the heavy metal retention has been analyzed by
tomic absorption spectroscopy, AAS.

. Experimental

.1. Materials

Polysulfone (PSf) and polyacrylic acid (PAA) were purchased
rom Aldrich and dimethylformamide (DMF) from VWR (Fonte-
ay sous Bois, France). The molecular weights of PAA and PSf were
50,000 and 26,000 g/mol, respectively. Poly(ethylene glycol) was
urchased from Sigma–Aldrich. All polymers and chemical prod-
cts were used as received.

.2. Membrane preparation and morphological characterization

Polysulfone (PSf) and poly(acrylic acid) (PAA) membranes were
repared as follows: (i) PSf (17 g) was completely dissolved in DMF
olvent (83 g) at 90 ◦C, and then appropriate weights of PAA pow-
er were added to the PSf solutions in order to obtain different
embrane compositions (Table 1); (ii) at room temperature, the

e-bubbled polymer solution was cast on a glass plate with a lab-
ade casting knife with a gap set to 200 �m. The cast liquid-film
as left for evaporation in air for 20 s before its immersion in a
ater coagulation bath (MilliQ water, 18.2 M� cm, pH 5.8 and the

OC 2.1 mg/L) at 18 ◦C. A white solid film stripped out of the glass

late little moment after immersion. The coagulated membranes
ere abundantly washed with water and stored in sodium azide

olution. The obtained membranes exhibited a shiny surface on the
ater-bath side, which is the side of the dense layer, and a dull

urface on the glass support side.

able 1
omposition of the casting solutions (weight) and the PSf/PAA proportions after the elim
orosity and hydraulic permeability of PSf/PAA as a function of PSf/PAA proportions.

ample mPSf (g) mPAA (g) mDMF (g) PSf/PAA

0 17 0.000 83 100/0
1 17 0.720 83 96/04
2 17 1.475 83 92/08
3 17 2.130 83 89/11
4 17 3.100 83 85/15

omposition of PSf/PAA dope casting and some properties of their films, the top skinned
apacity Cp (mequiv./g of dried membrane) and the overall porosity P.
s Materials 171 (2009) 93–101

2.3. Ion exchange capacity measurement

The ion exchange capacity was determined after alternative
sample conditionings in NaOH 0.1 M and HCl 0.1 M for an immer-
sion time of at least 4 h. In H+ form, the sample was equilibrated
in water for at least 12 h to remove the free hydrogen ions. After-
wards the membranes in carboxylic form were immersed for 4 h, in
100 ml of mixed solution containing NaOH (0.025 mol/L) and NaCl
(0.075 mol/L). The amount of –COOH groups was determined by
back titration with HC1 0.01 M.

2.4. Scanning electronic microscopy and the electron dispersive
X-rays

The membrane surfaces and sections were analyzed by a Zeiss
EVO 40 EP microscope with the Secondary Electron Backscat-
tered Detector (CE-BSD). Samples were frozen in liquid nitrogen
at 190 ◦C, fractured and coated with a thin gold film. SEM observa-
tions were carried out at various magnifications while the electron
beam energy was fixed at 10 keV. Micrographs of scanning electron
microscopy with an energy dispersive X-rays (SEM-EDX) were done
at an accelerating voltage of 15 kV and an X-rays analysis counting
time of 150 s. Multiple areas (6–9 zones) of each membrane surface
were selected to collect the SEM-EDX spectrum.

2.5. FTIR measurement

Prior to the spectra recording, membranes were placed in a
vacuum oven at 80 ◦C for 48 h to evaporate solvent and non-
solvent traces. FTIR films spectra were recorded in the range of
700–4000 cm−1, by averaging 64 scans at a resolution of 4 cm−1,
by means of a Nicolet AVATAR 360 FT-IR Spectrometer in the atten-
uated total reflectance (ATR) mode (with the ATR Omni-sampler
device). The analyzed face was firmly pressed against the crystal
surface in the ATR device. In this mode, the infrared evanescent
wave penetrates the sample from the surface down to a depth of
about 2 �m.

2.6. Porosity evaluation

Butanol was used to determine the overall porosity of PSf/PAA
membranes. This parameter was calculated as following [38,39]:

P (%) = 100
Ww − Wd

�w
V

where Ww is the weight of wet membranes (g), Wd is the weight
of dry membranes (g), �w is the density (g/cm3) of butanol, and
V is the volume of the membrane in wet state (cm3). Membrane
thickness was measured by a digital micrometer at multiple-points
in order to calculate a correct average value.

ination of solvent; the thickness of the top skinned layer, ion exchange capacity,

e (nm) Lp (L/(m2 h bar)) Cp (mequiv./g) P

180 ± 2 1.4 0.0 36.2
187 ± 2 40 1.19 33.4
212 ± 2 23 1.29 34.1

1494 ± 2 9 1.37 33.2
– – – 29.0

layer thichness e (nm), the hydraulic permeability Lp (L/(m2 h bar)), ion exchange
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troscopy. Fig. 1 shows the spectra of PSf and PSf/PAA membranes
in the range of 1600–1800 cm−1. The new peak at 1720 cm−1 in the
PSf/PAA membrane spectra, that can be assigned to the streaching
vibration of C O group, indicates the presence of PAA in the blend
C. Mbareck et al. / Journal of Haz

.7. Permeation measurements

Dead-end filtration was done with stirred Amicon 401S cell with
ffective area of 0.0038 m2. It was thermostated at 25 ◦C. Flux values
f pure water and metal ion solutions at different transmembrane
ressures (ranging 0–0.4 MPa) were measured at steady state con-
ition using Eq. (2):

v = �V

S �t
(2)

here Jv is the volume flux (L/(m2 h)), �V is the variation of perme-
te volume (L), S is the membrane effective area (m2), and �t the
ime interval (h). The hydraulic permeability was calculated from
he Poiseuille’s law as represented with Eq. (3):

m = Jv
�P

(3)

here Pm is the hydraulic permeability (L/(m2 h MPa)) and �P is the
ransmembrane pressure (MPa). For the retention of heavy metal
ons, all filtration experiments were done with 150 ml of solution
t stirrer speed of 10 rps (600 rpm). The first 7 ml permeate was
iscarded and the subsequent volumes were collected for analysis.
efore each dead-end filtration experiment under magnetic stir-
ing, the membrane was exposed to a higher pressure (5 bar) to
tabilize them.

Observed rejection (Ro) is usually used to characterize the solute
ransmission through membranes. It is calculated according to Eq.
4):

o (%) = 100
(

1 − Cp

Cb

)
(4)

here Cp and Cb are the solute concentrations in permeate and in
he feed, respectively. Ro depends on the pH, the salt concentration
nd the system hydrodynamics which may be characterized by the
eynolds number Re and the mass transfer coefficient k [40]. For a
tirred cell, Re = ωr2/v, with v is the kinematic viscosity, ω is the
tirring speed in round-per-second (10 rps), and r is the radius of the
tirred cell (r = 0.0348 m). For the dilute salt solutions, the values for
he kinematic viscosity v were practically equal to that of water, i.e.
0−6 m2/s. A value of 10−10 m2/s was taken for the salt diffusion
oefficient (under-estimated value). The calculated Reynolds num-
er, Re = 14,440, shows that experiments were done under turbulent
onditions.

The mass transfer coefficient k can be derived from an experi-
entally derived correlation [40] between the value of the Re and

hat of the Schmidt number Sc:

k r

D∞
= � R0.567

e Sc0.33

c = v/D∞, with D∞ the diffusion coefficient at infinite dilution. The
arameter � is a function of device geometry of the used stirred
ell (0.4). This gave a mass transfer coefficient k of 5 × 10−6 m/s.
his value is rather high due to the turbulence regime and the high
alt diffusivity. Thus, we considered that the analysis of the change
n the observed rejection in different studied cases based on the
bserved rejection reflect well that of the true rejection.

The membrane regenerations were performed by immersing
uccessively the sample into a stirred HNO3 0.1 M solution for
0 min, and sodium hypochlorite solution of 1.3% of active chlo-
ine (30 min), then repeatably in water. HNO3 solution was used to

emove heavy metal ions. Sodium hypochlorite cleaned the mem-
rane by removing organic contaminants clogging the membrane
ores. After such a treatment, membrane recovered approxi-
ately its initial hydraulic permeability and retention properties

with ± 5% fluctuations).
s Materials 171 (2009) 93–101 95

2.8. Atomic absorption spectroscopy measurements

Concentration of metal ions was measured by atomic absorp-
tion spectroscopy and the pH of feed solutions was adjusted to
the desired pH by adding small volumes of NaOH 1 M before
the permeation process. The apparatus was a Varian Spectre AA-
100B Atomic Absorption Spectrophotometer (Mulgrave, Australia)
operating with an air-acetylene flame as atom generator and mon-
itored by the SpectrAA version 4.10 software. Lead was analyzed
by using a Photron monoelement hallow cathode lamp in the fol-
lowing conditions: the wavelength and slit width were respectively
217 nm and 1 nm for lead; 326.1 nm and 0.5 nm for cadmium and
429 nm and 0.5 nm for chromium. Standard concentration ranges
were 0–25 mg/L for lead, 0–10 mg/L for cadmium and 0–10 mg/L
for chromium. Each solution was measured in triplicate with a
RSD < 3%. The concentration of each sample was deduced directly
from the calibration curves or corrected by the dilution factor in
case of concentration over-range.

3. Results and discussion

3.1. Membrane characterization

3.1.1. PAA immobilization into PSf networks
The presence of PAA on the membrane surface or in the matrix is

important for metal-ion retention. Fourier transform infrared (FTIR)
as well as the determination of ion exchange capacity were used to
evaluate the efficiency of PAA immobilization in PSf networks. The
surface on the skin side of the blend membranes with PAA contents
of 0%, 10% and 15%, respectively, were analyzed by FTIR-Atr spec-
Fig. 1. FTIR spectrum of PSf/PAA 100/0, 90/10 and 85/15 in the range
1600–1800 cm−1.
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Fig. 3. SEM top-surface of PSf/PAA membranes (4000× magnitude): (a) PSf/PAA
100/0, (b) PSf/PAA 96/04, (c) PSf/PAA (92/08) and (d) PSf/PAA 89/11.
Fig. 2. Ratio A1720/A1585 as a function of the PAA content in casting solution.

embrane. Using the peak of C C double bond [41] observed at
585 cm−1 as a reference, the ratio of the absorbance of carbonyl
roup 1720 cm−1 to the double bond peak 1585 cm−1 (A1720/A1585)
as used to quantify the PAA immobilization in the PSf matrix. The

ncrease in membrane-immobilized PAA with the increase in PAA
ontent in the casting dope, as shown in Fig. 2, is confirmed by
he similar variation trend in the ion exchange capacity (Table 1). It
hould be noted that FTIR-Atr spectroscopy gave an image of chem-
cal structure of the membrane surfaces, while the ion exchange
apacity represents the overall content in carboxylic acid in the
hole membrane.

Anyway, these results prove that the PAA polymer, in spite of its
ater solubility, is well immobilized in the PSf matrix. The quantity

f immobilized PAA increases with the increase of its content in the
asting dope. It can be proposed that the PAA chains that are entan-
led with PSf chains and bound by interactions in the casting dope
ould be kept with PSf in the polymer-rich phase, when the liq-
id/liquid phase separation occurs. The vitrification of the polymer
omponents would prevent the PAA extraction into the external
queous phase. Although the PSf matrix is not chemically cross-
inked, the interactions in the matrix are strong enough to maintain
he matrix in a physically cross-linked state that practically immo-
ilizes PAA chains. One may wonder whether PAA chains can leak
hrough the PSf network. As result, our blend membranes were
xperimentally, stable for months, without significant PAA leak.
lthough a repitition of PAA chains towards an external aqueous is
ossible under a chemical driving force, the PAA chains would form
nares at different fixed points of the network that make impossible
et movement of the chains.

.1.2. Scanning electron microscopy results

The scanning electron microscopy was used to collect informa-

ion regarding membrane morphology. Fig. 3 shows the images of
he top-surface of PSf/PAA 100/0, 96/04, 92/08 and 89/11 respec-
ively whereas Fig. 4 shows the cross-section morphologies of
Sf/PAA 89/11 membrane. The measurement of skin-layer thick-
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ig. 4. SEM cross-section of PSf/PAA 89/11 membranes (10,000× magnitude).

ess has shown the thickenning of this layer with the increase of
AA content as already summarized in Table 1.

SEM images of the membrane surfaces, reveal that membranes
ontain inter-connected or dead-ended pores with different densi-
ies and sizes according to the PAA content. It was also observed that
he outer-surface pores contain sub-open pores and fine pores inner
he sub-pores. For instance, the measurement of the pore diame-
ers on the SEM images of PSf/PAA 92/08 revealed that the mean
ore size of the outer-surface pores, sub-structure open pores and
ne pores inner the sub-structure were 680 nm, 136 nm and 25 nm,
espectively. In fact, in pressure-driven membrane processes, the
ransmembrane flux and selectivity are governed by the fine inter-
onnected pores where there is the main resistance to flow and
ieving action, while the sub-structure with large pores provides
he membrane with a correct mechanical resistance.

In so far as the sub-structure has a low enough hydraulic resis-
ance with respect to the fine-pore region, too-big pores (finger-like

acrovoids) are not desired in order to avoid hydraulic perme-
bility alteration by compaction in filtration operations. Generally,
t was found that the membrane morphology changes from fin-
er (or macrovoids) to sponge-like structures with the increase of
olymer concentration or with the addition of second polymer as
olyvinylpyrrolidone (PVP) [42]. A similar trend was observed for
Sf/PAA membranes with the increase in PAA content, and may be
ttributed to the delay of phase separation due to the addition of
ydrophilic polymer (PAA) to the casting dope.

.1.3. Membrane porosity, P
Table 1, shows a slight decrease in the PSf/PAA membrane poros-

ty (P) when the PAA fraction in the casting dope of blend polymers
ncreases, while the PSf content is maintained constant. Such a
esult is consistent with the SEM images which show the decrease of
ore sizes and the increase of the thickness of skin layered with the

ncrease of PAA content. It should be noted that with the increase
f PAA fraction in the dope solutions, at constant PSf content, the
otal polymer concentration in the dope medium increases. Thus,
he logical consequence is a more compact membrane structure
btained in coagulation, because of a higher density of polymer
hains that are coagulated by the water bath [41].
.1.4. Hydraulic permeability Lp and polymer retention
haracteristics

The hydraulic permeability (Lp) of pure water across PSf/PAA
embrane decreases with the increase in PAA content (Table 1), as a

esult of the above-mentioned porosity decrease in the membrane.
s Materials 171 (2009) 93–101 97

Since all membranes were stabilized at 0.5 MPa for more than 6 h
prior to the permeability measurement, the measured water per-
meability were the intrinsic permeability that reflects membrane
porous structure: interconnectivity, pore size and distribution.

The hydraulic permeability of the membranes of different PAA
content is qualitatively consistent with the membrane morphology
and porosity. The decrease in the hydraulic permeability, when the
PAA content increases, can be related to the thickening of the dense
skin, to the decrease of pore sizes and to the porosity reduction.
The PSf membrane containing small PAA amount (4%) had a similar
skin-layer thickness as the PSf membrane without PAA as shown in
Table 1. Much higher hydraulic permeability observed for the PSf
membrane containing a small PAA amount is due to the larger pore
sizes.

3.2. Membrane performances in the removal of heavy metal

For the purpose of heavy metal removal, fast screening tests were
performed with a lead nitrate solution in standard filtration con-
ditions. They led us to select the PSf/PAA 89/11 blend membrane
for the target application. This membrane exhibited the best heavy
metal retention because of its high content in PAA (1.37 mequiv./g)
and their smaller pore sizes. The use of the total organic car-
bon (TOC) techniques for the ultrafiltration of different molecular
weight of polyethylene glycol, in aqueous solution 1 g/L, has shown
that the molecular weight cut-off (MWCO) of the selected mem-
branes was ca. 10,000 g/mol under 0.2 MPa. The PSf/PAA 89/11
blend membrane was thus chosen for the study of heavy metal
removal from water by ultrafiltration process. Moreover, the cal-
culation of Reynolds number Re and mass transfer coefficient k, as
explained in experimental section, prove that experiments were
done under turbulent conditions and the observed ions rejection is
nearly equal to the real ions rejection.

3.2.1. Study of membrane—lead ion interactions by SEM-EDX
technique

Scanning electron microscopy with an energy dispersive X-rays
(SEM-EDX) or electron dispersive spectroscopy (EDS) can afford
spatial and composition distribution of elements in solid materials.
Elements with higher atomic number generate more backscattered
electrons, thus appear in SEM-EDX images brighter than those of
low atomic number [43]. Soluble metal ions have a hydrated size
in solution much smaller than that of the water-soluble polymers
used to estimate the sieving effect of the pores of ultrafiltration
membranes, thus generally pass through the membrane without
retention. We infer that other mechanism than the pore sieving
effect governs the lead ion retention in filtration. Such a mecha-
nism may be a fixation of lead ions on the membrane by interactions
with the carboxylate groups. SEM-EDX was used to highlight such
a fixation of lead ions onto the skin of the PSf/PAA 89/11 mem-
brane. SEM-EDX topographic images of the top surface of PSf/PAA
89/11 membrane after ultrafiltration of a Pb(NO3)2 solution were
taken on a non-washed part (Fig. 5b) and on a 2 h-washed (with
MQ water) part (Fig. 5c) of the membrane sample. These images
show bright zones, with different sizes, whose number and size
are greater for the non-washed sample. The bright zones on the
surface of the washed membrane correspond to the complexed
lead-ions, that a thorough washing was not able to remove its from
the surface (Fig. 5b and c). Indeed, the EDX spectrum (Fig. 5d) of
the bright zones, in washed sample, highlight the presence of lead,

at lead-atom characteristic X-ray emissions: M� at 0.234 and M�
at 0.245 KeV of energy. As PSf alone cannot fix the lead ion, which
is completely soluble in the used operating conditions, we infer
that the fixed (or complexed) ions are due to the presence of PAA
carboxyl groups on the surface of the PSf/PAA membrane.
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Fig. 5. SEM-EDX spectra of the top surface of PSf/PAA 89/11 membranes (a) before
filtration of Pb(NO3)2, (b) after filtration without membrane washing, and (c) after
filtration with membrane washing. (d) EDX spectrum of the membrane top surface
after washing. Concentration of the Pb(NO3)2 solution was 20 mg/L and its pH was
4.98. The cross-flow filtration was effected under 0.2 MPa, 600 rpm and 25 ◦C.
Fig. 6. Retention ratio (R%) (�: pH 3.5; �: pH 5.7) and normalized flux (J/J0) (�:
pH 3.5; �: pH 5.7) of lead ions as a function of permeate volume fraction (Wv) at
P = 0.2 MPa, 600 rpm and [Pb2+] = 20 mg/L.

3.2.2. Study of the retention of heavy metal ions by PSf/PAA
membranes
3.2.2.1. Influence of the pH of feed solution on membrane performance.
Lead nitrate solutions at pH 3.5 and pH 5.7 were batch-ultrafiltrated
through the PSf/PAA membrane at constant pressure. These pH val-
ues were chosen to obtain the membrane carboxylic groups in two
distinct ionization states, a non-ionized acid form at the lower pH
and a mainly ionized form at the higher pH. In fact, Fig. 6 shows
the retention of lead ion as a function of permeate volume fraction
(Wv) is always better at higher pH. This behavior can be explained
as follows: polysulfone is a hydrophobic material with negligible
interactions with ions; whereas PAA is a hydrophilic material with
carboxylic groups which have both ion exchange and complexation
abilities (cross-linked PAA beads are often used as weak cation-
exchange resins). At low pH, the carboxylic groups in the acid form
are involved in hydrogen bonds which reduce their ion–ion inter-
actions with metal ions. As a result, the soluble lead ions pass easily
through the membrane leading to a low retention. The small lead
ions retention at low pH may be attributed to membrane mor-
phology (dead-pores) and weak dipole-ion interactions between
carboxylic acid groups and lead ions (–OH· · ·Mn+). At higher pH,
the carboxylic group of PAA in the membrane is more ionized
and more capable of metal-ion complexation or ionic interactions
(−O· · ·Mn+· · ·O−). The observed decrease in the retention with the
increase in permeate volume fraction is a direct consequence of
the concentration build-up in the feed compartment due to the ion
retention, since the initial feed concentration in lead ion was taken
as reference in the retention ratio.

Normalized flux of lead-solution through the PSf/PAA mem-
brane appears to be always higher for the solution at pH 3.5 than for
the solution at pH 5.7 (Fig. 6). This situation is not quite usual, and
not easy to interpret. It should be noted that the solutions had prac-
tically the same viscosity as pure water so that there should be no
additional friction loss in the permeate transport by convection in

the membrane pores. As a soluble ion, lead has a much larger diffu-
sion coefficient than macromolecules. Given the low concentration,
we can expect negligible concentration polarization. Explications of
the higher permeate flux at pH 3.5 are to be found in a change in
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5.7, lead ions are easily fixed by membrane charges (carboxylate
groups). This fixation disturbs the solute permeation through the
membrane as the pore sizes reduce. The association between solute
and membrane charge are enhanced by the decrease of feed pres-
ig. 7. Retention ratio (R%) of lead ions as a function of permeate volume fraction
Wv) at different [Pb2+] = 10 mg/L (©), 20 mg/L (�) and 30 mg/L (�) (P = 0.2 MPa, pH
.7, 600 rpm).

he membrane properties with pH. It must be kept in mind that
Sf/PAA membrane contains PAA with carboxylic acid groups in its
atrix. At the higher pH, the acid groups become ionized, and the

epulsion between segments bearing the same charges with ion-
zation groups would expand the chain segments into the solution
nto pores. At low pH, these groups tend to coil back into a collapsed
orm due to the formation of hydrogen bonds. It can be expected
rom such a change in the PAA conformation with pH that pore
iameter increases when the pH of the permeating fluid decreases.
he complexation or ion exchange of lead ion neutralizes part of the
arboxylate charged groups in the pores, but also adds matters to
he pore inner wall. As a consequence, the permeation flux is higher
t lower pH.

.2.2.2. Influence of the concentration and total pressure of feed solu-
ion on membrane performance. Fig. 7 shows the variation of the
ead ion retention as a function of permeate volume fraction at dif-
erent concentrations. The curves show a decrease in the retention
atio with the increase in feed concentration and with the increase
f permeates volume.

In fact, at low concentrations, the PSf/PAA membrane exhib-
ted a high retention capacity. This performance decrease with the
ncrease of the lead-ion concentration can be related to the ten-
ency of the ionic groups on the membrane to be saturated when
he lead-ion concentration in the feed increases (for the same per-

eate volume extracted through the membrane).
Normalized permeation flux decreases with the increase in feed

oncentration as shown in Fig. 8. Such a behavior can be interpreted
s a consequence of increase in the number of lead ion fixed on

he pore wall, which tends to reduce the free pore-volume and the
ermeation flux through the membrane.

Fig. 9 shows the variation of lead ions retention and normal-
zed flux as a function of permeate volume at different pressures. It
ppears that for the first permeate volume (25% of feed volume) the
Fig. 8. Normalized flux (J/J0) of lead ions as a function of permeate volume fraction
(Wv) at P = 0.2 MPa, pH 5.7, speed stirring 600 rpm and various feed concentrations
Pb2+ = 10 mg/L (©), 20 mg/L (�) and 30 mg/L (�).

lead retention is independent on the feed pressure; the retention
ratio is almostly 100%. But with the increase of permeate volume,
which is associated with an increase of feed concentration (batch
process), lead retention decreases. Such a behavior is more impor-
tant for the higher initial feed pressure.

Otherwise, the normalized flux increases with the increase of
pressure and decreases with the increase of permeate volume
whatever the variation of pressure. As observed previously, at pH
Fig. 9. Retention ratio (R%) (�: 0.2 MPa; �: 0.35 MPa) and normalized flux (J/J0) (�:
0.2 MPa; �: 0.35 MPa) of lead ions as a function of permeate volume fraction (Wv)
at fixed speed stirring 600 rpm, pH 5.7 [Pb2+] = 10 mg/L.
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ig. 10. Retention ratios (R%) of cadmium ions (�: pH 2.5; �: pH 5.8) and of
hromium ions (�: pH 3.2; �: pH 5.8) as a function of permeate volume fraction
Wv) at P = 0.05 MPa, 400 rpm and [Cd2+] = [Cr3+] = 10 mg/L.

ure. In fact, the contact-time between membrane charges and
ermeate metal ions is longer at low pressure.

.2.2.3. Cadmium and chromium ions removal as a function of pH.
ig. 10 illustrated the variations of retention ratio of cadmium ions
Cd2+) solution of 10 mg/L through PSf/PAA membrane at pH 2.5
nd 5.8, and that of chromium (Cr3+) solution of 10 mg/L at pH 3.2
nd 5.8. They are consistent with those for lead ions. At low pH, the
etal ion retentions are very low because of the carboxylic groups

n acid form. In the opposite case, at high pH, these groups are in
onized form.

The high metal retentions in spite of the larger size of pores
ompared with that of the metal ions (whose radii for their hydrated
orm are 0.43 nm, 0.426 nm and 0.45 nm for lead, cadmium and
hromium, respectively) suggest that the permeation path through
he membrane is highly tortuous, so that the transport ions have a
igh probability to be caught by the carboxylate groups on the pore
alls. We speculate that hydrophilic groups of poly(acrylic acid) are

ttracted by the penetrated water molecules (non-solvent) during
he coagulation process. This attraction induces an arrangement of
ydrophilic groups at the interfaces of the formed tortuous pores.
his preferential distribution of carboxylic groups on the pore wall
ould cause the high metal ion retention by the membrane.

The large range of electrostatic interactions between ions and
embrane charges was reported in many works [44,45]. These

lectrostatic interactions have been mainly classified in two types:
hort-range and long-range. In the former the movements of
ounter ions (metal ions) are completely hindered while in the later
t is slightly hindered. If the ions can come closer on its convective
athway, they would be completely blocked.

On the basis of the literature results [44,45] it can be expected
hat, the metal ions participate in long-range and short-range inter-
ctions with the carboxyl groups on the pore surfaces and in the
embrane matrix. These electrostatic interactions which depend

n pH, on ionic strength and on the nature of the permeating
pecies, induce the complexation of heavy metal ions and their

etention from the filtered water. Nevertheless, it is not possible
or us to quantify the contribution of each type of interactions, as
t depends on numerous factors (local pH and concentrations, local
olymer conformations, etc.).

[

s Materials 171 (2009) 93–101

The high metal rejection, at pH ≥ 5.7, leads us to suggest that the
complexation between metal ions and carboxylate groups (−COO−)
on the inner surface of pores and membrane matrix act as an
electrostatic repulsion barrier against the non-complexed metal
ions.

Brian et al. [46] suggested that the high rejection of divalent ions
(as calcium ions (Ca2+)), by membrane composed of polystyrene
sulfonate sodium deposited onto porous alumina support, is mainly
due to the positive charged layer created by the adsorption of
Ca2+. Our results are consistent with this mechanism of rejection
enhancement.

4. Conclusion

The use of ultrafiltration-ion exchange membrane with semi-
interpenetrating polysulfone (PSf) and polyacrylic acid (PAA)
network to remove lead, chromium and cadmium from water has
shown excellent results mainly at pH superior than 5.7. Immobiliza-
tion of PAA in PSf matrix was demonstrated by Fourier transform
infrared and the ion exchange capacity measurements. Efficiency
of lead, chromium and cadmium retention, from water, increases
with pH increase. The high retention was attributed to the com-
plexation between metal ions and carboxylate groups (–COO−) on
the inner surface of pores and membrane matrix. Moreover, the
membrane–solution interactions are found to be the origin of the
hydraulic permeability changes.

It is worth noting that these membranes may offer several
advantages due to the repartition of their charges over the whole
membrane matrix. They may be used for the deposition of polyelec-
trolyte layers and for the ultrafiltration assisted by complexation.
For both processes, they would offer best results as they constitute
a second barrier to remove metal ions.
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