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ABSTRACT

Rare earth elements (REE) are widely used in variety of commercial applications, which
results in public exposure to them, and it is a matter of concern. Recent studies have dem-
onstrated that the toxicity of (REE) as a group is similar to the toxicity of heavy metals.
Many methods were used to remove lanthanides from wastewaters generated from their
commercial use. Samarium, a REE, which may be removed from the aqueous solution by
polyelectrolyte-enhanced ultrafiltration process, was investigated using poly(acrylic acid)
(PAA) with average molecular weight 100,000 Da. The ultrafiltration studies were carried
out using a tangential cell system. Polyethersulfone membrane with molecular weight cutoff
of 5,000 Da and an effective filtration area of 50 cm2 were used (PES-5). Several parameters,
such as transmembrane pressure, PAA concentrations, and pH, have been optimized to
improve the retention of the Sm(III) ions. Results shows that the permeate flux increases lin-
early with increasing transmembrane pressure. It can be seen that with the increase in the
concentration of PAA, the Sm(III) ions retention also increases until reaching 80%. A better
retention was observed at 2 × 10−4 mol L−1 PAA concentration and 3 bar transmembrane
pressure. The pH effect study on samarium ions revealed a maximum retention around
70% for pH 5.

Keywords: Samarium (III) ions; Poly(acrylic acid) (PAA); Retention; Polyelectrolyte-enhanced
ultrafiltration

1. Introduction

Rare earth elements (REEs) or lanthanides have
been increasingly used in the field of chemical engi-
neering, metallurgy, luminescence, nuclear energy,

high-temperature superconductors, and catalysis
among others [1]. In the past 20 years, REE turned out
to be the promising elements due to their excellent
properties for fine chemistry modern industry. There-
fore, environmental contamination from the wide-
spread use of REE is likely to increase [2]. However,
some toxicological studies [3,4], following the recent*Corresponding author.
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employment of hi-tech materials in the electronic and
semiconductor industry, have suggested that REE
have significant pathogenic potential.

Lanthanides can be separated by the conventional
solvent extraction technique which is usually applied
to carry out the separation of metal ions [5]. Many
authors used chromatography and supported liquid
membranes to effect the separation of lanthanides
[6,7]. These methods are not amenable to large-scale
treatment of contaminated groundwater or drinking
water. However, some of them have the disadvantages
of using heterogeneous reactions or distribution of
substances among different phases, which are the phe-
nomena controlled by diffusion, requiring usually
large operating times [8,9]. Moreover, they are often
inadequate to possess high power or chemical con-
sumption, generate sludge or solid waste, etc. [10].

The efficient and selective separation of lantha-
nides can be achieved by using water-soluble macroli-
gands in combination with membrane filtration [11].
The use of membrane separation processes in the
treatment of wastewater containing toxic metal ions is
today an attractive and suitable technique and is eas-
ily included in the whole process [12]. For this reason,
membrane separations are being employed more and
more frequently. Moreover, the separation can be per-
formed at room temperature; the modular membrane
surface can be easily adjusted to the wastewater flow,
and various industrial membranes are now available.
In order to retain metallic ions, reverse osmosis (or at
least nanofiltration) can be used due to the size of the
ions in aqueous solutions. However, the usual perme-
ate fluxes of reverse osmosis membranes are limited
and require high transmembrane pressure, which
makes the process expensive [13].

Therefore, efficient separation techniques which
may reduce the concentration of REE to low values
and achieve recovery of REE must be found. Among
many separation techniques of metals from water,
polymer-enhanced ultrafiltration (PEUF) process has
been shown to be promising for the removal of trace
metals from aqueous streams by the addition of
water-soluble polymers in the wastewaters [14–20].
Since the complexation of metal ions with polymers
takes place in a homogeneous phase, problems
encountered with multi-phase separation are not
observed. Other advantages of this method are the
low energy requirements involved in the process, and
the high removal efficiency due to effective binding
[21]. This binding filtration process can be applied to
various purposes such as treatment of waste effluents,
groundwater, and surface waters.

To increase the ion rejection, the UF process can be
associated with a preliminary selective complexation

step of the target ions with water-soluble ligands.
Thus, the resulting complexes could be rejected by the
membrane, whereas the non-complexed ions pass
through it. It is this principle of ultrafiltration assisted
by complexation [22–26], which was applied through-
out this study.

In this study, using a resistance in series model,
quantification of membrane resistance, adsorption,
and concentration polarization during ultrafiltration
was attempted. The various filtration resistances were
calculated in order to determine the principal mecha-
nism for UF processes. The concentration polarization
was observed to make the highest contribution to flux
decline in the case of UF membrane.

The removal of samarium from the aqueous solu-
tions by PEUF using the poly(acrylic acid) was investi-
gated. The effects of transmembrane pressure,
polyelectrolyte concentrations, and pH on the process
efficiency, related to permeate fluxes and the retention
of Sm(III) ions, are investigated in this paper.

2. Materials and methods

2.1. Reagent

The chemical reagents used in the experiments
were poly(acrylic acid) (PAA) with an average
molecular weight of 100,000 Da (Sigma-Aldrich), and
samarium oxide (Sm2O3)(Ventron 99.9%), sodium
hydroxide, and chloride acid used for pH adjustments
and other inorganic chemicals (NaCl, Na2SO4) were
provided by Sigma-Aldrich. All the chemicals were of
analytical grade. Solutions were prepared with
ultrapure water produced by Milli-Q gradient unit
(Millipore).

2.2. Experimental set-up and procedure

Ultrafiltration experiments were carried out with a
tangential cell system (Millipore Labscale TFF), the
inlet flux was held constant (up to 0.5 m s−1), and a
transmembrane pressure was varied from 1 to 4 bar
by restricting the outlet tube polyethersulfone mem-
brane (PES) with molecular weight cutoff of 5,000 Da,
and an effective filtration area of 50 cm2 was used
(PTGC OMS 5, Millipore). By totally recycling the per-
meate and the retentate, a steady state with respect to
permeate quality is reached after less than half an
hour under suitable temperature and pressure condi-
tions. The presented data were collected under the
steady state conditions. The temperature of the feed
solution was held constant (25˚C).

A schematic of the experimental ultrafiltration sys-
tem is shown in Fig. 1.
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Permeate flux was calculated using the following
Eq. (1):

Jv ¼ VP

St
� 100 (1)

where Jv is the permeate flux (L h−1 m−2), Vp is the
volume of permeate, S is effective membrane area,
and t is time.

To evaluate the filtration efficiency in removing the
samarium ions from the feed solution, we have used
the observed retention defined as Eq. (2):

R ¼ 1� CP

Cf

� �
� 100 (2)

where Cp and Cf are concentrations of solute in the
permeate and feed, respectively.

After each experiment, membrane was conditioned
by totally recycling ultrapure water as the permeate
and the retentate. This procedure was followed by the
measurement of pure water membrane permeability to
ensure that initial membrane L0p is restored. The L0p
was considered to be a reference to evaluate cleaning
procedure, concentration polarization, and fouling of
the membrane.

2.3. Analytical methods

Permeate samples were analyzed to determine
samarium concentrations using flame atomic absorp-
tion spectrophotometry (FAAS) by the use of the Ana-
lytical Jena AAS vario 6 atomic absorption
spectrophotometer. Measurements were made for each
sample, by direct aspiration into protoxide of nitrogen
flame of the instrument. The instrument was
instructed to give the mean value and standard devia-

tions of three readings as the final reading of each
sample. pH meter (Metrohm 654), equipped with a
glass electrode, was used for measuring pH solutions.

2.4. Theoretical background

The pure water flux through membrane at one par-
ticular transmembrane pressure is usually expressed
with Darcy’s Law defined by Eq. (3):

Jw ¼ L0pDP ¼ DP
g0 � Rm

(3)

Jw is permeate flux of pure water (L h−1 m−2), L0p is the
permeability of solvent. It depends on the solvent
viscosity (η0), and morphologic characteristics of mem-
brane (porosity, specific surface, etc.). ΔP is the trans-
membrane pressure, and Rm the hydraulic membrane
resistance.

According to resistance in series model, the flux
decline is due to the combined effects of irreversible
membrane fouling and reversible fouling (concentra-
tion polarization) over the membrane surface in addi-
tion to the membrane resistance. The hydraulic
filtration resistances during UF were determined as
described below [27,28].

The total resistance during ultrafiltration was
determined by Eq. (4):

Rtot ¼ DP
g JV

(4)

Rtot ¼ Rm þ Rf þ Rcp ¼ DP � rDP
g JV

(5)

where η the dynamic viscosity of permeate (Pa s), Rm

the intrinsic membrane resistance (m−1), Rf the fouling
layer resistance caused by internal pore clogging
(m−1), and Rcp the polarization layer resistance caused
by the accumulation and deposition of polymers at
the membrane surface (m−1) [29].

The calculation of Rm, Rf, and Rcp values can be
made using the above three equations and flux data.

3. Results and discussion

3.1. Ultrafiltration of samarium solution

Fig. 2a represents the variation in samarium reten-
tion as a function of the transmembrane pressure for a
feed samarium concentration equal to 10−4 mol L−1. It
shows that the samarium rejection in water remained
nearly constant at the value of 12%. In order to

Fig. 1. Experimental ultrafiltration.
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ameliorate this rejection, PEUF process is suitable to
remove samarium ions from aqueous solutions with
the help of water-soluble polymeric ligand PAA.

Pure water permeate flux (Jw) and samarium ions
permeate flux (Jv) as a function of transmembrane
pressure ΔP are shown in Fig. 2b. Pure solvent flux is
proportional to transmembrane pressure, as it could
be predicted by Eq. (3). The slopes of the straight lines
are the pure water membrane permeability
(L0p ¼ 59:59 L h−1 m−2 bar−1) and samarium ions per-
meability (Lp = 40.80 L h−1 m−2 bar−1).

The resulting membrane resistance and a total
resistance have values 6.26 × 1012 m−1 and 12.53 ×
1012 m−1, respectively. It implies that the presence of
samarium ions does not generate some significant
additive resistance, generally manifested when solutes
were filtered through the membrane.

3.2. Ultrafiltration of PAA solution

In Fig. 3 is displayed the variation in permeate
flux as a function of the transmembrane pressure for
different PAA concentrations. It shows that the
permeate fluxes increases with transmembrane
pressure and decreases with the increase of PAA
concentrations.

The curves shown in Fig. 3 are line segments pass-
ing through the origin reflecting the negligible effect
of the osmotic pressure and negligible concentration
polarization. A deviation from the straight line repre-
senting Jv vs. ΔP for different PAA concentrations
studied compared to pure water line.

In Table 1 are reported the experimental mea-
surements of permeability and resistances to the sol-
vent transfer of PAA solutions in the absence of
samarium ions. It reveals a reduction in the perme-
ability followed by an increase in total hydraulic
resistance, when PAA concentrations increases from
10−6 to 10−3 mol L−1. It is also noticed that total
resistance increases until it reaches 10 times values
higher than the intrinsic hydraulic membrane resis-
tance. As it is well known that the flux decline is
caused by several factors (concentration polarization,
fouling, gel layer formation, and increase in solvent
viscosity), and taking into account the observed
results and lower concentrations of polyelectrolyte,
fouling phenomenon is almost attributed to the
resistance increase.

Indeed, the resistance due to clogging represented
more than 80% of the total resistance in the case of
PAA concentration is greater than 10−4 mol L−1, and
50% in the case of PAA concentration is lower than
10−4 mol L−1.

Fig. 2b Permeates fluxes of pure water and aqueous
samarium solution as a function of transmembrane pres-
sure.

Fig .2a Samarium retention as a function of transmem-
brane pressure, [Sm3+]=10-4 mol L-1.

Fig. 3. Permeate flux as a function of transmembrane pres-
sure for different PAA feed concentrations.

2718 M. Hammami et al. / Desalination and Water Treatment 56 (2015) 2715–2722



3.3. Effect of transmembrane pressure

The variation of the permeate flux according to the
transmembrane pressure at different PAA concentra-
tions, with the presence of Sm(III) ions at 10−4 mol L−

is represented in Fig. 4.
The permeate flux increases with transmembrane

pressure and decreases when PAA concentrations
increases from 10−5 to 10−3 mol L−1.

This reduction in permeate flux may be due to the
fouling concentration polarization, gel layer formation,

and increase in solvent viscosity. The increase in the
osmotic pressure difference across the membrane
reduces the effective transmembrane pressure and
consequently decreases the permeate flux [30]. This
behavior can be explained by the fact that
ultrafiltration membranes are permeable to water and
salt but not to polyelectrolyte molecules. And then,
due to the unequal ion distribution, osmotic and
swelling pressures between the two phases exist [31].
Consequently, an additional resistance to flux through
membrane is observed and some membrane properties
are modified (for example permeability, hydrophobic/
hydrophilic relation, roughness, and pore size
distribution).

In fact, experimental measurements of permeability
and resistances to the transfer of the solvent in samar-
ium–PAA mixtures are shown in Table 2. It can be
observed that Lp decreases with increasing PAA con-
centrations. The total hydraulic resistances for ultrafil-
tration of PAA–samarium mixture are two times
values higher than when PAA is alone (see Table 1).
This can be explained by the difference of molecular
weight between PAA–Sm(III) and PAA. In fact, the
increase in the molecular weight of PAA, after com-
plexing samarium ions, produces a decrease in the
polyelectrolyte mobility, leading to a reduction in the
diffusion from the membrane to the feed solution. On
the other hand, it was thought that the overlapping of

Table 1
Experimental measurements of permeability and resistances to the solvent transfer as a function of PAA concentrations
(Δp = 3 bar)

[PAA] (mol L−1) Lp (L h−1 m−2 bar−1) r2 Rtot (m
−1) Rf (m

−1) Rm/Rtot (%) Rf/Rtot (%)

10−6 48.75 0.996 1.25 × 1013 6.26 × 1012 50 50
10−5 30.81 0.993 1.39 × 1013 7.65 × 1012 45 55
2 10−5 25.57 0.990 1.79 × 1013 1.16 × 1013 35 64.97
10−4 15.09 0.990 3.13 × 1013 2.50 × 1013 20 79.98
2 10−4 12.59 0.987 4.17 × 1013 3.55 × 1013 15 84.98
10−3 8.97 0.972 6.26 × 1013 5.63 × 1013 10 89.99

Note: Rtot and Rf are determined at 3 bar transmembrane pressure.

Fig. 4. Permeate flux as a function of transmembrane pres-
sure at different PAA concentrations in the presence of
samarium solution, [Sm3+] = 10−4 mol L−1.

Table 2
Experimental measurements of permeability and resistances to the transfer of the solvent in samarium–PAA (Δp = 3 bar)

[PAA] (mol L−1)
Lp
(L h−1 m−2 bar−1) r2 Rtot (m

−1) Rf (m
−1) Rcp (m−1) Rm/Rtot (%) Rf/Rtot (%) Rcp/Rtot (%)

10−5 10.23 0.996 3.13 × 1013 2.50 × 1013 0 20 79.98 0
2 × 10−5 9.32 0.995 4.17 × 1013 3.40 × 1013 1.50 × 1012 15 81.39 3.6
10−4 8.35 0.996 6.26 × 1013 5.20 × 1013 4.38 × 1012 10 83 6.99
2 × 10−4 7.25 0.995 8.35 × 1013 7.10 × 1013 6.27 × 1012 7.5 84.98 7.51
10−3 4.85 0.990 1.25 × 1014 1.09 × 1014 11013 4.99 86.99 8.012

Note: Rtot and Rcp are determined at 3 bar transmembrane pressure.
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polymer chains at the membrane surface would cause
an exponential augmentation in filtration resistance.

This result shows that PES-5 membrane is more
sensitive to clogging, especially for high PAA concen-
trations, where resistance due to clogging exceeded
80%. However, we also note that the concentration
polarization phenomenon is much less important than
the reversible plugging. This result shows that the
importance for step washing and cleaning membranes
allow us to eliminate the majority of clogging
particles.

On the other hand, the variation of samarium rejec-
tion as a function of transmembrane pressure for dif-
ferent PAA concentrations with the presence of Sm(III)
ions at 10−4 mol L−1 is represented in Fig. 5. It shows
that samarium retention increases with the increase in
PAA concentrations from 10−5 to 2 × 10−4 mol L−1, until
reaching 80%. Beyond 2 × 10−4 mol L−1 PAA concentra-
tion, retention of samarium decreases. This is mainly
attributed to several phenomena, such as concentration
polarization, membrane fouling, osmotic pressure, pre-
cipitation, and formation of a gel layer on the mem-
brane surface [32].

The analysis of both figures calls for caution not to
exceed 3 bar in transmembrane pressure; otherwise,
samarium ions retention would be endangered and
concentration polarization would be enhanced. A best
retention was observed at 2 × 10−4 mol L−1 PAA con-
centrations.

3.4. pH effect

In order to determine the effect of pH on samar-
ium ions retention efficiency, the experiments were
performed with fixed samarium ions concentration of
10−4 mol L−1, PAA concentration of 2 × 10−4 mol L−1,

and transmembrane pressure of 3 bar under varied
pH solutions.

Fig. 6a shows the variation samarium retention as
a function of pH. It show that retention increases with
the rise of pH to reach 70% at pH 5. The increase in
pH leads to an increase in deprotoned carboxylic
groups concentration, which favors the formation of
macromolecular PAA–Sm complexes, and subse-
quently an increase in metal rejection coefficients [33].
The membrane charge varies with the pH around its
isoelectric point. At pH beyond isoelectric point, the
membrane is negatively charged. Associated with a
pH solution, carboxylic groups of polymer start disso-
ciating and the presence of carboxylate anions (COO−)
becomes more important. The electrical charges exist-
ing in the molecules lead to the apparition of intramo-
lecular and intermolecular repulsion forces.

On the other hand, Fig. 6b describes permeate flux
as a function of initial pH. This figure shows the effect

Fig. 5. Samarium retention as a function of transmembrane
pressure at different PAA concentrations, [Sm3+]
= 10−4 mol L−1.

Fig. 6a. Samarium retention as a function of the feed pH,
[Sm3+] = 10−4 mol L−1, [PAA] = 2.10−4 mol L−1, and ΔP = 3 bar.

Fig. 6b. Permeate fluxes of water, Sm(III) as a function of
the feed pH [Sm3+] = 10−4 mol L−1, [PAA] = 2 ×
10−4 mol L−1, and ΔP = 3 bar.
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of pH on permeate flux, with values fluctuating
around 15–55% of the pure water flux. In fact, increase
in pH provokes molecule expansion, which increases
slightly the viscosity of polymer solutions. However,
permeate fluxes increase until pH 5, which means that
rod-like structure of polymer and high turbulence
imposed by the presence of internal rod minimize par-
tially the membrane fouling. When pH of solution
grows, permeate fluxes increases, and it can be
explained by the massive presence of carboxylate
groups that facilitate the interaction between polymer
and membrane [34].

It can be also observed that permeate flux increases
as far as pH increases. In fact, this behavior can be
explained on the basis of conformational changes of
polymer structure and interactions between polymer
molecules themselves and membrane.

Since the ionization degree of carboxylic groups is
low at low pH values, the charge repulsion between
polyelectrolyte and membrane diminishes and then,
the polymer sorption efficiency rises [35].

4. Conclusions

In this paper, enhanced ultrafiltration by the addi-
tion poly(acrylic acid) with average molecular weight
100,000 Da, for the removal of samarium ions from
aqueous solutions, has been studied.

The resistance in series model was followed, and
membrane resistance, adsorption, and concentration
polarization during ultrafiltration were quantified.

The various filtration resistances (Rm, Rf and Rcp)
were calculated in order to determine the principal
mechanism for UF processes. The concentration polari-
zation was observed to make the highest contribution
to flux decline. The UF membrane showed that the
fouling had an important contribution to flux decline
which was principally generated by reversible fouling.

The variation in permeate flux as a function of the
transmembrane pressure for different PAA concentra-
tions was studied. It showed that the permeate flux
increases with transmembrane pressure and decreases
with the increase of PAA concentration. This reduction
may be due to the fouling concentration polarization,
gel layer formation, and increase in solvent viscosity.

Samarium retention also increases until reaching
80%. A better retention was observed at 2 ×
10−4 mol L−1 PAA concentration and 3 bar transmem-
brane pressure.

The pH effect study on samarium ions recovery
revealed a maximum retention around 70%, for pH 5.
It can be also observed that permeate fluxes increases
with increasing pH. These results can be explained by

a conformational change on the polymer chains, a
competitive adsorption between H+ and (Sm3+) on
negatively charged polymer and the attenuation of the
electrostatic repulsion.

List of symbols

REE — rare earth elements
PEUF — polyelectrolyte-enhanced ultrafiltration
PAA — poly(acrylic acid)
Da — Dalton
MWCO — molecular weight cutoff
PES-5 — polyethersulfone membrane with (MWCO)

of 5,000 Da
Sm(III) — samarium (III)
UF — ultrafiltration
Jv — permeate flux (L h−1 m−2)
Vp — volume of permeate (mL)
S — effective membrane area (cm2)
t — time (s)
R — retention of samarium (III) (%)
Cp — concentration of solute in the permeate

(mol L−1)
Cf — concentration of solute in the feed solution

(mol L−1)
FAAS — flame atomic absorption spectrophotometry
AAS — atomic absorption spectrophotometer
Jw — permeate flux of pure water (l h−1 m−2)
L0p — permeability of solvent (l h−1 m−2 bar−1)
η0 — viscosity of solvent
ΔP — transmembrane pressure (bar)
Rm — hydraulic membrane resistance (m−1)
η — dynamic viscosity of permeate (pa s)
Rtot — total resistance
Rf — fouling layer resistance (m−1)
Rcp — polarization layer resistance (m−1)
Lp — permeability of samarium ions (l

h−1 m−2 bar−1)
[PAA] — concentration of poly(acrylic acid)
[Sm3+] — concentration of samarium
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