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a b s t r a c t

Removal of Hg(II) ions from aqueous solutions by a novel complexing membrane was investigated by
performing sorption and filtration experiments. The membrane, prepared by the technique of semi-
interpenetrated polymer networks, consists in a matrix of poly(vinylalcohol), crosslinked by gaseous
dibromoethane, that immobilizes chains of poly(vinylimidazole), a complexing polymer synthesised for
this purpose. The morphology of the membrane was observed by scanning electron microscopy, showing
an homogeneous structure, but surface unevenness. The dissolution of the membrane in water was slow
and limited to 8% in 2 months, showing the efficiency of the crosslinking process. Efficient retention of
Hg(II) was observed at pH 2.5. The kinetics of sorption were studied. The sorption equilibrium was sat-
isfactorily represented by the Langmuir model. Isotherms performed at different temperatures allowed
the calculation of the thermodynamical parameters. The sorption of mercury was endothermic, with a
astewater treatment large positive entropy change that was ascribed to proton release. The effects of parameters such as water
hardness, and the presence of complexing chloride anions were investigated, showing little influence on
the retention ratio. Fast and efficient regeneration of the membrane was performed with a 0.5 M HNO3

solution. The maximum capacity of the membrane was 120 mg Hg g−1, whereas the theoretical exchange
capacity was 853 mg Hg g−1, showing that most internal complexing sites of the membrane were not
accessible to mercury ions in sorption experiments. When used in the filtration mode, the elimination

for s
ratio of Hg(II) was ≥99.4%

. Introduction

The presence of increasing amounts of toxic heavy metals
n aqueous water streams, resulting from rapid industrialisation
dvances, is a worldwide environmental problem. Treatment of
ontaminated water to remove these soluble pollutants has been
nd continues to be a technical challenge, due to very low concen-
ration levels laid down by current regulations. Stringent national
nd international regulations on water pollution make it essen-
ial to develop better and more efficient techniques for separating
hese contaminants from effluent water. Among heavy metals,

ercury is in most widespread concern to human health [1–3].
he prescribed limit of 0.001 ppm for mercury [4,5] is the low-

st among all those for heavy metal ions. Mercury in any form
ttacks the central nervous system, causing mental and motor dys-
unction such as paralysis, blindness, and chromosome breakage
1–6]. Elevated levels of Hg(II) in water may come from a variety of
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olutions containing 91.6 or 17.5 mg Hg L−1.
© 2010 Elsevier B.V. All rights reserved.

sources, such as effluents from manufacturing of chlorine, switch
gear/batteries, fertilizers, pharmaceuticals, combustion of fossil
fuels, textile industries, pulp and paper industry, and agricultural
chemicals. There are several methods for removing heavy metals
from aqueous solutions, such as chemical precipitation, membrane
filtration, biological treatment, ion exchange, and adsorption. Sev-
eral types of adsorbents have been considered in the literature. The
use of adsorbents containing natural polymers such as chitosan
is currently growing [7,8], especially in the form beads or micro-
spheres [9,10]. Low cost adsorbents, often derived from biomass,
have received growing attention in the recent past [11,12] at the
expense of synthetic adsorbents, because they are inexpensive,
while showing remarkable and sometimes specific efficiency in
reducing the concentration of heavy metal ions to very low levels
[13]. Many metals ions have been studied in this respect, including
Hg(II) [14,15].

Membrane processes are probably the most attractive and effi-

cient methods for removing heavy metals [10,16–25]. One of the
most promising methods is the use of chelating adsorbing mem-
branes. Many articles that cover a vast number of different chelating
membrane were reported [16,18–20,26–28]. Immobilized chela-
tion process for the removal of soluble metals has become an

dx.doi.org/10.1016/j.cej.2010.08.004
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:laurent.lebrun@univ-rouen.fr
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Nomenclature

Abbreviations
AAS atomic absorption spectroscopy
AIBN 2,2′-azo-bis-isobutyronitrile
DBE 1,2-dibromoethane
EDTA ethylenediaminetetraacetic acid
PAUF polymer-assisted ultrafiltration
PVA poly(vinyl alcohol)
PVI poly(vinylimidazole)
SEM scanning electron microscopy
s-IPN semi-interpenetrating polymer network
TGA thermogravimetric analysis
TOC total organic carbon
UF ultrafiltration
1-VI 1-vinylimidazole

Symbols
b sorption coefficient in Langmuir isotherm (L mg−1)
c concentration (mol L−1 or mg L−1)
ceq equilibrium concentration (mg L−1)
cF filtrate concentration (mg L−1)
Cp apparent exchange capacity of the membrane

(mmol g−1)
ct concentration at time t (mg L−1)
Cth theoretical exchange capacity of the membrane

(mmol g−1)
c0 initial concentration (mg L−1)
D desorption ratio (%)
E elimination ratio (%)
f retention efficiency ratio (%)
k rate constant (s−1)
m mass of the dry membrane (g or mg)
mPVI mass of PVI in the membrane (mg)
mw mass of the wet membrane (g or mg)
Mw molecular weight of the polymer (g mol−1)
N number of nitrogen atoms in a complexing site
na quantity of sorbed Hg in the membrane (mol)
nd quantity of desorbed Hg (mol)
nN quantity of nitrogen atoms in the membrane

(mmol g−1)
nr quantity of Hg retained in the membrane (mol)
n1-VI quantity of 1-vinylimidazole monomer units in the

membrane (mmol g−1)
n1 − n2 number of equivalents exchanged (mmol)
q quantity or mass of Hg retained at equilibrium per

g of membrane (mmol g−1 or mg g−1)
qlim experimental quantity or mass of Hg retained per g

of membrane (mmol g−1 or mg g−1) from sorption
isotherm

qmax maximum quantity or mass of Hg retained per g
of membrane (mmol g−1 or mg g−1) calculated from
Langmuir isotherm

qth theoretical quantity or mass of Hg retained per g of
membrane (mmol g−1 or mg g−1)

R retention ratio at equilibrium (%)
RL equilibrium parameter from Langmuir isotherm
r2 correlation coefficient of a linear regression
Sw swelling ratio of the membrane (%)
t time (h or min)
T temperature (◦C or K)
t1/2 half-reaction time of the kinetics of sorption (min or

s)

V volume of solution (L or cm3)
Vcalc calculated volume of filtrate at saturation of the
membrane (L or cm3)
VF volume of filtrate (L or cm3)

important option in the integrated approach to aqueous waste
treatment. A wide range of chelating agents has been used for
removing heavy metals from wastewaters and has been reviewed
by Rivas [29]. Another related technique for the removal of metal
ions, named polymer-assisted ultrafiltration (PAUF), consists in the
addition of water-soluble metal-binding polymers prior to ultra-
filtration. The filtration is made easier because the addition of
complexing polymers creates large complex entities that increase
the size of the solute to be retained.

The subject of this work was the design of UF membranes
in which a complexing water-soluble polymer was integrated, in
order to group the complexation and filtration steps of PAUF in a
single operation. Thus, the membranes would retain the metal ions
during the filtration. The advantages of complexing membranes
are: (i) the amount of polymer used is much lower than in PAUF,
(ii) the method should retain the selectivity of PAUF, if provision is
made for the appropriate choice of the complexing polymer, and
(iii) the number of procedural steps is reduced.

Because the complexing polymer is water-soluble, it must be
immobilised in the membrane for application to aqueous solutions.
For this goal, the semi-interpenetrating polymer network (s-IPN)
technique was employed. In this technique, chains of the com-
plexing polymer are entrapped in a crosslinked polymeric matrix.
Considering previous work performed in the laboratory [24], we
selected the use of a poly(vinylalcohol) (PVA) matrix crosslinked
by a treatment with gaseous 1,2-dibromoethane (DBE).

In this work, our attention was focused on the development of a
membrane containing poly(vinylimidazole) as a complexing poly-
mer for removal of mercury. Poly(vinylimidazole), hereafter called
PVI, was selected because its imidazole groups readily form com-
plexes with divalent metallic ions such as Co(II), Cu(II), Ru(II) and
uranyl [30–35] and it is relatively simple to synthesize and purify
to produce a reasonably sharp molecular weight distribution.

The sorption of Hg(II) ions from aqueous solutions by a PVA/PVI
membrane was studied. The term sorption is preferred to adsorp-
tion, because the binding of Hg(II) takes place within the membrane
and not only at its surface. In view of application to the treatment
of real wastewaters that may have very different compositions, the
sorbing capacity of the membrane for Hg(II) ions was investigated
under different operating conditions, namely: initial mercury con-
centration, initial solution pH, mass of membrane, sorption time,
ionic strength, water hardness and solution temperature. Sorption
isotherms were determined at various temperatures, and the rates
and thermodynamical parameters of the sorption process were
calculated. Finally, the membrane was used in frontal filtration
experiments.

2. Experimental

2.1. Chemicals

PVA (99% hydrolysed, Mw = 124,000–186,000 g mol−1) was pro-
vided by Sigma-Aldrich (38297 Saint Quentin Fallavier, France).

Toluene, 1-vinylimidazole (99%) (1-VI), and DBE (99%) were also
supplied by Sigma-Aldrich and were used without further purifi-
cation. 2,2′-Azo-bis-isobutyronitrile (98%) (AIBN) was purchased
from Acros Organics (Fisher Scientific, 67403 Illkirch, France).
Ethylenediaminetetraacetic acid (EDTA) (99%) was provided by
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Fig. 1. The chemical structure of poly(vinylimidazole) (PVI).

abosi. (Fisher Scientific). Nitric acid (65%) and hydrochloric acid
37%) were supplied by Sigma-Aldrich. Mercury nitrate and the

ercury standard (1% wt/v in HNO3) used for the calibration of
he atomic absorption spectroscopy (AAS) were also supplied by
igma-Aldrich.

.2. Equipments and methods

The PVI polymer was synthesised, following a reported method
23], by free-radical polymerisation of distilled 1-VI (10 g) in anhy-
rous toluene (100 cm3) using AIBN (1.64 g) as an initiator, during
h at 75 ◦C. After filtration on sintered glass, PVI was purified by
ashing with toluene and dried in an oven (70 ◦C, 48 h). The aver-

ge molecular weight Mw of PVI was determined by the static
ight scattering technique using the Sematech (06200 Nice, France)
EM-Classical photogoniometer (laser He-Ne 3 mW, �0 = 632.8 nm)
sing the classical Zimm’s plot graphic representation. The light
cattering intensities were measured for various PVI concentra-
ions (2.5, 5, 7.5 and 10 g L−1) in 0.1 mol L−1 NaCl at various angles
from 20◦ to 150◦). Before light scattering experiments, samples
ere clarified by filtration under vacuum (Millex units from Mil-

ipore; 0.45 �m pore size). The refractive index increment (dn/dC)
f the polymer in solution was measured using a Shimadzu (77420
hamps-sur-Marne, France) RID-6A refractive index detector asso-
iated to a peristaltic pump delivery system. The chemical structure
f PVI is shown in Fig. 1.

The preparation of the PVA/PVI membrane was carried out as
escribed elsewhere for related polymers [24,26,36]. A mixture of
VA and PVI in the appropriate (60/40) mass ratio was made in
queous solution. The solvent was evaporated in a Petri dish (diam-
ter 13.7 cm) at room temperature for 5 days, until obtaining a film
mass ≈1.7 g; area ≈140 cm2; thickness ≈70 �m). The thickness of
he membranes was measured with a Palmer, using dry samples

aintained for 24 h in a desiccator over phosphorus pentoxide. Sev-
ral measurements were made at nine different locations on the
embrane area. The results were averaged with a ±5 �m uncer-

ainty.
In order to make a membrane that would be insoluble in water,

his film was crosslinked by reaction with gaseous DBE at 140 ◦C
uring 4 h, using a set-up previously described [24].

The temperature behavior of the film was studied by the ther-
ogravimetric analysis technique (TGA). TGA measurements were

erformed, in a nitrogen atmosphere, on small samples of poly-
er film (about 8–15 mg) that were heated (30–140 ◦C during

1 min), then maintained at 140 ◦C for 240 min. The TGA curves

ere drawn with a TGA 7 thermogravimetric analyzer from Perkin-

lmer (91945 Courtaboeuf, France). coupled with a PC computer.
he samples had undergone no-drying or other preliminary treat-
ent.
ring Journal 164 (2010) 37–48 39

The efficiency of the crosslinking reaction was monitored by
determining the swelling ratio Sw for the membrane in water Sw

was defined as [16,28]:

Sw = mw − m

m
× 100 (1)

where m and mw are the weights of the dry and wet membrane,
respectively.

The efficiency of the crosslinking reaction was also checked by
FTIR measurements using the Nicolet (Thermo Scientific, 91963
Courtaboeuf, France) Avatar 360 FTIR. The spectra of the PVA/PVI
samples were compared before and after crosslinking treatment.

For structural characterization, the membrane morphology
was observed using a Jeol (78290 Croissy-sur-Seine, France) JSM-
1200EX II Scanning Electron Microscopy (SEM). All samples were
frozen in liquid nitrogen at −196 ◦C and covered with a gold layer
before observation.

The PVA/PVI crosslinked membrane immersed in water may
nevertheless disintegrate gradually, releasing chains of PVI or of the
PVA matrix. Experiments were made by immersing dry membrane
samples (m ≈ 100 mg) in MilliQ water (Millipore SAS Europe, 67120
Molsheim, France) (V = 100 cm3) for different residence times (1, 4,
7, 14 and 35 days) and determining the dissolved amount of car-
bon and nitrogen in each of these aqueous solutions. The amounts
of organic elements released into water were determined by mea-
suring the levels of total organic carbon and nitrogen with a total
organic carbon analyser (TOC), model VCNS, Shimadzu (77420
Champs-sur-Marne, France).

The apparent exchange capacity of the membrane, Cp, is the
amount of donating nitrogen atoms per unit mass of membrane
(mmol g−1), that was determined by back-titration. The value of Cp

was determined after a double alternate conditioning of a mem-
brane sample (m ≈ 100 mg) in 0.01 M NaOH and 0.01 M HCl for an
immersion time of 4 h. Finally, the sample in H+ form was equili-
brated in water for 12 h to remove the free hydrogen ions. After
this washing, the membrane was immersed in a known volume
(25 cm3) of 0.01 M NaOH solution. Titration of the initial NaOH
solution by 0.01 M HCl gave the initial amount of hydroxide ion
(n1). Titration of the same solution, after immersing the membrane
for 4 h, gave the final amount of hydroxide ion (n2). The apparent
exchange capacity (Cp) is defined by Eq. (2):

Cp = n1 − n2

m
(2)

where n1 − n2 is number of equivalents exchanged, and m is a mass
of dry membrane (g).

The theoretical exchange capacity of the membrane, Cth, is the
quantity of monomer units contained in a mass m of dry membrane
(mmol g−1). It is given by Eq. (3):

Cth = 0.4 × 103

M1-VI
(3)

The 0.4 factor was introduced because the membrane con-
tained 40% (wt/wt) PVI. M1-VI is the molar mass of vinylimidazole
(g mol−1).

A Tacussel Radiometer (Hach Lange France SAS, 69627 Villeur-
banne, France) LPH-230T pH-meter fitted with a combined glass
electrode was used for all pH measurements.

The concentration of Hg(II) in solution was determined using
a Spectra AA 10/20 flame atomic absorption spectroscopy (AAS)
from Varian (91941 Les Ulis, France). All AAS measurements were
duplicated and were reproducible within 0.4% accuracy.
2.3. Sorption–desorption experiments

The PVA/PVI membrane was tested in static systems for its abil-
ity to remove Hg(II) ions, present in aqueous solutions, by sorption.
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Table 1
Optimisation of the crosslinking conditions for the PVA/PVI membrane: influence
on the swelling ratio Sw of the crosslinking time t with gaseous DBE at 140 ◦C.

t (min)

30 60 120 180 240 300
0 H. Bessbousse et al. / Chemical E

tatic studies were performed to obtain data on the rate and extent
f sorption. For sorption isotherms, a series of 50 cm3 of Hg(II) solu-
ions of varying concentration (in the 20–4000 mg L−1 range), were
tirred using a mechanical shaker at 100 rpm and studied at the
esired pH and temperature. The initial pH was controlled by addi-
ion of NaOH or HNO3. For kinetic studies, samples of 5 cm3 were
ithdrawn at known times.

The mass q of mercury sorbed at equilibrium per g of membrane
mg g−1) was calculated using the general definition [16,27,28]:

= 200.7(c0 − ceq)V
m

(4)

here c0 and ceq are the initial and equilibrium concentrations of
g(II) ions in the solution (mg L−1), respectively, V is the volume
f solution (L), 200.7 g mol−1 is the molar mass of Hg, and m is the
ass of membrane (g).
The metal ion retention ratio R of the membrane (%) is defined

s:

= (c0 − ceq)
c0

× 100 (5)

The metal ion retention efficiency ratio f of the membrane (%) is
efined as:

= nr

n1-VI
× 100 (6)

here nr is the quantity (mol) of Hg(II) retained in the membrane,
nd n1-VI is the quantity (mol) of 1-vinylimidazole (1-VI) repetition
nits in the membrane.

nr and n1-VI were calculated by Eqs. (7) and (8), respectively:

r = (c0 − ceq)V

200.7 × 103
(7)

1-VI = 0.4 · m

94
(8)

here the factor 0.4 is introduced because the membrane contains
0% (wt/wt) PVI, 94 g mol−1 is the molar mass of 1-VI, the factor
03 is introduced because c0 is in mg L−1 instead of g L−1.

The desorption of Hg(II) ions was achieved by using HNO3 as
he desorbing agent. The initial sorption step was carried out dur-
ng 24 h in solutions of Hg(II) (c0 = 100 mg L−1, V = 50 cm3, pH 2.5).
hen, the loaded membrane was placed in the desorption medium
V = 50 cm3) and stirred at a stirring rate of 10.4 rad s−1 up to 24 h.
he desorption ratio D was calculated by Eq. (9) [16,27]:

= nd

nr
× 100 (9)

here nr is the quantity (mol) of Hg(II) retained in the membrane
nd nd is the quantity of desorbed Hg(II), calculated from the final
g(II) concentration in the desorption medium. The concentrations
f Hg(II) in the solutions were determined by AAS.

.4. Frontal filtration experiments

The filtration experiments were performed using the ther-
ostated (25 ± 0.5 ◦C) two-chamber cylindrical cell (V = 450 cm3)

reviously described [26]. The membrane (effective area, 28.3 cm2),
as weighed when dry (m) and then swollen for 24 h in water

efore being placed in the cell. The upstream chamber was filled
ith 400 cm3 of aqueous solution containing the Hg(II) ions to be
emoved (c0 = 17.5 or 91.6 mg L−1). The filtration experiment was
tarted by applying pressure (0.30 ± 0.01 MPa) to the upstream
hamber. The filtrate that ran through the downstream chamber
as continuously evacuated. Aliquots of the filtrate were removed

very 24 h and analysed by AAS.
Sw 0.85 0.79 0.71 0.68 0.50 0.54

Accuracy: Sw ±5%.

3. Results and discussion

3.1. PVI polymerisation

The yield of the free-radical polymerisation of PVI was 91%
(wt/wt). The dn/dC value for the synthesised polymer was
0.207 cm3 g−1 in 0.1 M NaCl solution. Hence, the value for Mw was
52,000 ± 5000 g mol−1, in close agreement with the reported value
[23].

3.2. Film crosslinking with gaseous DBE

Crosslinking of the PVA matrix by reaction with gaseous DBE at
140 ◦C was performed because both water-soluble polymers would
dissolve when the membrane is placed in contact with aqueous
solutions. After crosslinking, the membrane interaction with water
is limited to swelling. Thus, the swelling ratio Sw is a good indica-
tor of the efficiency of the crosslinking reaction. The smaller the Sw

value, the better the crosslinking. On the other hand, the extent of
swelling must be limited (Sw < 0.7) in order to retain the complexing
properties of the membrane. Accordingly, most commercial ion-
exchange membranes are designed with Sw > 0.2, because below
this value, the membranes generally are rigid and show insufficient
flow rates. Besides, the evaluation of the efficiency of the crosslink-
ing of films must take into account their tanning, their rigidity,
and their deterioration. It was thus necessary to seek a compro-
mise between the Sw value and these qualitative criteria in order
to determine the optimal time for the DBE crosslinking reaction.

Measurements of Sw were carried out on the membrane to
investigate the efficiency of the DBE crosslinking reaction. Various
crosslinking times were tested (Table 1), showing that Sw reached
a constant value, close to 0.5, after 240 min crosslinking. Thus, a
crosslinking time of 4 h was used for the preparation of all mem-
branes.

3.3. Film and membrane characterisation

Since PVA was crosslinked at 140 ◦C for 4 h, the thermal sta-
bility of a PVA/PVI film was studied at this temperature by TGA.
The experimental procedure was similar to the experimental con-
ditions of crosslinking: (i) rise in temperature from 30 ◦C to 140 ◦C
at 10 ◦C min−1, (ii) isotherm at 140 ◦C for 240 min. Fig. 2 shows
a loss of weight (about 7.5%) in the first heating step. This mass
loss was attributed to a physical dehydration (desorption of water
molecules adsorbed on the film). Observation of the isotherm at
140 ◦C shows that the mass decreased slowly, revealing excellent
thermal stability of the PVA/PVI film for 240 min at 140 ◦C.

The efficiency of the DBE crosslinking of the PVA/PVI mem-
brane was investigated by comparing its FTIR spectra before and
after crosslinking (Fig. 3). In the spectrum after crosslinking, new
peaks detected at 1182 cm−1 indicated the formation of ether links

between the hydroxyl groups of PVA. This spectrum also showed
a decrease in the intensity of the band located at 3200 cm−1,
attributed to the stretching vibration of the hydroxyl groups. This
modification proved that the PVA chains were crosslinked by DBE,
forming a network in which the PVI is entrapped.
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ig. 2. The FTIR spectra of PVA/PVI films before (- - -) and after (—) DBE crosslinking
4 h, 140 ◦C).

The morphology of a PVA/PVI membrane was examined by SEM.
ig. 4 shows views of the section and surface of the membrane. The
EM observation of the section (a) shows a compact, dense and
omogeneous material. This image reveals no nodule or aggregate,
nd the absence of cavities, indicating that the mixture of polymers
s compatible. In contrast, the image of the surface (b) shows regular
olds and sinuous paths. A likely interpretation of this unevenness is

hat the crosslinking treatment at 140 ◦C resulted, at the surface, in
tightening of the PVA network. To confirm the hypothesis that the
urface contracts during curing by DBE, images of the film before
rosslinking of the membrane were examined (Fig. 5). This film
id not present the characteristic undulations of the membrane,

Fig. 3. TGA curve of a PVA/PVI film, 30–140 ◦

Fig. 4. SEM images of the section (1000×) (a) and
Fig. 5. SEM image (2000×) of a PVA/PVI film surface before crosslinking.

which is consistent with the idea that the crosslinking process
caused the unevenness. These results demonstrate that the PVA/PVI
membrane, although totally homogeneous, had a heterogeneous
surface.

Because both polymers present in the membrane are
hydrophilic, they may partially dissolve when the membrane is in
lengthy contact with aqueous solutions. Hence, the stability of the

membrane in contact with water was studied by monitoring the
appearance of carbon and nitrogen in water with time, with a COT
analyser. The yields of nitrogen and carbon losses were calculated
as the ratio of the element mass present in the water at time t to

C in 11 min, then at 140 ◦C for 240 min.

surface (500×) (b) of a PVA/PVI membrane.
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Table 2
Dissolution in water of PVA and PVI polymers from the membrane.

Time (days) Nitrogen dissolved (%) Carbon dissolved (%) PVI dissolved (%) PVA dissolved (%)

1 4.3 11.0 4.3 5.2
4 6.5 15.7 6.5 7.2
7 7.0 16.7 7.0 7.6

14 7.9 19.1 7.9 8.8
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the sorption of Hg(II) ions is restricted to a fraction of sites that
70 8.1 20.3

≈ 100 mg, V = 100 cm3. Accuracy: nitrogen ±2.5%, carbon ±5%. Temperature 20 ◦C

he element mass initially present in the PVI, known from the com-
osition of the membrane. Since the PVA matrix was crosslinked,

t was assumed first that only PVI dissolved. If it was the case, the
ields of N and C losses would have been equal, but in fact, the
ield found for carbon loss was larger than that for nitrogen loss,
howing that PVA also dissolved. Since only PVI contains nitrogen,
he dissolution yield of PVI equals the yield of nitrogen loss. Then,
y difference between total dissolved carbon and carbon generated
rom PVI dissolution, the mass of carbon due to PVA dissolution was
alculated, and finally the yield of PVA dissolution. The results given
n Table 2 show that the matrix gradually dissolved, releasing PVA
s well as the entrapped PVI. The dissolution yields of both poly-
ers vary in similar way at any time of contact, that of PVA being

lightly larger than that of PVI, in agreement with their 60/40 mass
atio in the membrane. The initial losses of polymers (PVA 5% and
VI 4% after 1 day) are probably due to the dissolution of the few
ncrosslinked parts of the membrane. After this fast dissolution,
ubsequent dissolution was slower (it doubled in 70 days), show-
ng a very low degradation rate of the membrane. Thus, crosslinking
f the PVA/PVI membrane lead to almost complete immobilisation
f PVI, as shown by the slow rate of polymers loss.

Another way to test the stability of the PVA/PVI membrane on
he long term was to measure its efficiency for sorption of Hg(II)
ons after a stay in water. The experiments were performed with the

embrane samples used in the previous experiment (m ≈ 100 mg),
hat had remained in water from 1 to 70 days. These membranes
ere used for the sorption of a Hg(II) solution (c0 ≈ 100 mg L−1,
= 50 cm3, pH 2.5). For each membrane, the values of the reten-

ion ratio R and the mass of mercury sorbed at equilibrium par g of
embrane, q, were determined using Eqs. (4) and (5). Table 3 sum-
arises the results. The membranes almost retained their sorption

apacity after a residence time of 70 days; the maximum loss being
%. In relation with the results of the previous experiment, this
nding shows that a fraction of PVI, up to 8%, may dissolve without

mportant decrease of the retention ratio, which remained in the
ange 94–91%.

Finally, the concordance of the results obtained for the PVA/PVI
embrane stability in water show that the crosslinking of the
embrane was sufficient to allow its use, for at least 2 months,
ithout appreciable loss of performance.
Mercury removal by the membrane is based on a complex-
orming reaction that involves the nitrogen atoms of PVI. These

able 3
orption of Hg(II) ions by the PVA/PVI membrane after lengthy immersion in water.

Time (days) R (%) q (mg g−1)

1 94.2 46.5
4 94.7 46.7
7 92.9 45.9

14 92.7 45.7
70 91.5 45.2

0 ≈ 100 mg L−1, V = 50 cm3, m ≈ 100 mg, pH 2.5, Accuracy: R ±3%, q ±1.5%.
8.1 9.6

nitrogen atoms are also involved in ion-exchange phenomena, that
are usually characterised by the exchange capacity of the mem-
brane. The apparent exchange capacity Cp (mmol g−1) is the amount
of available nitrogen atoms per unit mass of membrane, determined
by titration with a strong acid. The theoretical exchange capac-
ity of the membrane, Cth, is the number of moles of PVI monomer
unit contained in a mass m of membrane, because is known that,
although an imidazole ring contains two nitrogen atoms, only one
is involved in proton exchange or metal complexing [34].

The theoretical and apparent (experimental) exchange capac-
ities of the membrane are reported in Table 4, with the acidity
constant of PVI and the results obtained for the sorption of Hg(II)
ions after immersion in water for 1 day. However, the conditions for
sorption of mercury, at c0 ≈ 100 mg L−1, did not correspond to the
saturation of the membrane. The results show that the value of Cp

was much lower than that of Cth. The reasons are, first, that most
sites are not accessible to proton exchange, and second, that the
entrapment of PVI in the PVA network is not complete and allows
partial dissolution. We have shown that immobilization of PVI in
the PVA matrix is incomplete, with a 4.3% loss during the first day
of immersion in water.

It could have been expected that, since the proton is a hard acid,
and ions of heavy metals are soft acids, the affinity of PVI for ions
such as Hg(II) might be greater than for the proton. However, the
sorption capacity for Hg(II) ions was even lower than the apparent
exchange capacity. A reason for this discrepancy may be differ-
ences between the size and coordination number of the exchanged
ion. One can foresee that some sites accessible to the small proton
cannot accommodate the large mercury ion. We can also assume
that the Hg(II) ion, with maximum coordination number 6, may
bind with several nitrogen atoms, while the proton binds only with
one nitrogen atom. In conclusion, the apparent exchange capacity
of the PVA/PVI membrane represents 8% of the theoretical capac-
ity, which shows that 92% of the complexing sites of the PVA/PVI
membrane are unavailable or inaccessible, even to the small pro-
ton. Why the amount of mercury sorbed is smaller (0.23 mmol g−1

vs. 0.33 mmol g−1) than the apparent exchange capacity is probably
due to the fact that the experimental conditions did not correspond
to saturation of the membrane. It may also be due to the fact that
possess a sufficient size for accommodation of the large mercury
ion.

Table 4
Exchange capacities of the PVA/PVI membrane.

Cp (mmol g−1) 0.33
Cth (mmol g−1) 4.25
Cp/Cth (%) 8
pKa of PVI 4.9–5.45 [35]

Fixed mass of Hg(II)
q (mg g−1) 46.5
q (mmol g−1) 0.23

Value of q in mg g−1 from Table 3. Accuracy: Cp ±1%, q ±1.5%.
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Fig. 7. Kinetics of sorption of Hg(II) by the PVA/PVI membrane. Concentration ct of
Hg(II) vs. time t.

Table 5
Yields and kinetics of sorption: rate constant k and half-
reaction time t1/2.

m (mg) 294.7
c0 (mg L−1) 221.2
ceq (mg L−1) 123.4
f (%) 9
q (mg g−1) 76
k (×104 s−1) 5.0
t (s) 1404.7

the same amount of Hg(II) ions reacted with an increasing quantity
of sites, resulting in a lower ratio of occupied sites. It is clear that,
for a maximum sorption of Hg(II), a minimum membrane mass of
100 mg was required. Accordingly, a mass of 100 mg of membrane
was used for the sorption of Hg(II) in all subsequent experiments.
Fig. 6. Effect of pH on the retention ratio R of Hg(II) by PVA/PVI membrane.

.4. Sorption experiments

.4.1. Effect of the pH
The complexation of heavy metal ions by a chelating ligand

trongly depends on pH. The medium pH also affects both the solu-
ility of metal ion and the protonation state of the donating groups
n the membrane. Moreover, the hydrolysis and precipitation of the
etal ions are affected by their concentrations. In the present study,
e changed the pH between 1.0 and 7.0. Experimental results for

he effect of pH on Hg(II) (c0 ≈ 100 mg L−1, V = 50 cm3) sorption by
he PVA/PVI membrane (m ≈ 100 mg) are presented in Fig. 6. The
etention ratio of the membrane clearly increased with increas-
ng pH, reaching a constant value (R ≈ 97%) from pH 3.0 to 7.0.
t pH <3, the retention ratio decreased rapidly when the acidity

ncreased. Clearly, it is the competition between H+ and Hg(II) ions
or the same donating atoms that caused the decrease of R at low
H, because most of the nitrogen atoms were in protonated form.
his is in agreement with the pKa value of PVI (pKa = 4.9–5.45 [35]).
n the second zone (between 3 and 7), the acidity decreased suffi-
iently for the nitrogen atoms to be deprotonated. The masses q of
ercury sorbed at equilibrium per g of membrane at pH 3 and 7
ere 44 mg g−1 and 45 mg g−1, respectively. Because the pH of the

olution also affected the solubility of Hg(II) ions, the conditions
f pH and Hg(II) concentration were chosen so that no precipi-
ation could occur during the experiments. As a compromise, the
ptimum working pH for sorption of Hg(II) by the membrane was
et at pH 2.5. At this acidity, Hg(II) ions would not precipitate if
heir concentration is lower than 2000 mg L−1. This limit was calcu-
ated using the value of the solubility product (pKs = 25.0) reported
or Hg(OH)2 [37]. Moreover, since precipitation was not instanta-
eous, experiments could be performed even at c0 = 4000 mg L−1.
or all subsequent experiments, the optimal pH 2.5 value
as used.

.4.2. Sorption kinetics
The sorption rate was studied in order to determine an optimal

ontact time for the sorption of Hg(II) ions by PVA/PVI membrane
rom an aqueous solution, c0 = 221.2 mg L−1, V = 230 cm3 and pH 2.5.
he concentration, ct, of Hg(II) decreased with time until reaching
plateau. Fig. 7 shows a rapid sorption within 60 min, whereas

orption equilibrium is attained within 120 min. At the end of the
inetic experiment, after 24 h contact time, the mass q of mercury
orbed at equilibrium per g of membrane was 76 mg g−1. Under our
xperimental conditions (Table 5), the proportion of occupied sites
as small (the metal ion retention efficiency ratio of the mem-
rane was f = 9%) and therefore, the concentration of complexing
ites of PVI was almost unchanged. It follows that the sorption step
hould be of pseudo-first order with respect with Hg(II), as demon-
trated by a linear plot of Ln (ct − ceq) = f(t). The results are given in
able 5 for first-order kinetics. The rate constant k was calculated
1/2

r2 0.9806

Room temperature, V = 230 cm3, pH 2.5, accuracy q ±2.0%, k
±20%, i.e. ±0.2 × 10−4 s−1.

and the half-reaction time (t1/2 ≈ 23.4 min) was consistent with the
reaction being complete in about 2 h.

3.4.3. Effect of the mass of membrane
Fig. 8 shows the results of sorption experiments, as a function

of membrane mass (m, 50–500 mg), from an aqueous solution of
Hg(II) (c0 ≈ 100 mg L−1, V = 50 cm3) at pH 2.5 during 24 h. When m
increased, the retention ratio R increased up to 100 mg and then
remained constant (R = 96 ± 2%), in agreement with increasing the
number of complexing sites. For masses smaller than 100 mg, there
was a significant reduction in the sorption. When m increased,
the mass of mercury fixed at equilibrium increased and reached
a maximum value, while the mass q of mercury fixed per gram of
membrane decreased (Table 6). This result was expected, because
Fig. 8. Influence of the mass m of membrane on the sorption of Hg(II). Retention
ratio R vs. m.



44 H. Bessbousse et al. / Chemical Engineering Journal 164 (2010) 37–48

Table 6
Effect of mass m of PVA/PVI membrane on the sorption of Hg(II) ions.

m (mg)

50.2 103.5 203.8 302.5 501.0

ceq (mg L−1) 30.5 3.0 0.8 0.5 0.6

c

3
i

s
t
s
c
u
H
i
c
i
q
i
a
i
m
c
m
w
t
t
f
t
i
P
h
w
g
c
[

t
m
o
i
c
r
a

F
c

Mass of Hg(II) fixed (mg) 3.2 4.5 4.6 4.7 4.7
q (mg g−1) 63.0 43.9 22.8 15.4 9.3

0 ≈ 100 mg L−1, V = 50 cm3, pH 2.5, t = 24 h. Accuracy: q ±1.5%.

.4.4. Effect of the initial concentration of Hg(II) ions: sorption
sotherm

A sorption isotherm describes the sorption capacity for a given
ystem (membrane/solute) at a fixed temperature. It expresses
he mass of solute fixed per unit mass of membrane, q, ver-
us its equilibrium concentration ceq. The initial concentration
0 was varied in the 17–3640 mg L−1 range at pH 2.5. The val-
es of q for the PVA/PVI membrane are plotted versus ceq of
g(II) in Fig. 9. The values of q increased and reached a limit-

ng value qlim that corresponds to the saturation of all available
omplexing sites of the membrane. The maximum sorption capac-
ty was qlim ≈ 120 mg g−1. For comparison, the theoretical value of
lim was calculated as follows. The theoretical exchange capac-
ty of the membrane is Cth = 4.25 mmol g−1 (Table 4). Since an
verage complexing site contains a single nitrogen atom, the max-
mum retained amount of Hg(II) ion should be Cth. The theoretical

ass of Hg that can be retained in 1 g of membrane was finally
alculated, knowing the molar mass of Hg(II). This theoretical
ass is qth = 4.25 × 200.7 = 853 mg g−1, which is not in agreement
ith the experimental value (qlim ≈ 120 mg g−1). The experimen-

al mass is 7 times smaller than the calculated value, confirming
hat many sites are inaccessible to Hg(II) ions. The theoretical value
avourably compares with data reported for the chitosan adsorp-
ion capacity for Hg(II): 361.1 mg g−1 at pH 2.5, when chitosan was
n the form of flakes [8]. For adsorption of Hg(II) on PEI-attached
HEMA gel beads (PEI is poly(ethyleneimine) and PHEMA is poly(2-
ydroxyethylmethacrylate)), the maximum adsorption capacity
as 334.9 mg g−1 [9]. When chitosan was used in the form of

lutaraldehyde-crosslinked membrane or beads, larger adsorption
apacities were observed, at pH 6: 888 and 648 mg g−1, respectively
10].

The experimental value qlim of Hg(II) was also compared to
he apparent exchange capacity value determined for the PVA/PVI

embrane (Table 4). Since Cp = 0.33 mmol g−1, the theoretical mass
f mercury sorbed would be 0.33 × 200.7 = 66.2 mg g−1, which

s smaller than the experimental value (qlim ≈ 120 mg g−1). By
omparison with the experimental data in Table 4, with did not cor-
espond to membrane saturation, the mass of Hg sorbed was larger,
s expected because saturation of the membrane was obtained.

ig. 9. Sorption isotherm of Hg(II) on a PVA/PVI membrane. Influence of the initial
oncentration c0 on the sorption of Hg(II).
Fig. 10. Langmuir plot for the sorption of Hg(II) on a PVA/PVI membrane at room
temperature.

However, the mass of Hg sorbed was twice larger than that cal-
culated from Cp. Hence, the hypothesis that the number of nitrogen
atoms available for mercury is smaller than that of atoms avail-
able for protons, because of the difference in size, is not verified.
Another explanation would be that, contrary to protons that bind
with a single N atom of imidazole, two mercury ions would bind
with an imidazole ring, by using the two N atoms.

The sorption isotherm was used to characterise the interaction
of Hg(II) with the membrane. It provides a relationship between
the concentration of Hg(II) in the aqueous solution and the amount
of Hg(II) sorbed by the membrane (solid-phase) when the two
phases are at equilibrium. Sorption data are usually represented by
the Langmuir isotherm. The Langmuir equation [10,27,28] is given
below:

q = qmaxbceq

1 + bceq
(10)

where qmax and b are the maximum sorbed mass at saturation
(mg g−1) and the sorption coefficient (L mg−1), respectively. The
values of qmax and b were determined from the linearised form
(11) of Eq. (10):

ceq

q
= ceq

qmax
+ 1

bqmax
(11)

In agreement with Eq. (11), a plot of ceq/q versus ceq gave a
straight line with a slope 1/qmax and intercept 1/b qmax.

The essential characteristic of a Langmuir isotherm is generally
expressed in terms of a dimensionless constant called the equilib-
rium parameter, RL, defined by relation (12) [27]:

RL = 1
1 + bc0

(12)

It was stated that the value of RL indicates that the isotherm
is either unfavorable (RL > 1), favorable (0 < RL < 1), or irreversible
(RL = 0) [27].
The sorption isotherm was modelled by the Langmuir model.
Fig. 10 shows the linear plot for Hg(II) sorption by PVA/PVI mem-
brane. The equilibrium data fitted very well the Langmuir isotherm,
with a correlation coefficient r2 = 0.9953. Calculation of the Lang-
muir parameters gave the data presented in Table 7. The maximum

Table 7
Langmuir parameters for the sorption of Hg(II) by the PVA/PVI membrane.

Experimental Langmuir

qlim (mg g−1) b (L mol−1) qmax (mg g−1) r2

120 6451 118.3 0.9953

Room temperature, m ≈ 100 mg, c0 = 17–3640 mg L−1, pH 2.5, accuracy: qlim ±1.5%,
qmax ±1.5%.
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Table 8
Values of thermodynamical parameters for the sorption of Hg(II) by the PVA/PVI membrane.

T (K) b (L mol−1) qmax (mg g−1) r2 �G◦ (kJ mol−1) −T�S◦ (kJ mol−1)

288 5260 120 0.9989 −20.5 −39.9
298 6329 118 0.9917 −21.7 −41.3
308 7305 112 0.9995 −22.8 −42.7
318 11,618 106 0.9995 −24.8 −44.1
328 12,551 92
338 17,314 90

c0 ≈ 100–2000 mg L−1, V = 50 cm3, m ≈ 100 mg, pH 2.5. Accuracy: b ±5%; �G◦ ±1%, qmax ±
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Table 9 show that Ca(II) did not cause a significant reduction in
the sorption of mercury. The presence of Ca(II) at low concentra-
tions (20–100 mg L−1) did not decrease the retention ratio of Hg(II)
(R ≈ 97%). At higher concentration of Ca(II) ions (200 mg L−1), R

Table 9
Effect of the presence of Ca(II) ions on sorption of Hg(II) by the PVA/PVI membrane.

Concentration of Ca(II) (mg L−1) R (%) q (mg g−1)

0 98.6 45.5
20 98.2 40.5
Fig. 11. Plot of ln b vs. 1/T for sorption of Hg(II) by the PVA/PVI membrane.

orbed mass of Hg(II) was 118 mg g−1, in close agreement with
he experimental value, 120 mg g−1, within the uncertainty range
±2 mg g−1). All the values of RL obtained at different initial con-
entrations were in the 0.0085–0.63 range, indicating favorable
orption of Hg(II) by the PVA/PVI membrane. In conclusion, the
ood agreement of the isotherm with the Langmuir model is con-
istent with the hypothesis that the sorption of Hg(II) ions by the
embrane is limited by the saturation of the complexing sites of

VI.

.4.5. Effect of temperature and thermodynamical parameters
A study of the temperature dependence of sorption gave valu-

ble information about the corresponding enthalpy and entropy
hanges. The effect of temperature on sorption was studied by
arrying out a series of isotherms at 288, 298, 308, 318, 328 and
38 K. At each temperature, samples of the PVA/PVI membrane
m = 100 mg) were equilibrated during 24 h with 50 cm3 of Hg(II)
olutions (c0 = 100–2000 mg L−1) at pH 2.5.

The results are shown in Table 8. The isotherm data obtained
t different temperatures fitted well the Langmuir equation. The
emperature dependence of b was used to determine the ther-

odynamical parameters. The free energy change (�G◦), enthalpy
hange (�H◦) and entropy change (�S◦) for Hg(II) sorption by the
VA/PVI membrane were determined using Eqs. (13)–(15) [28]:

n b = �S◦

R
− �H◦

RT
(13)

G◦ = �H◦ − T�S◦ (14)

G◦ = −RT ln b (15)

here R is the ideal gas constant (kJ mol−1 K−1) and T is the tem-
erature (K).

The plot of ln b versus 1/T (Fig. 11) was linear over the entire
◦ ◦
ange of temperatures (288–338 K). The values of �H and �S

Table 8) were calculated from the slope and intercept of this plot,
espectively.

The negative �G◦ values indicate that the sorption process is
avorable. The values of b increased when T increased, showing
0.9996 −25.8 −45.5
0.9981 −27.4 −46.8

9%. �H◦ = 19.6 ± 2.0 kJ mol−1, �S◦ = 138.6 ± 3.0 J K−1 mol−1.

that the sorption reaction is endothermic for the PVA/PVI mem-
brane. In contrast, opposite results were found for the PVA/PEI [27]
and PVA/P4VP [28] membranes. The values of qmax decreased with
increasing temperature, which is in apparent contradiction with
the increase of b. This decrease of the mass of mercury sorbed by
the membrane, while b increases, would suggest that the number
of available sites in the membrane decreased.

The value of �H◦ was calculated to be 19.6 kJ mol−1. Obviously;
the positive value of �H◦ indicates the endothermic nature of
sorption process and could correspond to a physisorption. Besides,
the large positive value of �S◦ (138.6 J K−1 mol−1) shows that the
sorption of Hg(II) ions by the membrane is accompanied by a con-
siderable decrease in the order in the system. It may indicate a
release of protons by the sites which complex Hg(II) ions. If the
three membranes PVA/PVI, PVA/PEI and PVA/P4VP are compared,
the effect of temperature on the sorption of Hg(II) ions shows
important differences. The variations of the sorption coefficient b,
which decreases with increasing T for two membranes (PVA/PEI
[27] and PVA/P4VP [28]), are not always reflected by changes
in �G◦. The study of thermodynamical parameters explains this
divergence by showing that changes in �G◦ with T result from the
variations of two terms, �H◦ and T�S◦, whose second can become
predominant. In other words, the sorption can be favoured either
because the phenomenon is exothermic, or because the fixation of
Hg(II) ions leads to the release of protons, with an increase in disor-
der in the system. The comparison of the three membranes shows
that for the PVA/PVI membrane, the sorption of Hg(II) ions has
an unfavorable enthalpic term (it is endothermic), but is strongly
favored by the entropic term, consecutive to the release of protons
when Hg(II) ions bind with the complexing sites.

3.4.6. Effect of the water hardness
The sorption of mercury cations may be hampered by competi-

tion with high concentrations of alkaline or alkaline earth salts in
wastewaters.

The interfering effect of water hardness was studied by vary-
ing the concentration of Ca(II), the typical representative ion. The
studies were carried out using a sample volume of 50 cm3 of a
solution containing 100 mg L−1 of Hg(II). The results presented in
40 97.8 40.8
100 97.2 42.5
200 92.3 39.3

c0 ≈ 100 mg L−1, V = 50 cm3, m ≈ 100 mg, pH 2.5, room temperature. Accuracy: R ±3%,
q ±1.5%.
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Table 10
Effect of NaCl concentration on sorption of Hg(II) by the PVA/PVI membrane.

NaCl concentration (g L−1) R (%) q (mg g−1)

0 98.6 45.5
0.005 97.3 42.9
0.05 98.1 43.4
0.5 98.0 42.2
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Table 11
Effect of HNO3 concentration on the desorption of Hg(II) from two membranes.

cHNO3 (M) Membrane

PVA/PVI, D (%) PVA/P4VP [28], D (%)

0.5 96.7 99.9
0.1 90.9 44.3
0.05 33.7 9.6
0.01 19.8 0

Initial sorption step under the following conditions for both membranes:
room temperature, m ≈ 100 mg, sorption at pH 2.5, c0 = 100 mg L−1, V = 50 cm3.
PVA/PVI membrane: R = 93.4–96.4%, q = 43.4–44.3 mg g−1. PVA/P4VP membrane
[28]: R = 99.8–99.2%, q = 46.4–47.5 mg g−1. Accuracy: R ±3%, D ±5%, q ±1.5%.

Table 12
Sorption–desorption cycles of Hg(II) ions with 0.5 M HNO3.

Cycle q (mg g−1) R (%) D (%)

1 44.3 96.4 96.7
2 44.2 96.2 94.6
3 44.4 96.8 94.6
4 44.5 97.0 94.7
5 44.8 97.6 95.0

Under these conditions, the final desorption ratio was D = 93.6%.
The desorption step was very fast, since all Hg(II) ions that could be
extracted from the membrane were liberated in less than 120 min.
10 91.1 40.6

0 ≈ 100 mg L−1, V = 50 cm3, m ≈ 100 mg, pH 2.5, room temperature. Accuracy: R ±3%,
±1.5%.

ecreases only to 92%. This small variation indicates that no com-
etition occurred between the two metal ions, probably because
he imidazole ligand has no affinity for the Ca(II) ion. The mem-
rane insensitivity to Ca(II) is comparable to that reported for the
VA/P4VP membrane [28], whereas the PVA/PEI membrane [27]
as quite sensitive to water hardness.

In conclusion, the presence of Ca(II), even at high concentra-
ions, had little influence the retention of Hg(II) by the PVA/PVI

embrane. Thus, this membrane is well adapted to the treatment
f hard wastewaters containing Hg(II) ions.

.4.7. Effect of the presence of chloride ions
The presence of complexing anions such as Cl−, that simulta-

eously increase the ionic strength of the aqueous solution, is an
mportant variable that influences the sorption of Hg(II) ions by

embranes. The effect on the sorption of Hg(II) ions from an aque-
us solution (c0 ≈ 100 mg L−1, V = 50 cm3, pH 2.5) by the PVA/PVI
embrane during 24 h was studied by conducting experiments

t varying concentration of NaCl (0.005, 0.05, 0.5 and 10 g L−1).
he results are presented in Table 10. No significant reduction
n the recovery of mercury was detected for the Cl− concentra-
ions range 0.005–0.5 g L−1. The retention ratio of Hg(II) ions by the
VA/PVI membrane was constant (R ≈ 98%) up to a NaCl concen-
ration of 0.5 g L−1. In the presence of 10 g L−1 NaCl, the PVA/PVI

embrane had a smaller retention ratio (R ≈ 91%), indicating that
he formation of the strong chlorocomplexes of mercury displaces
he complexation equilibrium between Hg(II) and the membrane.
ompared to the PVA/P4VP membrane [28], the new membrane
hows a similar insensitivy to chloride ions up to 0.5 g L−1 but infe-
ior results in 10 g L−1 NaCl. With respect to the PVA/PEI membrane
27], the PVA/PVI membrane efficiency in the presence of NaCl
as much larger. Another striking result is that the effects of ionic

trength, which caused an increase of R at large salt concentra-
ions for the PVA/PEI membrane [27], were not observed with the
VA/PVI membrane. These results prove the significant potential of
his membrane to treat saline waters polluted by mercury.

.4.8. Regeneration of the membrane with nitric acid
In order to check its reusability, the regeneration of the PVA/PVI

embrane after sorption of Hg(II) ions was studied. Desorption
as carried out with nitric acid, the most common non-complexing
esorbing agent for metal ions. In this study, the effect of acid con-
entration on the desorption ratio was examined, the possibility
f carrying out repeated cycles of sorption–desorption was stud-
ed, and the contact time necessary for complete desorption was
etermined. The initial sorption step was carried out during 24 h in
olutions of Hg(II) (c0 = 100 mg L−1, V = 50 cm3, pH 2.5). The PVA/PVI
embrane loaded with Hg(II) was agitated with 50 cm3 of HNO3

olutions at various concentrations (0.5–0.01 M). Table 11 reports
he effect of the concentration of nitric acid on the desorption ratio

, calculated using Eq. (9), with comparison to results reported for
previous membrane [28]. An interesting feature of the PVA/PVI
embrane is that desorption in a 91% ratio is possible in 0.1 M
NO3, whereas in the same medium, this ratio was only 44% for

he PVA/P4VP membrane [28]. Desorption in 0.1 M HNO3 was also
Room temperature, m ≈ 100 mg. Sorption at pH 2.5, c0 = 100 mg L−1, V = 50 cm3.
Accuracy: R ±3%, D ±5%, q ±1.5%.

superior with PVI than with P4VP. The minimum concentration of
nitric acid for satisfying desorption of Hg(II) was 0.5 M. Therefore,
subsequent desorption experiments were carried out with 0.5 M
HNO3.

In order to test the resistance of the membrane to degrada-
tion by concentrated nitric acid, consecutive sorption–desorption
cycles with 0.5 M HNO3 were repeated five times on the same
membrane sample. The values of R and D for each cycle of
sorption–desorption are presented in Table 12. The values of both
R and D remained large and did not noticeably change during
the repeated sorption–desorption operations. These results clearly
show that the PVA/PVI membrane can be used repeatedly without
losing its sorption capacity for Hg(II).

The rate of desorption of Hg(II) ions with 0.5 M HNO3 had to
be taken into account. For this purpose, the desorption kinetics
were studied. A sample (m = 100 mg) of membrane was loaded with
Hg(II) ions as before, and placed in 50 cm3 of 0.5 M HNO3. Aliquots
of the solution were withdrawn at known time intervals and anal-
ysed for the Hg(II) ions. The variations of the concentration of Hg(II)
ions in the desorption medium versus time are illustrated in Fig. 12.
Fig. 12. Influence of the contact time on desorption of Hg(II) for the PVA/PVI mem-
brane by 0.5 M HNO3.
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Table 13
Filtration of aqueous Hg(II) solutions through the PVA/PVI membrane.

c0 (mg L−1) m (mg) Flow rate (cm3 h−1) Average cF (mg L−1) E (%)

a

T
T

ig. 13. Changes in concentrations of Hg(II) in the filtrate for the PVA/PVI membrane
s the volume of filtrate (c0 ≈ 20 mg L−1 (—) and 100 mg L−1 (- - -), pH 2.5, at room
emperature).

These results were compared with those reported for other
omplexing membranes. The PVA/PEI membrane [27] was quickly
egraded by nitric acid, even in 0.05 M concentration. In con-
rast, the PVA/P4VP membrane [28] was remarkably insensitive to
.5 M HNO3 during five sorption–desorption cycles. An interest-

ng feature of the PVA/PVI membrane is that desorption in 0.1 M
NO3 was possible, with limited efficiency, which was not the
ase for the PVA/P4VP membrane [28]. The peculiar resistance of
he PVA/PVI and PVA/P4VP membranes to oxidation by nitric acid

ay be attributed to the presence of an aromatic ring in the ligand
tructure, while PEI did not possess such a cycle.

.5. Frontal filtration experiments

In order to study the performances of the PVA/PVI membrane
nder dynamic conditions, filtration experiments were carried out
n Hg(II) feed solutions of initial concentrations c0 ≈ 17.5 and
1.6 mg L−1 (V = 400 cm3). The pH of both solutions was adjusted to
.5. The filtration efficiency was studied by monitoring the Hg(II)
oncentration cF in the filtrate versus time. Because of the active
rea (28.3 cm3) of the filtration membrane, the mass of membrane
as larger than in sorption experiments, m ≈ 230–260 mg. Each

xperiment lasted several days and was stopped when the volume
f filtrate VF was about 360 cm3. The flow of filtrate was measured
eriodically in the stationary state: it was about 1.1 cm3 h−1. The
ariations of cF versus VF are shown in Fig. 13 for both experi-
ents. The performances of the membranes were quantified by

he elimination ratio E, defined by Eq. (16):

= (c0 − cF)
c0

× 100 (16)

The average values found for cF (calculated from 15 mea-

urements shown in Fig. 13, standard deviation 0.2 mg L−1) were
ractically nil in both experiments, demonstrating the remarkable
fficiency of the PVA/PVI membranes in removing Hg(II) ions. In
he stationary state, for both c0 (17.5 and 91.6 mg L−1), the values
f E were close to 100% (Table 13), showing that the PVA/PVI mem-

able 14
heoretical volume of filtrate for saturation of the membrane in filtration experiments.

c0 (mg L−1) m (mg) Mass of Hg sorbed (mg)

Membrane sorbing capacity: 120 mg g−1 (from Langmuir isotherm)
91.6 230.6 27.7
17.5 260.0 31.2

Membrane sorbing capacity: 853 mg g−1 (theoretical)
91.6 230.6 196.7
17.5 260.0 221.8
91.6 230.6 1.09 <0.1 >99.4
17.5 260.0 1.10 0.1 99.4

a The limit of detection for Hg(II) was 0.1 mg L−1. T = 25 ◦C, pH 2.5, V = 400 cm3.

brane could remove almost all Hg(II) ions present in these aqueous
solutions.

For c0 = 91.6 mg L−1, the large concentrations found in the fil-
trate for VF < 30 cm3 (Fig. 13) were associated with a large flow rate
that probably corresponded to the initial equilibration of the mem-
brane. Such equilibration was not observed for c0 = 17.5 mg L−1. For
both concentrations of Hg(II), no final peak corresponding to sat-
uration of the PVA/PVI membrane was observed. This situation is
similar to that found in filtration of Hg(II) solutions by the PVA/PEI
[27] and PVA/P4VP [28] membranes, but differs from the results
found during filtration by a PVA/PEI membrane of solutions con-
taining Cd(II) and Cu(II) ions at c0 ≈ 100 mg L−1 [36]. The absence
of saturation peaks could be rationalized by calculating the the-
oretical volumes Vcalc for these peaks. For these calculations, the
mercury masses present in the filtrate were always neglected.

From the limiting value for the mass of mercury sorbed by the
membrane, given in Table 7 (120 mg g−1), determined from the
sorption isotherm, the amounts of mercury that can be fixed by
the membrane at saturation were calculated and the Vcalc values
were derived for both c0 (Table 14). At both concentrations, sat-
uration would occur for volumes of 0.30 L (c0 ≈ 91.6 mg L−1) and
1.78 L (c0 ≈ 17.5 mg L−1). In view of these data, it was surprising that
saturation of the membrane was not observed for c0 ≈ 91.6 mg L−1

(no peak), since the filtration was stopped after recovery of 0.36 L
of filtrate, i.e. after the theoretical saturation of membrane. The
explanation is probably that the limiting value found in sorp-
tion experiments corresponds to uncomplete complexation by the
membrane sites, especially because most internal sites are not
accessible to mercury ions.

In filtration experiments, the situation is different from sorp-
tion, because the solution is forced under pressure through the
membrane, and therefore, the internal sites are made available
for complexation. If this hypothesis is true, the mass of mercury
sorbed should be compared with that calculated from the theoret-
ical complexing capacity of the membrane (853 mg g−1), obtained
by calculating the number of donating nitrogen atoms in Section
3.4.4. Using this value, the amounts of mercury that can be fixed by
the membrane at saturation were calculated and the Vcalc values
were derived for both c0 (Table 14). Now, the calculated volumes
were so large that no saturation peak could be observed before
stopping the experiments after recovery of 0.36 L of filtrate.

In conclusion, the membrane showed a large complexing capac-
ity for Hg(II) ions. For example, a PVA/PVI membrane of mass

260 mg can treat a volume up to 12.7 L of 17.5 mg L−1 solution of
Hg(II) before saturation. It also means that a larger PVA/PVI mem-
brane with m = 1 g could be used for the treatment of almost 49 L of
the same Hg(II) solution in a single operation.

Quantity of Hg sorbed (mmol) Vcalc (L)

0.138 0.30
0.155 1.78

0.98 2.15
1.105 12.7
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. Conclusion

A novel complexing membrane for the removal of Hg(II)
ons from aqueous solutions was prepared by the technique of
emi-interpenetrated polymer networks. In this membrane, the
omplexing polymer, poly(vinylimidazole), is entrapped within

matrix of poly(vinylalcohol), crosslinked by gaseous dibro-
oethane. This membrane could be used in contact with aqueous

olutions for 2 months, without appreciable dissolution, with
lmost complete preservation of its complexing ability. The
emoval of Hg(II) ions was investigated by performing sorption and
ltration experiments. In all cases, the operating pH was 2.5, in
rder to avoid mercury precipitation and protonation of the com-
lexing sites.

Modelling of the sorption equilibrium was satisfactory per-
ormed using the Langmuir model. The linear isotherms plotted
t different temperatures allowed the calculation of the thermody-
amical parameters. The sorption of mercury was characterised by
negative enthalpy change and a large positive entropy change that
as ascribed to simultaneous proton release. Because application of

he membrane would involve the treatment of industrial wastew-
ters, the effects of interfering species such as calcium and chloride
ons were investigated. These ions had little influence on the reten-
ion ratio, showing that they did not compete with mercury ions
or the complexing sites. A special attention was given to the condi-
ions for membrane regeneration. Since the membrane contained
ery stable imidazole rings that resist oxidation, it could be des-
rbed several times with 0.5 M HNO3, without losing its complexing
roperties. From the sorption isotherm at room temperature, the
aximum retention capacity of the membrane was 120 mg Hg g−1

n sorption experiments, whereas the theoretical exchange capac-
ty was 853 mg Hg g−1, showing that most internal complexing sites
f the membrane were not accessible to mercury ions.

When used in the filtration mode, the elimination ratio of Hg(II)
as ≥99.4% for solutions containing 91.6 or 17.5 mg Hg L−1. The

bsence of saturation peaks in filtration experiments showed that
he retention capacity of the membrane was >120 mg Hg g−1, indi-
ating that the internal sites became available for complexation
hen the solution flowed through the membrane. It was calcu-

ated that a PVA/PVI membrane with m = 1 g might be used for the
reatment of almost 49 L of a Hg(II) solution (c0 = 17.5 mg Hg L−1) in
single operation.
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