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ABSTRACT

, Yue Zhang b, Thierry Vincent b, Catherine Faur ¢, Eric Guibal

This study investigates Hg(II) and Cu(II) sorption in single and binary systems by alginate/polyethylenimine
membranes. Batch experiments are conducted to assess the metal sorption performance. FTIR and SEM-EDX
analyses are used to identify metal binding mechanism. The sorption kinetics are better fitted by the pseudo-
second-order-equation compared to the pseudo-first-order-equation. Three isotherms are compared for fitting
the sorption in mono-component solutions and the Sips model gives the best simulation of experimental data. The
competitive-Sips model fits well sorption data in Hg-Cu binary solutions and finds that the Cu uptake is dras-
tically reduced by Hg competition. Copper(II) uptake remains negligible at low pH whereas it increases with pH
up to 6 because of material deprotonation. Mercury(II) sorption behaves differently, it slightly changes from pH 1
(qeq: 0.76 mmol g HtopH6 (Qeq: 0.84 mmol ¢~ 1) due to chloro-anion formation. Therefore, playing with the pH

allows separating Hg(II) from Cu(II).
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1. Introduction

Industrialization and technological development expose our global
environment and human beings to increasing levels of pollution.
Pollution of water by heavy metals is one of the major threats (Korpayev,
Kavakli, Tilki, & Akkas Kavakli, 2018). Indeed, many industries (such as
electroplating, smelting, printing and mining) are generating effluents
containing various toxic metals which can be directly or indirectly dis-
charged into the environment (Xu et al.,, 2018). International and
regional regulations are thus becoming progressively more exigent for
controlling the levels of metals released by industry, and for their con-
centration in drinking water. Several heavy metals have retained a
specific attention because of their harmfulness to human health and
ecosystems because of their highly toxicity, bioaccumulation and
persistence, even at low concentrations (Saha et al., 2017). Lead(Il), Cu
(D), Cr(VI), Hg(1I), and As(V) are emblematic examples of these haz-
ardous elements (Niu, Deng, Yu, & Huang, 2010). These metals often
exist in aqueous solution under the form of cations and anions (including
oxyanions and chloro-anions) with different or even opposite properties
(Kavakli, Barsbay, Tilki, Guven, & Kavakli, 2016; Lee et al., 2017). In
some cases, institutional politics are also highly incentive for developing

recycling processes for valorizing wastes, end-life equipment and for
saving strategic resources (Gleick & Peter, 2000). All these reasons may
explain the wide efforts made to develop new materials and new pro-
cesses for metal recovery from aqueous systems and from solid wastes.

Many different processes may be used for recovering metal ions from
aqueous solutions, depending on the composition and complexity of the
solution. In particular, the choice of a process may depend on metal
concentration (competitiveness), presence of ligands (metal speciation),
flow rates of contaminated source (unit dimensioning), economic value
of target metals and expected levels of decontamination. Solvent pro-
cesses are meaningful for the recovery of valuable metals from acid and
concentrated leachates and solutions (Kul & Oskay, 2015); precipitation
techniques are useful for high flow rate effluents containing base metals
(Fu & Wang, 2011); electrochemistry and membranes are more appro-
priate for smaller units of valuable metals (Diaz & Lister, 2018; Zhang
et al., 2018). Sorption has been shown to be an economically feasible
alternative for the removal of metals. From activated carbon,
silica-based sorbents to synthetic chelating and ion-exchange resins,
many sorbents have been designed for the recovery of metal ions
(Faulconer, von Reitzenstein, & Mazyck, 2012; Oliva, De Pablo, Cortina,
Cama, & Ayora, 2010; Prelot, Ayed, Marchandeau, & Zajac, 2014).

* Corresponding author at: College of Environment and Resources, Guangxi Normal University, Guilin, China.
E-mail addresses: moyayuanl10@163.com (Y. Mo), Yue.Zhang@mines-ales.fr (Y. Zhang), Thierry.Vincent@mines-ales.fr (T. Vincent), Catherine.Faur@

umontpellier.fr (C. Faur), Eric.Guibal@mines-ales.fr (E. Guibal).


mailto:moyayuan110@163.com
mailto:Yue.Zhang@mines-ales.fr
mailto:Thierry.Vincent@mines-ales.fr
mailto:Catherine.Faur@umontpellier.fr
mailto:Catherine.Faur@umontpellier.fr
mailto:Eric.Guibal@mines-ales.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2020.117588&domain=pdf

However, for the last decades biosorption (based on the use of materials
of biological origin bearing different functional groups) has also
retained a great attention from research community (De Freitas, Da
Silva, & Vieira, 2019; Mata, Blazquez, Ballester, Gonzalez, & Munoz,
2010).

Alginate is a non-toxic, abundant, cheap, renewable, biocompatible,
and biodegradable biopolymer containing numerous free hydroxyl and
carboxyl groups, which are available for metal ion binding (Pawar &
Edgar, 2013). In addition, alginate may be easily used for designing new
sorbents by chemical modification or by composite manufacturing
(Zahra, Morteza, Mojgan, & Reza, 2018). Alginate-based materials may
be conditioned under different shapes like hydrogels, beads and fibers
by extrusion and ionotropic gelation; these conditionings have been
successfully tested for improving metal sorption and/or facilitating their
operative conditions (Dechojarassri et al., 2018; Fernando, Kim, Nah, &
Jeon, 2019). According to the literature, improving the stability of
alginate-based materials, achieving the facile solid-liquid separation and
enhancing the recyclability and reusability are the critical challenges for
the industrial-scale application of these materials (Li et al., 2013).

Recently, we described in a previous paper the design of alginate/
polyethylenimine (alginate/PEI) membranes through the reaction of
anionic carboxyl groups of negatively-charged alginate (in solution)
with cationic amine groups of positively-charged PEI (Mo, Vincent,
Faur, & Guibal, 2020). This interaction contributed to form a membrane
gel, which is further stabilized by the crosslinking of primary amine
groups (on PEI) with glutaraldehyde (GA). The fabrication procedure is
easy to achieve without complicated operating conditions; the process
does not require high energy consuming like freeze-drying process for
elaborating highly porous materials. Remarkably, the as-prepared
membrane with high permeability achieves outstanding natural
drainage properties combined with high affinity for oxyanions Cr(VI)
and Se(VI) (Mo et al., 2019, 2020). Onthe other side, it is still interesting
to explore the applicability of this percolating membrane towards other
forms of metal ions with different physicochemical properties (including
reactivity with cations and chloride anions). In this study, two repre-
sentative metals Cu(II) and Hg(II) are selected as models of pollutants to
study the sorption performance of the alginate/PEI membrane in both
mono-component and binary mixture. Copper ions are usually accom-
panied by mercury ions presented in effluents from a variety of indus-
trial processes like chloro-alkali production, battery manufacturing and
mining operations (Oliva, De Pablo, Cortina, Cama, & Ayora, 2011).
Furthermore, Cu(ll) is usually considered a borderline metal ions while
Hg(1I) is part of soft acids, according to Pearson’s classification (or Hard
and soft acids and bases (HSAB) theory) (Pearson, 1963). The compar-
ison of their sorption properties in relation with metal speciation and
HSAB properties of reactive groups is then of great interest for antici-
pating separation properties for metal recovery from real-like effluents
containing several metal ions.

Theoretically, Cu(II) is a widespread heavy metal presented in stable
cationic form in aqueous solution, which can be bound on amine groups
through chelation and electrostatically attracted by negatively charged
groups (Chen et al., 2010). On the opposite hand, Hg(II) easily forms
chloro-anions (such as HgCl3, HgCLZ{) in the presence of chloride ions;
these anions can be easily attracted by protonated amine groups through
electrostatic interaction, in addition to direct chelation of free mercury
species onto carboxylate and non-protonated amine groups at higher pH
values (Borreguero et al., 2018).

Thus, the main objectives of this work consist of:

(a) assessing the sorption and competitive sorption behaviors of the
alginate/PEI membranes for the recovery of Cu(II) and Hg(II) in
single and binary metal ion systems at different pH values,
investigating uptake kinetics and sorption isotherms and evalu-
ating metal desorption and sorbent recycling,

(b) exploring the binding mechanisms of the cationic Cu(II) ions and
chloro-anionic Hg(II) ion binding onto the membranes using FTIR
and SEM-EDX techniques,

(c) modeling sorption isotherms, uptake kinetics and clarifying the
selectivity of alginate/PEI membrane for Hg(II) against Cu(II)
through the plot of three-dimensional surfaces for sorption
isotherms.

2. Materials and methods
2.1. Materials

Metal salts like mercury (II) chloride (HgCly, 99.5 %) and copper (II)
nitrate (Cu(NO3)3, 99.5 %) were provided by Fluka (Switzerland). So-
dium alginate powder (commercial reference: Protanal 200S) was pur-
chased from FMC BioPolymer (Ayr, UK). The parameters (water content:
16.3 % (w/w), M/G ratio: 0.16/0.84, molar mass (My,): 4.46 x 10° g
mol™!) of alginate biopolymer have been already characterized (Mo
et al., 2019); the detailed procedures are reported in Supplementary
Information (SI) section. Branched polyethylenimine (PEI, My, = 7.5 X
10° g mol™1) and glutaraldehyde (GA) in 50 % (w/w) aqueous solution
were obtained from Sigma-Aldrich (Saint-Louis, USA). All chemicals
used in this study were of analytical grade and demineralized (DI) water
was used in the whole study.

2.2. Synthesis of alginate/PEI membranes

The alginate/PEI membrane was fabricated in a facile pathway
without implementing a complex drying process. The detailed proced-
ure of membrane synthesis has already been documented (Mo et al.,
2020); the main steps are reported in the SI section. Briefly, the mem-
brane was formed by mixing alginate (4 %(w/w), 100 mL), DI (400 mL)
and PEI (4 %(w/w), 35 mL) firstly to obtain a mixture; here, the pH of
PEI was adjusted to pH 6.5 (for proper ionic interaction between pro-
tonated amine groups and carboxylate groups). After stirring, the
mixture was rapidly poured into a rectangular container and maintained
at room temperature for 24 h to structure the membrane. Afterward, the
composite membrane was carefully washed three times and further
cross-linked by immersion into 300 mL of DI water containing 2.5 mL of
50 % (w/w) GA. The composite membrane was maintained under slow
shaking at 30 rpm for 24 h. Finally, the alginate/PEI membrane was
washed-up with DI, before being air-dried at room temperature.

2.3. Characterization

FTIR spectra of materials were recorded between 4000 and 400 cm ™!
using a FTIR Bruker VERTEX70 spectrometer (Bruker, Germany) though
a Smart Orbit Accessory for Single-Reflection Attenuated Total Reflec-
tance (ATR). The surface morphology and semi-quantitative elemental
composition of materials were examined by scanning electron micro-
scopy (SEM, Quanta FEG 200, Thermo Fisher Scientific, Mérignac,
France) and energy dispersive X-ray analysis (EDX, Oxford Instruments
France, Saclay, France).

2.4. Sorption experiments

All sorption experiments for mono- or bi-component solution were
conducted at room temperature (20 + 1 °C) by contacting a certain
amount of as-prepared membrane discs with the metal-containing so-
lution. The basic conditions of the experiments are reported in the
caption of each figure while detailed sorption procedures and calculated
methods are presented in the SI section.

2.5. Data analysis and test

Most of experiments were conducted in parallel and the results were



presented as the average values and standard deviation (SD) (Kaushal &
Singh, 2017).

(€8]

where X,y is the average value of x and n is the number of experimental
data points.

For the binary solution, the sorption preference of the membrane for
Hg(II) or Cu(Il) was determined by the selectivity coefficient (SCrg/cu)-
The mathematical statement is (Ruthven, 1984):

_ GeqHg X Ceq.Cu

SChgjcu = —————~—— (2)
el qeq.Cu X ch,Hg

Here geq (mmol g_l) and Ceq (mmol L_l) represent the equilibrium
sorption capacity and concentration of metal ions, respectively. If the
value of SCxg,cy is larger than 1, Hg(II) ions are preferred; conversely,
the Cu(II) ions would be preferred for SCyg/cy < 1.

Moreover, in this study, the Chi-square test (%) was used to estimate
the degree of difference between the experimental data and the data
obtained by calculating from the applied models. The mathematical
equation can be written as (Naiya, Bhattacharya, & Das, 2009):

n

2 N e = Geca)”
€= ®)

i=1 Gecal

where ge, exp (mmol g’l) and ge, cal (mmol g’l) are experimental and
calculated sorption capacities, respectively; n is the number of experi-
mental data points. The lower the y? value, the most accurate is the
fitting of experimental profile.

The Akaike information criterion (AIC) was also used for comparing
the fitting of experimental profiles with models having different
numbers of adjustable parameters (Falyouna, Eljamal, Maamoun,
Tahara, & Sugihara, 2020). The lower the AIC value, the better the
model fits the experimental profile.

2.6. Brief reminder on the characteristics of alginate/PEI membranes

Alginate/PEI membranes were formed by mixing alginate and PEI to
obtain a structured hydrogel and subsequently improved stability by
crosslinking between GA and amine groups of PEIL This double inter-
action (PEl/alginate, PEI/GA) makes it possible to produce porous
membranes. Based on previous study (Mo et al., 2020), the density and
porosity of the membrane are 0.048 + 0.001 g cm > and 74 + 1 %,
respectively. In addition, the percolation properties were evaluated by
placing the membrane (diameter: 24.5 mm; height: 6.5 + 0.1 mm) in a
column and imposing a constant height of the water column (corre-
sponding to a pressure of 0.006 bar). Results showed that the water flux
of the membrane is 13 + 1 mL cm ™2 min'}, which means superficial flow
velocities as high as 7.8 m h™ can be reached under “natural draining
conditions” (without pumping). This clearly demonstrates the highly
percolating property of the membrane. The membranes can then be
simply used by gravity percolation.

Moreover, the double crosslinking also gives the membrane a high
stability: the mass loss of the membrane does not exceed 14 % under
vigorous vibration conditions (i.e., 150 rpm); and the membrane is fully
preserved after constant feeding of 3 days in a fixed-bed column.

The pH point of zero charge (pHpzc) of membrane was found close to
6, which means the overall charge on membrane surface is positive in
acidic solution (pH below 6). This helps the material electrostatically
adsorbing negatively charged ions.

3. Results and discussion
3.1. Sorption performance study and modeling analysis

3.1.1. Determination of equilibrium time and uptake kinetics

In order to evaluate the global sorption performances of membranes,
it is important to investigate the uptake kinetics for determining equi-
librium time but also identifying the controlling steps in the process.
Indeed, the sorption kinetics may be controlled by various diffusion
pathways (including bulk, film and intraparticle diffusion), different
reaction mechanisms (such as chelation and electrostatic interaction) or
their simultaneous contributions (Crini, Peindy, Gimbert, & Robert,
2007; Quattrini et al., 2017). Deng et al. (Deng, Zhang, Wang, Zheng, &
Wang, 2015) reported that polyacrylonitrile fibers have a fast sorption
rate for Cu(II) and Hg(II) (without C1™) mainly due to the high collision
possibility with chelate groups which was controlled by the diffusion
and migration process of metal ions in the solution to the active site.
Gavilan et al. (Gavilan et al., 2009) found that the time required for
achieving the complete recovery of Hg(II) (in the presence of Cl™) using
thiocarbamoyl derivative of chitosan or for reaching the equilibrium
was quite long (up to 3-4 days of contact) due to the resistance of
intraparticle diffusion.

Fig. 1 shows the kinetic profiles for Cu(Il) and Hg(II) sorption; the
reaction time for equilibrium was set to 3 days. Under selected experi-
mental conditions Cu(Il) sorption by the membrane is faster than Hg(II):
in the first 2 min, the recovery yields of Cu(II) and Hg(II) are 30 % (qe =
0.39 mmol g~1) and 6.3 % (qe =0.08 mmol g~ 1), respectively. For Cu(II)
sorption, the equilibrium was reached within 24 h with a sorption ca-
pacity of 0.65 mmol g~ . In the case of the Hg(Il), the equilibrium was
reached within 72 h, and the maximum sorption capacity reaches 0.93
mmol g1

The pseudo-first order rate equation (PFORE) and the pseudo-second
order rate equation (PSORE) were used to fit kinetic profiles (Reddad,
Gerente, Andres, & Le Cloirec, 2002). The equations of PFORE and
PSORE were initially designed for modeling the chemical reaction rates
in homogeneous systems. The application of these equations was
extended to the description of heterogeneous systems:

PFORE : In(qeg1 — i) = In Geg1 — kit 4)

1
PSORE: - = 4"
G ky x Qoqo Geq2

)

where geq,; (mmol g’l) and q; (mmol g’l) are the amounts of metal ions
adsorbed onto membranes at equilibrium and at time t (i = 1 or 2),
respectively, and k; (min~1) and ko (g mmol~! min~!) are the apparent

A Hg(Il)
O Cu(II)
A D
0 — — —
0 720 1440 2160 2880 3600 4320
Time (min)

Fig. 1. Modeling of kinetic profiles (Metal concentration: 0.25 mmol L™! of Cu
(ID) or Hg(II) single solution; Sorbent dosage = 0.2 g L7 initial pH=5;T:20 +
1 °GC; solid line: fit of kinetic profile with the PSORE).



rate constants of PFORE and PSORE models, respectively.

The parameters of the PFORE and PSORE models for sorption of
metal ions onto the membrane are presented in Table 1; the determi-
nation coefficients (R?) of Cu(Il) and Hg(II) in PSORE model are both
0.999, indicating the PSORE equation fits better kinetic profiles than
PFORE equation. This is also confirmed by: (a) the closer value of
calculated equilibrium sorption capacity (qeq,cal) to experimental equi-
librium value (Qeg,exp) for PSORE than for PFORE, and (b) the super-
imposition of PSORE fitted curves with experimental points (Fig. 1).
Moreover, the comparison of calculated rate constants of PSORE for Cu
(ID) (ky: 0.066 g mmol ™ T min~ 1) and Hg(I) (ky: 0.016 g mmol ! min~
also confirmed that Cu(Il) sorption by the membrane is faster than Hg
(ID). This is probably due to the fact that the molecular weight of the
chloro-mercury complex is much higher than that of the Cu(II) cation,
resulting in a lower diffusion rate under the same membrane sorption.

3.1.2. Sorption isotherms for mono-/bi-component solutions

The sorption isotherm plots the sorption capacity as a function of
residual concentration at fixed temperature and pH value. The isotherm
experiments in this study have been performed on both single and binary
systems at pH 5. Analysis of isotherm data provides important infor-
mation on the affinity of the sorbent for the solute and the saturation
levels (maximum sorption capacity at monolayer coverage; for example,
in the case of Langmuir model). Several classical models like Langmuir,
Freundlich and Sips equations are frequently used for fitting the
experimental profiles. Fig. 2 illustrates the sorption and competitive
sorption behaviors for Hg(II) and Cu(Il) in single and binary systems;
relevant parameters are presented on Tables 2 and 3.

The Langmuir equation (Eq. 6) assumes that the sorption process
takes place as a monolayer and occurs on the homogeneous surface of
the sorbent (no interaction between sorbed species and equivalent
binding energy for uptake of sorbate molecules onto reactive surface
groups) (Lezcano et al., 2011). The Freundlich equation (Eq. 7) is used
for describing multilayer sorption with non-uniform distribution of
sorption heat and affinities on heterogeneous surface (Foo & Hameed,
2010). In addition, the Sips isotherm (Eq. 8) is a combination of Lang-
muir and Freundlich models: at low concentration, the Sips isotherm
assumes the form of the Freundlich model, while at high concentration,
it is similar to the Langmuir isotherm with finite saturation limit (Wang
et al.,, 2018). Since the Sips equation includes a third-adjustable
parameter, the mathematical fit is generally better than 2-adjustable

parameters (such as Langmuir and Freundlich equation). The
following equations were used:
. qm.L X bL X Ce
Langmuir : g, = m 6)
Freundlich : ¢, = kpCZ”F 7)
ms X bg x Clns
Sips 1 geq = qs%l/;q 8
1+ bs x CY"
Table 1

Apparent kinetic parameters of the PFORE and PSORE models for the sorption of
Hg(II) and Cu(ID).

Model Parameter Hg(I) Cu(I)
Experimental Qegexp (mmol g 1) 0.931 0.650
Qeqcal (mmol g 1) 0.59 + 0.16 0.31 + 0.07
k; x 10° (min™1) 1.20 + 0.09 3.50 + 0.12
PFORE R? 0.928 0.984
$ 1.66 0.04
Qeq,cal (mmol g 1) 0.93 + 0.01 0.65 + 0.02
ky x 10% (g mmol ! min~1) 1.63 + 0.38 6.63 + 2.14
PSORE R? 0.999 0.999
» 1.46 0.33
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Fig. 2. Sorption and competitive sorption behaviors of (a) Hg(II) and (b) Cu(Il)
in single and binary systems (Sorbent dosage = 0.6 g L.™'; initial pH: 5; contact
time =78 h; T = 20 + 1 °C; Hg(I) or Cu(Il) concentration: 0.1-2 mmol L 'in
single and Hg-Cu(1:1) solution; 0.1-2.8 mmol L 'in Hg-Cu(4:1) and Hg-Cu
(1:4). Note: Hg-Cu: the molar ratio of Hg(II) and Cu(Il)).

Table 2
Sorption isotherms in mono-component solutions — Parameters for Langmuir,
Freundlich and Sips equations.

Model Parameter Hg(ID) Cu(I)
Qmax,exp (mmol g 1) 1.39 + 0.02 0.56 + 0.003
Langmuir Qmi (mmol g 1) 1.27 + 0.05 0.54 + 0.002
by, (L. mmol 1) 87.8 + 26.1 40.8 +12.1
R? 0.94 0.91
% 0.13 0.12
AIC -36 —54
Freundlich kg ((mmol g~1)/(L mmol ~1) /™) 1.42 + 0.06 0.53 + 0.01
ng 4.81 +0.48 5.82 + 0.65
R? 0.95 0.94
x? 0.15 0.02
AIC -37 —-58
Sips Qs (mmol g™ 1) 1.60 + 0.14 0.66 + 0.04
bs (L. mmol 1) 5.37 + 2.48 431 +1.34
ns 1.97 + 0.28 2.09 + 0.22
R? 0.99 0.98
x> 0.003 0.0002
AIC —46 —-70

where Ceq (mmol LY is the equilibrium concentration of metals; qeq
and qp,,j (mmol g’l) are the equilibrium and the maximum sorption
capacities; bj is the affinity coefficient of Langmuir or Sips equation (j =
L or S); kg is the Freundlich constant, and nr and ng represent sorption



Table 3
Sorption isotherms in Hg-Cu binary system — Modeling constants for competitive
Sips model.

Parameters  Qm,cs byg (L beu (L Npg Ncy R? Va
(mmol mmol mmol
-1 -1 -1
g ) ) )
Values 2.19 + 1.94 + 0.32 + 2.57 3.18 0.97  0.005
0.16 0.39 0.04 + +
0.16 0.41

intensity parameters for Freundlich and Sips equations, respectively.

As shown in Fig. 2, the sorption capacity of Hg(I) or Cu(Il) in a
single-component solution is characterized by a steep initial slope, fol-
lowed by a saturation plateau. Interestingly, the saturation plateau for
Hg(II) sorption reaches 1.39 mmol g~!, while the saturated sorption
capacity of Cu(Il) is only 0.56 mmol g~; this means that the sorption
capacity of membrane for Hg(II) is much higher than for Cu(Il). More-
over, the three selected models fit well with the experimental data based
on obtaining R? values (around 0.91-0.99) shown in Table 2. Thus, chi-
square test (Xz) and Akaike information criterion (AIC) were also applied
to estimate the fit of sorption model. Based on the high R? (0.99 for Hg;
0.98 for Cu), low Xz values (0.003 for Hg; 0.0002 for Cu) and low AIC
values (-46 for Hg; -70 for Cu), the best fit is obtained with the Sips
equation. However, the Sips maximum sorption capacities for Hg(II) and
Cu(Il) in the single system reach up to 1.60 mmol g* and 0.66 mmol g ?,
respectively. Table S3 compares the maximum sorption capacities of
alginate/PEI membrane with various similar sorbents reported in the
literature. The as-prepared membrane in this study shows a relatively
high sorption capacity for metals ions, especially for Hg(II). It is note-
worthy that the alginate/PEI membrane has an important advantage
related to its efficient Hg uptake in a very wide pH range (from 1 to 6).
Moreover, the membrane shows a remarkable selectivity for Hg ions in
the presence of copper (even in excess of competitor ion). This means
that the membrane has a great potential in the recovery of Hg(Il) from
aqueous complex solutions, such as contaminated industrial effluents.

Since the isotherms for both Hg(II) and Cu(Il) sorption onto the
membrane obey the single-component Sips model, competitive Sips
model was adopted to model the sorption data in binary system and
quantify the competitive behavior of Hg(II)/Cu(II). The equation of
competitive Sips model can be expressed as (Luna, Costa, da Costa, &
Henriques, 2010):

mes X b X C
e i) ©

1/n
J

Sips (in binary system) : g,; = ——————————
1+ Z}:] by x C,
where qm s (mmol g 1) is the total maximum sorption capacity of Hg(II)
and Cu(II) calculated from competitive Sips equation; b; and bj represent
the affinity coefficient and n; and n; correspond to sorption intensity
parameters. Based on this, the equations for Hg(II) and Cu(Il) sorption in
bi-component systems can be written as follows, respectively.

nHg

l/
qm X by, X ( )
,CS Hg e,Hg (10)

For Hg(II) : gy =

1+ by, X c:_{,"g”g + be, x Cllre
wes X bee x CYn
For Cu(ll) : go.cu = Gmcs * o oG an

1/ "
1+ by, X c{,g + bey x Cle

All experimental Hg(II) sorption isotherms in Hg—Cu binary solutions
are almost superimposed to the mono-component Hg(II) sorption
isotherm under selected experimental conditions (Fig. 2). For Cu(Il)
sorption, the sorption capacity obviously decreases in the presence of Hg
(ID) ions. In addition, the SCxg/cy in binary systems follows the order:
Hg-Cu(1:4) (SC = 60.3) > Hg-Cu(1:1) (SC = 14.4) > Hg-Cu(4:1) (SC =
7.8); this means that the separation factor increases at elevated Cu

content in mixture. This could be explained by the phenomenon that the
increase of Cu ions has no significant effect on Hg sorption.

The constants (qm,cs, bi and n;) in the competitive Sips model can be
calculated by simultaneous nonlinear fitting of equations Eq. 10 and Eq.
11, using Origin software (OriginLab, v. 9.0, Northampton, MA, USA).
The constants of the competitive Sips model for binary system are
summarized on Table 3. The experimental data show a good compliance
with the competitive Sips model in terms of R? (0.97) and Xz (0.005)
values. Moreover, the cumulative sorption capacity of Hg(II) and Cu(II)
is 2.19 mmol g’l. To analyze sorption behaviors of Hg(II) and Cu(Il)
under binary sorption conditions, the modelled isotherms are also
plotted in three-dimensional sorption surfaces using Origin software
(Fig. 3). Obviously, increasing Hg(II) concentration leads to a dramatic
fall in the sorption capacity of Cu(I). On the contrary, as the concen-
tration of Cu(Il) increases, Hg(I) sorption remains remarkably stable:
these predicted results are consistent with those obtained from the bi-
nary sorption experiments. This is also consistent with the data collected
from mono-component solutions.

Fig. S1 compares the sorption capacities for Cu(Il) and Hg(I) in
mono-component solutions with the cumulative sorption capacities of
both ions (vs. cumulative residual concentration of both metal ions) for
three different molar ratios between mercury and copper. In the pres-
ence of an excess of Hg(II) against Cu(Il), Hg:Cu = 4:1, the cumulative
sorption isotherm is superposed to the isotherm obtained with single-
component Hg(II) solution. In equimolar binary solutions (Hg:Cu =
1:1), the saturation plateau is superposed to single-metal Hg(II)
isotherm while the initial slope is decreased. On the opposite hand, the
cumulative sorption capacity is strongly depreciated in the presence of
an excess of copper (Hg:Cu = 1:4) and the saturation plateau is not
reached in the concentration range investigated here. A higher con-
centration of Hg(II) would be necessary to achieve the saturation of the
sorbent. Fig. S2 plots, for the three series, the evolution of the selectivity
coefficient as a function of the equilibrium molar ration Hg(II)/Cu(Il).
Logically, the marked preference of the sorbent for mercury leads to
high selectivity coefficients especially when copper is in excess
compared with mercury (Ruthven, 1984). However, even in the pres-
ence of an excess of mercury, the SCyg/cy remains higher than 3,
consistently with the greater affinity of alginate/PEI membranes for Hg

.
3.2. Sorption mechanism study

3.2.1. Characterization

FTIR is one the most widely used technique for identifying the
functional groups present at the surface of materials. The raw membrane
and the membranes after reacting with Hg(II) and Cu(II) at pH 5.0 in
both single and binary systems were analyzed by FTIR-ATR spectros-
copy to highlight their sorption mechanisms.

The analysis mainly focuses on the most representative sections of
spectra (Fig. 4). The full FTIR spectra and the assignments of the main
peaks are presented in Fig. S3(a) and Table S1(a) (see SI Section),
respectively. The main peaks of raw membrane are characterized at
3280 cm ™! (overlapped N-H and O-H stretching vibrations), 2927 cm ™!
(C-H stretching), 1593 cm™ (N-H bending and C=N vibration), 1406
cm ! (COO™ symmetric stretching), 1316 em ! (C-N stretching vibra-
tion), 1089 em ! and 1030 cm ™! (C-O stretching vibration), and 947
em™! (C-H deformation) (Mo et al., 2020). After the sorption of metal
ions (in both single and binary systems), several similar changes are
observed:

(a) shift of the strong and wide peak at 3280 cm™! due to the
stretching vibration of amine and hydroxyl groups. It is note-
worthy that the change of Cu(II)-loaded membrane is less marked
compared with that of Hg(II)-loaded membrane (Fig. 4 and
Table S1(a)). This means the involvement of amine and hydroxyl
groups with Hg(II) is stronger in the case of mercury sorption,
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Fig. 4. FTIR spectra of membrane before and after Hg(II) and Cu(II) sorption in mono- or bi-component solution.

(b) shift of the peak at 2928 em™! (C-H stretching vibration); this
means that C-H groups or their neighbor reactive groups are
involved in metal binding process (Cimirro et al., 2020),

(c) shift and intensity decrease of the peak at 1316 em™! (C-N

stretching vibration, resulting from the interaction between

amine groups of PEI and aldehyde groups of GA) (Liu, Kuila, Kim,

Ku, & Lee, 2013), which is associated with both metal binding,

slightly decrease of the intensity of the peaks at 1406 cm™! and

1030 cm ™!, which are assigned to COO™ symmetric stretching and

C-O skeletal stretching vibrations of the carboxylate groups in

alginate (Lawrie et al., 2007). This means carboxylate groups

play a role in the sorption of Hg(II) and Cu(Il).

(d

=

In addition, the intensity of the peak at 1593 cm ™! slightly decreases
after Hg(II) sorption and Hg-Cu sorption. This band may be associated
with the vibrations of N-H (assigned to the primary amine groups of PEI)
(Ouerghemmi et al., 2018) and C=N (due to the formation of Schiff
bases generated by the reaction between PEI and GA) (Radi et al., 2016).
The intensity decrease may be explained by the contribution of pro-
tonated amine groups in the specific binding of mercury species.

After the binary system sorption, the desorption of Hg(II)-Cu(Il)
loaded membranes using HCl, NaOH, thiourea and EDTA solution was
studied. Their FTIR spectra and bands assignments were illustrated in
Fig. S3(b) and Table S1(b) (see SI), respectively. The results showed that
after desorption, the shapes of the spectra remain almost unchanged,
except for the shifts of the peak at 3280 cm™! (N-H and O-H or their
overlaps stretching) and 1316 em~! (C-N stretching). This could be

caused by the incomplete desorption of metals.

These analyses have thus shown that O-H, N-H, C-H, C-O and C-N
identified on the membrane might participate in the process of Hg(II)
and Cu(lIl) sorption, with a specific involvement of protonated amine
groups in the case of mercury sorption.

In addition to FTIR analysis, SEM-EDX measurement is applied for
analyzing the surface morphologies and semi-quantitative elemental
compositions of the membranes before and after metal sorption (shown
in Fig. 5). Apparently, Hg(II) and Cu(II) can be absorbed by the mem-
branes in both single and binary systems. It is noteworthy that some
white aggregates appear on the surface of the membrane after Hg(II)
sorption (regardless of the single or binary system), while for Cu(II) not
(Fig. 5). This difference may be related with the different sorption ca-
pacities and binding methods of Hg(II) and Cu(Il). In addition, the EDX
spectrum of raw membrane displays the presence of C and O elements
(exceed 96 % in total, organic tracers) but also S, Na, Ca, Cl, Si, Mg and
Al elements (residues of the extraction/shaping process of alginate).
After Hg(II) sorption, many of these elements disappear (or their in-
tensity dramatically decreases). The only elements significantly present
are C, O, Hg and CI; this reveals that mercury ions are strongly
competitive against other metal cations (which may be exchanged with
cations as Na, Ca, Si, Mg and Al elements). Simultaneously, the large
increase in the content of chloride ions from 0.2 % to 2.7-3 % means that
the binding of mercury onto the membrane must occur under the form of
chloro-mercury species. The similar distribution of Hg and CI elements
(shown in Figs. S4-S7) also confirms that mercury ions are bound to the
membrane simultaneously with chloride ions. On the opposite hand, the
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elemental composition at the surface of the membrane is poorly affected
by Cu(Il) sorption. The unique exception concerns the disappearance of
sodium ions. This may be explained by the ion exchange of Cu*" with
Na' ions. The mapping of Cu element also shows the homogeneous
distribution of Cu(II) binding on the membrane. In conclusion, the
presences of mercury and copper peaks in the membrane confirm their
successful loading onto the membrane. Copper ions are distributed
densely and homogeneously on the surface of the sorbent, while Hg
elements are found uniformly distributed on the surface of material even
with a few aggregates.

3.2.2. pH effect on sorption mechanism

The pH of the solution is a critical parameter for sorption mechanism
and performance since it may change the charge characteristics of the
sorbent and the speciation of metal ions (Elwakeel & Al-Bogami, 2018).
The pH effect was investigated in both single and binary systems to
evaluate not only the impact of pH on the binding mechanism but also to
study, playing with pH parameter, the possibility to use the sorption
process in order to recover separately both metal ions from the effluent.
To avoid precipitation phenomena which occurs above pH 6.5 for both
Hg and Cu specifically (Hahne & Kroontje, 1973; Rahman & Islam,
2009), the initial pH (pHp) variation was limited to 6. The results are
presented in Fig. 6.

The pH has a significant impact on Cu(Il) binding, while for Hg(II)
recovery the change in sorption capacities is much less marked, for both
mono- and bi-component solutions. Fig. S8a shows the sorption capacity
vs. theinitial pH of the solution. The membrane maintains a high affinity
for Hg(II) ions under a wide pH range while for copper the sorption
begins when initial pH is higher than 2. More representative of the
equilibrium conditions, Fig. 6 shows the evolution of sorption capacities
as a function of equilibrium pH (pHeg). It is noteworthy that Hg(II)
sorption capacity is higher than that of Cu(Il), under selected experi-
mental conditions. Fig. S8b reports the pH variation during metal
binding. For pHy varying between 1 and 3, the pH remains unchanged,
while above pH 3 the equilibrium pH tends to stabilize around 3.5-3.8,
almost independently of the metal (including binary solutions). This pH
buffering effect may result from the deprotonation of the functional
groups like carboxylic groups and the release of protons.

Cu(Il) is mostly present in solution under its cationic form in the pH
range 1-6 (Woltowicz & Hubicki, 2012). For Cu sorption, it is obvious
that at low pH (below pH 2) the sorption capacity is negligible (less than
0.006 mmol g~ 1) in both single and binary systems. The high
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Fig. 6. Effect of pH on metal ions sorption in both single and binary systems
(Metal concentration: 0.5 mmol L™} of Cu(Il) or Hg(1I) single solution and 1.0
mmol L1 of mixed [Hg(II):Pb(II) = 1:1] solution; Sorbent dosage = 0.5 g L™%;
contact time = 72 h; temperature = 20 £+ 1 °C).

concentration of competitor ions H™ strongly limits the sorption ca-
pacity at low pH. The progressive increase of sorption capacity with the
PHp up to 6 may be associated with the lower protonation of functional
groups such as carboxylic groups (from alginate) at the surface of the
membranes. The pK, values of carboxylic groups in alginate are usually
reported at 3.38 and 3.65 for mannuronic acid and guluronic acid,
respectively (Haug, 1964). Thus, the deprotonation of the carboxylic
groups (COOH — COO~ + H") progressively increases with pH (espe-
cially for pH > 3.6); the surface charge becomes favorable to the sorp-
tion of Cu(ll) cations (Nkoh, Yan, Xu, Shi, & Hong, 2020). This
interpretation is consistent with the steep increase of Cu(II) sorption
capacity in both single and binary systems when pH approaches pH 3.6
(Fig. 6). Similar conclusions were reported by Lim and Ge (Ge, Cui, Liao,
& Li, 2017; Lim, Zheng, Zou, & Chen, 2008). On the other hand, many
studies have reported PEI to be a specific ligand for various metal ions
and the fact that Cu(II) can be bound on the donating nitrogen atoms of
PEI by chelation in near-neutral solutions (Bessbousse, Rhlalou,
Verchere, & Lebrun, 2008; Hudson & Matejka, 1989). PEI bears primary,
secondary and tertiary amine groups (with pK, values close to 4.5, 6.7
and 11.6, respectively (Demadis, Paspalaki, & Theodorou, 2011).
Therefore, Cu(II) ions may also be chelated on primary amino groups at
weak acidic or near-neutral pH (above pH 4.5).

In the case of Hg(II), Fig. 6 and Fig. S8a show that the membrane can
efficiently remove Hg(II) from both single and binary component sys-
tems within a wide pHy range (1-6) and that Hg(II) sorption capacities
slightly increased from 0.76 mmol g~! (at pHy 1) to 0.84 mmol g~*
(around pHy 5). This enhancement may be attributed to the specific
property of Hg(II) to form chloro-complexes in the presence of Cl ions.
As reported by Ranganathan (Ranganathan, 2003), different
chloro-complexes can be formed in the presence of chloride anions
including HgCl,, HgCl", HgCl3 and HgClﬁ'. Fig. S9 shows the speciation
of mercury (Co: 0.5 mmol L™!) as a function of pH, together with the
corresponding concentration of chloride ion (calculated with Visual
Minteq, (Gustafsson, 2013)). The predominant mercury species are
HgCl,, HgCl; and HgCl3 under selected conditions (pH range 0-4). It is
noteworthy that the uncharged species HgCl; represent about 90-98 %
in the pH range 2—4. The semi-quantitative EDX analysis of Hg
(I)-loaded membranes (sorption at pHy 5 and pHeq 3.6) has shown,
through the correlation in the distribution of Hg and Cl elements
(mapping Fig. S5) that mercury is bound as a chloro-complex. However,
the experimental results show, despite a slow increase with pH, that Hg
(II) sorption capacity is almost unchanged at the different pH values,
independently of the relative proportions of neutral (HgCly) and
negatively-charged species (HgCl; and HgCI3). This probably means
that the membrane may sorb these three species (including neutral
HgCly), through different pathways: (a) electrostatic attraction of
anionic chloro-complexes on protonated amine groups of PEI in acidic
solutions (Ziebarth & Wang, 2014); and (b) by chelation of free or
neutral mercury HgCls species by primary amino groups of PEI and/or
carboxylate groups of alginate at higher pH values. Sarkar et al. (Sarkar,
Ansari, & Sen, 2016) investigated Hg(II) sorption by calcium alginate
hydrogels; they pointed out that the uncharged HgCl, interacts with
carboxylic acid groups by hydrogen bonding or van der Waal’s forces. In
the study of Hg(II) sorption by chemically modified polyaniline, Devi
et al. (Devi, Kumar, Verma, & Sudersanan, 2006) also concluded that
chloro-anionic mercury species can be bound on the protonated amine
groups whereas neutral HgCl, species interact with unprotonated ni-
trogen. In highly acidic conditions (i.e., pH 1), the slight decrease in Hg
(II) sorption capacity may be attributed to the competition effect of CI
(Guibal, Gavilan, Bunio, Vincent, & Trochimczuk, 2008).

The comparison of sorption behaviors in single and binary solutions
(Fig. 6) shows that maximum Cu(II) sorption capacities decreases from
0.44 mmol g ! in single-component solution to 0.37 mmol g~ in binary
solution whereas the presence of Cu(Il) ions (at the same concentration)
has no significant effect on Hg sorption capacity. The decrease in copper
sorption capacity means that Hg(II) competes with Cu(Il), and weaken



the ability of the membrane to bind Cu(Il). The calculated SCyg/cu
values (Table S2, see SI) are far higher than 1, which also confirms that
the membrane has an obvious preference for Hg(II) than Cu(Il). This
preference for Hg(II) could be correlated with specific sorption mecha-
nisms assumed from FTIR and EDX analysis and pH effect, but also with
the physicochemical properties of the metals (such as ionic radii and
ionic charge) (Dragan & Dinu, 2020) and HSAB principles (Pearson,
1963). Mercury is considered a soft acid, which binds preferentially to
soft bases (bearing O- and N-groups), while copper is part of borderline
acids (supposed to be less reactive with soft bases than mercury). Vieira
et al. (Vieira, Guibal, Silva, & Beppu, 2007) obtained similar trends in
the study of competitive sorption of Cu and Hg by chitosan membranes.
They reported that the sorption capacity for Hg(II) was higher than for
Cu(Il) and suggested that this was probably due to the higher ionic
radius of Hg(Il) (i.e., 1.02 /1’\) compared with Cu(Il) (i.e., 0.73 A). In
addition, the properties of the functional groups in the membrane are
also playing a critical role in the sorption differences between Hg(II) and
Cu(Il). In the case of chitosan/zeolite cryogels, Humelnicu et al.
(Humelnicu et al., 2020) found a correlation between the preference of
the sorbent for a series of metal ions and their covalent index (i.e., Xz/r).
The covalent indexes of Hg(II) and Cu(Il) are 4.08 and 2.64, respec-
tively. The preference for Hg(II) over Cu(II) could thus be associated
with a favored covalent binding of Hg(II) compared with Cu(II) because
of the chemical structure of alginate/PEI membrane. The Gibbs free
energy of formation (i.e., AG%M ag) was used by Xu et al. (Xu, Xu, &
Wang, 2017) for ranking the softness character of metal cations (AGEM
ag: 39.36 and 15.55 kJ mol! for Hg(II) and Cu(ll)), respectively). Soft-
ness is coincidentally related to the tendency of a complex to form co-
valent bonds. However, these criteria may be modulated by the effect of
metal speciation. In the case of mercury, the affinity of the soft base for
chloride anions directly influences the speciation of the metal and its
affinity for target reactive groups.

More interestingly, at low pH (pH 1-2) the membrane sorbent
maintains ahigh affinity for Hg (0.76— 0.81 mmol g~ 1), while the uptake
for Cu is less than 0.006 mmol g~ ®. This means that the membrane is
superior acid-resistant and has an outstanding high selectivity for Hg
over Cu in acidic environment. Fig. S6 shows that it is not possible
correlating copper distribution with the mapping of chlorine. Indeed, a
large increase occurs in the content of chloride ions after Hg binding
onto the membrane while after Cu sorption it remains almost un-
changed. This is another evidence that copper binding proceeds differ-
ently than mercury accumulation. In addition, Na(I) disappears
completely after Cu(II) binding, which means a part of copper is bound
on deprotonated carboxylic groups by ion exchange of Cu®" with Na*
ions. Obviously, in the case of binary solutions copper distribution is
correlated to O mapping while Hg appears associated with chlorine
(Fig. S7). It is noteworthy that Ca disappears after Hg(II) binding, while
its relative fraction is not affected by copper binding when processing
mono-component solutions. This trend is confirmed by the strong
decrease in Ca contentin the case of binary solutions (and predominance
of mercury binding). This observation confirms that the mechanisms
involved in metal sequestration are different for both metals. The
absence of exchange between copper and calcium means that copper is
probably bound by chelation on amine groups rather than free carbox-
ylate groups.

3.2.3. Proposed sorption mechanism

In short, all the above analysis shows the possible mechanisms
associated to the sorption of Hg(II) and Cu(Il) ions onto membrane and
their differences. The specific Hg(II) sorption mechanism consists of:

(a) electrostatic attraction of anionic chloro-complexes (HgCls and
HgCl$) on protonated amine groups of PEI;

(b) chelation of neutral mercury HgCly species by primary amino
groups of PEI and/or carboxylate groups of alginate;

(c) mercury elements are uniformly distributed on the surface of
material even with a few aggregates.

The proposed mechanisms for Cu(II) sorption includes:

(a) ion-exchange with Na™ ions and electrostatic attraction of copper
cations on deprotonated carboxylate groups of alginate;

(b) chelation of Cu(Il) by the donating nitrogen atoms of PEI (pref-
erentially primary amines);

(c) copper ions are distributed densely and homogeneously on the
surface of the membranes.

Considering that the main active sites for binding metals are amine
groups (pKa: 4.5, 6.7 and 11.6) and carboxylic groups (pKa: 3.38 and
3.65) of the membranes, Fig. 7 presents the possible interaction mech-
anisms for Hg and Cu binding. As the pH study shows, the equilibrium
pH tends to stabilize around 3.5—3.8. For 3.65 < pHeq < 4.5, carboxylic
groups are deprotonated and primary amine groups begin to protonate.
Therefore, deprotonated carboxylic groups (—COO™), protonated amine
groups (—NH3) and free amino groups (—NHy) are coexisted in aqueous
solution. For pHeq < 3.65, the carboxylic groups begin to protonate as
(—COOH). Since the Cu(Il) uptake is negligible at pH below 2, the car-
boxylic groups and amine groups are probable to be completely pro-
tonated in this case and poorly favorable for Cu(Il) binding.

3.3. Metal desorption and sorbent recycling

Recycling ability of the sorbent is an important factor for assessing
the cost-effectiveness of a sorption process in wastewater treatment. In
this work, four different eluents (including HCl, NaOH, thiourea and
EDTA) were tested for metal desorption from metal-loaded membranes
(Fig. S10). It is found that 0.05 M HCI eluent exhibits poor efficiency for
Hg(II) desorption contrary to Cu(Il) elution. Copper sorption is highly
sensitive to pH (with negligible sorption at pH 1); applying an acidic
solution readily reverses the binding of copper cations. This is not the
case for Hg(II) that can be readily bound on the membrane even in
highly acidic solutions (due to the binding of chloro-anionic mercury
species). The weak efficiency of HCI for Hg(II) release is thus consistent
with previous findings. This also means that 0.05 M HCl solution can be
used for selective release of Cu(Il) from the sorbent when loaded with
both Hg(II) and Cu(Il). Other eluents (such as NaOH, thiourea and
EDTA) show low desorption efficiencies for Hg(II) ions in the first cycle
with metal recoveries of 3.2 %, 40.9 % and 42.1 %, followed by obvious
increases after the first sorption-desorption process. At the third cycle,
Hg recovery by the three eluents (i.e., NaOH, thiourea and EDTA) in-
creases up to 31.3 %, 52.7 % and 90.3 % and the membranes still keep
high affinity for Hg(II) (sorption capacity of 0.77 mmol g}, 0.72 mmol
g’1 and 0.59 mmol g’l). For the desorption of Cu(Il) ions, at least for the
first three sorption-desorption cycles, HCl and EDTA eluents show high
desorption efficiency (higher than 91 %), with negligible effect on
sorption performance. It is noteworthy that NaOH eluent greatly im-
proves the sorption capacity of Cu(II) by the membrane at the following
cycles. This may be caused by the presence of residual alkali that con-
tributes to local micro-precipitation of copper. Despite abundant
washing after NaOH elution step, the residual pH after metal binding is
close to 6. Copper(Il) ions cannot be released from the metal-loaded
membrane by the NaOH solution. This means that the alkaline leach-
ing offers a complementary selective step for the separation of Hg(II)
from Cu(ID).

In addition, after three cycles of sorption-desorption with the
selected eluents (i.e., HCl, NaOH, thiourea and EDTA), the regenerated
membranes maintain their shape and size. Notably, the structure of the
membrane does not collapse. This also proves that the sorbent has a
remarkable stability in strong acid or alkaline solutions.
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Fig. 7. Proposed mechanisms for Hg(I) and Cu(II) binding onto the membranes.

4. Conclusion

Alginate/PEI membranes are prepared and used for the sorption of
Hg(II) and Cu(Il) in mono-component solutions and binary mixtures.
The FTIR analysis shows some shifts and changes in intensity for the
characteristic bands of the amino groups, although the approximately
overall shape of the spectra remains little affected by the sorption of
metal ions.

The semi-quantitative EDX analysis confirms the binding of the two
metal ions (alone or simultaneously bound for single- and binary solu-
tions, respectively). Copper ions are distributed densely and homoge-
neously on the surface of the membrane, while Hg elements are
uniformly distributed on the surface of the material (though few ag-
gregates can be identified). It should be noted that the EDX reveals a
correlation in the mapping of Hg and Cl elements: this is a confirmation
that mercury binding occurs through the sorption of choro-complexes.

Sorption experiments reveal that the effect of the pH on metal
binding strongly differs with the metal. Indeed, Cu(Il) uptake by the
membrane is negligible below pHj 2 and increases with the pHy from 2
to 6 because of the lower protonation of the membrane. On the opposite
hand, Hg(II) sorption capacity slightly changes from pHp 1 (0.76 mmol
g_l) to pHp 6 (0.84 mmol g_l). This indicates the membrane can work
over a wide pH range (1-6) for the effectively binding of Hg(II) and
shows a remarkable high selectivity for this metal ion over Cu(Il), in
acidic conditions. The comparison of the binding kinetics (well fitted by
the pseudo-second order equation) shows a higher sorption rate for
copper (ko, apparent rate constant: 0.066 g mmol ' min™!) than for
mercury (ko: 0.016 g mmol ! min~!). Isotherm study shows that the Sips
equation allows a good simulation of the profile both in mono-
component solution and binary mixture. The three-dimensional sorp-
tion surfaces (constructed by the competitive Sips equation) confirm
that the increase of Hg(II) concentration led to a dramatic fall in the
sorption capacity of Cu(Il), while there is no obvious decrease in Hg(II)
sorption as Cu(II) concentration increases. Sorption-desorption shows
that the eluents HCI, thiourea and EDTA may involve copper release
without significant impact on Cu(Il) later sorption and the membranes
maintain high affinity toward Hg(II) using NaOH, thiourea and EDTA as
eluents, for at least three cycles. The membranes also demonstrate a
remarkable stability in the process of desorption while using strong acid
or alkaline solutions (porous structure, as shown by SEM observations,
and functional groups, as confirmed by the stability of sorption
performance).
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