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A B S T R A C T

A composite material (PAN-Na-Y-zeolite) was prepared by polymerization of acrylonitrile in the presence of Na-
Y zeolite. The composite was functionalized by amidoximation through the reaction of hydroxylamine on nitrile
groups of the composite. The sorbent (APNa-Y-zeolite) was fully characterized by FTIR spectrometry, XRD
diffraction, thermogravimetric analysis, scanning electron microscopy, zetametry and BET analysis. The sorption
properties of APNa-Y-zeolite were investigated for the recovery of Cu(II), Cd(II) and Pb(II) from synthetic so-
lutions before being tested for the purification of local tap water. Sorption properties were characterized through
the study of pH effect, uptake kinetics, sorption isotherms. The pseudo-second order rate equation fitted well
kinetic profiles. Sorption isotherms were modeled using the Langmuir, the Freundlich and the Sips equations.
Thermodynamic parameters were evaluated through variation of temperature. While the sorption of Cu(II) and
Cd(II) was endothermic, Pb(II) recovery was exothermic. Metal ions were successfully desorbed using 5 M HCl
solutions. High concentrations of NaCl hardly alter sorption performance, contrary to humic acid that slightly
reduces metal binding.

1. Introduction

The contamination of water bodies by heavy metal discharge into
the environment became a challenging issue for industry for the last
decades. The international regulations on drinking water standard and
the limit concentrations for discharge into the environment are

becoming stricter [1]. The persistence and toxicity of these metals and
their bioaccumulation at the different steps of the food chain may ex-
plain that the regulation laws are requiring very low metal standards
[2,3]. Metals like copper, cadmium and lead are presentative of these
hazardous metals that are strongly controlled in terms of health and
environmental impact [4]. They are abundantly used in industry,
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including mining, metallurgy [5,6], electroplating [7,8], textile, cera-
mics, batteries [9–11], etc.

Numerous processes have been designed for the removal of heavy metal
ions from wastewaters. The application of these processes depends on the
objective, including environmental objective for decreasing the concentration
of hazardous contaminants, and the recovery of valuable metals that require
high concentration effect and selective separation. Precipitation process al-
lows easy removal of metal ions but produces huge amounts of contaminated
sludge. The technique is generally poorly selective [12]; although some
specific processes may contribute to separate target metals [8]. Solvent ex-
traction [13,14] is a very efficient method for recovering metal ions in ef-
fluents containing relatively high metal concentrations (usually higher than
several hundred of mg L−1); however, the loss of toxic and expensive ex-
tractant by dissolving in water and physical dispersion limits the application
to valuable metals and high concentration effluents. This technique is
thus poorly competitive for lowmetal concentration (below 50–100 mg L−1).
For dilute solutions, sorption processes are generally more interesting,
using, for example: ion-exchange and chelating resin [11], extractant
impregnated resin [15–17], inorganic sorbents [18–20], activated carbon
[21,22], carbon-based/polymer composites [23], biosorbents [24–28]. Zeo-
lite materials are three-dimensional alumino-silicate frameworks constituted
of tetrahedral SiO4 and AlO4 arrangements. they have a global anionic
surface, which, in turn, is neutralized by an external cationic framework
(constituted of Na+, Ca2+ or Mg2+). This opens the way to the binding of
heavy metal cations by ion-exchange on natural zeolites [29]. Zeolite Y is an
emblematic example of material having good textural properties [30], and
sufficient availability for developing large-scale applications. However, the
sorption properties are generally relatively weak and it is necessary functio-
nalizing their surface for improving metal recovery.

Polymers offer many advantages for the elaboration of sorbents
including the possibility to manage (a) the form and porosity of the
sorbents, (b) the readily functionalization of the surfaces by grafting
new reactive groups having higher affinity or selectivity for target
metals. However, it may be interesting combining the advantages of
these synthetic polymers with the high specific surface area of zeolite
and other mesoporous materials: the deposition of the polymer at the
surface of the porous support (through on-surface polymerization) may
improve mechanical properties, textural characteristics, and then mass
transfer performance of composite materials, which can be used for
metal binding [31,32]. The polymerization of poly(acrylonitrile) at the
surface of Na-Y-zeolite allows synthesizing composite supports that can
be further functionalized by reaction with an alkaline solution of hy-
droxylamine hydrochloride to convert nitrile groups into amidoxime
groups [33–35]. Amidoxime-based sorbents have been abundantly
studied for the recovery of uranium from aqueous solutions [33,36–39],
including sea water [40–46]. However, though less documented, ami-
doxime-based sorbents have also been investigated for heavy metal
recovery [39,47–52].

This study describes the synthesis of a sorbent based on amidoxime
functionalized PAN/Na-Y-zeolite. The material is characterized by
scanning electron microscopy (SEM), X-ray diffraction, Brunauer-
Emmett-Teller (BET) analysis, thermogravimetric analysis, FTIR spec-
troscopy and zetametry. In a second step, the sorption properties of the
sorbent are evaluated through the study of pH effect, uptake kinetics,
sorption isotherms. The thermodynamic parameters are also evaluated.
Metal desorption and sorbent recycling are also tested. The sorption
properties are evaluated in the presence of NaCl and humic acid, before
testing the sorption properties in metal-spiked tap water.

2. Materials and methods

2.1. Materials

Acrylonitrile (AN) was supplied by Fluka AG (Buchs, Switzerland).
Na-Y-zeolite, hydroxylamine hydrochloride, methanol, potassium per-
sulfate were purchased from Loba Feinchemie GmbH (Fischamend,

Austria). Humic acid was obtained from Sigma-Aldrich Chemie GmbH
(Munich, Germany). All reagents were analytical grade. Cu(II), Pb(II)
and Cd(II) standard solutions (1000 mg L−1) were used as stock solu-
tions for preparing metal ion solutions; working solution were prepared
by dilution just prior experimental tests. Tap water was collected on the
municipal water network managed by Damietta Water Company
(Damietta, Egypt).

2.2. Copolymerization procedure for PAN/Na-Y-zeolite synthesis

For the synthesis of the composite the precursors (acrylonitrile
monomer and Na-Y-zeolite) were mixed with 50 mL of demineralized
water: the AN/zeolite mass ratio was varied according the values 1:1,
1:2 and 1:3 (i.e.: 20 g of AN and 20 g, 40 g or 60 g of Na-Y-zeolite). A
fixed amount (i.e., 0.1 g of potassium persulfate) was added as the in-
itiator of polymerization reaction. The reaction was performed in a
reactor equipped with a mechanical stirrer with a temperature con-
trolled to 70 °C. After 4 h of reaction the solid (PAN-Na-Y-zeolite
composite) was recovered by filtration, washed up with ethanol and air-
dried. Actually, the experimental conditions were selected on the basis
of the optimization of PAN polymerization by El-Sonbati et al. [53–55];
in addition, the proportion of mineral compound was experimentally
optimized in the present study.

2.3. Functionalization of composite with amidoxime groups

The functionalization of the composite was performed by reaction of
nitrile groups on PAN-Na-Y-zeolite using hydroxylamine [56]. First,
hydroxylamine hydrochloride (42.1 g) was dissolved in 300 mL a me-
thanol/water mixture (5:1, volume ratio); the solution was neutralized
with NaOH to pH 10. The methanol/water ratio was controlled as close
as possible to 5:1. Sodium chloride precipitate was removed by filtra-
tion. In a second step, the PAN-Na-Y-zeolite composite was dropped
into the hydroxylamine solution. The reactor was equipped with a
condenser and a mechanical stirrer. After 2 h of reaction at 70 °C, the
sorbent was removed by filtration, washed up several times with me-
thanol/water solution (4:1, volume ratio), before being treated with
200 mL of a 0.1 M HCl/methanol solution for 15 min. Finally, the sor-
bent was rinsed several times with a methanol/water solution (4:1,
volume ratio) and dried at 50 °C (till constant weight). Scheme S1
shows the reaction pathway and the suggested structure of the sorbent
(see Supplementary Material).

2.4. Characterization of the sorbent

The morphology of sorbent particles was characterized using a
scanning electron microscope (JEOL-JSM-6510 LV, Jeol, Tokyo, Japan).
The textural properties of the sorbent (BET surface, pore volume and
pore size) were characterized using a Quantachrome NOVA 3200e
surface area and pore analyzer; data analysis was performed using
NovaWin software (v11.0) (Quantachrome Instruments, Boynton
Beach, FL, USA). X-ray diffraction analysis was performed using a
Shimadzu XRD-6000 diffractometer (Shimadzu Corporation, Tokyo,
Japan) in the range 2θ: 5–80°, with Cu Kα radiation (λ = 1.540598 Ǻ).
Thermogravimetric analysis was operated on Shimadzu TGA-50 ther-
mogravimetric analyzer (Shimadzu Corporation, Tokyo, Japan): ana-
lysis was performed under N2 atmosphere with a temperature ramp of
10 °C min−1, in the range 20–999 °C. FTIR analysis was carried out
using a JASCO-FT/IR-4100 spectrometer (Jasco, Easton, MD, USA): the
finely grinded samples were incorporated into KBr discs prior to ana-
lysis in the wavenumber range 400–4000 cm−1. The zeta potential of
the sorbent was measured using a Nano Zeta Sizer (Nano-ZS Malvern
Instruments Ltd., London, United Kingdom) at various pHs from 1 to 8.
A 0.01 g of the sorbent was mixed with 50 mL of 0.1 M KCl. The sus-
pension was then adjusted to the specified pH and kept under stirring
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for 15 min. After conditioning, the suspension was left for another
15 min for settling before measurements.

The pH measurements were performed on an Orion Russell RL060 P
pH meter (Thermo Fisher Scientific, Beverly, MA, USA).

2.5. Sorption experiments

The influence of pH on metal sorption was investigated in batch
system by contact of 25 mL (V) of the metal solution (initial metal
concentration, C0: 10 mg L−1) with 25 mg (m, dry weight) of sorbent.
Experiments were performed at room temperature (i.e., 25 ± 1 °C);
with initial pH varying between 1 and 9 (pH controlled with
0.01–0.1 M HCl or 0.01–0.1 M NaOH solutions). The suspension was
maintained under agitation at an agitation speed of 210 rpm (reciprocal
shaker FINEPCR SH30 L, FINEPCR, Gyeonggi-do, Korea) for 90 min.
The contact time was set after preliminary kinetic tests that show that
the equilibrium was reached within 90 min. The pH was not controlled
during the sorption but the final pH was systematically monitored. The
residual metal concentration (Ceq, mg L−1 or mmol L−1) in the filtrate
(pore size of filtration membrane: 1 µm) was determined by flame
atomic absorption spectrophotometry (AAS, VARIAN AA240 FS,
Varian, now Agilent, Santa Clara, CA, USA).

Sorption isotherms were obtained by contact of 25 mg of sorbent
with 25 mL of metal-containing solutions (C0 varying between 5 and
100 mg L−1) at pH initially set to 4 at room temperature (i.e.,
25 ± 1 °C);. The suspension was maintained under agitation for
90 min. The residual metal concentration was determined by AAS and
the sorption capacity (q, mg g−1 or mmol g−1) was calculated by the
mass balance equation: q = (C0 − Ceq) × V/m.

Thermodynamic studies were performed by contact of 25 mg of
sorbent with 25 mL of metal ion solution (C0: 40 mg L−1) at initial pH 4
for Cu(II) and Cd(II) and at initial pH 3 for Pb(II). The suspension was
maintained under agitation at constant temperature for 90 min; the
temperature was varied between 25 °C and 50 °C. Residual concentra-
tion was determined after filtration and the sorption capacity was cal-
culated by the mass balance equation.

Uptake kinetics were obtained by contact of 250 mg of sorbent with
250 mL of metal ion solution (initial pH 4; C0: 40 mg L−1) at room
temperature (i.e., 25 ± 1 °C); agitation speed was set to 210 rpm.
Samples (4 mL-volume) were withdrawn at fixed contact times and the
metal concentration was analyzed by AAS, after filtration. The sorption
capacity was determined as a function of time using the mass balance
equation taking into account the decrement of the volume of the so-
lution (with successive samples) according to:
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where C(t)(i) (mg L−1) is the Cu(II), Cd(II) or Pb(II) concentration of the
withdrawn sample number i at time t and C(t)(0) = C0, V(t)(i) (mL) is
the volume of the solution in the flask at sample number i and time t,
and m is the mass of the sorbent in the flask. Here V(t)(i)-V(t)(i-1) equals
4 mL (the sample volume).

Complementary experiments were performed to investigate the di-
rect effect of sorbent dosage on metal sorption performance.
Experiments were performed at room temperature (i.e., 25 ± 1 °C) by
contact of given amounts of sorbent with metal solutions at initial pH
4.0 (C0: 40 mg L−1), under agitation for 90 min. The composition of the
solution may affect metal sorption; in order to evaluate this parameter,
a series of experiment was performed under similar conditions with
increasing amounts of NaCl (effect of ionic strength) and humic acid
(effect of soil extract). Twenty mL of solution (C0: 40 mg L−1) at pH 4.0
and at 25 °C were mixed for 90 min with 25 mg of sorbent (with ap-
propriate addition of NaCl and humic acid).

The feasibility of metal desorption was tested by contact of the Cu-
loaded sorbent with 20 mL of 0.1–0.6 M HCl solution for 60 min. After

filtration, the sorbent was carefully washed with demineralized water
for reuse in a second run, while the metal concentration was evaluated
in the filtrate by AAS and the mass balance equation was used for
calculating the desorption efficiency (DE, %) and regeneration effi-
ciency (RE, %):
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Similar experiments were performed on Cd(II) and Pb(II) using ex-
actly the same experimental conditions. The experimental conditions
for both sorption and desorption steps were used for comparing deso-
rption and regeneration efficiencies for the recovery of the three metal
ions for 5 successive cycles.

Note: full experimental conditions are systematically reported in the
caption of the figures and tables. Supplementary Material gives a re-
minder on the main concepts involved in the modeling of uptake ki-
netics and sorption isotherms and the relevant models (see Tables S1
and S2).

2.6. Testing on tap water

Specific experimental conditions have been used for testing the
potential of this sorbent for water purification for tap water delivered
by the local water supply company (i.e., Damietta Water Company,
Egypt). The chemical composition of this tap water is reported in Table
S3 (see Supplementary Material). This tap water was spiked with
variable amounts of Cu(II), Cd(II) and Pb(II) metal ions in order to
evaluate the performance of this sorbent for this specific application of
water purification (low metal concentration range). The sorption test
was performed by contact of 25 mg of sorbent with 25 mL of the water
sample at natural pH (without adjustment). Sorption performance was
calculated by mass balance after 90 min of contact and filtration.

3. Results and discussion

3.1. Sorbent characterization

3.1.1. Morphology and textural properties
Fig. S1 (see Supplementary Material) shows the SEM micrographs of

the sorbent before and after Cu(II) sorption. The amidoximated PAN/
Na-Y-zeolite composite is characterized by relatively homogeneous
zeolite particles (in the range 1–2 µm); though some clusters of particles
can be identified. The particles are very similar to those reported by
Jiao et al. [57]: they are characterized as irregular rectangular cubes.
After copper binding the aspect of the surface slightly changes: al-
though crystalline particles can still be observed, Cu(II) coverage leads
to smoothed surfaces; the aggregation is reinforced by formation of
larger clusters.

The textural analysis of the sorbent was performed by BET mea-
surements using different calculation methods. The multipoint BET
method gives a specific surface area of 66.1 m2 g−1 (close to the values
obtained by the de Boer t-method external surface method; i.e., 6.62 m2

g−1). Other methods show a greater dispersion: 50.6, 87.7 and 89.3 m2

g−1 for the DFT cumulative surface area, Barret-Joyner-Halada method
of cumulative desorption surface area and Denavit-Hartenberg para-
meters method, respectively (average value: 72.0 ± 14.6 m2 g−1).
Similar dispersions in data are observed for the calculation of pore
volume and pore size: 0.108 ± 0.008 cm3 g−1and 27.4 ± 7.7 Å, re-
spectively. These values are far from the expected values of Na-Y-zeo-
lite: 797 m2 g−1 for the specific surface area and 0.40 cm3 g−1 for the
pore volume (0.5 cm3 g−1 corresponding to the microporous volume)
[57]; actually the textural properties of the Na-Y zeolite used in this
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study are much lower: the specific surface area was measured to 199.5
m2 g−1 (up to 163.4 and 268.4 m2 g−1 with the BJH and DH methods,
respectively). The pore volume was measured to 0.2 cm3 g−1. This
drastic decrease in the specific surface area is directly related to both
the coating of the particles with PAN layer and aggregation phenomena
of zeolite particles (also observed by SEM analysis). It is noteworthy
that the PAN-Na-Y zeolite has textural properties close to those ob-
served for the amidoximated sorbent (i.e., 62.5 m2 g−1 for the specific
surface area and 0.111 cm3 g−1 for the pore volume): the chemical
modification hardly affects the textural properties of the PAN-decorated
zeolite.

3.1.2. X-ray diffraction analysis
The crystalline structure of the material was analyzed by XRD

analysis (in the range 2θ: 5–80 degree): Fig. S2a (see Supplementary
Material) shows the XRD patterns of the composite (PAN-Na-Y-zeolite)
while Fig. S2b shows the material after chemical modification (ami-
doxime formation). The chemical modification of the composite hardly
changes the crystalline structure of the material; the XRD patterns are
very close to the XRD patterns of Na-Y-zeolite and its chemically deri-
vative [57]. The presence of the organic phase is identified by the ir-
regular wavy baseline (in the range 2θ: 15–40 degree). The size of the
crystallites (DDS), calculated by the Debye-Scherrer equation (see
Supplementary Material, Fig. S2), was calculated for different peaks on
the XRD patterns: in the case of PAN/Na-Y-zeolite the crystal size is
447 ± 16 Å, while after chemical modification the size of crystallites
slightly increases to 506.2 ± 51.4 Å.

3.1.3. Thermogravimetric analysis
The thermogram of the sorbent shows different steps in the thermal

degradation (Fig. S3, see Supplementary Material). The total weight
loss reaches 54% at 1000 °C. This residual amount corresponds to the
dry zeolite fraction in the sorbent. The thermogram shows three main
waves of weight loss, which are clearly identified on the DTG (deriva-
tive of TGA curve). Around 100 °C the weight loss corresponds to water
release (about 15% of total weight): the small shoulder appearing at
80 °C probably means that water release is occurring in two steps: the
water fraction associated to the polymer layer and the water in-
corporated in the zeolite. The second weight loss occurs close to 265 °C
and counts for 15% of total weight. This is consistent with the thermo-
gravimetric analysis of a composite associating PAN and Zn-Al layered
double hydroxide composite [58]. Barik et al. observed the decom-
position of nitrile groups of PAN in the range 230–315 °C. The last step
in the weight loss corresponded to the degradation of ethylene-based
chain of PAN in the range 315–620 °C. With amidoximated-PAN/Na-Y-
zeolite the final degradation takes place in the range 450–600 °C (DTG
peak close to 490 °C) and corresponds to a weight loss of about 24%.
The DTG peak shows a weak shoulder close to 545 °C; this may be due
to different profiles for the thermal degradation of ethylene-based
groups and amidoxime groups. This is consistent with results reported
by Zahri et al. [59] for amidoximated-PAN polymer.

3.1.4. FTIR analysis
FTIR spectrometry analysis was performed on PAN, as the reference

material, PAN/Na-Y-zeolite composite and the sorbent, after amidox-
imation of the composite (Fig. 1 and Fig. S4, see Supplementary
Material). Different windows have been considered for highlighting the
most significant differences observed during polymer modification. The
large and poorly-resolved band in the range 3100–3700 cm−1 can be
assigned to the overlapping of O-H and C-N stretching vibrations [59]
(Fig. S4). The peak at 2244 cm−1 (stretching vibration of CN groups),
present on both PAN and composite materials, disappears after ami-
doximation: the nitrile groups of PAN are completely substituted by
amidoxide groups [33] (at least below the detection limits). The other
usual band which is representative of the stretching vibration of CN
groups at 1072 cm−1 is masked by the large band appearing between

900 and 1200 cm−1; which is associated to the tetrahedral arrangement
of zeolite [60] and centered around 1010 cm−1. The band at
1635–1640 cm−1 appearing on composite material is attributed to Na-
Y-zeolite structure [61]. After amidoximation the peak is shifted toward
higher wavenumber (i.e., close to 1655 cm−1): this shifted peak cor-
responds to hydroxyimine (characteristics of amidoxime functional
group) [62] and/or the overlapping of stretching vibrations of C]N
and C]O vibrations [59]. A new band is appearing at 1398 cm−1 after
chemical modification of PAN; this band is also observed for the ami-
doximation of PAN fibers [46]. The band at 1456 cm−1, which is as-
signed to CH2 groups, is decreased after chemical modification. The
band at 456 cm−1 that appears on composite and amidoximated com-
posite is directly associated to the tetrahedral vibration [60]. FTIR
spectra confirm the structure of PAN-deposited on Na-Y-zeolite support
and highly converted to its amidoxime form.

3.1.5. Determination of pHZPC

Zetameter measurements (Fig. 2) show that the pHZPC is close to 3.4.
This is of the same order of magnitude than the pHZPC reported for
amidoxime modified lignocellulosic material (close to 4) [63] or for
amidoximated acrylonitrile/itaconic copolymers (close to 3.9) [64]. For
amidoximated graphene oxide the pHZPC was found close to 4.2. After
anchoring PAN on MCM−41 particles, Bayramoglu and Arica [36]
proceeded to the amidoximation of composite material and they found
that the pHZPC of pristine MCM−41 increased from 2 to 10.5. The
amidoximation of PAN fibers increased the pHZPC from 3.7 to 5.8 [65].
In the case of amidoximated bacterial cellulose a much higher pHZPC

was reported, close to 6.6 [66]. The pHZPC increase was even more
marked in the case of the amidoximation of PEI-modified microalgae
biomass (from 3.8 to 10) [37].

This means that at pH lower than 3 the sorbent will have a cationic
charge with proton binding on amine groups. The deprotonation of
hydroxyl group at higher pH may lead to an anionic charge of material
surface.

After metal sorption (at a level of metal concentration close to the
maximum sorption capacity) the surface charge of the materials is
systematically positive and increases between pH 3 and pH 6; above pH
6, the surface charge remains positive but tends to decrease, regardless
of the metal. Below pH 3, the possible desorption of the metal may
interfere with the analysis of charge and the data have not been col-
lected. The positive charge means that the sorption mechanism is not a
strict charge neutralization mechanism.

3.2. Sorption properties

3.2.1. Influence of zeolite fraction in the composite
A preliminary test was performed to evaluate the impact of the

zeolite content in the sorbent on sorption properties. Fig. S5 and Table
S4 (see Supplementary Material) show that increasing the mass fraction
of the zeolite in the sorbent (i.e., decreasing the PAN:Na-Y-zeolite mass
fraction) decreases the sorption capacity for the different metal ions.
Obviously, decreasing the amount of the reactive polymer decreases the
efficiency of the sorbent. It is noteworthy that this effect depends on the
type of metal ion; the limiting effect decreases according the sequence:
Cd(II) > Cu(II) > Pb(II). The expected benefit of zeolite in the com-
posite consists of the increase in the specific surface area. As a con-
sequence, the incorporation of zeolite is expected to increase uptake
kinetics. However, the effective proportion should also take into ac-
count the decrease in the density of reactive groups in the composite
material. Adjusting the mass fraction PAN:Na-Y-zeolite to 0.5 appears a
good compromise. This value was selected for the complete study of
sorption performance.

3.2.2. . Influence of pH and binding mechanism
The pH may change the surface charge of the sorbent but also the

speciation of metal ions in the solution; these two phenomena influence
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metal binding. The formation of hydrolyzed species may lead in some
cases to metal precipitation but can also change the size and the charge
of metal species. which, in turn, may affect their affinity for reactive
groups on the sorbent. Fig. 3 shows the effect of pH on sorption effi-
ciency. The sorption efficiency remains below 20% when pH is below 4:
metal ions are present as free metal cations (concentration ranging
between 0.05 and 0.16 mM). The strong competition of protons may
explain the weak sorption of metal cations. This is consistent with the
value of pHZPC of the sorbent, which is close to 3.4: the surface of the
sorbent is positively charged and limits the binding of metal cations
(which are rejected). Above pH 3.6, the surface charge becomes nega-
tive and the repulsion effect progressively decreases [67]. Amine
groups being deprotonated can bind metal cations; the deprotonation of
OH groups also contributes to attract metal cations: the dual effect of
amine group and oxime group explains the strong increase in sorption
properties [68]. Under selected experimental conditions (low metal
concentration) metal is very efficiently removed from the solution at pH
4.4 for Pb(II), at pH 5.2 for Pb(II) and pH 5.7 for Cd(II): concentrations
are below the detection limits.

For the sorption of metal cations such as Cd(II), Cu(II) and Zn(II),
Anirudhan and Ramachandran [51] suggested that amidoxime acts as a
bidentate ligand and proposed the interaction of two amidoxime groups
from vicinal chains for the binding of one metal cation; they also ob-
served a strong increase in sorption performance with the progressive

deprotonation of the polymer up to pH 6 where the surface becomes
negatively charged (pHZPC close to 6). Chen et al. [66] used XPS ana-
lysis for confirming the contribution of amine and hydroxyl groups on
the binding of Cu(II) and Pb(II) on amidoximated bacterial cellulose.

Fig. S6 (see Supplementary Material) shows the pH variation during
metal binding. The three metal ions have roughly similar trends. At pH
1, the pH variation is negligible. In the pH range between 2 and 4, the
pH of the solution tends to increase by up to 1–1.5 pH unit. At pH 5 and
above for Cd(II) and Pb(II), the pH tends to stabilize around pH 5–5.5.
This “buffering” effect is probably due to the deprotonation of oxime
[69], and to the formation of hydrolyzed species. In the case of Cu(II), a
little difference is observed: the trend to alkalinize the solution is pro-
longed till pH 6; above pH 6 the solutions tends to be acidified but the
pH slightly increases (contrary to the stabilization observed with the
other metal cations). This is probably associated to a higher sensitivity
of Cu(II) to pH hydrolysis. Experimental conditions have been selected
to avoid possible phenomena of metal precipitation; this was verified
using MEDUSA [70] and Visual MINTEQ [71] speciation computing
programs.

3.2.3. Uptake kinetics
Fig. 4 shows that metal sorption is fast under selected experimental

conditions. After 10 min of contact more than 70% of Cu(II) and Pb(II)
are removed and up to 88% of Cd(II) is recovered. After 90 min of
contact more than 99% of total sorption was achieved. This contact
time was used for further experiments. The weak fraction of metal
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sorption after 10 min of contact means that the reactive groups are
available and accessible and that mass transfer properties are weakly
affected by the resistance to intraparticle diffusion. This is consistent
with the structure observed by SEM (Fig. S1, see Supplementary
Material) and specific surface area measurements: interconnected
macroporous network, surface microporosity and specific surface area
(66–70 m2 g−1) are favorable for fast sorption.

The modeling of uptake kinetics was tested using the PFORE (Fig. S7,
see Supplementary Material) and the PSORE (Fig. 4). PSORE fits much
better experimental data than PFORE (Table 1). The estimated variance
(EV) and the determination coefficients are significantly lower with PSORE.
The comparison of the sorption capacities at equilibrium for experiments
(qeq,exp.) and for calculated values (qeq,1 and qeq,2) shows that PSORE gives
closer values to experimental data. Fig. S7 also shows the Weber and Morris
plots: two segments are identified. Most of the sorption occurs within the
first 10 minutes of contact with a clear linear trend while the second part of
the curves is characterized by a linear trend (with very low slope) that tends
to confirm that the interconnected porosity of the material limits the effects
of resistance to intraparticle diffusion.

The strict comparison of model parameters for the three metal ca-
tions is difficult since the initial concentration was set to 40 mg L−1

that corresponds to different molar concentrations (i.e., 0.629 mmol Cu
L−1, 0.356 mmol Cd L−1 and 0.193 mmol Pb L−1). Obviously, in-
creasing the molar concentration of the metal increases the sorption
capacity at equilibrium. On the other hand, the apparent kinetic rate
(k2) varies reciprocally with the initial molar concentration of metal
ions in the solution. The apparent rate coefficient k2 varies between
0.49 and 2.41 g mmol−1 min−1, this is a little lower than the values
cited by Metwally et al. for the sorption of metal cations on amidoxi-
mated Ce(IV) phosphate/PAN sorbent [48].

Similar fast kinetics were reported for Cu(II) and Zn(II) binding
using lignocellulosic-based sorbent grafted with amidoxime [63], Cu(II)
binding on amidoxime-starch sorbent [67], Cu(II) and Pb(II) sorption
on amidoximated bacterial cellulose [72]: the equilibrium was sys-
tematically reached with 2–3 hours of contact.

3.2.4. Sorption isotherms
The sorption isotherms are reported on Fig. 5. Lead and cadmium

sorption are comparable (maximum sorption capacities in the range
0.36–0.38 mmol g−1) and much lower than the sorption capacities
reached with Cu(II) (around 0.76 mmol g−1). The steepness of the in-
itial slope of the curves indicates that the sorbent has a good affinity for
metal ions. Three equations have been compared for the modeling of
experimental profiles (Table S2, see Supplementary Material). The sa-
turation plateau observed on Fig. 5 means that the Langmuir-based
models (i.e., Langmuir equation and Sips equation) are more appro-
priate for fitting experimental data than the power-type function of the
Freundlich equation (Table 2). The lowest estimated variances and the
highest determination coefficients are obtained with the Sips equation.
This equation fits experimental data through the determination of 3
parameters contrary to the Langmuir and the Freundlich equations that
are defined by only two parameters: the statistical approach is then
better with the former equations. Obviously, introducing a supple-
mentary parameter (as in the case of the Sips equation) improves the
quality of mathematical fit of experimental data. However, this addi-
tional parameter has no physico-chemical significance and the equation
should only be used for mathematically predicting sorption capacities.
The superimposition of fitted curves to experimental points on Fig. 5
confirms these conclusions while Figs. S8 and S9 (see Supplementary
Material) show some discrepancies in the fit of the curvature of the
isotherm curve (Langmuir equation) or in the approach of material
saturation (Freundlich).

The maximum sorption capacities can be affected by different
parameters such as their hydrated ionic size and/or their softness.
Indeed, according to the Pearson’s rule (HSAB theory: hard and soft
acid and base theory), hard acids (metal ions) will react preferentially
and faster with hard bases (ligands) and reciprocally soft acids will
readily bind to soft bases [73]. The softness parameters are 0.38, 0.41
and 0.58 for Cu(II), Pb(II) and Cd(II), respectively [74]. There is no
correlation between the softness parameter and the maximum sorption
capacities (qm,exp) nor the affinity coefficient (bL) (Table 2). The size of
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Table 1
Uptake kinetics – Modeling with the PFORE and PSORE.

Metal qeq,exp. (mmol g−1) PFORE PSORE

qeq,1 (mmol g−1) k1 (min−1) Est. Var. × 104 R2 qeq,2 (mmol g−1) k2 (g mmol−1 min−1) Est. Var. × 105 R2

Cu(II) 0.552 0.0.536 0.175 3.22 0.985 0.561 0.492 19.8 0.991
Cd(II) 0.362 0.351 0.205 1.13 0.978 0.365 0.932 8.93 0.990
Pb(II) 0.171 0.168 0.236 0.39 0.980 0.173 2.411 0.16 0.999
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Fig. 5. Sorption isotherms – Modeling with the Sips equation (SD: 1 g L−1; C0:
5–100 mg L−1; pH 4 ± 0.1; agitation time: 90 min, temperature: 25 ± 1 °C).
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hydrated species also strongly impacts the reactivity of metal ions with
given ligands. The ranking of hydrated ionic radius follows the se-
quence: Cu(II) (0.73 Å) < Cd(II) (0.95 Å) < Pb(II) (1.19 Å); this
corresponds to the reciprocal trend in maximum sorption capacities: Cu
(II) (0.758 mmol g−1) > Cd(II) (0.378 mmol g−1) > Pb(II)
(0.358 mmol g−1). Smaller ionic size for metal ion hydrated species
facilitates the steric arrangement of the metal ion in the complex with
amidoxime reactive groups.

The sorption properties of the sorbent for Cu(II), Cd(II) and Pb(II)
were compared to sorption properties obtained with other conventional
sorbents in Table S5 (see Supplementary Material). The table shows
that this sorbent has a lower sorption than some other materials such as
nanofibers [75]. However, compared to activated carbon or even some
other amidoxine-based sorbents, this composite shows good sorption
properties. It is noteworthy that the actual fraction of PAN/amidoxime
compartment in the sorbent is limited to 50%. This means that the ef-
fective sorption capacity of the organic fraction is doubled and nearer
to the levels obtained with some of the best amidoxime-based sorbents.
The interconnected porosity of the zeolite-based material is another
advantage since the uptake kinetics are relatively fast.

3.2.5. Thermodynamic parameters
In order to verify the impact of temperature on sorption perfor-

mance, the sorption capacities were compared at different tempera-
tures, under similar experimental conditions (not shown). Actually, the
sorption capacities slightly increases with the temperature for Cu(II)
and Cd(II) while it decreases for Pb(II): Cu(II) and Cd(II) binding is
endothermic while Pb(II) is exothermic. In order to evaluate the ther-
modynamic parameters the logarithm of the distribution coefficient, Kd

(L g−1), which is calculated as the ratio: Kd = qeq/Ceq, is plotted vs. the
reciprocal of absolute temperature (van’t Hoff equation):

=
−

+lnK H
RT

S
R

Δ Δ
d

0 0

(4)

= −G H T SΔ Δ Δ0 0 0 (5)

where ΔH0 (kJ mol−1) is the enthalpy change, ΔG0 (kJ mol−1) is the
free energy change and ΔS0 (J mol−1 K−1) is the entropy change (R is
the gas constant, 8.314 J mol−1 K−1). Fig. 6 shows very similar ther-
modynamic profiles for Cu(II) and Cd(II) sorption while a reciprocal
trend is observed for Pb(II) sorption. These data are used for calculating
the thermodynamic constants (Table S6, see Supplementary Material).
As expected the constant are very close for Cu(II) and Cd(II) sorption
and completely opposed to those of Pb(II) sorption. The positive values
of ΔH0 confirms that the sorption of Cu(II) and Cd(II) is endothermic
contrary to Pb(II) binding. The positive value of the entropy change
corresponds to an increase in the disorder of the system. This is
sometimes explained by the release of water from hydrated form of the
metal ion during metal binding. On the opposite hand, the negative
value of entropy change for Pb(II) sorption means that the system is
more organized after metal binding. The negative values of the Gibbs
free energy indicate that the equilibrium constants are relatively higher
for Cu(II) and Cd(II) compared with the value for Pb(II). In the case of
Cu(II) and Pb(II) sorption using amidoximated bacterial cellulose, the
enthalpy, the entropy and the Gibbs free energy changes were all

negative [72]. A completely different trend was reported by Metwally
et al. [48] in the case of Ni(II), Pb(II) and Cd(II) using Ce(IV) phos-
phate/PAN functionalized with amidoxime.

3.2.6. Influence of the composition of the solution
The sorption properties may be strongly affected by the composition

of the solution. In order to verify the effect of complex media on the
binding of metal cations, the sorption efficiencies for Cu(II), Cd(II) and
Pb(II) are compared in the presence of increasing concentrations of
NaCl and humic acid (chosen as a simulate of soil extract, present in
many surface waters) (Figs. S10 and S11, see Supplementary Material,
respectively). The presence of sodium chloride increases the ionic
strength of the solution without affecting the efficiency of metal sorp-
tion: Na(I) has poor affinity for amidoxime groups and chloride ions are
not strong ligands for target metal cations. As a consequence, the effect
of NaCl addition is relatively limited. The impact of NaCl ionic strength
would be more important for a process involving ion exchange prop-
erties; this is less marked for this chelation mechanism.

Humic acid (HA) is present in many water bodies as the result of the
extraction of organic materials from soils [76]; it contains numerous
carboxylic, amine, hydroxyl and phenolic groups that can be readily
deprotonated in weakly acid or neutral solutions. Humic acid controls
the redistribution of heavy metal ions between soil and hydrosphere
[77]. Humic acid can bind metal cations by complexation mechanisms
[78]; as a consequence metal ions may be less available for metal
binding by the sorbent. Fig. S11 (see Supplementary Material) confirms
that the presence of low concentrations of humic acid (up to 20 mg HA
L−1) induces a progressive decrease in the sorption efficiency; however,
above a concentration of 30 mg HA L−1, the sorption efficiency slightly
increases. At low metal concentration the soluble complexes formed
between metal cations and humic acid limits the availability of metal
cations, while at higher HA concentration the organic ligand may be
partially bound to the sorbent contributing to additional metal sorption.

Table 2
Sorption isotherms – Modeling with the Langmuir, the Freundlich and the Sips equations.

Metal qm,exp. (mmol g−1) Langmuir Freundlich Sips

qmL,exp. (mmol g−1) bL (L mmol−1) EV
×103

R2 kF n EV
×103

R2 qmS,exp. (mmol g−1) bS (L mmol−1) n EV
×103

R2

Cu(II) 0.758 0.694 56.16 2.9 0.956 0.816 4.20 3.2 0.950 0.856 6.098 1.75 1.3 0.981
Cd(II) 0.378 0.376 91.96 5.3 0.909 0.423 8.18 0.26 0.907 0.423 12.51 1.82 0.19 0.912
Pb(II) 0.358 0.354 186.8 0.98 0.957 0.467 5.40 1.55 0.906 0.405 15.96 1.77 0.32 0.981

ln Kd = -2509.1 1/T + 9.68
R² = 0.975

ln Kd = -2523.1 1/T + 9.62
R² = 0.937

ln Kd = 2842 1/T - 5.32
R² = 0.949
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Fig. 6. Thermodynamics of metal sorption – Effect of temperature (K) on the distribution
coefficient (Kd, L g−1) (SD: 1 g L−1; C0: 40 mg L−1; pH0: 4 for Cu(II) and Cd(II) and pH0: 4
for Pb(II); contact time: 90 min).
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3.2.7. Influence of the sorbent dosage
The sorbent dosage was varied in order to evaluate the impact of

this parameter on the optimal conditions for metal recovery (Fig. S12,
see Supplementary Material). As expected, increasing the sorbent do-
sage, for fixed metal concentrations, increases the sorption efficiencies
and decreases the sorption capacities. Selecting optimal conditions in
terms of sorbent dosage is then controlled by the objective of the pro-
cess. For environmental applications, with the objective of reducing as
much as possible the residual concentration it is necessary increasing
the sorbent dosage. For concentrations as high as 40–50 mg L−1 the
sorption efficiencies tend to level off at a sorbent dosage of 1.6–2 g L−1

with residual concentrations ranging between 0.09 mg L−1 and
0.36 mg L−1. Except for copper (standard limits: 2 mg L−1) these values
are higher than the standards accepted for WHO drinking water stan-
dards (i.e., 0.003 mg Cd L−1 and 0.01 mg Pb L−1) [1] and for EU
drinking water standards (i.e., 0.005 mg Cd L−1 and 0.01 mg Pb L−1)
[79]. This means that the process will not be able to competitively treat
effluents containing so high levels of concentrations: in this case the
process should be considered as a pre-treatment. Lower initial con-
centrations would obviously change the conclusion. It is noteworthy
that Cd(II) recovery is clearly less efficient in terms of environmental
application than for Cu(II) and Pb(II), under selected experimental
conditions.

When the objective of the treatment consists of metal recovery the
target is to concentrate as much as possible the metal through the
sorption/desorption operations and in this case it is better achieving
high sorption capacities and sorbent dosage should be below 1 g L−1.
Under these conditions the sorption capacities are higher than
0.6 mmol Cu g−1, 0.35 mmol Cd g−1 and 0.2 mmol Pb g−1. After metal
desorption (with appropriate selection of volume of eluent compared to
the volume of solution to be treated) the concentration effect may
justify metal valorization.

With initial metal concentrations in the range 40–50 mg L−1 an
intermediary sorbent dosage (close to 1.2 g L−1) offers a good com-
promise in terms of sorption capacity and uptake efficiency.

3.2.8. Metal desorption and sorbent recycling
Several techniques exist for desorbing metal ions from metal-loaded

sorbents, such as: (a) pH change [49,67,80], or (b) reaction with a
strong complexing agent such as ethylenediaminetetraacetic acid [81].
The use of a strong ligand makes more complex the recovery of the
metals from these complex eluates and acidic solutions are generally
preferable. The strong effect of pH on metal binding (Fig. 3) indicates
that acidic solutions may reverse metal binding. Desorption of copper
ions from loaded sorbent was tested using HCl solutions at different
concentrations. Fig. S13a (see Supplementary Material) shows the ki-
netic profiles for desorption of Cu(II) ions from loaded sorbent: as ex-
pected increasing acid concentration improves desorption efficiency
and decreases the time required for the stabilization of desorption yield.
The equilibrium of desorption is reached between 40 and 60 min.
Desorption kinetics is little faster than uptake kinetics; where 90 min
are necessary for reaching the equilibrium (Fig. 4). The minimal con-
centration of HCl for achieving good metal desorption (i.e.; higher than
94%) is 0.5 M; increasing acid concentration above 0.5 M does not
significantly improve metal recovery from the sorbent. Fig. S13b (see
Supplementary Material) illustrates the sorption performance of the
sorbent when re-used after desorption step. An intermediary rinsing
step with demineralized water is intercalated between sorption and
desorption steps. The sorption capacity is compared to the sorption
capacity at initial stage for calculating the regeneration efficiency (RE,
%). The kinetic profiles for the test of regeneration properties are also
influenced by the concentration of HCl. For the samples desorbed with
low HCl concentration solutions, the kinetics is relative slow requiring
60 min of contact; on the opposite hand, for higher HCl concentrations,
40 minutes of contact are generally sufficient. For the samples desorbed
under the most favorable conditions (i.e., 0.5 M and 0.6 M HCl

solutions) the regeneration efficiency was higher than 94%. A con-
centration of HCl close to 0.5 M is selected for further experiments on
other metal ions.

The desorption percentages are 94.2%, 92.2% and 89.2% for Cu(II),
Cd(II) and Pb(II). The next sorption step shows that sorption capacity
remain close to the levels reached at the first step: the regeneration
efficiencies are 93.6%, 89.4% and 88.3% for Cu(II), Cd(II) and Pb(II),
respectively. This slight decrease in sorption performance is consistent
with the progressive decrease in sorption efficiency observed for other
similar sorbents [67,82]. Similar trends were observed under similar
conditions for Cd(II) desorption (Fig. S14, see Supplementary Material)
and for Pb(II) desorption (Fig. S15, see Supplementary Material).

Table 3 reports the sorption and desorption performances for the
recovery of Cu(II), Cd(II) and Pb(II) for 5 successive sorption/deso-
rption cycles. The efficiencies of desorption and regeneration are re-
markably stable. Though a little decrease is observed between the first
and the last cycles, this decrease does not exceed 4–5%, regardless of
the metal ion. These results confirm the possibility to re-use the sorbent
for a minimum of 5 cycles.

3.2.9. Application to the purification of local tap water
In order to evaluate the potential of this sorbent for the recovery of

these heavy metals from real-like effluents and for testing the possibility
to use this material for water purification a tap water delivered by the
local water supply company (Damietta Water Company, Egypt) was
spiked with Cu(II), Cd(II) and Pb(II) at two levels of metal concentra-
tion (i.e., around 3 mg L−1 and around 4–5 mg L−1) (Table 4).

The removal efficiencies range between 80% and 88% with residual
concentrations ranging between 0.3 mg L−1 and 1 mg L−1; this means
that the decrease in metal concentrations is not sufficient for reaching
water drinking standards, except for Cu(II). Higher sorbent dosage
would be necessary for achieving target values. This also means that the
process could probably be used for the treatment of individual water
supply point (for example as a cartridge unit plugged on water entry)
rather than for the treatment of water supply network. The sorption
capacities are relatively low, as expected due to the low level of metal
concentrations.

4. Conclusion

This study clearly shows that the simple preparation of this

Table 3
Sorbent recycling: desorption (DE,%) and regeneration (RE,%) efficiencies for 5 succes-
sive sorption/desorption cycles.

Cycle # Cu(II) Cd(II) Pb(II)

DE (%) RE (%) DE (%) RE (%) DE (%) RE (%)

1 94.9 n.a. 92.9 n.a. 91.9 n.a.
2 93.6 94.1 92.3 91.6 90.8 92.1
3 93.1 92.4 90.1 89.4 90.2 91.3
4 92.1 90.6 91.2 90.6 90.4 90.8
5 90.9 90.1 90.1 90.2 89.8 90.3

n.a.: not applicable

Table 4
Sorption performances for the removal of Cu(II), Cd(II) and Pb(II) from spiked tap water.

Metal ion C0 (mg L−1) Ceq (mg L−1) Removal efficiency (%) q (µmol g−1)

Cu(II) 5.22 0.96 81.6 67.0
2.77 0.33 88.1 38.4

Cd(II) 4.30 0.80 81.4 31.1
3.00 0.60 80.0 21.4

Pb(II) 4.03 0.62 84.6 16.5
3.16 0.46 85.4 13.0
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composite material, produced by coating of polyacrylonitrile (through
polymerization reaction) on Na-Y-zeolite, and further functionalized by
conversion of nitrile groups into amidoxime groups, is performant for
synthesizing an efficient sorbent. FTIR analysis confirms the successful
functionalization of PAN/Na-Y-zeolite. The sorbent effectively binds Cu
(II), Cd(II) and Pb(II) in weakly acidic to neutral solutions (pH higher
than 4). The binding reaction takes place on oxime and amine groups
and is improved by pH increase (due to deprotonation of amine
groups). The uptake kinetics are well described by the pseudo-second
order rate equation while sorption isotherms are fitted by the Sips
equation. Surprisingly, despite similar sorption mechanisms, the ther-
modynamic parameters are substantially different for Cu(II) and Cd(II)
(sorption is endothermic and characterized by positive entropy), and
for Pb(II) (exothermic sorption with negative entropy); no explanation
was found to this thermodynamic “inversion”. The presence of NaCl
does not significantly change sorption performance (in the range
10–60 mg L−1) while humic acid slightly reduces sorption perfor-
mance, due to the complexation of metal ions that are less available for
binding on amidoxime groups of the sorbent. Acidic solutions (0.5 M
HCl) are efficient for metal desorption and sorbent recycling: sorption
and desorption properties remain stable for a minimum of 5 cycles of
sorption/desorption.

This simple-to-prepare sorbent, based on the use of abundant zeolite
support, appears a promising material for the recovery of heavy metal
ions. In the treatment of spiked tap water the process does not achieved
standard levels for drinking water for Cd(II) and Pb(II), requiring higher
sorbent dosages. This means that the sorbent could be used as fixed-bed
cartridge for the purification of individual water supply points rather
than for large scale units for production of drinking water.

Recent advances have shown that multi-functional groups con-
taining complementary vicinal reactive groups such as DETA and
phosphorylated amine groups may improve sorption selectivity, even in
complex media such as seawater [46]. This is part of the strategy that
could be used for improving metal sorption properties of the present
composite material.
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