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Abstract: 

The sorption properties of a functionalized magnetic chitosan sorbent have been investigated 
for the recovery of Ni(II) and Pb(II) from aqueous solutions. This material was prepared by 
one-pot co-precipitation of chitosan with formation of magnetic core, followed by a series of 
grafting step to immobilize hydrazinyl amine derivative at the surface of chitosan layer. The 
physico-chemical characteristics of this composite material were investigated using FTIR, 
XRD, thermogravimetric, titration, elemental analyses. In a second step, the sorbent was 
tested for heavy metal sorption on synthetic solutions through the study of pH effect, sorption 
isotherms and uptake kinetics, selective sorption (in function of pH), metal desorption and 
sorbent recycling. Sorption isotherms were modeled using the Sips equation while the uptake 
kinetics was fitted by the pseudo-second order rate equation. The sorption capacity reached 
4.3 mmol Ni g-1 and 2.5 mmol Pb g-1 but the sorbent was more selective to Pb(II) over Ni(II), 
especially in acidic conditions. The decrease in sorption capacity at the fifth cycle does not 
exceed 8 %. In the final step of the study, the sorbents were successfully applied for metal 
recovery from multi-metal synthetic solution and from a contaminated stormwater collected in 
a local mining area.  

Keywords: chitosan derivative; sorption isotherms; uptake kinetics; sorbent recycling; nickel; 
lead; wastewater treatment. 
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1. Introduction

The mining activity is generating direct (effluents from ore processing) and indirect 

contamination of soils and water bodies in large surrounding area due to metal mobility via 

leaching (by infiltration of rain water through mine tailing), flying dust, etc. The potential 

impact of metal ions on human health and biotope communities has driven strong 

reinforcement of national and international regulations concerning wastewater discharge into 

the environment. The necessity to recycle water streams is also of critical importance in many 

countries, due to increasing demand and limited resources. The removal of toxic metals is 

thus a challenge for Nature protection but also, in many cases, the study of the impact on 

impact should be measured before authorizing implantation of new industrial activities. The 

recovery of valuable resources, such as critical or strategic metals, is also contributing to 

justify active studies and applications of hydrometallurgy in a world requesting greener 

production, improving circular economy. Metal recovery is thus a critical topic that motivated 

strong developments for the last decades through manufacturing new materials and designing 

new processes. 

Depending on the composition of these effluents, including pH, metal concentrations, 

presence of competitor ions, etc., different methods can be applied. For high metal 

concentrations (such as leachates produced during ore treatment) the most competitive 

processes consist of precipitation [1, 2] and solvent extraction [3-5]. However, they are 

weakly selective (for precipitation) or expensive with potential environmental impact 

(extractant and solvent loss for solvent extraction processes) when the concentration of 

valuable metals decreases. Alternative processes are thus more appropriate for dilute 

effluents. Sorption processes are generally preferred when metal concentration does not 

exceed 100-150 mg L-1. At higher concentrations the expected concentrating effect of 

sorption/desorption may be too low to be competitive against other processes such as solvent 
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extraction (especially for valuable metals) or precipitation (for hazardous metals). Many ion-

exchange and chelating resins have been designed for hydrometallurgy and analytical 

applications [6-9]. Alternatively solvent impregnated resins can be used for metal recovery 

combining the high stability of porous synthetic resin and the extraction properties of solvent 

extractants [10, 11]. The major criteria used for designing resins consist of high density of 

reactive groups (coupled with hydrophilic behavior), good diffusion properties (for fast 

kinetics associated to the small size of particles and high porosity of polymer or inorganic 

support), and fine hydrodynamic properties (for applications in fixed-bed columns: shape size 

homogeneity, etc.). Despite the strong development of resin industry, there is still a need to 

develop more competitive materials for the treatment of much diluted effluents. This 

challenge may explain the intense research carried out for the last decades on the development 

of biosorption processes [12-14]. These materials issued from agriculture [15] or fisheries 

[16] by-products make profit of surface reactive groups that are similar to those present on 

synthetic resins; obtained from renewable resources they can be considered, in some cases, as 

a valorization of waste products. 

Chitosan is an emblematic example of biosorbents that retained a great attention for metal 

sorption since the 70’s [17-20]. This aminopolysaccharide is obtained by deacetylation of 

chitin (present in the exoskeleton of arthropods and the cell wall of fungi). The biopolymer 

being soluble in most acid solutions (except sulfuric acid media) must be cross-linked for 

increasing its chemical stability in a wide range of pH values. The presence of primary amine 

groups may explain its strong affinity for cation binding in near neutral pH, while the 

protonation of amine functions brings the possibility to bind metal anions in acidic solutions. 

One of the main drawbacks of chitosan is the poor porosity of the polymer that induces slow 

mass transfer properties and slow kinetics. This drawback can be overcome by: (a) 

conditioning the biopolymer under the form of hydrogel beads (decrease in crystallinity and 
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expansion of the polymer network) providing the control of drying conditions (or the use of 

wet hydrogel) [21], (b) decreasing the size of the sorbent particles (at the expense of 

difficulties in solid/liquid separation, or head loss when used in fixed-bed columns). Small 

particles can be also used while preparing composite magnetic chitosan particles [22]. This 

method allows a simple solid/liquid phase separation at the end of the sorption process, in 

addition to the fast transfer properties associated to the thin polymer coating layer deposited at 

the surface of magnetite particles. 

The magnetic chitosan particles can be obtained by coating the biopolymer on magnetite 

micro- or nano-particles or alternatively by simultaneous co-precipitation of chitosan and in 

situ production of magnetite particles (by pH-controlled hydrothermal precipitation of iron(II) 

and iron(III) precursors). This is this one-pot synthesis procedure that was selected for 

preparing the composite magnetic chitosan material used in the present work [23]. In order to 

improve sorption properties many different reactive groups have been used for decorating the 

biopolymer including EDTA and analogues [24], amino-acids [25], amidoxime [26, 27], 

aminophosphonate [28], sulfur compound [29], etc. In a previous work a magnetic sorbent 

was prepared by functionalization of chitosan magnetic particles [30]: a hydrazide derivative 

was immobilized on glycine-ester functionalities and the sorbent was successfully tested for 

the sorption of uranyl, copper and zinc ions from synthetic pure or binary solutions; the 

present work use this sorbent for investigating the recovery of Ni(II) and Pb(II) before testing 

the treatment of synthetic complex solution and real contaminated effluent. 

2. Materials & Methods

2.1. Materials & synthesis of sorbent 

Nickel chloride, lead chloride (source for Ni(II), and Pb(II) respectively) were obtained from 

Sigma-Aldrich. Stock metal solutions were prepared by salt dissolving in Milli-Q water at the 
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concentration of 1 g L-1. Chitosan (deacetylation degree: 90.5 %) was supplied by Sigma-

Aldrich (Taufkirchen, Germany). The biopolymer was used as received, without purification. 

Absolute ethanol and epichlorohydrin were obtained from Fluka AG (Switzerland). Other 

reagents were supplied by Prolabo (VWR, France). 

2.2. Synthesis procedure 

(a) Preparation of magnetic chitosan micro-particles (MG-CH) 

The magnetite was prepared by the hydrothermal co-precipitation method, the so-called 

Massart method [31]. Four grams of chitosan powder were dissolved in 200 mL of (20 %, 

w/w) acetic acid solution, 6.62 g of FeSO4∙7H2O and 8.68 g of FeCl3 were then added to the 

biopolymer solution. The mixture was precipitated at 40 °C by addition of 2 M NaOH 

solution under constant stirring till pH 10-10.4; then the suspension was maintained under 

continuous agitation for 1 h at 90 °C. The material was washed several times using 

demineralized water after being collected by decantation and magnetic separation.  

(b) Crosslinking of chitosan with epichlorohydrin 

MG-CH particles were mixed with alkaline 0.01 M epichlorohydrin solution (in 0.067 M 

NaOH, corresponding to pH 10) and maintained under agitation for 2 h at 40-50 °C. 

Unreacted epichlorohydrin was removed by several washing steps after magnetic collection of 

crosslinked material 

(c) Insertion of epichlorohydrin reactive spacer arms (EPI-MG-CH) 

Crosslinked MG-CH (wet) was reacted for 3 hours with 15 mL epichlorohydrin in 1:1 

ethanol/water solution (150 mL). The activated material (EPI-MG-CH) was obtained after 

ethanol washing (3 times) and Milli-Q water washing and freeze-drying (after decantation and 

magnetic separation) (-54 °C, 0.1 mPa). 

(d) Insertion of nitrile reactive groups (CN-MG-CH) [26] 
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An amount of 9.9 g of malononitrile was dissolved in 60 mL of dried DMF 

(dimethylformamide) before being reacted with 3.4 g of sodium hydride at 60 ± 4 °C for 1 h. 

After cooling at room temperature, dried EPI-MG-CH micro-particles were dispersed in the 

reactive media under heating (at 80 ± 4 °C) for 6 h. The material was recovered by 

decantation and magnetic separation, abundantly rinsed with DMF and finally with Milli-Q 

water to obtain CN-MG-CH. 

(e) Hydrazinyl amine derivative of CE-MG-CH (HA-MG-CH) 

Hydrazine hydrate (10.9 g) was dissolved in 30 mL of absolute ethanol before adding CN-

MG-CH material; the mixture was maintained under constant stirring for 6 h at 75 ± 2 °C. The 

sorbent was obtained after decantation and magnetic separation, ethanol washing, Milli-Q 

water washing and freeze-drying for 24 h (-54 °C, 0.1 mPa) [32, 33], the scheme for sorbent 

synthesis is shown in Figure 1. 

2.3. Sorbent characterization 

Different physico-chemical techniques have been used for the characterization of structure 

and chemical composition of the sorbent [30]. An automatic element analyzer (CHNOS Vario 

EL III elemental analyzer, Elementar Analysensysteme GmbH, Sonaustraβe, Germany) was 

used for characterizing the chemical composition of the materials. FTIR spectra were 

collected using a FTIR-ATR spectrometer (Bruker VERTEX 70 spectrometer, Bruker Optik 

GmbH, Ettlingen, Germany). Acid-base titration was used for evaluating the content of amine 

groups in the polymer: the sorbent (100 mg) dispersed in 50 mL (0.05 M HCl solution) 

overnight was titrated using 0.05 M NaOH solution; the amount of amino groups was 

quantified by the back-titration of residual HCl concentration. The pHPZC was obtained using 

the pH-drift method: 100 mg of sorbent was dropped into 50 mL of a 0.1 M NaCl at different 

initial pH values (pH0 in the range 1-11); the equilibrium pH (pHeq) was monitored after 48 h 
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of contact using a Cyber Scan pH 6000, Eutech Instruments Pte, Ltd., Nijkerk, Netherlands. 

The pHPZC value corresponds to the condition: pH0 = pHeq [34]. The thermogravimetric 

analysis of the sorbent was carried out under N2 atmosphere conditions (in platinum cell). 

Analysis was performed using a TGA-50/DTA-50/DTG-50 Shimadzu thermogravimetric 

analyzer (Shimadzu Scientific Instruments, Kyoto, Japan). The temperature ramp was set at 

10 °C min-1. Magnetite content was confirmed by weight loss at 650 °C (elimination of 

organic material). Morphological studies were performed by scanning electron microscopy 

(Quanta FEG 200, FEI France, Thermo Fisher Scientific, Mérignac, France) while element 

analysis was obtained using an Oxford Inca 350 EDX microanalyzer (connected to SEM, 

Oxford Instruments France, Saclay, France). XRD analysis was performed using a Philips PW 

3710/31 diffractometer, equipped with a scintillation counter, a Cr-target tube and a Ni filter; 

analyses were performed under the following conditions: 40 kV and 30 mA. The spectrum 

was compared with the PDF-2 database for mineral identification. 

XPS spectra were collected on an ESCALAB 250XI+ instrument (Thermo Fischer Scientific, 

Inc., Waltham, MA, USA) with monochromatic X-ray Al Kα radiation (1486.6 eV) and the 

following operating parameters:  spot size: 500 µm; absolute resolved energy interval 

calibrated with Ag3d5/2 line (0.45 eV) and C1s line (0.82 eV); sample-preparation pressure 10-

8 mbar; full-spectrum pass energy 50 eV and narrow-spectrum pass energy 20 eV.  

2.4. Sorption and desorption tests 

Sorption experiments were carried out in batch systems. Working solutions were prepared by 

dilution of the stock solution with demineralized water and the pH of metal solutions was 

controlled with 0.1 M/1 M HCl or 0.1 M/1 M NaOH solutions. Metal concentration was 

systematically analyzed by inductively coupled plasma atomic emission spectrometry (ICP-

AES, Horiba – Jobin Yvon Activa M, Longjumeau, France). 
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Sorption tests were performed by mixing a fixed amount of sorbent (m, g) with a fixed 

volume (V, L) of metal ion solution (at initial concentration, C0, mmol L-1) at controlled pH 

and a rotation speed of 150 rpm. The pH was not controlled but was monitored at the end of 

the sorption test for verifying that precipitation does not occur during metal sorption. Metal 

sorption capacity was calculated using the mass balance equation, q (mmol g-1) = (C0-

Ceq)×V/m; where Ceq is the residual metal concentration.  

Uptake kinetics were performed by contact of a fixed amount of HA-MG-CH sorbent with 1 

L of solution containing either Ni(II) (120 mg Ni L-1) or Pb(II) (150 mg Pb L-1) at pH0: 5; the 

sorbent dosage(SD) was set to 250 mg L-1 and 200 mg L-1 for Ni(II) and Pb(II) experiments, 

respectively. Samples were collected at fixed times, filtrated and analyzed for plotting the 

kinetic profiles. For sorption isotherms the initial metal concentration varied in the range 5-

300 and 5-500 mg L-1 for Ni(II) and Pb(II), respectively (with SD of 170 mg L-1 and 140 mg 

L-1, respectively). High concentration levels were used for evaluating maximum sorption 

capacities; though they do not correspond to concentration ranges where metal sorption is 

really competitive. Sorption tests in binary solutions were carried out, at different initial pH 

values (between 1 and 5) using the same experimental procedures with an equimolar metal 

concentration (i.e., 0.5 mmol L-1) and a sorbent dosage close to 400 mg L-1. Metal desorption 

was performed using 0.5 M HCl solution. Contact time for metal sorption was set to 24 h with 

fixed SD (i.e., 0.344 mg L-1 for Ni(II) and 0.364 mg L-1 for Pb(II)), metal concentration being 

set at 196 mg Ni(II) L-1 and 129 mg Pb L-1 (with pH0: 5). For desorption steps, the contact 

time was decreased to 2 h; the SD was 1.7 g L-1. A washing step was operated between each 

sorption and desorption steps. 

2.5. Modeling of sorption processes 
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Uptake kinetics may be controlled by several diffusion mechanisms, including resistances to 

bulk, film and intraparticle diffusions, and by the proper reaction rate. Designing micron-sized 

particles allows reducing the contribution of the resistance to intraparticle diffusion. The 

Weber and Morris equation (q(t)=f(t0.5)) is frequently used as a simplified approach for the 

modeling of resistance to intraparticle diffusion [35]: the linearization of the plot is associated 

to a control of sorption kinetics by the resistance to intraparticle diffusion; the shift of the 

ordinate intercept accounts with the contribution of resistance to film diffusion while the co-

existence of different linear section is explained by the presence of pores of different sizes in 

the core of the sorbent. Maintaining a sufficient agitation speed allows reducing the effect of 

resistance to bulk diffusion (avoiding particle settling) and film diffusion (limiting the 

thickness of the film). The proper reaction rate is frequently described by the PFORE 

(pseudo-first order rate equation, [36]) and the PSORE (pseudo-second order rate equation, 

[37]). Though these equations have been initially developed for modeling homogeneous 

reactions, they have been extended to the description of kinetics in heterogeneous systems; 

under these conditions, the rate coefficient should be considered as an apparent constant that 

intrinsically integrate the relative contribution of diffusion resistances. The relevant equations 

describing these models are reported in the Additional Material Section (Table AM1). 

Sorption isotherms plot the sorption capacity as a function of residual metal concentration; 

this represents the distribution of solute (i.e., metal ions) between liquid and solid phases at 

equilibrium and fixed temperature and pH for different initial metal concentrations. The 

sorption isotherms are commonly described by three equations: the mechanistic Langmuir 

equation [38, 39], the empiric Freundlich equation [40] and the combined Sips equation 

(associating Langmuir and Freundlich systems) [41]. These well-known equations are 

reported in the Additional Material Section (Table AM2).  
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The selectivity coefficients (αPb/Ni and αNi/Pb) calculated by the ratio of distribution 

coefficients αPb/Ni = Kd(Pb)/Kd(Ni) (and reciprocal), where Kd is calculated as the ratio of 

sorption capacity at equilibrium to residual metal concentration (Kd=qeq/Ceq, L g-1). The 

selectivity coefficients were determined at different pH values by contact of HA-MG-CH with 

0.65 mmol L-1 equimolar solutions of Pb(II) and Ni(II) (SD: 0.4 g L-1) for 48 h, at room 

temperature. The final pH was monitored and the residual metal concentrations were 

determined by ICP-AES; the selectivity coefficients were plotted as a function of equilibrium 

pH. 

The parameters of the different equations were determined by non-linear regression analysis 

using the Mathematica® software (Wolfram France, Paris, France). The estimated variance 

was calculated together with the determination coefficient (i.e., R2) for evaluating the 

accuracy of experimental fits. 

2.6. Tests on complex multi-metal sample and real contaminated stream 

A multi-metal solution with an equimolar concentration (i.e., 0.2 mmol L-1) of Al(III), Cd(II), 

Cu(II), Ni(II), Pb(II) and Cr(VI) was used for testing HA-MG-CH sorption. The initial pH 

was set to 5; the sorbent dosage was 2.5 g L-1. The residual metal concentrations were 

measured after 30 min and 60 min of contact; sorption capacities and distribution coefficients 

were calculated. The equilibrium pH slightly decreased to 4.78.  

Another multi-metal solution was collected in the Ataka area (Suez zone), after flooding in 

December 2017. The pH of the sample was 6.33. Sorption tests were performed at two SD 

values (i.e., 0.25 and 0.5 g L-1) and samples were collected, filtrated and analyzed at different 

contact times (i.e., 0.5, 1, 2, 3, 4, and 5 h). Sorption efficiencies, sorption capacities and 

distribution coefficients were determined for the six metal ions (see above) and the residual 

concentrations were compared to MCLs (maximum concentration levels) [42]. 
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3. Results and Discussion

3.1. Sorbent characterization 

3.1.1. Morphological characterization – SEM & SEM-EDX analysis 

Figure AM1 (see Additional Material Section) shows the morphology of sorbent particles 

before and after metal desorption. The size of sorbent particles ranges between 20 and 60 µm 

for the majority of sorbent particles; though some smallest objects (micrometric size) can be 

observed. The surface is irregular and not affected by the treatment (sorption/desorption) 

applied to the material. The aspect is similar to superimposition of platelets/slabs with small 

aggregates probably caused to the agglomeration of particles during the co-precipitation of 

chitosan simultaneously to the synthesis of magnetite (one-pot hydrothermal precipitation of 

iron(II) and iron(III) precursors in the presence of chitosan). These irregular surfaces 

contribute to give a relatively large external surface to the material. Figure 2 shows the SEM-

EDX surface analysis of the same samples. The presence of iron is directly correlated to the 

magnetite core; the sorption of Pb(II) and Ni(II) in relevant samples is demonstrated by the 

appearance of specific peaks. After metal desorption the peaks assigned to Pb(II) and Ni(II) 

disappear while a new peak appears (corresponding to Cl element): HCl solutions are used for 

metal desorption and chloride ions bind to protonated reactive groups (N-donor groups). 

Though the specific surface area (SSA) of this specific sorbent was not determined, similar 

magnetite/chitosan composite have been characterized with SSA close to 12 ± 2 m2 g-1. 

3.1.2. XRD analysis 

XRD analysis was performed on both CN-MG-CH and HA-MG-CH sorbents; Figure AM2 

(see Additional Material Section) show poorly resolved patterns. The coating of magnetite 

with the layer of chitosan (about 61 % of total weight as demonstrated by calcination tests) 

contributes to the loss of resolution compared to the XRD patterns of pure magnetite. Similar 
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results were observed with amidoxime-functionalized chitosan [26]; the covering of magnetite 

surface with a thin layer of organic coating strongly reduces the apparent crystallinity of the 

composite material. Table AM3 (see Additional Material Section) reports the assignments of 

the peaks on the XRD patterns for these two materials and their comparison with the reference 

magnetite material (Fe3O4, magnetite mineral phase).  

3.1.3. Thermogravimetric analysis – Weight loss 

The thermogravimetric analysis of the sorbent is characterized by three steps (Figure AM3, 

see Additional Materials Section) [30, 43, 44]: 

(a) from 25.66 °C to 205.5 °C, the sorbent lost about 10.0 %; this fraction corresponds to the 

amount water sorbed on the material. 

(b) from 205.5 °C to 300.8 °C, the weight loss reached 28.2 % (total cumulated loss: 38.2 %); 

this loss may be attributed to different causes such as the dehydration of the saccharide ring, 

the partial degradation of the chitosan backbone (organic skeleton of the coating layer), but 

also to the degradation of amine compounds and relevant functional groups. 

(c) from 300.8°C to 801.8 °C, weight variation was  23.3 %; this could be assigned to the 

thermal degradation of the residual organic fraction but also (to a lesser extent) to the phase 

change of magnetite core. 

Above 800 °C, the total weight loss reached about 61.6 %; this is slightly higher than the 

weight loss obtained using the calcination method at 650 °C (i.e., 59.7 %). This difference can 

be explained by the higher temperature (which affects the phase transition of magnetite core) 

and by the aerobic conditions vs. anaerobic conditions for thermal degradation. 

3.1.4. Elemental analysis 

Elemental analysis was performed at the different stages of the synthesis in order to evaluate 

the mass percentage of C, H and N elements. In the chitosan-coated magnetite the initial mass 
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fractions were 15.5 %, 2.9 % and 1.82 % (i.e., 1.30 mmol N g-1), respectively. After nitrilation 

the composition changed to 22.9 %, 3.65 % and 6.9 % (i.e., 4.93 mmol N g-1), respectively. 

The variation of nitrogen content (i.e., 3.79 times) exceeds the stoichiometric ratio deduced 

from expected reaction (i.e., 3 times, Figure 1). This means that the nitrilation is very efficient 

under selected experimental conditions. The next step in the synthesis consists in the 

formation of hydrazinyl amine (conversion of nitrile groups,-CN, into -C(NH)NHNH2). The 

percentages of C, H and N elements changed to: 21.7 %, 7.3 % and 14.4 %, respectively. 

Nitrogen molar content reached 10.29 mmol N g-1; this is close to 2.1 times the nitrogen 

content in the intermediary compound. Based on the expected structure of HA-MG-CH, the 

addition of amine groups in the nitrile intermediary compounds should be close to 3.63 mmol 

N g-1; assuming a total substitution of nitrile groups with hydrazinyl amine groups would lead 

to N content close to 12.19 mmol N g-1 (i.e., 1.30 + (3*3.63) mmol N g-1). Substitution is not 

complete on nitrile groups: actually the comparison of nitrogen molar contents shows that 

substitution yield reached 83 % (i.e., 10.29-1.3=8.99 mmol N g-1 compared to 3*3.63=10.89 

mmol N g-1). The increase (7.9 times) in nitrogen content between the chitosan/magnetite 

composite (1.3 mmol N g-1) and HA-MG-CH (10.29 mmol g-1) is higher than expected from 

theoretical formula (i.e., 7 times). Acid-base titration of the sorbent led to an amino content 

close to 10.89 mmol N g-1; a little higher than the elemental analysis but of the same order.  

3.1.5. FTIR analysis 

FT-IR spectrometry was used for characterizing the successive modifications of the material 

during sorbent synthesis (Figure 3) but also to identify the reactive groups involved in metal 

sorption (comparison of FT-IR spectra before and after metal sorption) (Figure 4). Spectra are 

focused on the most representative sections of spectra (full spectra are appearing as Figures 

AM4-5 in Additional Material Section). The assignments of the peaks that are the most 

representative of chemical modifications are summarized in Table AM3 (see Additional 
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Material Section). More specifically, chitosan can be identified through OH (around 3300 cm-

1; overlapped with NH stretching vibrations), NH (at 1649 cm-1and 1578 cm-1) and C-O (at 

1419 cm-1 and 1378 cm-1, from residual acetylated moieties of chitin) stretching and bending 

bands. The grafting of spacing arms is characterized by the formation of C-Cl (methylene 

chloride: CH2Cl) with a broad band in the range 630-700 cm-1 (and small additional peak at 

687 cm-1). The width of this band strongly decreases after hydrazinyl amine grafting; this is a 

confirmation of the immobilization of new reactive groups on the spacer arms of the modified 

magnetic/chitosan composite.  The grafting of malononitrile moieties on CN-MG-CH 

intermediary compound is also confirmed by the appearance of nitrile groups at 2360 cm-1 

(C≡N stretching, reported at 2240-2244 cm-1 in the case of amidoximation of 

poly(acrylonitrile-co-acrylic acid) [45] or cellulose [46]). After amidoximation (reaction with 

hydrazine hydrate) the intensity of the nitrile stretching band strongly decreased indicating the 

high efficiency of material conversion; similar observations were reported in the case of 

amidoximated PET derivatives (polyethylene terephthalate functionalized with 

diaminomaleodinitrile) [47]. The intensity of amine groups was also increased after 

amidoximation (appearance of new primary and secondary amine groups): the broad band in 

the range 1630-1550 cm-1 confirms this conclusion (compared to CN-MG-CH). 

Figure 4 shows the FTIR spectra around 1600 cm-1 (representative of amine groups under 

different environments) for HA-MG-CH before metal sorption, after Pb(II) and Ni(II) 

sorption and after metal desorption. Indeed, the peak is relatively large corresponding 

probably to the convolution of different signals associated to the different type of nitrogen-

based compounds (primary and secondary amines, imines, etc.) present on the material. The 

shift of the peak with sorbent modification is then difficult to measure: the differences are not 

enough marked. Actually the main difference consisted of the enlargement of the full width 

half maximum (FWHM). While for raw sorbent the FWHM corresponded to about 129 cm-1, 
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it increased to 151 cm-1 for Sorbent+Ni(II), 177 cm-1 for Sorbent+Pb(II). After metal 

desorption the FWHM slightly decreased to 146 cm-1 (compared to metal-bound materials) 

but not enough to return to the initial value. This can be explained by the interactions of the 

nitrogen-based compounds (mainly amine groups) with metal ions. The modification of the 

environment of amine groups leads to the enlargement of the convoluted bands. The chemical 

modification is irreversible; the desorption of metal ions made partially free the amine groups 

but the acid solutions contributes to the change in the width of the convoluted amine band.  

3.1.6. Titration analysis – pHPZC 

Figure AM6 (see Additional Material Section) shows the titration curve for the determination 

of the pHPZC (pH-drift method). The maximum pH variation is reached at pH0=4 (i.e., 

ΔpH=2.3). The ΔpH is equalized to 0 for pHPZC=7.87. This means that in the whole pH range 

used for the study of Pb(II) and Ni(II) sorption, the surface of the sorbent is positively 

charged. This positive charge is attractive for anion binding; however, in the case of metal 

cations protonated N-based reactive groups may have repulsive effect for cation binding. 

Obviously, as the pH increases the repulsive effect becomes progressively negligible. The 

presence of two primary amine groups and one secondary amine group on the hydrazinyl 

moiety confers to the sorbent basic properties. Williams [48] reported the pKa values of a 

series of hydrazine derivatives: their pKa values (for N-based groups) stand between 6.3 and 

8.1, depending on the type of substituent. This is consistent with the pHPZC obtained by 

titration. 

3.1.7. XPS characterization of sorbent-metal interaction 

The XPS characterization of the interactions between the sorbent and Pb(II) and Ni(II) 

sorption is discussed in detail in the Additional Material Section (see Figure AM7, Tables AM 

and AM6 and relevant comments). The analysis of the XPS in the area representative of C-
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based reactive groups shows a great diversity of bands and chemical environments (Table 

AM5, see Additional Material Section). Table AM6 reports the assignments of the relevant 

binding energies: (a) 284.04 eV for C-C or C-H; (b) 285.67 eV,  mainly assigned to C-NH 

and C-NH2 chemical bonds; (c) 287.46 eV for C(-O, =N), and (d) 287.9 eV for O-C-O at 

287.9 eV [49-52]. Though the change in the chemical environment due to metal binding could 

shift these specific binding energies, the sorption of Pb(II) and Pb(II) hardly affect the XPS 

spectra around C element: the binding of metal ions is mainly located on other reactive 

groups; including (mainly) N-based reactive functions and (to a lesser extent) O-based 

functions.  

Tables AM5 and AM6 (see Additional Material Section) show the peak around 532.7 eV, 

which is assigned to C-O, O-H or bound water. Oxygen element is also appearing in the 

sorbent under the inorganic form (due to magnetite core): the peak at 530.0 eV is attributed to 

lattice oxygen in Fe3O4,; it is similar to the value of the binding energy for macro-scaled 

crystallite of  magnetite, while the peak found at 529.5 is assigned to Fe2O3 [53-57]. In the 

case of metal-loaded sorbent, new O-based peaks correspond to the binding energies of -O-Ni 

and -O-Pb at 631.58 eV and 530.39 eV, respectively. The O1s binding energies representative 

of iron oxide and C-O, OH groups are hardly affected by metal sorption. This means that the 

O-based reactive groups on the sorbent are poorly contributing to metal binding. 

The spectrum of N1s band for the sorbent shows three peaks (Tables AM5 and AM6; 

Additional Material Section): at 397.7 eV (assigned to NH-NH2 or =NH-N- bonds, in the 

hydrazinyl amine derivative), at 399.3 eV (assigned to C–N or NH2 chemical bonds), and at 

400.0 eV (associated to amine groups in the ammonium form, NH3
+) [58, 59]. The sorption of 

metal ions affects the environment of amine groups whose binding energies are slightly 

shifted toward For loaded sorbent these peaks appeared at 397.75 eV, 399.34 eV and 400.34 

eV, respectively; for Ni(II). In the case of Pb(II) the BEs were are shifted to while for Pb, it 
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assigned at 398.12 eV, 400.21 eV, and 400.7 eV, 398.12 eV, respectively. It is noteworthy 

that a new peak (assigned to amine metal bonding) is appearing at 398.49 eV for Ni(II) 

sorption, and 398.88 eV for Pb(II) sorption. 

The XPS analysis of the Fe 2p core level shows that the metal may appear under different 

oxidation states [60, 61]. Main differences between different iron oxides are located in the 

region around 720 eV where the satellite peak associated to the Fe2p3/2 band is appearing and 

in the region around 707 eV where differences between Fe(II) and Fe(III) can be identified 

[62].  The Fe 2p XPS spectrum is shown in Tables AM5 and AM6 and on Figure AM7 (sees 

Additional Material Section). Iron is identified under two oxidation states: Fe2+ is present 

under octahedral form while Fe3+ is found under both octahedral and tetrahedral sites [57].  

After metal sorption, the 4f peak for lead and 2p peaks for nickel are clearly identified [63]. 

High resolution XPS spectra of sorbent before and after metal sorption reveal the bonding of 

metal ions through N reactive groups on the hydrazinyl amine and O reactive groups either 

present on the epichlorohydrin spacer arm or on the chitosan moieties. This may explain the 

high efficiency of this sorbent for metal binding, especially under slightly acidic solution.  

3.2. Sorption properties 

3.2.1. Effect of pH on metal sorption – Interpretation of sorption mechanisms 

The pH has a strong impact on metal sorption properties due to different effects associated to 

metal speciation (hydrolyzed species, for example) and to the physico-chemical 

characteristics of sorbent surface (protonation/deprotonation of functional groups).  Figure 2a 

shows the effect of equilibrium pH on Pb(II) and Ni(II) sorption using HA-MG-CH sorbent. 

The two metal ions have a similar behavior: the pH-profiles of sorption capacities are almost 

overlapped. Below pH 3, the sorption capacities remain in the range 0.15-0.25 mmol g-1 for 

both Pb(II) and Ni(II). Under these conditions, far below the pHPZC (i.e., 7.87), the sorbent is 
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protonated. The strong protonation of amine functions is supposed to limit sorption 

performance: the protonated groups repulse metal cations. However, the results show that a 

non-negligible sorption occurs; this is probably due to the binding of neutral metal species 

(under the form of sulfate complexes)..With the pH increase the protonation of amine groups 

progressively decreases and the sorption of both Pb(II) and Ni(II) increases almost linearly up 

to pH 6 where the sorption tends to stabilize. Metal ions are bound by chelation to amine 

groups. In the case of lead, hydrolysis phenomena may affect the solubility of the metal above 

5.5 (depending on metal concentration); this phenomenon is less marked for Ni(II). For 

limiting the risk to attribute sorption performance to precipitation the pH value for further 

studies was set at 5. This is especially important because the sorption is followed by a pH 

increase, which is illustrated by Figure 2b. The profiles for Pb(II) and Ni-(II) are very close in 

terms of pH changes: (a) at pH 1, the pH changes are relatively limited (below 0.2 pH unit), 

(b) in the range pH 2-5, the pH increases during metal sorption by 0.5-0.8 unit, and (c) at pH 

above 6 the pH tends to stabilize close to the initial pH value. The pH variations are much less 

marked than the pH values observed during the study of pHPZC (Figure AM6, see Additional 

Material Section), where the pH variation could reach up to 2.2 units. The binding of metal 

cations reduces the binding of protons on amine groups;the potential to protonate amine 

groups is decreased and then the pH variation is minimized. 

Figure AM8a (see Additional Material Section) shows the sorption efficiency as a function of 

equilibrium pH: the sorption efficiency remained below 80 %, this means that experimental 

conditions have been appropriately selected for clearly illustrating the limiting effect of pH on 

the complete pH range. Figure AM8b shows the log-plots of distribution coefficient vs 

equilibrium pH. The distribution coefficient represents the ratio of sorption capacity to 

equilibrium metal concentration (Kd=qeq/Ceq, L g-1). The slope of the linearized curves are 

close to 0.3 (i.e., 0.33 for Pb(II) and 0.27 for Ni(II)). In the case of systems driven by ion-
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exchange mechanisms this is frequently associated to the number of protons that are 

exchanged with metal ions. This is not the case here, at least in this pH range. 

3.2.2. Uptake kinetics – controlling steps 

The uptake kinetics are reported in Figure 3. Under selected experimental conditions a contact 

time of 15 min is sufficient for reaching the equilibrium for Pb(II); Ni(II) binding is little 

slower since the equilibrium is achieved within 40 min. The sorption is decomposed in two 

phases; (a) the initial step lasts for 5-8 min and represents the instantaneous sorption on 

external reactive sites (about 90 % of total sorption for Pb(II) and 50 % for Ni(II)), and (b) the 

second step that is associated to sorption on internal reactive groups (within the modified 

chitosan layers that are deposited at the surface of magnetite core). The contribution of this 

second step is negligible for Pb(II) but counts for 50 % in the case of Ni(II). This is confirmed 

by the fractional approach to equilibrium (q(t)/qeq) when plotted as a function of contact time 

(Figure AM9a, see Additional Material Section). 

The kinetic profiles are modeled using the PFORE (Figure 3a) and the PSORE (Figure 3b) 

using the parameters summarized in Table 1. Both the PFORE and the PSORE give relatively 

good fit of experimental profiles. However, the application of the PFORE  gives a little better 

correlation (based on estimated variance (EV) and R2 values); in addition, the comparison of 

calculated and experimental values for the equilibrium sorption capacities demonstrates that 

PSORE overestimated the equilibrium sorption capacities, while the PFORE perfectly fitted 

these experimental values for both  Pb(II) and Ni(II). Simonin [64] commented on the 

statistical effect of experimental point distribution on the accuracy of kinetic modeling and 

more specifically the appropriateness of model selection in the fit of experimental data. He 

observed that using points close to the equilibrium forces the modeling to the PSORE against 

PFORE. The sorption capacities at equilibrium reach 3.88 mmol Ni g-1 and 2.20 mmol Pb g-1 
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(under selected experimental conditions). The apparent kinetic coefficient is about 4 times 

higher for Pb(II) compared to Ni(II) (i.e., 36.2 × 10-2 min-1 vs. 8.91 × 10-2 min-1). This is 

consistent with the comparison of kinetic profiles and times required for reaching the 

equilibrium. The comparison of the ionic radii for Pb(II) and Ni(II) (under their hexa-hydrated 

forms) (i.e., 1.19-1.2 Ǻ and 0.69-.715 Ǻ, respectively, [65]) is not consistent with the fastest 

kinetics of Pb(II) sorption. This could be explained by the limitation of sorption to the 

external layers of the sorbent. On the opposite hand, Marcus [66] reported the diffusivities of 

metal ions in water: 5.67 × 10-8 m2 min-1 and 3.97 × 10-8 m2 min-1 for Pb(II) and Ni(II), 

respectively. Despite a higher hydrated ionic radius, lead cations have a higher diffusivity 

than Ni(II) in water. Figure AM9b (see Additional Material Section) plots sorption capacity as 

a function of the square root of contact time; this is the so-called Morris & Weber model 

designed for approaching the kinetic profiles of systems controlled by intraparticle diffusion.  

A linear plot means that the uptake kinetics is controlled by the resistance to intraparticle 

diffusion. When the plot is represented by different linear sections, this is associated to 

different regimes of intraparticle diffusion (due to different porous systems). When the plot 

does not pass through the origin, this is generally associated to an important contribution of 

resistance to film diffusion. Here the plot does not pass through the origin: the resistance to 

film diffusion cannot be neglected. In the case of Ni(II) a single linear section can be detected 

between 0 and 6 min0.5 (i.e., 40 min). In the case of Pb(II) the initial fast sorption takes place 

within 10 min of contact (i.e., 3 min0.5) while a second step, with a much slower slope, lasts 

till 30 min of contact (probably associated to the resistance to intraparticle diffusion through 

the thin layers of modified chitosan). 

The sorption of Pb(II) and Ni(II) is relatively fast; contact times lower than 15-45 min are 

sufficient for reaching equilibrium under selected experimental conditions. The micron-size of 
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sorbent particles and the deposition of a thin layer of modified chitosan on the magnetite core 

can explain these fast kinetic characteristics. 

3.2.3. Sorption isotherms – maximum sorption capacities and metal affinities 

Sorption isotherms have been determined at pH 5 (Figure 4). For Pb(II), the curve shows a 

steep initial slope followed by an equilibrium plateau reached at a residual metal 

concentration close to 0.5 mmol Pb L-1. The maximum sorption capacity corresponds to 2.63 

mmol Pb g-1. In the case of Ni(II), the initial slope is less steep but the sorption capacity 

progressively increases and reaches a much higher maximum sorption capacity, close to 3.9 

mmol Ni g-1. Yang and Alexandratos [67] investigated the affinity of a series of sorbent 

bearing different donor atoms for the extraction of lanthanides. They reported that the Hard 

and Soft Acid and Base theory (the so-called Pearson’s rules, [68]) is driving the affinity of 

ligands for metal ions; however, they also commented that other parameters may influence the 

interaction between ligands and metals ions such as the effect of counter-anion coordination, 

the protonation of the ligand and hydration. The complexation of metal ions competes with 

hydration: water coordinates to ions in solution, affecting their interaction with ligands on the 

sorbent [67]. The “strength” of hydration can be measured by the dehydration enthalpy; 

Marcus [66] reported values of -2119 kJ mol-1 and -1572 kJ mol-1 for the hydration enthalpies 

of Pb(II) and Ni(II), respectively. This means that in terms of dehydration enthalpy the 

hydration coordination is stronger with Pb(II) than with Ni(II). The affinity coefficients (b 

coefficient in the Langmuir equation, also correlated to initial slope for sorption isotherms) 

are not consistent with this ranking; this probably means that other factors are influencing 

more significantly metal binding. The polarizability and softness parameters of lead (i.e., 11.9 

cm3 mol-1, and 0.41, respectively) are much higher than the values for Ni(II) (i.e., 1.6 cm3 

mol-1, and -0.11) [66]. The highest polarizability of Pb(II) makes these ions preferentially 

bound to ligands containing N as donor atoms (like in the hydrazinyl group). Giraldo et al. 
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[69] explain the better sorption of Pb(II) over Cu(II) , Cd(II) and Zn(II) metal cations on 

gelatin/activated carbon beads by its highest ionic radius, while Yang et al. correlates the 

better affinity of thiourea/hypercrosslinked polystyrene for Pb(II) over Cd(II) and Cu(II) to 

the smallest hydrated radius [70]. 

Figure 7 shows the fits of sorption isotherms with the Langmuir, the Freundlich and the Sips 

equations. Table 2 summarizes the parameters of these models (together with the estimated 

variances, EV, and the determination coefficients, R2). The Freundlich equation being of 

power-type, this model is poorly consistent with the asymptotic profile of sorption isotherms. 

This is confirmed by the comparison of statistical parameters in Table 2, at least for Ni(II); in 

the case of Pb(II) the comparison of experimental profiles and fitted curves is more difficult to 

establish due to the specific shape of the curve (quasi-irreversible isotherm). The mechanistic 

equation of Langmuir correctly fits Ni(II) sorption isotherm but fails to describe Pb(II) curve. 

On the other hand the Sips equation gives a good mathematical fit of experimental profiles 

because of the introduction of a third fitting parameter but at the expense of a loss in physico-

chemical sense. In addition, the maximum sorption capacity at monolayer saturation (i.e., qm) 

is significantly overestimated while with the Langmuir equation the estimated qm values are 

more consistent with the experimental values. The affinity coefficients (b parameter of the 

Langmuir equation) are consistent with the highest initial slope of the sorption isotherm for 

both Pb(II) (i.e., 35.2 L mmol-1) compared  to Ni(II) (i.e., 2.64 L mmol-1); contrary to the 

coefficients determined by the Sips equation (Table 2). 

Table 3 reports the sorption properties of a series of sorbents for Pb(II) and Ni(II). Though the 

comparison is generally difficult  because the experiments were not systematically carried out 

under similar processing conditions, the table shows that HA-MG-CH is among the most 

efficient sorbents for both Pb(II) and Ni(II). Some synthetic resins show much higher sorption 

capacities: for example synthetic resins like D151 macroporous weak acid resin or chitosan 
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grafted with acrylic acid for Ni(II) with maximum sorption capacities higher than 5 mmol Ni 

g-1 [71, 72], or thiourea-modified polystyrene-based resin for Pb(II) (up to 3.33 mmol Pb g-1) 

[70]. 

The sorbent has a higher sorption capacity for Ni(II) compared to Pb(II). However, the 

affinity coefficient (correlated to the initial slope of the isotherm curve) is greater for Pb(II) 

than for Ni(II).. It is important to verify if the sorption process can be used for separating the 

two metal ions. The selectivity was evaluated as a function of pH (Figure 8). Acidic solutions 

are more favorable to Ni(II) binding with a selectivity coefficient αNi/Pb that exceeds 33 at pH 

1.2 (with a cumulative sorption capacity close to 1 mmol metal g-1; Ni(II) represent about 81 

% of total bound metal). On the opposite hand, at pH 6.5, the sorbent is enriched with Pb(II): 

the selectivity coefficient αPb/Ni reaches 24; the cumulative sorption capacity increases to 2.74 

mmol metal g-1 (constituted of 47 % of Ni(II) and 53 % of Pb(II)). The differences in the 

affinities of HA-MG-CH for Pb(II) and Ni(II) allows enriching the solid phase with Ni(II) in 

acidic solutions but not enough for efficiently separating the two metals.  

The affinity of a sorbent for metal ions is controlled by intrinsic sorbent characteristics 

(protonation/deprotonation), proper speciation of the metal, but also characteristics as the 

hydrated size of the metal ions, their ionic radius, their charge and their electronegativity. 

Ionic parameters (electronegativity ionic size) control the polarizability of the metal ions and 

then their interaction with ligands. The hard and soft acid and base theory (HSAB, [68]) 

established that hard acids react preferentially (both in terms of thermodynamic and kinetic 

parameters) with hard bases (and reciprocally: soft acids with soft bases). The softness 

parameters for Ni(II) and Pb(II) are respectively close to -0.11 and +0.41, respectively [66]. 

These two metal ions are generally classified as borderline metals (intermediary compounds) 

though Pb(II) is closer to the limit corresponding to soft acids (such as N-based donor ligands) 

than Ni(II). Soft acids are preferentially bound to soft bases such as N-based donor ligands. 
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As a consequence Pb(II) is supposed to be more strongly bound to soft ligands than Ni(II). 

The sorbents is characterized by several types of amine/hydrazine groups that can be 

characterized as hard acids. Ones would consequently expect that Ni(II) would be more 

strongly bound to the sorbent than Pb(II). This is the case while comparing the sorption 

capacities (qm,exp= 3.90 mmol Ni g-1, compared to Pb(II); i.e., qm,exp= 2.63 mmol Pb g-1) but 

not the affinity coefficients (bL= 3.90 L mmol-1 for Ni(II), and bL= 35.2 L mmol-1 for Pb(II)) 

for single metal concentrations (Figure 7). In the case of bi-component equimolar solutions, 

the preference is modulated by the pH (and the protonation of reactive groups)(Figure 8). At 

pH lower than 3.5 the expected order of priority is consistent: the sorbent has a preference for 

Ni(II); this trend is reversed when the pH increases above pH 3.5: the sorbent preferentially 

binds Pb(II). This is probably associated to different protonation rates of the different N-based 

reactive groups. The deprotonation of some reactive changing the preference of the sorbent 

for target metals through the effect of changes in the apparent softness of these reactive 

groups. Alexandratos and Zhu [73] reported the impact of acid base properties of a family of 

phosphate-based ligands on the affinity of sorbents for metal binding: this effect is modulated 

by the type(base metal vs. rare earth element) and charge of metal ions (divalent vs. trivalent). 

The highest sorption of Ni(II) (compared to Pb(II) in single-metal solutions can be also 

partially explained by the difference in the hydrated radius of metal ions (i.e., 1.20 Å and 0.71 

Å, for Pb(II) and Ni(II), respectively): smaller hydrated species being more efficiently bound 

on the sorbent. 

3.2.4. Metal desorption and sorbent recycling 

The competitiveness of a sorption process must take into account not only sorption properties 

but also the efficiency of metal recovery (for final removal and/or valorization) and the 

effectiveness of sorbent recycling. Though complexing agents may be used for metal 

desorption from loaded sorbents, this generally means more expensive processing and 
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complex valorization of metal from eluates. For this reason, preferred processes usually apply 

pH changes for metal desorption. In the case of HA-MG-CH the study of pH effect on 

sorption performance clearly demonstrated the critical impact of pH: deprotonation of reactive 

nitrogen-based groups is required for efficient binding of metal cations. As a consequence, 

favoring the protonation of the metal-loaded sorbent is expected to facilitate the reversibility 

of metal binding. Logically, weakly concentrated acid solutions have been tested in order to 

prevent degradation of the sorbent. The solubility of metal salts is also a parameter to be taken 

into account and in the case of Pb(II) and Ni(II), HCl solution was selected for investigating 

metal desorption. Long exposure to drastic acid solutions may also cause damages to the 

polymer coating or to the magnetic core. Though the concentration of iron in the eluate was 

not analyzed, the EDX analysis of the surface of sorbent after metal leaching did not show 

significant changes. The relative stabilities of the sorption and desorption performances over 

the five cycles confirm the global stability of the material. This is consistent with results 

obtained with other magnetite/chitosan based composites. The coating of the magnetite core 

with chitosan may contribute to stabilize its in acidic solutions for short contact times; though 

a partial dissolving cannot be rejected. In order to evaluate the required time for efficient 

desorption a preliminary study of the kinetics of desorption was performed (Figure AM10, see 

Additional Material Section). A few minutes of contact (i.e., 2-3 min) with a 0.5 M HCl 

solution are sufficient for achieving more than 98 % of lead desorption; full desorption is 

readily reached contrary to nickel that requires much longer contact time. Indeed, after 2 min 

of contact nickel desorption does not exceed 90 % and desorption efficiency progressively 

increases and complete desorption requires 60 min of contact. There is a kind of “symmetry” 

between the phenomena of sorption and desorption that are both faster with Pb(II) than with 

Ni(II). In the case of uranyl species adsorbed on two types of silica gel particles the sorption 

kinetics were controlled by the size of pores [74]: microporous silica gel lasted longer time for 
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the binding of polynuclear hydrolyzed uranyl species of large ionic size compared to 

mesoporous silica gel while the acidic desorption of uranyl species displaced the speciation of 

metal toward the formation of free uranyl species; their smaller ionic size enhanced diffusion 

properties and the desorption showed similar kinetic profiles for the two kinds of silica gel 

particles. In the present case this size effect is not controlling (or marginally) mass transfer 

properties since selected metal ions are not forming polynuclear or large ionic size species. A 

contact time of 60 min was used for further tests on the recycling of the sorbent. 

Table 4 compares the average values of sorption/desorption efficiencies and sorption 

capacities for Pb(II) and Ni(II) recovery using HA-MG-CH for 5 successive cycles. There is a 

small and continuous decrease in sorption capacities along the 5 cycles for both Ni(II) and 

Pb(II). However, the total decrease does not exceed 8 % for Ni(II) and even less for Pb(II) 

(i.e., less than 5 %). On the other hand, the average desorption efficiency over the 5 cycles 

reaches 98.4 % (± 2.0 %) for Ni(II) and 97.5 % (± 1.3 %) for Pb(II). This means that globally 

both the sorption and the desorption performances are remarkably stable for a minimum of 5 

cycles. The metal can be readily desorbed with 0.5 M HCl solution and the sorbent efficiently 

reused.  

3.2.5. Tests on complex multi-metal sample and real contaminated stream 

For the evaluation of the performance of a sorption system it is necessary to test its 

“robustness” through the study of sorption performances in complex solutions; i.e., multi-

metallic solutions and real effluents or wastewater. Table 5 reports the sorption efficiencies, 

sorption capacities and distribution coefficients (i.e., Kd, L g-1) of HA-MG-CH at 30 min and 

60 min for 6 metal ions (including Pb(II) and Ni(II)), at equimolar concentrations (i.e., 0.2 

mmol L-1). First, the sorption efficiency is considerably improved while increasing the contact 

time from 30 min to 60 min. This is consistent with kinetic studies; the complex composition 
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of the solution (and more specifically the total multi-metal concentration) may explain the 

more marked effect of contact time. After 60 min of contact 4 of the 6 metal ions show a high 

removal efficiency (i.e., Pb(II), Cu(II), Cd(II) and Ni(II), greater than 90 %) while for Al(III) 

and Cr(VI) removal efficiencies are much lower (i.e., 38 % and 58 %, respectively). The 

comparison of distribution coefficients allows ranking the metal ions in terms of affinity for 

HA-MG-CH: Pb(II) >> Cu(II) > Cd(II) ≈ Ni(II) >> Cr(VI) ≈ Al(III). Al(III) is classified in 

hard acid family, contrary to Pb(II), Ni(II), Cu(II) (borderline acids) and Cd(II) (soft acid); 

they have more affinity for hard and borderline base including N-bearing functional groups). 

A selectivity coefficient αPb/metal can be defined as the ratio Kd(Pb)/Kd(metal). The preference 

of HA-MG-CH for Pb(II) over the other metals is marked against Al(III) (αPb/Al = 39.6) and 

Cr(VI) (αPb/Cr = 17.6) and less significant against Cu(II), Cd(II) and Ni(II) (αPb/metal : 2.6, 2.4 

and 1.8, respectively). The cumulative sorption capacity at 60 min contact time reaches 2.36 

mmol metal g-1; this is consistent with the order of magnitude of the sorption capacities 

obtained in the sorption isotherms for Ni(II) and Pb(II) sorption for residual (individual) metal 

concentration close to 0.274 mmol metal L-1 (i.e., the value of the cumulative molar 

concentration of the 6 metal ions): 1.82 mmol Ni g-1 and 2.28 mmol Pb g-1 (Figure 7). HA-

MG-CH has a preference for Pb(II) but not sufficient for providing a sufficient selectivity for 

separation purposes. The sorbent has a large spectrum of interactions. It is noteworthy that for 

multi-metal solutions at equimolar concentrations, it was not possible establishing a 

correlation between the softness parameter and the distribution coefficients (Kd).Several 

different mechanisms with cross effects can differently affect the sorption affinity of amine 

and hydrazide groups for target metal ions (as reported above). 

Figure AM11 shows that the values of dehydration enthalpies of metal cations roughly align 

along the effective sorption capacities obtained from equimolar multi-metal solution. 

Chromate anions (Lobe-HOMO Lewis base, weak base) are logically following a different 
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trend since another mechanism is probably involved; metal anions can be bound on 

protonated amine groups in acid solutions.  

The treatment of a stormwater sample was also performed using HA-MG-CH; Tables 6 and 7 

summarize the results obtained for the purification of this metal-contaminated water. Six 

metal ions have been considered (the same that were carried out above). The effect of the 

complexity of the water sample was compensated by testing longer contact times (up to 5 h) 

and different sorbent dosages with different objectives: (a) calculating the sorption efficiency, 

(b) determining the affinity order (based on Kd values), and (c) evaluating the possibility to 

reach drinking water standards (WHO [42]) for selected metal ions. Based on the composition 

of water sample and the WHO regulations a contact time of 5 hours is sufficient at a sorbent 

dosage of 250 mg L-1 for achieving target levels, except for Pb(II). While increasing the SD to 

500 mg L-1, the contact time required to reach limit values is 2 hours. For most of selected 

metal ions after 5 h of contact more the sorption efficiency approaches or exceeds 95 %, with 

the remarkable exception of Cr(VI) (which is at a relatively low value, i.e., 1.54 µmol Cr L -1 

or 0.08 mg Cr L-1): sorption efficiency reaches only 50 %. Increasing the sorbent dosage 

hardly changes the sorption efficiency for the different metal ions at 5 h of contact time. The 

distributions coefficients can be ranked according to: 

SD: 250 mg L-1 – Pb(II) >> Al(III) > Cu(II) > Cd(II) > Ni(II) >> Cr(VI)  

SD: 500 mg L-1 – Pb(II) >> Al(III) > Cu(II) > Cd(II) ≈ Ni(II) >> Cr(VI). 

These results confirm the preference for Pb(II) over other divalent or trivalent metal cations. 

HA-MG-CH is capable of purifying this stormwater contaminated with variable 

concentrations of selected heavy metal ions. 

 

4. Conclusion 
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The grafting of hydrazinyl-amine functions on chitosan backbone (immobilized at the surface 

of magnetite particles generated in situ) allows synthesizing a sorbent (HA-MG-CH) very 

efficient for the recovery of lead (preferentially to nickel). The magnetic core allows readily 

recovering the material at the end of the sorption.  

The successive steps of the chemical modification of magnetic chitosan micro-particles are 

confirmed by the elemental analysis and the FT-IR spectrometry analysis of the materials. 

SEM and SEM-EDX analyses allow characterizing the surfaces and the effective sorption of 

metal ions at the surface of HA-MG-CH sorbent. 

The study of pH effect on metal sorption shows the substantial increase of sorption capacity 

with the deprotonation of amine groups (pHPZC of HA-MG-CH close to 7.87). Uptake kinetics 

is relatively fast: a contact time of 15-45 min is generally sufficient for reaching the 

equilibrium under selected experimental conditions (depending on the metal). The pseudo-

first order rate equation fits well kinetic profiles. High sorption capacities are obtained at pH 

5: up to 4.3 mmol Ni g-1 and 2.5 mmol Pb g-1. The Sips equation accurately fits sorption 

isotherms. The study of metal sorption in bi-component solutions confirms the preference of 

the sorbent for Pb(II) over Ni(II); the selectivity is controlled by the pH: the sorbent being 

even more selective for Pb(II) at acidic pH values (though the sorption capacity is decreased). 

In multi-metal equimolar solutions, the sorbent shows a preference for Pb(II) > Cu(II) > Ni(II) 

≈ Cd(II) > Cr(VI) ≈ Al(III) (based on the comparison of distribution coefficients, Kd). 

Metal desorption is efficiently performed using 0.5 M HCl solutions: desorption kinetics is 

fast (15-30 minutes are sufficient). The recycling of the sorbent over 5 sorption/desorption 

cycles shows a slight decrease in sorption capacity at the fifth cycle (about 8 %) while the 

average desorption for both Pb(II) and Ni(II) exceeds 97 %. 
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The tests performed on stormwater show the efficiency of the sorbent for decreasing the 

residual concentrations of target metal ions below the maximum allowable concentration 

levels for drinking water (according World Health Organization). 
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Table 1: Uptake kinetics for Ni(II) and Pb(II) binding on HA-MG-CH sorbent  – Parameters 

of the models. 

Model Parameter Ni(II) Pb(II) 
Experimental qeq,exp 3.88 2.19 

PFORE 

qeq,1 3.88 2.20 
k1 × 102 8.91 36.2 
EV 0.027 0.008 
R2 0.978 0.984 

PSORE 

qeq,2 4.12 2.35 
k2× 102 3.71 24.2 
EV 0.052 0.020 
R2 0.973 0.962 

 

 

Table 2: Sorption isotherms for Ni(II) and Pb(II) binding on HA-MG-CH sorbent  – 
Parameters of the models. 

Model Parameter Ni(II) Pb(II) 
Experimental qm,exp 3.90 2.63 

Langmuir 

qm,L 4.33 2.51 
bL 2.64 35.2 
EV 0.025 0.095 
R2 0.989 0.922 

Freundlich 

kF 2.67 2.47 
nF 3.12 4.26 
EV 0.247 0.046 
R2 0.901 0.955 

Sips 

qm,S 4.26 4.94 
bS 2.88 1.02 
nS 0.956 2.90 
EV 0.030 0.048 
R2 0.990 0.961 
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Table 3: Comparison of sorption properties for conventional sorbents and biosorbents 

Metal Sorbent pH teq 
(min) 

qm 
(mmol g-1) 

b 
(L mmol-1) 

Reference 

Ni(II) 

Bagasse fly ash 6.0 120 0.111 9.01 [75] 
Chitosan-coated PVC beads 5.0 240 2.05 2.05 [76] 
Synthetic polymer microspheres 7.0 120 0.77 - [77] 
Cellulose 5.0 360 4.88 1.19 [72] 
Cellulose-g-acrylic acid 5.0 360 5.10 0.57 [72] 
Magnetic Schiff’s base 
derivative of chitosan resin 

5.0 120 0.80 1.35 [78] 

Lewatit MonoPlus SP 112 resin 6.0 90 2.91 95.1 [79] 
Nanometer-sized chelating resin 6.4 180 1.182 0.542 [80] 
D301R ion exchange resin 8.0 120 1.31 2.00 [81] 
D151 (macro- weak acid resin) 6.9 1440 5.16 322.9 [71] 
Dowex HCR-S cationic resin 6.0 60 1.60 3.02 [82] 
Salicylic acid /formaldehyde 
/catechol resin 

6.0 240 0.815 3.06 [83] 

Schiff base chelating resin 5.0 300 1.15 0.763 [84] 
Modified Amberlite XAD-16 
resin 

- 60 0.764 24.5 [85] 

HA-MG-CH 5.0 60 4.33 2.64 This work 

Pb(II) 

Sulphurized activated carbon 5.4 - ≈ 0.3 - [86] 
Chlamydomonas reinhardtii / 
alginate beads 

6.0 90 1.84 20.56 [87] 

Magnetic oak bark biochar 5.0 60 0.146 194.8 [88] 
Sugarcane bagasse 5.0 60 0.0054 64.1 [89] 
Beet pulp 5.0 60 00090 0.058 [89] 
Mercaptoamine functionalized 
silica-coated magnetic 
nanosorbent 

6-7 120 1.41 4.14 [12] 

Thiamine-functionalized silica 
microparticles 

5.0 120 0.19 - [90] 

Hydroxamic acid/amidoxime 
bifunctional acrylic acid resin 

- - 0.94 - [91] 

Schiff base chelating resin 10 120 0.50 0.50 [92] 
Purolite C100 resin 5-6 1440 0.046 3.31 [93] 
Modified Amberlite XAD-16 
resin 

- 60 0.519 2409 [85] 

Di (2-ethylhexyl) phosphate 
containing ion exchange resin 

4 80 0.172 94.7 [94] 

Gelatin/activated carbon beads 5 60 1.79 1.14 [95] 
Thiourea-modified hyper-
crosslinked polystyrene resin 

6.0  3.33 7.0 [70] 

Salicylic acid /formaldehyde 
/catechol resin 

6.0 240 0.931 16.1 [83] 

Chitosan-tripolyphosphate  5.0 1080 1.21 41.4 [69] 
Azido chelating fiber 6.0 1440 1.50 32.9 [96] 
HA-MG-CH 5.0 60 2.51 35.2 This work 

-: Missing information. 
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Table 4: Sorption/desorption performances (sorption capacity at equilibrium (qeq (mmol g-1) 
and desorption efficiency (DE, %)) for the recovery of Ni(II) and Pb(II) using HA-MG-CH 
sorbent. 

Metal Ni(II) Pb(II) 

Run # 
qeq DE (%) qeq DE (%) 

Aver. SD (%) Aver. SD (%) Aver. SD (%) Aver. SD (%) 
1 214.9 2.0 98.3 1.5 513.1 0.9 99.3 0.8 
2 209.0 2.6 99.8 0.8 510.0 0.5 96.0 0.7 
3 203.5 1.4 101.0 2.2 502.7 0.4 98.5 2.3 
4 197.8 0.1 97.7 0.6 492.7 0.6 96.0 0.4 
5 197.3 1.1 95.3 2.6 489.9 1.0 97.7 2.3 
Aver. DE(%) - - 98.4 2.0 - - 97.5 1.3 
Max. Loss  
in qeq (%) 

8.2     4.5    

Aver.: average value; SD (%): standard deviation (%). 

 

Table 5: Sorption performance from multi-metal equimolar concentration for two contact 
times (C0: ≈ 0.2 mmol metal L-1; pH0: 5.01; pH(30 min): 4.78; pH(60 min): 4.05; SD: 2.5 g L-

1). 

  t: 30 min t: 60 min 

Metal C0 
(a) 

C30 
(a) 

q30 
(b) 

Kd 
(c) 

Eff. (%) C60 
(a) 

q60 
(b) 

Kd 
(c) 

Eff. (%) 

Al(III) 5.3 4.02 0.119 0.80 24.2 3.28 0.187 1.54 38.1 
Cd(II) 21.2 9.98 0.225 2.81 52.9 1.93 0.429 25.0 90.9 
Cu(II) 12.7 4.91 0.306 3.97 61.3 0.89 0.465 33.2 93.0 
Ni(II) 11.3 5.32 0.255 2.81 52.9 1.09 0.435 23.4 90.4 
Pb(II) 44.2 11.9 0.390 6.79 73.1 1.74 0.512 61.0 96.1 
Cr(VI) 11.8 8.44 0.162 1.00 28.5 4.94 0.330 3.47 58.1 
Total ≈ 1.22d  0.481   0.274d 2.358  77.4 
a: mg L-1; b: mmol g-1; c: L g-1; d: mmol L-1. 
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Table 6: Stormwater treatment – Effect of contact time on residual metal concentrations (sorbent dosage: 250 mg L-1). 

Contact time At 5h 
Metal C0 

(µmol L-1) 
C0 

(mg L-1) 
30 min 1 h 2 h 3 h 4 h 5 h Eff. 

(%) 
Kd 

(L g-1) 
MCL 

Al(III) 229.4 6.19 5.79 4.22 0.94 0.3 0.12 0.1 98.4 244 0.2 
Cd(II) 0.623 0.07 0.07 0.06 0.01 0.009 0.005 0.003 95.7 89.3 0.003 
Cu(II) 52.1 3.35 2.08 1.06 0.65 0.15 0.09 0.07 97.9 187 2 
Ni(II) 15.7 0.92 0.9 0.39 0.09 0.05 0.05 0.05 94.6 69.6 0.07 
Pb(II) 31.5 6.53 3.11 1.98 0.25 0.06 0.05 0.02 99.7 1302 0.01 
Cr(VI) 1.54 0.08 0.08 0.06 0.04 0.04 0.04 0.04 50.0 4 0.05 
pH 6.33 6.21 6.01 5.65 5.17 5.15 5.06 - - - 
Bold: residual concentrations conform to MCL for drinking water standards (WHO) 

Table 7: Stormwater treatment – Effect of contact time on residual metal concentrations and final recovery efficient (at 5 h of contact) (sorbent 
dosage: 500 mg L-1). 

Contact time At 5h 

Metal C0 
(µmol L-1) 

C0 
(mg L-1) 30 min 1 h 2 h 3 h 4 h 5 h Eff. (%) Kd 

(L g-1) MCL 

Al(III) 229.4 6.19 3.82 1.99 0.02 0.02 0.02 0.02 99.7 617 0.2 
Cd(II) 0.623 0.07 0.05 0.02 0.003 0.003 0.003 0.003 95.7 44.7 0.003 
Cu(II) 52.1 3.35 1.76 0.89 0.11 0.09 0.09 0.09 97.3 72.4 2 
Ni(II) 15.7 0.92 0.63 0.21 0.06 0.05 0.05 0.05 94.6 34.8 0.07 
Pb(II) 31.5 6.53 2.32 0.71 0.009 0.009 0.009 0.009 99.9 1449 0.01 
Cr(VI) 1.54 0.08 0.06 0.05 0.04 0.04 0.04 0.04 50.0 2 0.05 
pH 6.33 6.01 5.87 5.25 4.94 4.93 4.93 - - - 
Bold: residual concentrations conform to MCL for drinking water standards (WHO) 
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Figure 1: Schematic representation of HA-MG-CH synthesis and structure. 
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EDX spectra of sorbent before and after 
metal sorption (and metal desorption) 

 

Figure 2: Sorbent characterization before and after Pb(II), Ni(II) and Pb(II)/Ni(II) sorption 

and after metal desorption (SEM micrograph and EDX spectra). 
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Figure 3: FTIR spectra of chitosan, MG-CH, EPI-MG-CH, CN-MG-CH and HA-MG-CH. 

210023002500

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavenumber (cm-1)

Chitosan

CN-MG-CH

MG-CH

EPI-MG-CH

HA-MG-CH

1200140016001800

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavenumber (cm-1)

HA-MG-CH

CN-MG-CH

EPI-MG-CH

MG-CH

Chitosan

40060080010001200

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavenumber (cm-1)

HA-MG-CH

CN-MG-CH

EPI-MG-CH

MG-CH

Chitosan



  

43 
 

 
 

Figure 4: FTIR spectra of sorbent before and after Pb(II), and Ni(II) sorption and after metal 
desorption. 
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Figure 5: Effect of pH on Ni(II) and Pb(II) sorption using HA-MG-CH sorbent: (a) effect on 
sorption capacity, (b) pH variation during metal sorption (Sorbent dosage, SD: 166 mg L-1; 
C0: 0.635 mmol Ni L-1 and 0.364 mmol Pb L-1; T: 25 °C; contact time: 48 h). 
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Figure 6: Uptake kinetics for Ni(II) and Pb(II) sorption on HA-MG-CH sorbent: (a) PFORE 
fit, (b) PSORE fit (for Ni(II): SD: 250 mg L-1; C0: 2.02 mmol Ni L-1; pH0: 5.07; pHeq: 6.00 - 
for Pb(II): SD: 200 mg L-1; C0: 0.708 mmol Pb L-1; pH0: 5.08; pHeq: 5.88; T: 25 °C). 
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Figure 7: Sorption isotherms for Ni(II) and Pb(II) sorption on HA-MG-CH sorbent – 
Modeling with Langmuir equation (- -), Freundlich equation (∙∙∙∙) and Sips equation (  ̶  ̶ ) (for 
Ni(II): SD: 170 mg L-1; C0: 0.13-5.94 mmol Ni L-1; pH0: 5.0-5.1; pHeq: 5.3-6.8 - for Pb(II): 
SD: 140 mg L-1; C0: 0.02-2.54 mmol Pb L-1; pH0: 5-5.1; pHeq: 4.8-6.9; T: 25 °C).  
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Figure 8: Metal sorption from bi-component solutions –Evolution of selectivity coefficients 
SC(Ni(II)/Pb(II)) and SC(Pb(II)/Ni(II)) as a function of equilibrium pH (C0: 0.65 mmol L-1, 
equimolar in Ni(II) and Pb(II); SD: 400 mg L-1; T: 25 °C; contact time: 48 h). 

 

 

Highlights 

 

 Efficient grafting of hydrazinyl amine on chitosan-coated magnetite. 
 High sorption capacity for divalent metals at near neutral pH. 
 Sorption isotherms are fitted by Sips equation. 
 Sorbent can be reused for at least 5 cycles using 0.5 M HCl as eluent. 
 Selectivity for Pb(II) for decontaminating multi-metal stormwater. 
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