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Introduction

Water is often polluted with heavy metal ions such as Pb(II), Cu(II), Ni(II) and Co(II) which are considered as dangerous for the human beings and ecological systems due to their high toxicity [START_REF] Guerrero-Fajardo | Preparation and Characterization of Graphene Oxide for Pb(II) and Zn(II) Ions Adsorption from Aqueous Solution: Experimental, Thermodynamic and Kinetic Study[END_REF][START_REF] Kong | Investigation of the fate of heavy metals based on process regulation-chemical reaction-phase distribution in an A-O1-H-O2 biological coking wastewater treatment system[END_REF][START_REF] Deliyanni | Various flotation techniques for metal ions removal[END_REF]. In particular, Ni(II) and Co(II) ions are among the most common heavy metal ions in industry effluents because they are widely used in the formulation of pigments, paints, stabilizers, metal plating, battery and catalysts [START_REF] Tan | Adsorption of Cu2+, Cd2+ and Ni2+ from aqueous single metal solutions on graphene oxide membranes[END_REF][START_REF] Aliabadi | Electrospun nanofiber membrane of PEO/Chitosan for the adsorption of nickel, cadmium, lead and copper ions from aqueous solution[END_REF] and they may cause gastrointestinal distress, pulmonary fibrosis and cancer when penetrating human body [START_REF] Lim | Nickel (II)induced nasal epithelial toxicity and oxidative mitochondrial damage[END_REF].

Therefore, wastewater treatment is challenging and various techniques have been performed for the removal of metal ions from aqueous solutions including chemical precipitation, oxidation, ion exchange, filtration, biological treatment and adsorption [START_REF] Deliyanni | Various flotation techniques for metal ions removal[END_REF][START_REF] Lingamdinnea | A comprehensive review of applications of magnetic graphene oxide based nanocomposites for sustainable water purification[END_REF]. The adsorption technique is often used due to its low cost and its high removal efficiency [START_REF] Vesna | A review on adsorbents for treatment of water and wastewaters containing copper ions[END_REF][START_REF] Xu | A review of functionalized carbon nanotubes and graphene for heavy metal adsorption from water: Preparation, application, and mechanism[END_REF][START_REF] Jawed | Engineered nanomaterials and their surface functionalization for the removal of heavy metals[END_REF]. Nowadays, there is an increasing attention for the use of carbonaceous materials as adsorbents [START_REF] Gupta | Study on the removal of heavy metal ions from industry waste by carbon nanotubes: effect of the surface modification: a review[END_REF][START_REF] Zhang | A new functionalized reduced graphene oxide adsorbent for removing heavy metal ions in water via coordination and ion exchange[END_REF]. Among the carbonaceous-based adsorbents, graphene has received a particular interest because it exhibits a very high specific surface area (2600 m 2 .g -1 ) [START_REF] Zhang | Adsorption and Desorption of Heavy Metals from Water using Aminoethyl Reduced Graphene Oxide[END_REF]. Nevertheless, a major drawback for a water treatment with graphene sheets as adsorbents is their hydrophobic character so that an acidic chemical treatment is necessary to make its surface hydrophilic [START_REF] Zhao | Interaction between U(VI) with sulfhydryl groups functionalized graphene oxides investigated by batch and spectroscopic techniques[END_REF]. Indeed, oxidation of natural graphite by using the Hummers method leads to the formation of graphene oxide (GO) sheets whose oxygen-containing functionalities increase the hydrophilicity of graphene promoting the interfacial interaction with heavy metal ions [START_REF] Hummers | Preparation of Graphitic Oxide[END_REF]. Therefore, GO and its derivatives have been examined for water depollution and it was demonstrated that the functionalization of GO sheets with polymers and chelating ligands can significantly enhance their adsorption capacities [START_REF] Liu | Graphene oxide-based materials for efficient removal of heavy metal ions from aqueous solution: A review[END_REF][START_REF] Chaabane | Comparative studies on the adsorption of metal ions from aqueous solutions using various functionalized graphene oxide sheets as supported adsorbents[END_REF][START_REF] Mahmoud | Removal of uranium (VI) from water by the action of microwave-rapid green synthesized carbon quantum dots from starch-water system and supported onto polymeric matrix[END_REF][START_REF] Yang | Nanomaterials for the Removal of Heavy Metals from Wastewater[END_REF][START_REF] Dang | Sun Preparation of High Mechanical Performance Nano-Fe3O4/Wood Fiber Binderless Composite Boards for Electromagnetic Absorption via a Facile and Green Method[END_REF]. Nevertheless, the removal of cobalt and nickel ions from aqueous solutions is scarcely described in the literature. For example, β-Cyclodextrin modified graphene oxide sheets were used as adsorbents for Co(II) ions and an adsorption capacity of 12.228 mmol.g -1 was obtained [START_REF] Song | Efficient removal of cobalt from aqueous solution using β-cyclodextrin modified graphene oxide[END_REF]. This high adsorption capacity in comparison with the one of the neat GO absorbent (0.804 mmol.g -1 ) was ascribed to the presence of additional oxygen-containing functional groups located onto the β-Cyclodextrin modified graphene oxide sheets. Moreover, Fang et al., [START_REF] Fang | Removal of cobalt ions from aqueous solution by an amination graphene oxide nanocomposite[END_REF] studied the effet of the amination of GO sheets onto the removal of Co(II) ions from an aqueous solution containing 0.3 g.L -1 of GO-NH2 and 90% of the Co(II) ions were removed within 5 min. The corresponding high Co(II) adsorption capacity of GO-NH2 (1.974 mmol.g -1 ) was attributed to both the high surface area of GO-NH2 ( 320 m 2 .g -1 ) and the presence of amino groups onto the GO surface.

The adsorption behavior of Ni(II) onto GO modified with multi-dentate chelating agents such as N-(trimethoxysilylpropyl) ethylenediamine triacetic acid (EDTA-GO) and 3-trimethoxysilyl-propyl-diethylenetriamine was also investigated by Zhao et al., [START_REF] Zhao | EDTA-and amine-functionalized graphene oxide as sorbents for Ni (II) removal[END_REF] and they measured a maximum adsorption capacity of 1.755 mmol.g -1 within 30-45 min. More recently, Laroussi et al., [START_REF] Chaabane | Comparative studies on the adsorption of metal ions from aqueous solutions using various functionalized graphene oxide sheets as supported adsorbents[END_REF] reported maximum adsorption capacities of 1.789±0.115 and 1.510±0.095 mmol.g -1 for Ni(II) and Co(II) ions, respectively, by using GO sheets modified with bis(2-pyridylmethyl)amino groups. From these results, it can be concluded that the chemical modification of GO sheets with organic chelating modifiers favorably influence its adsorption capacity. In addition, the use of a GO-based adsorbent displaying zwitterionic functionalities is not usual to remove heavy metal ions from aqueous solution and to the best of our knowledge, only Ibrahim et al., [START_REF] Zhang | An ultra-high ion selective hybrid proton exchange membrane incorporated with zwitterion-decorated graphene oxide for vanadium redox flow batteries[END_REF] reported the grafting of a polyampholyte onto the GO surface by combining the grafting through procedure and the free radical polymerization in presence of a zwitterionic monomer. Then, they incorporated the modified GO sheets into a polysulfone hollow fiber membrane for the effective decolorization of wastewater containing dyes. Therefore, among the numerous GO based absorbents for the removal of metal ions from aqueous solutions, it is unusual to use zwitterionic absorbent displaying affinity for both cationic and anionic species. Herein, for the first time, we have grafted zwiterionic groups onto the GO surface in order to improve the stability of GO in aqueous solutions and consequently its adsorption capacity towards metal ions. This novel zwitterionic GO-based material was prepared via a three-step procedure, and we have investigated its adsorption behavior toward toxic heavy metal ions in comparison to the GO-BPED one. The synthetic GO-based adsorbents were characterized by using FTIR, XPS, TGA, and SEM. Moreover, to highlight the effect of each GO functionalization step onto the metal ion adsorption performance, the adsorption capacities of GO-BPED and GO-BPED-PS were compared. The effect of pH, contact time, metal ion concentrations, and temperature on their adsorption capacity was studied. Additionally, the kinetics of the adsorption process and the adsorption isotherms were studied to provide information on the interactions between adsorbates and adsorbents. Finally, the regeneration and reusability of GO-BPED and GO-BPED-PS were studied.

Experimental

Reagents

Graphite Oxide (GO) was obtained by oxidation of natural graphite powder through the Hummers' method [START_REF] Hummers | Preparation of Graphitic Oxide[END_REF]. 1,3-propane sultone (PS), 2-(7-aza-1H-benzotriazole1yl)-1,1,3,3tetramethyluronium hexafluoro phosphate (HATU), sodium hydroxide (NaOH), nitric acid (HNO3), nickel (II) chloride hexahydrate (NiCl2.6H2O; 98%), cobalt (II) chloride hexahydrate (CoCl2.6H2O; 98%), potassium hydrogen phthalate, dimethylformamide (DMF), and ethanol were purchased from sigma-Aldrich-France and used as received. Deionized water (EC <0.05µS.m -1 ; Millipore system) was used for the preparation of the metal ion-based aqueous solutions. 

Instruments

Synthesis of GO-BPED

First, bis(2-pyridylmethyl)ethylenediamine (BPED) was synthesized according to a procedure described in our previous work [START_REF] Chaabane | Comparative studies on the adsorption of metal ions from aqueous solutions using various functionalized graphene oxide sheets as supported adsorbents[END_REF]. As example, 1.00 g of GO was sonicated in 30 mL of anhydrous DMF for 30 min followed by the addition of 10 mg of HATU and 3.63 g (15 mmol) of BPED. Then, the reaction mixture was stirred at 70 °C for 24 h. Finally, the GO-BPED material was isolated by centrifugation and further purified by using a washing procedure in presence of ethanol as solvent allowing the removal of the free BPED molecules. This washing procedure was repeated until complete removal of the non-reacted BPED molecules which was checked by Uv-Visible analysis of the supernatant solution. (Fig. S1 †).

The recovered BPED grafted GO was dried under vacuum at 80 °C overnight.

Grafting of 1,3-propanesultone onto GO-BPED

1 g of GO-BPED was sonicated in 30 mL of THF for 30 min followed by the addition of 2 g of 1,3-propanesultone, according to the experimental conditions described in the literature [START_REF] Zhang | An ultra-high ion selective hybrid proton exchange membrane incorporated with zwitterion-decorated graphene oxide for vanadium redox flow batteries[END_REF]. Then, the corresponding suspension was stirred at 50 °C for 3h under a nitrogen atmosphere and the resulting GO-BPED-PS material was isolated by centrifugation and purified as described above.

Adsorption experiments

The influence of solution pH, contact time, temperature and initial metal ion concentration onto the adsorption capacities of GO-BPED and GO-BPED-PS was investigated. First, the zero point charge (pHpzc) was studied to determine the point for which the density of the electrical surface charge of the adsorbent is zero (section 1, Supporting information †). To study the equilibrium adsorption capacity changes at different pH values, the experiments were carried out in the pH range 4-8 by using a Clark-Lub's buffer solutions (0.1M HNO3 and 0.1M NaOH) [START_REF] Chaabane | Functionalization of graphene oxide sheets with magnetite nanoparticles for the adsorption of copper ions and investigation of its potential catalytic activity toward the homocoupling of alkynes under green conditions[END_REF]. In a typical experiment, 100 mg of the adsorbent was added to a metal ion-based aqueous solution at a concentration of 250 mg.L -1 and the resulting suspension was stirred at 20 °C for 24 h. Then, the supernatants were separated from the suspension by centrifugation at 5000 rpm for 10 min and the initial and equilibrium concentrations of Ni(II) and Co(II) ions were measured by using UV-spectrophotometry and calibration curves (Table S1 † and Fig. S2 †). In case of the formation of metal hydroxides precipitates (at pH˃7), the suspension was filtered off through a 0.45 µm membrane filter. To study the kinetic behavior of each adsorbent, the time dependent metal ion adsorption capacities were investigated in the time range 1 minute to 7 hours at pH=7. In addition, the isotherm adsorption experiments of GO-BPED and GO-BPED-PS were performed at various temperatures (293, 313, 333, and 353 K) with aqueous solutions containing various metal ion concentrations (from 50 to 500 mg.L -1 ). After equilibrium was achieved, the maximum adsorption capacities (Qe, mmol.g -1 ) were calculated by using Eq. 1 [START_REF] Liu | Graphene oxide-based materials for efficient removal of heavy metal ions from aqueous solution: A review[END_REF]:

Q = ( ) ( )
Where C0 (mmol.L -1 ) is the initial metal concentrations, Ce (mmol.L -1 ) is the equilibrium metal concentrations in the aqueous solution, V is the volume (L) and m (g) is the mass of the dried adsorbent.

Effect of the presence of competing ions in the metal ion aqueous solution onto the adsorption capacity

100 mg of adsorbent and 100 mg of competing species such as KCl, NH4Cl, NaCl, CaCl2, and MgSO4, were added to 100 mL of an aqueous solution of metal ions (250 mg. L -1 ) at a pH of 7.0 and a temperature of 293 K for a contact time of 6 h [START_REF] Mahmoud | Removal of uranium (VI) from water by the action of microwave-rapid green synthesized carbon quantum dots from starch-water system and supported onto polymeric matrix[END_REF]. Then, the reaction mixture was filtered off and the concentrations of (Ni(II) and Co(II)) metal ions in the supernatant solution were calculated as described in section 2.5. The experiments were repeated three times and the average values were computed.

Recycling and reusability of adsorbents

1.0g of the adsorbents loaded with Ni(II) and Co(II) ions and 10 mL of 0.2 M EDTA (or 0.2 M HCl or 0.2 M HNO3) aqueous solution were stirred at 20 °C for 10 h. Then, the adsorbent was recovered by filtration and washed thoroughly with deionized water.

Results and discussion

Scheme 1 illustrates the multistep procedure to prepare the zwitterionic GO sheets. It is well known that the presence of oxygen containing groups (hydroxyl, epoxide and carboxylic acid) on both the surface and edges of GO allows for the use of different functionalization routes. Herein, GO sheets were first functionalized with BPED through amidation of carboxylic acid groups and amine-epoxide additions followed by a chemical treatment with 1,3-propanesultone (PS) yielding the zwitterionic GO adsorbent. This strategy is expected to ensure a better stability of the BPED-grafted GO sheets in aqueous metal ions suspensions which may increase the metal adsorption capacity.

Adsorbents characterization

First, both GO-BPED and GO-BPED-PS adsorbents were characterized by FTIR spectroscopy (Fig. 1). All the FTIR spectra exhibit a broad absorption band around 3400 cm -1 that can be assigned to stretching vibrations of hydroxyl groups while the absorption bands in the range 2800-2900 cm -1 correspond to C-H streching vibrations. Moreover, the presence of BPED onto the GO surface is confirmed by the presence of absorption bands at 1655 and 759 cm -1 that may be attributed to the vibrations of amide groups and pyridine groups, respectively (Fig. 1b).

Moreover, after the propanesultone (PS) grafting, the FTIR spectrum displays new absorption bands at 1395 and 1208 cm -1 which are characteristic of S=O bonds as well as the presence of a peak at 1043 cm -1 assigned to the stretching vibrations of O=S=O (Fig. 1c) [START_REF] Ibrahim | One-step synthesis of zwitterionic graphene oxide nanohybrid: Application to polysulfone tight ultrafiltration hollow fiber membrane[END_REF][START_REF] Jia | Zwitterion-functionalized polymer microspheres-based solid phase extraction method on-line combined with HPLC-ICP-MS for mercury speciation[END_REF][START_REF] Chu | Zwitterion-coated graphene-oxide-doped composite membranes for proton exchange membrane applications[END_REF].

To confirm the presence of bis(2-pyridylmethyl)ethylenediamine (BPED) groups onto the GO sheets and the efficiency of the reaction of GO-BPED with the 1,3-propanesultone (PS), both the GO-BPED and the GO-BPED-PS adsorbents were analyzed by X-ray photoelectron spectroscopy (XPS). The corresponding XPS spectra of C 1s and N 1s are shown in Fig. 2 and Fig. 3, respectively. As shown in Fig. 2a, the C1s spectrum of GO-BPED displays four different peaks centered at 285.02, 286.17, 287.08, and 288.29 eV that can be assigned to C-C (unoxidized graphite carbon skeleton, C-N, C-O, and C=O species, respectively [START_REF] Pazat | In situ emulsion cationic polymerization of isoprene onto the surface of graphite oxide sheets[END_REF][START_REF] Mortazavi | Sapphire laser irradiation of graphene oxide film in order to tune its structural, chemical and electrical properties[END_REF][START_REF] Zhang | In-situ growth of all-solid Zscheme heterojunction photocatalyst of Bi7O9I3/g-C3N4 and high efficient degradation of antibiotic under visible light[END_REF].

After PS grafting, it can be observed the appearance of a new peak located at 286.33 eV corresponding to C-N + species thus confirming the conversion of pyridine groups of BPED into zwitterionic pyridinium salt, as expected (Fig. 2b). Additionally, the comparison of the XPS spectra of GO-BPED and GO-BPED-PS in the nitrogen region (Fig. 3) confirms the presence of pyridinium species at 399.53 eV (-N + R2) and 400.23 eV (C=N + ), respectively.

Finally, the presence of sulfonate species (SO3 -) onto the GO-BPED surface was also demonstrated by an XPS analysis in the sulfur region (S 2p) highlighting the presence of a peak at 168.62 eV (Fig. 4B) while the GO-BPED one did not contain any signal in this region (Fig. 4Aa). It is expected that the surface modification of GO will influence its behavior in aqueous solution so we have studied the stability of the GO-based adsorbents with time in deionized water after 10 minutes under sonication (Fig. 5). After a sonication treatment of the suspensions of the GO-based adsorbents in water for 10 minutes, stable homogeneous black suspensions were obtained even after one hour (Fig. 5). However, GO almost entirely precipitated after 15 days while GO-BPED and GO-BPED-PS kept a high affinity for water. One month later, only the GO-BPED-PS sample gave a stable suspension which may be due to the zwitterionic character of this adsorbent.

Then, the grafting density and the thermal stability of the GO-based materials were evaluated by thermogravimetric analysis (TGA) (Fig. 6). The TGA curve of GO (Fig. 6a) is well known and displays two stages: the first weight loss in the temperature range 50-120 °C is usually ascribed to the loss of physically adsorbed water while the second one corresponds to the pyrolysis of oxygen containing groups [START_REF] Samadaei | A structural study on ethylenediamine-and poly (amidoamine)-functionalized graphene oxide: simultaneous reduction, functionalization, and formation of 3D structure[END_REF][START_REF] Guimont | Grafting of polyethylene onto graphite oxide sheets: a comparison of two routes[END_REF]. In contrast, the TGA curve of GO-BPED (Fig. 6b) exhibits a low weight loss in the temperature range 50-120 °C due to the decreasing amount of physisorbed water after BPED grafting and a higher weight loss in the temperature range 200-500 °C in comparison with the GO one, as expected. Considering a weight loss of 55 wt% for the GO-BPED sample at temperatures higher than 200 °C, the calculation gives a BPED-based organic molecules content around 40 wt% after substracting the contribution of GO which corresponds to a grafting density of about 1.5 mmol.g -1 (Fig. 6c). For the GO-BPED-PS sample, the weight loss increases to 63% with a PS-based grafting density similar to that of the BPED-based one, as expected for a full conversion of the GO-BPED adsorbent to the zwitterionic one. Furthermore, insights to the morphology of the GO sheets after grafting were obtained through scanning electron microscopy (SEM) analysis (Fig. 7). The SEM image of GO-BPED shows a few clusters/agglomerates on the surface of the graphene sheets with lateral dimensions of a few micrometers which may be attributed to the successful BPED coating with some π-stacking interactions between the modified GO sheets (Fig. 7a). Nevertheless, the GO-BPED surface is mostly smooth. After PS grafting, a morphological change is observed with the disappearance of the biggest agglomerates and the increase of the roughness due to the presence of thin large flakes with wavy wrinkles (Fig. 7b). These as-prepared GO-based materials were then used as adsorbents for the removal of Co(II) and Ni(II) ions from aqueous solutions.

Effect of pH, initial metal ion concentration, contact time and the presence of competing cations on metal ion adsorption capacities

For a better understanding of the adsorption properties of the adsorbents GO-BPED and GO-BPED-PS towards metal ions, adsorption experiments were performed with Ni(II) and Co(II) ions as models for heavy metal ions and varying solution pH, metal ion concentration and contact time. Moreover, the influence of the presence of competing cations in the aqueous solution on the maximum adsorption capacity was examined.

Effect of the pH on the adsorption capacities of the GO-based materials and zero-point charge (pHzpc) studies

A key parameter in the metal ions adsorption process is the solution pH, as described by several authors in the literature [START_REF] Chaabane | Functionalization of developed bacterial cellulose with magnetite nanoparticles for nanobiotechnology and nanomedicine applications[END_REF]. In this study, the effect of solution pH on the adsorption capacities of Ni(II) and Co(II) ions by the GO-based materials was explored in the pH range 4.0-8.0. Indeed, the protonation of remaining hydroxyl and epoxide groups as well as the grafted pyridine groups onto the modified GO surface may be observed at pH<4 which can successfully competes with the adsorption of the free cations in aqueous solution due to electrostatic repulsions. Besides, using alkaline pH (>8) will ensure the hydroxide precipitation of the free cations such as Ni(II) and Co(II) [START_REF] Dicaire | Regeneration and efficiency characterization of hybrid adsorbent for thermal energy storage of excess and solar heat[END_REF]. Therefore, a blank experiment without any adsorbent in the aqueous solution was studied to confirm the precipitation of both Ni(II) and Co(II) ions in alkaline experimental conditions. The obtained results are shown in Fig. 8 for an initial metal concentration of 250 mg.L -1 , which was chosen according to our previous work [START_REF] Chaabane | Comparative studies on the adsorption of metal ions from aqueous solutions using various functionalized graphene oxide sheets as supported adsorbents[END_REF]. and Ni(II) metal ions increase with increasing the pH from 4 to 8 (Fig. 8a and8b) with maximum adsorption capacities of about 4.1 mmol.g -1 and in the range 2.5-2.9 mmol.g -1 for the GO-BPED-PS and the GO-BPED adsorbents, respectively. In addition, the blank experiment (without adsorbent) suggests some metal ion precipitation at a pH of 8, as expected. The increasing adsorption capacity with increasing pH is not surprising because a less competition between the protonation of the oxygen-based adsorption sites onto the GO surface and the adsorption of cations is expected by decreasing the concentration of H + ions in the aqueous solution.

Nevertheless, in order to strengthen this hypothesis, the pH zero point charge (pHzpc) of each GO-based adsorbent was measured to evaluate their surface charges (Fig. S3 †).

Indeed, The point of zero charge is the pH for which the surface charge of adsorbent is equal to zero so, if pHzpc<pH, the binding of metal ions onto the adsorbent surface will not favorably occurs because of the positively charged surface of GO [START_REF] Wang | Preparation of dithiocarbamate polymer brush grafted nanocomposites for rapid and enhanced capture of heavy metal ions[END_REF].

Herein, we obtained pHzpc values of 6.5 and 6.9 for GO-BPED and the zwitterionic GO-BPED-PS, respectively which is in accordance with the maximum adsorption capacities obtained at pH=7 for both the zwitterionic GO-BPED-PS (Q(Ni(II) = 4.174±0.102 mmol.g -1 ;

Q(Co(II)=3.902 ± 0.099 mmol.g -1 ) and the GO-BPED adsorbents (Q(Ni(II))= 3.254±0.098 mmol.g -1 ; Q(Co(II)) = 3.054±0.093 mmol.g -1 ).

The higher maximum adsorption capacities of the GO-BPED-PS adsorbent in comparison with the GO-BPED ones may be due to the presence of sulfonate groups that can act as efficient binding sites for cations.

Effect of the initial metal ion concentration

The effect of the initial metal concentration on the maximum adsorption capacity of GO-BPED and GO-BPED-PS adsorbents was estimated by using an adsorbent dose of 1mg.mL -1 and a metal ion concentration varying from 50 to 500 mg.L -1 at 293 K (Fig. 9). As expected, the adsorption capacities increase with increasing the initial metal ion concentrations whatever the adsorbent due to the high viability of the adsorption sites while the presence of a plateau for a metal ion concentration higher than 250 mg.L -1 suggests the saturation of the binding sites.

Effect of the contact time

In order to investigate the efficiency of the adsorption of Ni(II) and Co(II) ions by GO-BPED and GO-BPED-PS, we have studied the time to reach equilibrium in the range 1 minute-7 hours (Fig. 10). and this behavior may be rely on the higher electronegativity, atomic number, ionic radius, and density of Ni(II) making it a better adsorbate for electrostatic and inner-sphere surface complexation reactions.

Influence of competing cations in the metal ion suspensions

Wastewater As it can be observed in Fig. 11, the maximum adsorption capacities of the GO-based adsorbents towards different metal ions slightly decrease in the presence of monovalent cations (Na(I) and K(I)) while the effect is more pronounced for divalent cations such as Mg(II) and Ca(II). These results can be correlated to the selectivity of Ca(II) and Mg(II) ions that may bind with two active functional groups onto the GO-based adsorbent surfaces while monovalent cations react with only one active site.

Adsorption kinetics

The kinetics investigations are of huge importance to understand both the dynamics and mechanism of the metal ion adsorption process. Four well known kinetic models were exploited to analyses the experimental data, including the pseudo-first-order kinetic model [START_REF] Derylo-Marczewska | Phenoxyacid pesticide adsorption on activated carbon-Equilibrium and kinetics[END_REF][START_REF] Saleha | Processing methods, characteristics and adsorption behavior of tire derived carbons: A review[END_REF], the pseudo-second-order kinetic model [START_REF] Zhang | Polyethersulfone enwrapped graphene oxide porous particles for water treatment[END_REF][START_REF] Ghaedi | Modeling of competitive ultrasonic assisted removal of the dyes -Methylene blue and Safranin-O using Fe3O4 nanoparticles[END_REF], the Elovich kinetic model [START_REF] Li | Adsorption thermodynamic, kinetic and desorption studies of Pb 2+ on carbon nanotubes[END_REF] and the Weber and Morris model [START_REF] Li | Adsorption thermodynamic, kinetic and desorption studies of Pb 2+ on carbon nanotubes[END_REF], more recently called intra-particle diffusion kinetic model.

The corresponding linear forms of the governing equations are given by equations 2-5, respectively.

log(Q -Q ) = logQ -. t (2) 
= + (3) 
Q = " ln(t) + " ln(αβ) (4) 
Q = K ' × t / + L (5) 
where t (min) is the contact time, Qe and Qt (mmol.g -1 ) are the amount of metal ions adsorbed at equilibrium and t time, respectively, K1 (min -1 ) is the equilibrium rate constant of the pseudo-first-order model, k2 (g.mmol -1 .min -1 ) is the equilibrium rate constant of the pseudo-second-order model ; β (g.mmol -1 ) is the desorption constant, α (mmol.g -1 .min -1 ) is the initial adsorption rate constant, ki (mmol.g -1 .min -1/2 ) is the intra-particle diffusion rate constant and L (mmol.g -1 .min -1/2 ) is the constant related to the binding layer thickness.

First, to evaluate the effect of time on the adsorption process, the experimental data were fitted with the pseudo-first-order and the pseudo-second-order models (Fig. S4 † and Fig. S5 †) and the calculated parameters for the two models are summarized in Table 1. According to the linear correlation coefficient (R 2 ) values and the calculated Qe in comparison with the experimental ones, we can consider that the pseudo-second-order model is well adapted to describe the experimental data whatever the adsorbent and the metal ion.

Therefore, we can admit that the adsorption of both Co(II) and Ni(II) ions onto GO-BPED and GO-BPED-PS is controlled by a chemical sorption related to electron exchanges between adsorbent and metal ions [START_REF] Zhang | Polyethersulfone enwrapped graphene oxide porous particles for water treatment[END_REF].

Moreover, the K2 values show that the adsorption rates for Ni(II) and Co(II) ions onto the zwitterionic GO-BPED-PS adsorbent are higher than that of the GO-BPED adsorbent, especially in he case of Co(II) confirming that the zwitterionic GO-BPED-PS adsorbent could remove the metal ions faster than the GO-BPED adsorbent (see section 3.2.3) and the adsorption rate followed the order Ni(II)>Co(II).

Furthermore, the Elovich model is related to adsorbents whose surfaces are heterogeneous [START_REF] Laus | Adsorption and desorption of Cu(II), Cd(II) and Pb(II) ions using chitosan crosslinked with epichlorohydrin-triphosphate as the adsorbent[END_REF], so this model was implemented to our experimental results and the corresponding calculated constants are shown in Table 2.

Table 2. Kinetic parameters calculated from the Elovich model for the adsorption of Ni(II)

and Co(II) ions onto a) GO-BPED and b) GO-BPED-PS.

In particular, it is observed that the initial sorption rate (α) is higher for the Ni(II) ions than for the Co(II) whatever the adsorbent while the desorption constant (β) is higher of the Co(II) ions, as expected, considering the higher affinity of Ni(II) ions for both GO-BPED and GO-BPED-PS adsorbents. The higher values obtained for the zwitterionic GO-BPED-PS adsorbent may be due to its higher surface area. To gain more insight into the adsorption mechanisms, the experimental results were also fitted with the intra-particle diffusion model (Table S2). Fig. 12 illustrates the multi-linear plots of Qt versus t 1/2 obtained from the intraparticle diffusion model whatever the adsorbent.

The latter behaviors suggest the presence of two stages in the adsorption process corresponding to a fast transfer of Co(II) and Ni(II) ions from the aqueous solution to the GO- based surface followed by a low diffusion rate of metal ions into the pores of the GO-based sheets [START_REF] Laus | Adsorption and desorption of Cu(II), Cd(II) and Pb(II) ions using chitosan crosslinked with epichlorohydrin-triphosphate as the adsorbent[END_REF]. In addition, the break point (B.P) values (about 7.1 min 1/2 and 5.6 min 1/2 for GO-BPED and GP-BPED-PS, respectively (Fig. 12) confirm that the zwitterionic GO-BPED-PS adsorbent can achieve an equilibrium adsorption faster than the GO-BPED one, which may be attributed to its higher number of adsorption sites. 

3.4.Adsorption isotherms

Adsorption isotherms provide information about the distribution relationship of the adsorbed metal ions between the liquid and the solid phases at the equilibrium adsorption state [START_REF] Allen | Adsorption isotherm models for basic dye adsorption by peat in single and binary component systems[END_REF]. Herein, the Langmuir [START_REF] Langmuir | The constitution and fundamental properties of solids and liquids. Part I. Solids[END_REF], Freundlich [START_REF] Freundlich | Über die adsorption in lösungen[END_REF] and Jossens [START_REF] Jossens | Thermodynamics of multi-solute adsorption from dilute aqueous solutions[END_REF] models isotherms were used to determine the adsorption equilibrium of Ni(II) and Co(II) ions onto the GObased adsorbents at different temperatures.

Langmuir model :

= + + (6) 
, -= ./×0 123 (7)

Freundlish model :

lnQ = ln(K 4 ) + 5 ln(C ) (8) 
Jossens model : 3 and Table 4, respectively.

Q = '× .7×( ) 8 (9 
Considering these data, it may be concluded that the Langmuir model is more suitable than the Freundlich one to describe the adsorption behavior of Ni(II) and Co(II) ions onto the modified GO surfaces which exhibit homogeneous distributions of adsorption active sites.

Therefore, the adsorption process of Ni(II) and Co(II) ions onto the GO-based adsorbents is based on a monolayer. It should be also noted that the calculated adsorption capacities are close to the experimental ones and follow the order GO-BPED-PS˃ GO-BPED at temperatures lower than 353 K (Table 3).

Moreover, both the adsorption energy "b" and Qmax of GO-BPED-PS decrease by increasing the solution temperature suggesting that the combination of the functional groups located onto the GO surface with Co(II) is temperature dependent (Table 3). Finally, the separation factor values (RL) are in the range 0-1 confirming that the adsorption process is favorable (Table 3). Unlike the Langmuir model, the Freundlich model describes a multilayer adsorption on heterogeneous surfaces. The Freundlich constant KF values, correlated to the equilibrium adsorption capacities of the adsorbents, confirm that the zwitterionic GO-BPED-PS adsorbent is a better adsorbent than GO-BPED at 293K, which may be due to the high affinity between the metal ions and the sulfonate groups located onto the GO-BPED-PS sheets (Table 4). Even if the regression coefficient values (R 2 ) are higher for the Langmuir model, it is believed that adsorption of Co(II) and Ni(II) ions onto GO-BPED and GO-BPED-PS involve a GO-based surface that is not completely homogeneous that is why the Jossens model was also exploited and the results are listed in Table 5. It can be seen that the R 2 values are very close to 1 while the "m" values are higher than 1 whatever the sample and the solution temperature (ranging from 293 K to 353 K) so it may be concluded that the Jossens model fits better with the experimental data than both Langmuir and Freundlich models (Table 5). 

Thermodynamic adsorption parameters

In order to investigate the thermodynamic properties of the adsorption process, which includes both de desorption of adsorbed solvent molecules and the adsorption of the adsorbate species, the Jossens isotherm constant "i" (Table 5) has been used to calculate the Gibb's free energy (ΔG°; kJ.mol -1 ), the enthalpy (ΔH°; kJ.mol -1 ) and the entropy (ΔS°; kJ.mol -1 .K -1 ) [START_REF] Ma | Adsorption of Low-Concentration Uranyl Ion by Amidoxime Polyacrylonitrile Fibers[END_REF][START_REF] Muniyalakshmi | Synthesis and characterization of graphene oxide nanosheets[END_REF] (Eqs. 10-12). The thermodynamic parameters were calculated for temperatures varying from 293K to 313K (Table 6). The negative values of ΔG° obtained at temperatures varying from 293 K to 353 K indicate that the adsorption of Co(II) and Ni(II) ions onto GO-BPED and GO-BPED-PS occurs favorably and spontaneously. In case of the GO-BPED adsorbent, it is observed that the absolute values of ΔG° gradually increase as the solution temperature increases due to an increasing mobility of Ni(II) and Co(II) ions to the adsorption sites [START_REF] Chaabane | Comparative studies on the adsorption of metal ions from aqueous solutions using various functionalized graphene oxide sheets as supported adsorbents[END_REF] and/or a higher affinity of the adsorbate on adsorbent at high temperatures [START_REF] Saha | Insight into adsorption thermodynamics[END_REF][START_REF] Peer | Removal of Cd (II), Pb (II) and Cu (II) ions from aqueous solution by polyamidoamine dendrimer grafted magnetic graphene oxide nanosheets[END_REF]. Moreover, the positive values of ∆S° is related to a good affinity between the GO-BPED adsorbent and the adsorbates as well as an increase of the disorder at the adsorbent/solution boundary during the adsorption process [START_REF] Abechi | Studies on the mechanism of adsorption of methylene blue onto activated carbon using thermodynamic tools[END_REF]. The positive values of ∆H° for the GO-BPED adsorbent indicate the endothermic nature of the adsorption process which may be explained by the dehydration of Ni(II) and Co(II) ions at high temperatures as well as the increasing solubility of metal ions in the aqueous solution by increasing the temperature. In contrary, the use of the zwitterionic GO-BPED-PS adsorbent leads to a decrease of the absolute values of ΔG° by increasing the temperature suggesting that the electrostatic attractions between sulfonate groups and cations decrease with increasing temperature.

ΔG° = ΔH°-TΔS° = -R×T×ln (KT) (10 
The obtained negative values of ∆S° suggest that the adsorption process involves an associative mechanism with the formation of an activated complex between the active sites onto the GO-BPED-PS adsorbent and the metal ions as well as an increase of the disorderliness at the liquid-solid interface during the adsorption process. Moreover, the adsorption process is exothermic, as suggested by the negative ∆H° values [START_REF] Saha | Insight into adsorption thermodynamics[END_REF].

Furthermore, the activation energy of the adsorption process which, is defined as the minimum energy needed by the adsorbate to interact with the adsorbent surface was calculated by using the Arrhenius equation (Eq. 13) [START_REF] Hamdi Karaoglu | Biosorption of Cr(III) from solutions using vineyard pruning waste[END_REF].

ln K = ln A - A B =9 (13) 
K (L.g -1 ): Jossens constant, A: frequency factor, Ea (KJ.mol -1 ): activation energy, and T (K): temperature.

The results are summarized in Table 7. The positive activation energies obtained by using the GO-BPED adsorbent suggest an endothermic nature of the adsorption process and their magnitudes are in the range of energies for chemisorption process which agree well with earlier conclusion based on the values of the enthalpy. Indeed, it is well known that the chemisorption increases with increasing temperature because of a higher surface coverage [START_REF] Saha | Insight into adsorption thermodynamics[END_REF][START_REF] Peer | Removal of Cd (II), Pb (II) and Cu (II) ions from aqueous solution by polyamidoamine dendrimer grafted magnetic graphene oxide nanosheets[END_REF][START_REF] Abechi | Studies on the mechanism of adsorption of methylene blue onto activated carbon using thermodynamic tools[END_REF]. Nevertheless, some authors reported a critical activation energy value of 40 kJ.mol -1 for which the adsorption is a diffusion-controlled process (below 40 kJ.mol -1 ) or not (chemisorption) [START_REF] Dogan | Adsorption kinetics of maxilon yellow 4GL and maxilon red GRL dyes on kaolinite[END_REF][START_REF] Nollet | Removal of PCBs from wastewater using fly ash[END_REF]. In case of the GO-BPED-PS adsorbent, we obtained negative Ea values suggesting a potential barrier corresponding to a physisorption process. Karaoglu et al., [START_REF] Hamdi Karaoglu | Biosorption of Cr(III) from solutions using vineyard pruning waste[END_REF] reported an Ea value of -15.65 kJ.mol -1 for the biosorption of Cr(III) ions on vineyard pruning waste while Padmavathy [START_REF] Padmavathy | Biosorption of nickel(II) ions by baker's yeast: Kinetic, thermodynamic and desorption studies[END_REF] obtained an Ea value of -13.9 kJ.mol -1 for the biosorption of nickel(II) ions onto deactivated protonated yeast. 

Regeneration and reusability of GO-based adsorbents

The recovering of adsorbates is of crucial importance for the regeneration and reuse of adsorbents and it can be carried out by various methods including solvent washing, chemical, electrochemical, biological and thermal treatments [START_REF] Kulkarni | Adsorption Studies for Organic Matter Removal from Wastewater by Using Bagasse Flyash in Batch and Column Operations[END_REF]. The efficiency of an adsorbent is expected to decrease with successive adsorption-desorption cycles [START_REF] Kulkarni | Adsorption Studies for Organic Matter Removal from Wastewater by Using Bagasse Flyash in Batch and Column Operations[END_REF][START_REF] Zhou | A comparison of inorganic solid wastes as adsorbents of heavy metal cations in aqueous solution and their capacity for desorption and regeneration[END_REF]. For example, Kulkarni al., [START_REF] Kulkarni | Adsorption Studies for Organic Matter Removal from Wastewater by Using Bagasse Flyash in Batch and Column Operations[END_REF] used a thermal treatment to recover the adsorption capacity of a carbonbased adsorbent. Herein, we have studied desorption of the metal ions from the GO-BPED and GO-BPED-PS adsorbents by using different experimental conditions.

In particular, we focused our attention on the use of EDTA-, HCl-, and HNO3-based aqueous solutions (0.02 mg.L -1 ). Figure 13 shows that the EDTA-based aqueous solution is the most suitable one to recover the metal ions from the GO-BPED adsorbent while the HCl one also displays an efficiency close to 100% for the GO-BPED-PS adsorbent. After the desorption procedure, the GO-based adsorbents were re-used in numerous adsorption-desorption cycles (Fig. 14). A slight decrease of the adsorption capacity of the GO-BPED-PS adsorbent is observed after 17 cycles (Fig. 14b). In addition, it should be mentioned that the FTIR spectra of the GO-BPED-PS absorbent before and after eighteen runs (Fig. 15) did not show any difference suggesting a good mechanical and chemical stability. 

Comparison of the adsorption capacities of various adsorbents for Co(II) and Ni(II) ions.

For comparison, the maximum adsorption capacities, adsorption equilibrium times, optimal solution pH, and exploited kinetic and isotherm models obtained for GO-BPED, GO-BPES-PS and various popular adsorbents for the removal of Co(II) and Ni(II) ions from aqueous solutions were compared (Table 8). Table 8 highlights that the adsorption capcities of Co(II) and Ni(II) ions obtained by most of the GO-based materials are much higher than that of conventional adsorbents such as peel of Artocarpus nobilis, Humic acid-immobilized-amine modified polyacrylamide/bentonite (HA-Am-PAA-B) and activated carbon from Glycyrrhiza glabra residue (AC). Moreover, it should be noted that the grafting of aminoethyl groups and cellulose onto reduced graphene oxide (AERGO and GO-cellulose, respectively, (Table 8) did not permit to increase the adsorption capacity of GO contrary to the use of BPED and PS groups (this work) which ensured an increase of the GO adsorption capacity by approximately a factor 2. In addition, the adsorption capacities of GO-BPED-PS for removing Ni(II) ions are 20 times higher than the MC-GO adsorbent one [START_REF] Mohammadi | High surface area-activated carbon from Glycyrrhiza glabra residue by ZnCl2 activation for removal of Pb (II) and Ni (II) from water samples[END_REF]. Finally, the zwitterionic GO-BPED-PS adsorbent can be regenerated several times (18 cycles), much more than the conventional adsorbents (about 10 cycles).

Conclusion

For the first time, the chemical modification of graphene oxide sheets (GO) with bis(2pyridylmethyl)ethylenediamine (BPED) and 1,3-propanesultone (PS) allowed for the easy preparation of an efficient zwitterionic adsorbent for the removal of Co(II) and Ni(II) ions from aqueous solutions. It was demonstrated that the zwitterionic GO-BPED-PS adsorbent exhibited adsorption capacities as high as 4.174±0.098 mmol.g -1 and 3.902±0.090 mmol.g -1

for Ni(II) and Co(II) ions, respectively, under optimal experimental conditions, which make it the best GO-based adsorbent for both Ni(II) and Co(II) ions. Futhermore, the calculated thermodynamic parameters indicated that the adsorption behavior of Ni(II) and Co(II) ions onto the zwitterionic GO-BPED-PS adsorbents was spontaneous with an exothermic process contrary to the adsorption process onto the GO-BPED adsorbent which was endothermic.

Interestingly, the recyclability of the GO-based adsorbents was checked and it was observed that the removal of the Ni(II) and Co(II) ions from aqueous solutions did not change significantly even after eighteen adsorption/desorption cycles. These results are very encouraging for the industrial production of zwitterionic graphene oxide-based adsorbents with application in the field of water purification and heavy metal removal.

  Fourier transform-infrared spectroscopy (FTIR) spectra were recorded at room temperature on a Nicolet 460 spectrometer (Thermo Nicolet Corporation, USA). Thermogravimetric analyses (TGA) were carried out in the temperature range 25 °C-700 °C under nitrogen gas flow with a heating rate of 10.0 °C.min -1 . The X-ray photoelectron spectroscopy (XPS) analyses were performed on a Perkin Elmer PHI 5300 physical spectrometer (SXM instrument, USA) with Al Kα radiation (1486.6 eV) operated at 15 eV and 4 mA. Scanning electron microscopy (SEM) images were taken by a commercial FEI Quanta 250 FEG at a typical accelerating voltage of 10 KV. The concentration of Ni(II) and Co(II) ions in aqueous solutions were evaluated by the use of Uv-visible analysis and calibration curves. A digital camera (CANON, SX-211 IS-Wide zoom) tacked all digital images.

Scheme 1 .

 1 Scheme 1. Preparation of the zwitterionic GO-based absorbent through the functionalization of GO sheets with bis(2-pyridylmethyl)-ethylenediamine (BPED) and 1,3-propanesultone (PS).

Fig. 1 .

 1 Fig. 1. FTIR spectra of (a) GO, (b) GO-BPED, and (c) GO-BPED-PS.

Fig. 2 .

 2 Fig. 2. High-resolution X-ray photoelectron spectroscopy spectra of the carbon region

Fig. 3 .

 3 Fig. 3. High-resolution X-ray photoelectron spectroscopy spectra of the nitrogen region N 1s for (a) GO-BPED and (b) GO-BPED-PS.

Fig. 4 .

 4 Fig. 4. (A) High-resolution X-ray photoelectron spectroscopy spectra for (a) GO-BPED and (b) GO-BPED-PS, and (B) High-resolution X-ray photoelectron spectroscopy spectra of the sulfur region (S 2p) for GO-BPED-PS.

Fig. 5 .

 5 Fig. 5. Influence of time onto the stability of GO derivatives suspensions in water at a concentration of 0.35 mg.mL -1 : (a) GO, (b) GO-BPED and (c) GO-BPED-PS.

Fig. 6 .

 6 Fig. 6. TGA of (a) GO, (b) GO-BPED and (c) GO-BPED-PS.

Fig. 7 .

 7 Fig. 7. SEM images of (a) GO-BPED and (b) GO-BPED-PS.

Fig. 8 .

 8 Fig. 8. Effect of pH on the equilibrium adsorption capacities (Qe) of a) Ni(II) and b) Co(II) ions on the surface of GO-BPED and GO-BPED-PS; [Adsorbent]= 1mg.mL -1 , [Metal ion]= 250 mg.L -1 , T=293 K, and t= 24 h.

Fig. 9 .

 9 Fig. 9. Effect of the initial metal ion concentration on the maximum adsorption capacity of (a) GO-BPED and (b) GO-BPED-PS, [Adsorbent]= 1mg.mL -1 , T= 293 K, and pH= 7.

Fig. 10 .

 10 Fig. 10. Adsorption kinetics of a) GO-BPED and b) GO-BPED-PS towards Ni(II) and Co(II) ions ([Adsorbent]=1 mg.mL -1 , [Metal ion]= 250 mg.L -1 , T= 293 K, and pH= 7).

Figure 10

 10 Figure10shows a very fast increase of the adsorption capacities with time in the first few minutes whatever the metal ion and the adsorbent and then a plateau is observed for contact times higher than 1 hour. The maximum adsorption capacities are obtained in a lower contact time for the GO-BPED-PS adsorbent than the GO-BPED sample suggesting the presence of more efficient binding sites onto the GO-BPED surface and better stabilization and dispersion in the aqueous solution. The equilibrium adsorption capacities of the zwitterionic GO-BPED-PS adsorbent are 4.174±0.098 mmol.g -1 and 3.902±0.090 mmol.g-1 for Ni(II) and Co(II) ions, respectively at an optimal contact time of one hour. Moreover, the affinity between the Co(II) and Ni(II) ions and the adsorbents obeys the order Ni(II) > Co(II)

Fig. 11 .

 11 Fig. 11. Effect of the presence of competing cations in the metal-based aqueous solutions on the maximum adsorption capacities of (a) GO-BPED and (b) GO-BPED-PS for Ni(II) and Co(II) ions, (Adsorption conditions: [Adsorbent]= 1 mg.mL -1 , [Metal ions]= 250 mg.L -1 , T= 293 K, [competing cations]= 100 mg.L -1 , and using optimal pH conditions and contact time conditions: pH= 7 for GO-BPED and GO-BPED-PS with t= 4 h and t= 1 h, respectively.

Fig. 12 .

 12 Fig. 12. Intra-particle diffusion kinetic for the adsorption of Ni(II) and Co(II) ions by a) GO-BPED and b) GO-BPED-PS (B.P = break point).

)

  Ce (mmol.L -1 ) : adsorbate concentration at equilibrium Q (mmol.g -1 ) : adsorption capacity at equilibrium Q (mmol.g -1 ) : adsorption capacity for a monolayer b (L.mmol -1 ) : Langmuir isotherm constant CRef (mmol.L -1 ) : adsorbate concentration onto the adsorbent surface RL : separation factor KF and n : Freundlish isotherm constants i (L.g -1 ) and j (L.mmol -1 ) : Jossens isotherm constants m : constant in the range 0-1 First, the adsorption behaviors of Co(II) and Ni(II) ions onto the modified GO surfaces was studying with both Langmuir and Freundlich isotherm models at a defined temperature and the corresponding calculated parameters are compared in Table

  constantΔS° and ΔH°: entropy and enthalpy, respectively and calculated from the slope and the intercept of the plot of ln (KT) versus 1/T.

Fig. 13 .

 13 Fig. 13. Metal ion desorption efficiency of EDTA-, HCl-and HNO3-based aqueous solutions (0.02 mg.L -1 ) onto (a) sorbed GO-BPED and (b) sorbed GO-BPED-PS.

Fig. 14 .

 14 Fig. 14. Maximum adsorption capacities of (a) GO-BPED and (b) GO-BPED-PS for Ni(II) and Co(II) ions after desorption/re-adsorption cycles. (Desorption experimental conditions: [EDTA]= 0.02 mg.L -1 for GO-BPED and [HCl]= 0.02 mg.L -1 for GO-BPED-PS); Adsorption experimental conditions: [Adsorbent] = 1 mg.mL -1 , [metal ions]= 250 mg.L -1 , T= 293 K, at pH= 7 for both adsorbents and contact time of 4 h and 1 h, respectively.

Fig. 15 .

 15 Fig. 15. FTIR spectra of (a) as-prepared GO-BPED-PS and (b) recovered GO-BPED-PS after 18 consecutive trials.

*

  HA-Am-PAA-B: Humic acid-immobilized-amine modified polyacrylamide/bentonite, AC: Activated carbon from Glycyrrhiza glabra residue, MC-GO: Magnetic Chitosan-GO, AERGO: The grafting of aminoethyl onto reduced graphene oxide, GO: graphene oxide, GO-EDA-CAC-BPED: The grafting of ethylenediamine (EDA), chloroacetyl chloride (CAC) and bis(2pyridylmethyl)ethylenediamine (BPED) onto GO, PFO: Pseudo-first-order kinetic model, and PSO: Pseudo-second-order kinetic model.

Table 1 .

 1 Kinetic parameters calculated from pseudo-first-order and pseudo-second-order

		Metal		First-order Kinetic model		Second-order Kinetic model	
	Adsorbent	ion	Qe(mmol.g -1 )	K1×10² (min -1 ) Qe(mmol.g -1 )	R²	K2×10² (g.mmol -1 .min -1 )	Qe(mmol.g -1 )	R²
		Ni(II)	2.896±0.072	2.072±0.041	2.109±0.016	0.971	2.986±0.038	2.864±0.002	0.999
	a	Co(II)	2.206±0.067	1.773±0.012	1.775±0.003	0.982	2.566±0.093	2.201±0.005	0.998
		Ni(II)	4.174±0.098	6.909±0.013	4.198±0.009	0.990	3.486±0.061	4.176±0.002	0.999
	b	Co(II)	3.902±0.090	4.822±0.012	4.006±0.007	0.991	2.988±0.023	4.911±0.001	0.999

models for the adsorption of Ni(II) and Co(II) ions onto (a) GO-BPED and (b) GO-BPED-PS.

Table 3 .

 3 Langmuir 

	Support	Metal ion	Temperature (K)

adsorption isotherm parameters for Ni(II) and Co(II) ions adsorption onto the adsorbents (a) GO-BPED and (b) GO-BPED-PS at different temperatures.

Qmax (mmol.g -1) Qcalc. (mmol.g -1 ) b (L.mmol -1 ) KL (L.g -1 ) RL

  

			313	4.191±0.032	4.198±0.002	7.266±0.004	31.740±0.004 0.072±0.002 0.994
			333	3.407±0.025	3.565±0.006	2.358±0.015	10.347±0.015 0.038±0.006 0.994
			353	2.623±0.071	2.943±0.007	1.782±0.023	5.246±0.023	0.053±0.007 0.992
			293	3.902±0.090	4.032±0.003	9.565±0.006	39.525±0.006 0.013±0.003 0.998
		Co(II)	313 333	3.444±0.091 2.884±0.027	3.585±0.003 3.902±0.008	6.501±0.009 2.420±0.024	23.310±0.009 0.017±0.003 0.997 7.674±0.024 0.040±0.008 0.996
			353	2.477±0.049	2.535±0.0132	1.536±0.043	4.357±0.043	0.158±0.013 0.994
							R 2
			293	2.896±0.072	3.032±0.009	2.063±0.027	6.877±0.027	0.046±0.009 0.998
		Ni(II)	313 333	3.118±0.045 3.302±0.088	3.123±0.007 3.466±0.002	2.544±0.021 3.557±0.007	8.710±0.021 12.180±0.007 0.012±0.002 0.995 0.039±0.007 0.994
			353	3.663±0.032	3.787±0.001	5.146±0.004	19.493±0.004 0.017±0.001 0.994
	a					
			293	2.206±0.067	2.374±0.008	2.122±0.027	5.464±0.027	0.011±0.008 0.998
		Co(II)	313 333	2.511±0.052 2.698±0.046	2.654±0.004 2.700±0.002	3.859±0.014 5.677±0.008	10.245±0.014 0.070±0.004 0.996 15.898±0.008 0.051±0.002 0.995
			353	2.884±0.102	2.950±0.001	7.016±0.005	20.703±0.005 0.035±0.001 0.995
	b	Ni(II)	293	4.174±0.098	4.200±0.001	14.515±0.003 62.901±0.003 0.064±0.001 0.995

Table 4 .

 4 Freundlich 

	Support	Metal ions	Temperature (K)

adsorption isotherm parameters for Ni(II) and Co(II) ions adsorption onto the adsorbents (a) GO-BPED and (b) GO-BPED-PS at different temperatures.

KF ((mmol.g -1 )(L.mmol -1 ) 1/n )

  

				n	R 2
		293	1.873±0.070	2.463±0.061	0.845
	Ni(II)	313 333	2.052±0.066 2.396±0.067	2.806±0.057 3.556±0.046	0.851 0.822
	a	353 293	2.857±0.063 1.433±0.067	3.699±0.039 2.617±0.059	0.655 0.838
	Co(II)	313 333	1.754±0.060 2.162±0.052	3.374±0.047 5.688±0.037	0.828 0.781
		353	2.238±0.050	6.060±0.017	0.863
		293	3.886±0.086	7.886±0.042	0.757

Table 5 .

 5 Jossens 

	Ni(II)	313	3.439±0.046	4.436±0.036	0.848
		333	1.968±0.054	2.082±0.050	0.917
		353	1.596±0.047	2.617±0.040	0.919
	b	293	3.273±0.106	3.522±0.063	0.713
	Co(II)	313 333	2.604±0.092 1.868±0.069	3.297±0.069 2.696±0.062	0.707 0.816
		353	1.472±0.068	2.490±0.061	0.844

adsorption isotherm parameters for Ni(II) and Co(II) ions adsorption onto the adsorbents (a) GO-BPED and (b) GO-BPED-PS at different temperatures.

Table 6 .

 6 Thermodynamic parameters for adsorption of Ni(II) and Co(II) ions onto the adsorbents (a) GO-BPED and (b) GO-BPED-PS under optimal experimental conditions.

	Support	Metal ions	Temperature (K)	∆G° (KJ.

mol -1 ) ∆S° (J.K -1 .mol -1 ) ∆H° (KJ.mol -1 ) a Ni(II)

  

		293	-3.198±0.258		
		313 333	-5.615±0.488 -8.328±0.501	130.01±0.90	34.98±0.90
		353	-10.965±2.365		
		293	-3.663±0.154		
	Co(II)	313 333	-5.717±0.875 -7.950±1.885	104.70±1.41	27.00±1.41
		353	-9.897±2.721		
		293	-6.518±0.854		
	Ni(II)	313 333	--5.180±0.784 -3.662±0.184	-70.70±0.50	-27.26±0.50
	b	353 293	-2.308±0.186 -7.768±1.974		
	Co(II)	313 333	-6.449±1.024 -5.047±0.254	-82.34±0.85	-33.36±0.85
		353	-3.554±0.160		

Table 7 .

 7 Arrhenius parameters for Ni(II) and Co(II) ions adsorption onto the adsorbents (a)

	Support	Metal ions	Temperature (K)	A	Ea (kJ.mol -1 )	R 2
			293			
			313			
		Ni(II)	333	15.61±1.61	34.89±2.30	0.999
			353			
	a		293			
			313			
		Co(II)	333	12.60±2.65	26.45±3.32	0.999
			353			
			293			
			313			
		Ni(II)	333	-8.50±0.55	-27.25±1.10	0.999
			353			
	b		293			
			313			
		Co(II)	333	-8.42±1.02	-28.31±2.18	0.999

GO-BPED and (b) GO-BPED-PS at different temperatures.

Table 8 .

 8 Comparison of the maximum adsorption capacities, adsorption equilibrium times, pH, and exploited kinetic and isotherm models to various adsorbents for the removal of Co(II) and Ni(II) ions from aqueous solutions.

	Adsorbents	Adsorption capacity (mmol.g -1 )	pH	Time (min)	Exploited Model	number of adsorption-desorption cycles	Refs.
		Ni(II)	Co(II)			Kinetic	Isotherm		
	Peel of								
	Artocarpus	20.443×10 -4	-	5.9	60	PFO	Langmuir	-	[59]
	nobilis								
	HA-Am-PAA-B	-	0.897	5	120	PSO	Langmuir	3	[60]
	AC	2.840	-	7	20	PSO	Langmuir	-	[61]
	GO	1.789±0.115 1.510±0.095 5	540	PSO	Jossens	10	[17]
	AERGO	0.274	0.244	5.5	20	PSO	Langmuir	5	[13]
	GO-cellulose	0.243	0.263	4.5 120	PSO	Langmuir	10	[62]
	MC-GO	0.208	-	7	70	-	Langmuir	3	[63]
	GO-EDA-CAC-BPED	3.254±0.095 3.054±0.091 7	240	PSO	Jossens	10	[17]
	GO-BPED	2.896±0.072 2.206±0.067 7	240	PSO	Jossens	18	This
	GO-BPED-PS	4.174±0.098 3.902±0.090 7	60	PSO	Jossens	18	work
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