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A series of magnetic interconnected microcellular poly(styrene-DVB) polymeric monoliths were prepared by the polymerization of high internal phase emulsion (HIPE) templates then used as adsorbents to remove Pb 2+ , Cu 2+ and Zn 2+ ions from wastewaters. Magnetic Fe 3 O 4 nanoparticles functionalized with 1,2,3-triazole cycle (MNP-Trz) were used to stabilize the emulsions and to impart magnetic properties and additional chelating sites to the porous materials. Important variations in microstructure were achieved by adjusting the concentration of MNP-Trz nanoparticles. The effects of external adsorption conditions including pH, initial concentration and contact time on the adsorption properties were systematically investigated.

It was demonstrated that the adsorption equilibrium can be rapidly reached within 25 min for Cu 2+ and Zn 2+ and 40 min for Pb 2+ with high maximal adsorption capacities of 303.3, 149.2 and 135.9 mg.g -1 for Pb 2+ , Cu 2+ and Zn 2+ respectively at pH=5.5 and T=25°C. The easy and versatile preparation and excellent performance make these magnetic porous polymers excellent candidates for metal remediation.

Introduction

Water pollution is one of the most serious ecological threats facing humanity today. A wide range of chemical and mineral contaminants are at the origin of such pollution including pesticides, heavy metals, dyes and polyaromatic hydrocarbons that have been identified as carcinogens whereas pharmaceuticals, cosmetics and personal care products are known to be endocrine disruptors [START_REF] Bharagava | Introduction to Industrial Wastes Containing Organic and Inorganic Pollutants and Bioremediation Approaches for Environmental Management[END_REF][START_REF] Zinicovscaia | Water Quality: A Major Global Problem[END_REF].

Heavy metals such as lead, copper and zinc are considered as very toxic pollutants at low concentrations due to their accumulative nature. Their toxicity and health risks are wellunderstood, and their presence in drinking water above certain permissible limits can pose serious health risks particularly for the nervous, hematological, and cardiovascular systems that may lead to numerous cancers including kidney, lung, liver, skin, and gastric cancer [START_REF] Tchounwou | Heavy Metal Toxicity and the Environment[END_REF][START_REF] Asrari | Heavy Metal Contamination of Water and Soil: Analysis, Assessment, and Remediation Strategies[END_REF].

Nowadays, the development of effective adsorbent materials for heavy metals remediation in aquatic environments is of increasing interest in both scientific and industrial communities [START_REF] Mokadem | Magnetic Nanoadsorbents for Metal Remediation[END_REF]. The adsorption properties of a material are closely related to its surface and more particularly to its specific surface area, its internal porosity and the nature and intensity of the interactions between the adsorbate and the adsorbent which are themselves governed by the superficial functional groups [START_REF] Kumar | Adsorption of Cr(VI) from aqueous solution by prepared high surface area activated carbon from Fox nutshell by chemical activation with H3PO4[END_REF]. Among the adsorbents used for water treatment, porous materials have a proven interest because of their specific structure, often regular, and their high specific surface area giving them remarkable adsorption performances [START_REF] Zhu | Monolithic supermacroporous hydrogel prepared from high internal phase emulsions (HIPEs) for fast removal of Cu2+ and Pb2+[END_REF]. Various porous materials have already been selected as potential candidates for the depollution of water that can be classified into inorganic porous materials based on silica, zeolites and clay J o u r n a l P r e -p r o o f minerals, porous materials based on carbon as activated carbons, carbon nanofibers and carbon nanotubes, metal-organic-framework compounds (MOF) and porous organic polymer materials.

As an emerging class of highly porous materials, cellular polymers with various potential applications have recently aroused a particular interest in environmental and materials sciences. These materials containing gaseous voids called cells, surrounded by a dense solid matrix exhibit outstanding properties as high surface area, tunable pores, and high permeability, which have been being considered for myriad applications ranging from gas storage, chromatography [START_REF] Du | Magnetic stir cake sorptive extraction of trace tetracycline antibiotics in food samples: preparation of metal-organic framework-embedded polyHIPE monolithic composites, validation and application[END_REF], catalysis [START_REF] Yavuz | Acid and base catalysed reactions in one pot with site-isolated polyHIPE catalysts[END_REF][START_REF] Tan | Functionalized hierarchical porous polymeric monoliths as versatile platforms to support uniform and ultrafine metal nanoparticles for heterogeneous catalysis[END_REF], sensors [START_REF] Yang | Development of a Highly Sensitive, Broad-Range Hierarchically Structured Reduced Graphene Oxide/PolyHIPE Foam for Pressure Sensing[END_REF], water and air purification [START_REF] Alikhani | Ion-exchange polyHIPE type membrane for removing nitrate ions: Preparation, characterization, kinetics and adsorption studies[END_REF][START_REF] Bai | Pan, 2-(Allyloxy) methylol-12-crown-4 ether functionalized polymer brushes from porous PolyHIPE using UV-initiated surface polymerization for recognition and recovery of lithium[END_REF][START_REF] Pan | Hierarchical macro and mesoporous foams synthesized by HIPEs template and interface grafted route for simultaneous removal of λ-cyhalothrin and copper ions[END_REF][START_REF] Sun | Preparation of PolyHIPE Scaffolds for 3D Cell Culture and the Application in Cytotoxicity Evaluation of Cigarette Smoke[END_REF].

The low mechanical strength of these materials stills however a challenge to overcome for industrial applications.

Depending on the composition, cell morphology and physical properties, cellular polymers can be rigid or flexible with macrocellular (>100 μm), microcellular (1 to 100 μm), ultramicrocellular (0.1 to 1 μm) or nanocellular (0.1 to 100 nm) structure. The cells can be close and / or open, interconnected or not, with adjustable pore size [START_REF] Wong | Hierarchical polymerized high internal phase emulsions synthesized from surfactant-stabilized emulsion templates[END_REF][START_REF] Zhang | Uniform microparticles with controllable highly interconnected hierarchical porous structures[END_REF]. In closed cell materials, the voids are isolated from one another and the cavities are surrounded by a continuous wall of polymer. Conversely, in open-cell materials, the walls are pierced, the openings may have a larger or smaller size.

Cellular polymers are usually prepared by emulsion-templated approach which consists on the polymerization of the internal phase of a highly concentrated emulsion (HIPE), containing more than 74% volume of the internal phase, around the droplets of the dispersed phase [START_REF] Barbetta | High internal phase emulsions (HIPEs) containing divinylbenzene and 4-vinylbenzyl chloride and the morphology of the resulting PolyHIPE materials[END_REF].

The droplets lead, after removal of the solvent from the internal phase, to the desired porous mhighly interconnected mesoporous/macroporous polyHIPE morphology [START_REF] Silverstein | PolyHIPEs: Recent advances in emulsion-templated porous polymers[END_REF][START_REF] Cameron | High internal phase emulsion templating as a route to well-defined porous polymers[END_REF]. According to the polarity of the dispersed phase, this approach can be used to prepare both hydrophobic polymers using water-in-oil (W/O) emulsions and hydrophilic polymers by using oil-in-water J o u r n a l P r e -p r o o f (O/W) emulsions [START_REF] Lissant | A study of medium and high internal phase ratio water/polymer emulsions[END_REF]. Typically, polyHIPEs are synthesized using conventional radical polymerization of surfactant-stabilized HIPE. However, other polymerization methods, for example atom transfer radical polymerization (ATRP) [START_REF] Chen | Surface glycopolymer-modified functional macroporous polyHIPE obtained by ATRP for the removal of boron in water[END_REF] and ring opening metathesis polymerization (ROMP) [START_REF] Deleuze | Preparation and functionalisation of emulsion-derived microcellular polymeric foams (polyHIPEs) by ring-opening metathesis polymerisation (ROMP)[END_REF] may also be used. Various factors can have a direct impact on the stability of the HIPEs such as the nature of the components constituting the different phases, the structure and the content of the surfactant, the content of the dispersed phase, the temperature, and the presence of mineral salts. The main strategy for HIPE stabilization consist on the addition of surfactants [START_REF] Williams | Spatial distribution of the phases in water-in-oil emulsions. Open and closed microcellular foams from cross-linked polystyrene[END_REF] or colloidal particles as carbon nanotubes [START_REF] Menner | Particle-stabilized surfactant-free medium internal phase emulsions as templates for porous nanocomposite materials: poly-pickering-foams[END_REF], titanium oxide nanoparticles [START_REF] Menner | High internal phase emulsion templates solely stabilised by functionalised titania nanoparticles[END_REF], magnetic nanoparticles (MNPs) [START_REF] Ghosh | Preparation of Porous Magnetic Nanocomposite Materials Using Highly Concentrated Emulsions as Templates[END_REF][START_REF] Li | Macroporous magnetic poly (styrene-divinylbenzene) nanocomposites prepared via magnetite nanoparticles-stabilized high internal phase emulsions[END_REF][START_REF] Vilchez | Macroporous Polymers Obtained in Highly Concentrated Emulsions Stabilized Solely with Magnetic Nanoparticles[END_REF][START_REF] Zhang | Synthesis of Emulsion-Templated Magnetic Porous Hydrogel Beads and Their Application for Catalyst of Fenton Reaction[END_REF] and functionalized silica particles [START_REF] Ikem | High internal phase emulsions stabilized solely by functionalized silica particles[END_REF][START_REF] Cameron | Study of the formation of the open-cellular morphology of poly (styrene/divinylbenzene) polyHIPE materials by cryo-SEM[END_REF]. In these particle-stabilized emulsions, known as Pickering emulsions, the solid particles migrate preferentially to the oil-water interface, forming rigid shells that surround the dispersed phase and prevent coalescence of the droplets [START_REF] Gurevitch | Polymerized pickering HIPEs: effects of synthesis parameters on porous structure[END_REF]. Besides that, the integrated particles provide additional improved properties to the resulting porous materials such as magnetic, mechanical and catalytic properties [START_REF] Zheng | Macroporous graphene oxide-polymer composite prepared through Pickering high internal phase emulsions[END_REF][START_REF] Li | Porous TiO2 materials through pickering high-internal phase emulsion templating[END_REF]. Mixed stabilization approach that involves both a surfactant and solid particles to stabilize the Pickering emulsion was also more recently reported to prepare interconnected open cell structures with a narrow void size distribution [START_REF] Zhu | Pickering emulsion-templated polymers: insights into the relationship between surfactant and interconnecting pores[END_REF].

Here, we report the synthesis and characterization of efficient adsorbents based on porous polyHIPE monoliths modified by triazole-functionalized magnetic nanoparticles (MNP-Trz).

These magnetic particles have the dual role of stabilizing the highly concentrated emulsion and imparting to the final polymeric materials a magnetic character allowing their easy recovery after the depollution process. In addition, a previous work has shown that these nanoparticles are highly efficient and recycling sorbents for Cu 2+ , Pb 2+ and Zn 2+ ions removal due to the ability of 1,2,3-triazole heterocycle to act as polydentate ligand [START_REF] Mokadem | Triazole containing magnetic core-silica shell nanoparticles for Pb2+, Cu2+ and Zn2+ removal[END_REF]. We expect J o u r n a l P r e -p r o o f that a synergy effect between the chelating behavior of MNP-Trz and the porous structure of polyHIPE will lead to magnetic composite with improved metal uptakes.

Experimental

Materials

Styrene (≥99%), divinyl benzene (DVB), sorbitan monooleate (Span 80), potassium persulphate and etmhanol HPLC grade (99%), were purchased from Prochima Sigma (Algeria). The monomers were passed through a neutral alumina column prior to use to remove the inhibitors. Pb(NO 3 ) 2 , CuCl 2 ,2H 2 O and Zn(NO 3 ) 2 ,6H 2 O were purchased from Prochima Sigma, (Algeria) and were used as sources of Cu(II), Pb(II) and Zn(II) ions, respectively. Deionized water was used for all experiments. 1,2,3-triazole functionalized magnetic nanoparticles (MNP-Trz) were prepared according to the procedure described in our previous work [START_REF] Mokadem | Triazole containing magnetic core-silica shell nanoparticles for Pb2+, Cu2+ and Zn2+ removal[END_REF].

Measurements

Powder X-ray diffraction (XRD) patterns of magnetic plyHIPEs were collected with a Rigaku D/Max 2200 VPC diffractometer. The instrument was equipped with a copper anode generating CuK radiation (λ = 1.5406 ˚A). The scanning rate was 2°/min and the scanning cope of  was from 2° to 20° at room temperature The Fourier transform infrared (FTIR) spectra were recorded using a spectrometer Mattson 7000 with 256 scans and 4 cm -1 resolution, using a horizontal attenuated total reflectance (ATR) cell. The average infrared radiation was ranging from 4000 to 400 cm -1 .

The surface zeta potentials of the samples were measured using a zeta potential analyzer (Zetasizer nanoseries "ZS" of Malvern instruments -England). Briefly, 0.5 mg of powder was dispersed in 5 mL of NaCl solution 1 mM at different pH and sonicated for 10 min. The pH of the dispersion was adjusted to the desired value in the range of 3-11 by using HCl or NaOH 0.1 mol.L -1 solutions.
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Specific surface areas and pore sizes of magnetic polymer composites (MPHP) were measured by N 2 adsorption measurements with Micromeritics Gemini VII instrument. The collected data were fitted with the Brunauer-Emmet-Teller (BET) model. Before measurement, each sample was degassed at 200°C for 1h.

The thermogravimetric analyses of standard and magnetic MPHP samples were recorded on a TA 2950 (TA instruments, USA) from 25°C to 800°C under N 2 at a heating rate of 10°C/min. The morphology of the monoliths was observed by scanning electron microscopy (SEM) in a FEI Quanta 250 FEG microscope, voltage of 120 kV at the "Technological Center of Microstructures" (CTμ) of the university of Lyon (Villeurbanne, France). The powders were deposited on a flat steel support, covered under vacuum by sputtering with copper (10 nm) and observed by SEM at an acceleration voltage of 15 kV.

The magnetic behavior of the composites was examined after freeze-drying for 24 h by an automatic bench for magnetic measurement (ABMM) at CNRS-IRC laboratory (Lyon).

Magnetization of the samples was investigated by decreasing magnetic field (H) from 20,000 to 15,000 Oersted.

Preparation of magnetic polyHIPEs containing different amount of MNP-Trz nanoparticles (MPHPx)

Several magnetic monoliths with a variable MNP-Trz nanoparticles content (5-30 w.% relative to the total amount of monomers) were prepared in this work. They will be expressed as MPHPx where x is the amount of MNP-Trz used to prepare the HIPEs.

In a typical procedure, (1.2 g, 11.65 mmol) styrene, (1.6 g, 12.30 mmol) DVB and 0.60 g sorbitan monooleate (Span 80) are placed in a glass reactor. The mixture is stirred at 500 rpm until homogenization. Appropriate amount of Triazole-functionalized magnetic nanoparticles MNP-Trz is then dispersed in the continuous phase using an ultrasonic bath for 15 min.
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Thereafter, an aqueous solution of potassium persulfate 0.019M (11 mL) is added dropwise under constant stirring. When all the volume of the internal phase is added, stirring is maintained for an additional 1h until a creamy uniform emulsion is formed. The HIPE is transferred after to a polyethylene mold which is heated at 70 °C for 24 h. The obtained polymer is purified by Soxhlet extraction with ethanol at 80 °C for 48 h, then with deionized water for 24 h at 120 °C. It is finally dried under vacuum at 60 °C for 24 h.

Preparation of standard polyHIPE (PHP 0 )

The non-magnetic material has been prepared according to the same method described in section 2.3 without adding magnetic nanoparticles.

Metal removal study

The adsorption study of the magnetic cellular polymers (MPHP) for the three investigated metal ions Pb 2+ , Cu 2+ and Zn 2+ was carried out by batch equilibrium method at 25°C. The effect of several parameters was investigated as the pH of the solution (1-6), the initial metal concentration (50-2000 ppm) and the adsorption time (5-240 min). To minimize the influences of volume and shape on the adsorption capacity, the magnetic porous polymers were ground into granular particles with a particle size in the range of 40-80 mesh to conduct the adsorption experiments.

The general process consists on mixing 2 mg of the MPHP x adsorbent with 2 mL of Pb 2+ , Cu 2+ and Zn 2+ solution (50 -2000 ppm) at 25 °C and pH =5.5. The suspension was mechanically stirred in an incubator at 250 rpm until the adsorption equilibrium is reached.

Subsequently, the amount of the residual cation in the solution was measured with flame atomic absorption spectrometer (Perkin Elmer 700) after magnetic separation of magnetic polyHIPE from the supernatant. Each experiment was performed twice and for each sample three readings are made. The results were averaged with the error bars. High reproducibility of the results was obtained (uncertainty = 2%).
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The adsorption capacity at equilibrium of MPHP x for metal ions q e (mg.g -1 ) was calculated according to the Eq. ( 1):

( ) (1) 
where C 0 (mg.L -1 ) is the initial concentration of metal ion, C e (mg.L -1 ) is the equilibrium concentration of metal ion in solution, V (L) is the total volume of solution, and M (g) is the sorbent mass.

Adsorption kinetics studies were carried out at the same conditions as previously but for a set of time durations varying from 5 min to 240 min. The effect of pH solution on metal ion uptake was studied for initial metal ion concentrations of 1000 ppm at 25°C. The pH value was varied from 2 to 6 by adjusting the initial metal ion solution with NaOH (0.1M) or HCl (0.1M).

2.6.Statistical analysis

The experimental data were fitted to the different isotherm and kinetic models using OriginLab Pro 8 software. Due to the inherent bias resulting from linearization of the models, the statistical comparison values such as coefficient of determination (R 2 ), Root Mean Square Error (RMSE) and residual sum of squares (RSS) were employed to gauge the goodness of fitting. The following equations were used:

Residual root mean square error (RMSE):

√ ∑ ( ) (2) 
The sum of the squares of the errors (SSE):

∑ ( ) (3) 
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Where qi exp is the experimental adsorption capacity, qi cal is the adsorption capacity estimated from the model for corresponding qi exp and n is the number of observations in the batch experiment.

Results and discussion

Synthesis and characterization of magnetic polyHIPEs (MPHP x ):

Magnetic monoliths MPHP x were prepared by the polymerization of highly concentrated

Water-in-Oil emulsions. Styrene was used as monomer and divinylbenzene (DVB) as crosslinking agent. The emulsions were co-stabilized by a hydrophobic emulsifier monooleate sorbitan (Span 80) and iron oxide magnetic nanoparticles functionalized with triazole moiety (MNP-Trz). These nanoparticles were synthesized by chemical surface modification of magnetite nanoparticles (Fe 3 O 4 ) prepared by precipitation method according to our previous work [START_REF] Mokadem | Triazole containing magnetic core-silica shell nanoparticles for Pb2+, Cu2+ and Zn2+ removal[END_REF]. A three step click reaction was used for grafting 1,2,3-triazole units on nanoparticle surfaces with an organic modification percentage estimated by TGA to 11.94 w.% relative to the mass of magnetite nanoparticles. MNP-Trz particles have a spherical shape with a low particle size polydispersity and a mean particle size of around 9.6 nm.

The amphiphilic surfactant Span 80 with a hydrophile-lipophile balance (HLB) of 4.3 will have the double role of reducing the oil/water interfacial tension for subsequent formation of voids and windows and also improving the dispersion of magnetic particles in the emulsion system. With regard to magnetic nanoparticles, they will impart stabilization by the formation of a rigid film at the W/O interface retarding the creaming of the oil drops or sedimentation of the water drops [START_REF] Binks | Catastrophic Phase Inversion of Water-in-Oil Emulsions Stabilized by Hydrophobic Silica[END_REF][START_REF] Zhang | Emulsion-derived hierarchically porous polystyrene solid foam for oil removal from aqueous environment[END_REF]. The high internal phase emulsion using magnetic nanoparticles (MNPs) was also considered to impart improved mechanical rigidity to the resulting polyHIPEs as well as magnetic properties for a more convenient use in adsorption process. 
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FTIR

The FTIR spectra of MNP-Trz magnetic nanoparticles, non-magnetic polyHIPE (PHP 0 ) and the magnetic polymer (MPHP 30 ) are given in Fig. 2. The spectrum of the PHP 0 material comprises the characteristic absorption bands of the benzene rings related to the styrene and DVB units that include the elongation vibrations of C=C bond at 1451, 1492 and 1601 cm -1 and of the aromatic C-H bonds at 3000 cm -1 , the asymmetric and symmetric CH 2 aliphatic vibrations at 2850 and 2922 cm -1 and C-H aromatic deformation vibration bands at 699 and 760 cm -1 .

The spectrum of magnetic porous polymer MPHP 30 shows in addition to the bands mentioned above, new bands assigned to the functionalized iron oxide nanoparticles confirming the successful incorporation of MNP-Trz into poly(Styrene-DVB) material. The intense band observed at 582 cm -1 is ascribed to the Fe-O vibration of iron oxide. The characteristic peaks of the amide function at 3400 cm -1 and 1628 cm -1 are attributed to the stretching vibrations of the NH and C=O functions, respectively. The stretching vibration of 

Thermogravimetric analysis

Thermogravimetric analyses were carried out for MPHP x materials in the thermal range of 25-850 °C in order to determine the amount of nanoparticles incorporated into polymer matrix and the thermal stability of the prepared materials (Fig. 3a).

The non-magnetic PHP 0 standard was stable up to a temperature of 320°C and then degrades rapidly through a two stage degradation profile until it reaches a complete degradation at 850°C. For the four magnetic samples (MPHP 5 , MPHP 15 , MPHP 25 and MPHP 30 ), an initial mass loss around 4.13 % at 245°C was observed which is probably due to 3900 3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600 0,8 0,9 On the basis of the DTG curves (Fig. 3b), one can see that the temperatures relative to the maximum degradation of the MPHP x materials are 30°C higher than that of the non-magnetic standard PHP 0 , thus indicating that the magnetic monoliths are more stable thermally in the investigated thermal range. However, it seems that concentration of MNP-Trz nanoparticles incorporated into poly(styrene-DVB) polymer matrix does not have any impact on the stability of the resulting MPHP x materials.

1,0 1,1 (c) 
J o u r n a l P r e -p r o o f emulsion-templated porous structure [START_REF] Silverstein | PolyHIPEs: Recent advances in emulsion-templated porous polymers[END_REF] , [START_REF] Menner | New Evidence for the Mechanism of the Pore Formation in Polymerising High Internal Phase Emulsions or Why polyHIPEs Have an Interconnected Pore Network Structure[END_REF].

The magnetic content in polyHIPE was found to cause a substantial change in the morphology of the resulting polymer materials particularly in terms of pore size and distribution. In comparison to the standard polyHIPE (PHP 0 ), the magnetic MPHP x analogues show smaller pore sizes with thinner separating walls and better interconnectivity. This behavior was more evident for MPHP with higher magnetic content. The decrease of pore sizes may reflect a decrease of droplet size, since the polyHIPE structure is commonly considered as a replica of the HIPE emulsion prior the gel formation. This result ssuggests the formation of larger stable interfaces. Indeed, as for surfactant stabilized emulsions, one can expects that the extent of stabilized interfacial area that controls the droplets size will be proportional to the amount of magnetic particles. The mean droplet diameter (D) is related to the interfacial area per unit volume of emulsion (A/V) and the volume fraction of dispersed phase ( v ) according to the following equation [START_REF] Frelichowska | Chevalier Effects of solid particle content on properties of o/w Pickering emulsions[END_REF]:

The interfacial area being related to the amount of stabilizing particles, the diameter of water in-oil emulsion droplets is given by the particle-to-water ratio. A larger particle content
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should allow the preparation of very fine emulsions and the creation of larger interfacial area that particles can cover and thereby stabilize.

Since the investigated systems are co-stabilized by surfactant molecules and magnetic NPs, the surfactant should probably have the initial role of delaying the coalescence process and accelerating further droplet breakdowns during HIPE formation, probably via quickly covering the newly created water/oil interface and decreasing interfacial tension. This allowed magnetic nanoparticles to assemble at the interface and provide long-term stability to the magnetic HIPEs. Larger particles content allowed the stabilization of larger area. Similar inverse correlation between droplets size and particles concentration have been reported in literature [START_REF] Ortiz | Current Trends in Pickering Emulsions: Particle Morphology and Applications[END_REF][43][44].

It is however worth noting that even the PolyHIPE open-cellular morphology is still evident for MPHP x materials, the walls have lost some of their structural integrity resulting in the appearance of some strut structures. Such morphology has been already observed in other monoliths [START_REF] Barbetta | Morphology and surface area of emulsion-derived (PolyHIPE) solid foams prepared with oil-phase soluble porogenic solvents: Span 80 as surfactant[END_REF][START_REF] Peters | Rigid Macroporous Polymer Monoliths[END_REF] and can be the result of an increase of window's size to a sufficient high extent that only polymer struts would remain, giving the impression of a loss of cellular structure. This increase of window size may reflect a decrease of the interfacial tension that results in the formation of thinner films between adjacent emulsion droplets. A shrinkage at such weak regions will give rise to larger windows, that if they rich a critical size, lead to a less obvious cellular structure.

J o u r n a l P r e -p r o o f 

BET analysis

Adsorption isotherms of nitrogen were applied to determine the surface area of magnetic and non-magnetic polyHIPEs. The resulting adsorption isotherms and surface areas are shown in Fig. S2 (supplementary data) and Tab. 1, respectively. By applying the BET method, a specific surface area value of 37 m 2 .g -1 was obtained for the monolith reference PHP 0 which is in good agreement with the reported values in the literature for macroporous poly(styrene-DVB) polymers prepared from emulsion templating [START_REF] Mert | Synthesis and characterization of magnetic polyHIPEs with humic acid surface modified magnetic iron oxide nanoparticles[END_REF][START_REF] Mert | Preparation and characterization of polyesterglycidyl methacrylate polyHIPE monoliths to use in heavy metal removal[END_REF][START_REF] Zhang | Synthesis and applications of emulsion-templated porous materials[END_REF].

The increasing of magnetic nanoparticles content incorporated into polymer matrices induces a gradual decrease of surface area values of magnetic polyHIPEs. The MPHP 5 material exhibits the largest surface area of 54.6 m 2 .g -1 .
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Zeta potential

The zeta potentials of MPHP x composites were measured in order to determine the nature of the charges present at their surface. The obtained results are shown in Fig. 5.

One can see that both standard (PHP 0 ) and magnetic analogues present negative zeta The comparison of the Zeta potential curve of the non-magnetic PHP 0 material with those of MPHP x composites shows two opposite trends for acidic and basic pH domains. For acidic pH, the ζ values of MPHP x are overall greater than that of PHP 0 while an opposite behavior is noticed for basic pH. This variation is all the more obvious as the magnetic particle content in polyHIPE material is higher.

The evolution of ζ values can be explained on the basis of the dependence of zeta potential of MNP-Trz nanoparticles with pH, reported in a previous work [START_REF] Mokadem | Triazole containing magnetic core-silica shell nanoparticles for Pb2+, Cu2+ and Zn2+ removal[END_REF] 

Magnetic properties

The magnetic properties of MPHP x powders have been investigated by the vibrating sample magnetometer method (VSM). The calculated saturation magnetization values (Ms) are reported in Tab. 1.

The magnetization measurements showed a superparamagnetic behavior similar to that of the magnetic nanoparticles (MNP-Trz) indicating that the polymerization conditions had no effect on the intrinsic magnetic properties of the iron oxide nanoparticles. The saturation magnetization values increase linearly with the increase of the magnetic nanoparticles content in the polymers. Even if these values are lower than that of MNP-Trz nanoparticles (43.1 emu.g -1 ) [START_REF] Mokadem | Triazole containing magnetic core-silica shell nanoparticles for Pb2+, Cu2+ and Zn2+ removal[END_REF] due to the non-magnetic nature of poly(styrene-DVB) material, they nevertheless remain sufficient for efficient and rapid separation of the adsorbents by an Journal Pre-proof external magnetic field as shown in Fig. 6. Indeed, less than 10 seconds were needed to attract the magnetic monolith to the test tube wall.
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Adsorption properties of PolyHIPEs modified with magnetic nanoparticles (MPHP x ) for metal ions removal

Effect of concentration of MNP-Trz nanoparticles

The adsorption capacities of the four synthetized magnetic polymers MPHP 5 , MPHP 15 , MPHP 25 and MPHP 30 towards Pb 2+ , Cu 2+ and Zn 2+ metal ions have been investigated by batch equilibrium method for initial metal ion concentration of 1000 mg.L -1 at a temperature of 25°C and pH=5.5.

Firstly, we investigated the impact of magnetic nanoparticles content on the adsorbent behavior of the corresponding polyHIPEs in the aim to target the most effective material for the adsorption of these three metal ions in aqueous medium. Indeed, we showed before that the concentration of MNP-Trz nanoparticles incorporated in poly(styrene-DVB) porous polymers impacts substantially the composition and the morphology of the cellular polymers and particularly in terms of size, distribution of the pores and specific surface area. We can J o u r n a l P r e -p r o o f expect that these parameters should have an effect on the adsorbent capacity of these materials.

The obtained results collected in Fig. 7 show that the equilibrium adsorption capacities of magnetic polyHIPEs (MPHP x ) are ranging from 98.3 to 156.7 mg.g -1 for Pb 2+ , 76.8 to 111.4 mg.g -1 for Zn 2+ and 65 to 100.8 mg.g -1 for Cu 2+ . The increase of magnetic nanoparticle content leads to an increase in the adsorption capacities of the porous magnetic adsorbents due to the greater availability of functional groups present for binding. MPHP 30 composite with the largest number of interconnectivity windows exhibits the best adsorbent behavior with adsorption capacity values of 156.7 mg.g -1 , 111.4 mg.g -1 and 100.8 mg.g -1 for Pb 2+ , Cu 2+

and Zn 2+ ions, respectively despite its low surface area. The highly interconnected macroporous structure should impart additional adsorption performance and high transport rates to the monolith material [START_REF] Zhao | Gemini surfactant mediated HIPE template for the preparation of highly porous monolithic chitosan-g-polyacrylamide with promising adsorption performances[END_REF][START_REF] Liu | Design, preparation, and application of ordered porous polymer materials[END_REF]. On the base of this finding, the MPHP 30 composite was used in the following section as a model adsorbent for analyzing the impact of experimental conditions on adsorption performance. and Zn (II) in aqueous solutions. Initial concentration of metal ions was 1000 mg.L -1 ; reaction time was 120 min at stirring speed of 250 rpm, T = 25 °C and pH=5.5.

Effect of pH on metal removal

The pH is a fundamental parameter to take into account in adsorption process since it impacts the ionic state of the functional groups on the surface of adsorbents. The influence of pH on adsorption of Pb (II), Cu (II) and Zn (II) onto MPHP 30 adsorbent was studied at different initial pH conditions ranging from 1 to 6 for initial metal concentrations of 1000 mg.L -1 . The evolution of the adsorption capacities with pH values is illustrated in Fig. 8.

It is clear that the adsorption capacity of MPHP 30 material is pH-dependent for the three investigated metal ions. The amounts of adsorbed metal are lower when the pH is acidic. This behavior can be explained by the nature of the charges present on the surface of porous polymers that can be correlated to the zeta potential values previously discussed. In acidic medium, a protonation of the hydroxyl groups of the magnetic nanoparticles and carboxylic acid functions of Span 80 will generate positive charges at the surface of the magnetic polymer that induce electrostatic repulsion with the cationic Pb (II), Cu (II) and Zn (II) ions.

As a result, the adsorption capacities will decrease. A gradual increase in metal uptake values is noted as pH becomes less acidic to reach 159.9 mg.g -1 , 112.5 mg.g -1 and 105.9 mg.g -1 for Pb (II), Cu (II) or Zn (II), respectively at pH = 6.

It is worth mentioning that in the whole investigated pH range, the equilibrium adsorption capacity of MPHP 30 magnetic adsorbent is higher for Pb 2+ than for Cu 2+ and Zn 2+ ions, suggesting a better selectivity of this adsorbent for the Pb 2+ ion. Similar results were previously observed for MNP-Trz nanoparticles [START_REF] Mokadem | Triazole containing magnetic core-silica shell nanoparticles for Pb2+, Cu2+ and Zn2+ removal[END_REF].

J o u r n a l P r e -p r o o f 

Adsorption kinetics

The kinetic of metal adsorption on MPHP 30 composite was performed by mixing with 1000 mg.L -1 metal solution at pH =5.5. Figure 9 shows the evolution of the adsorbed quantity of lead (II), copper (II) and Zinc (II) by the porous polymer as a function of time.

The adsorption capacities were enhanced rapidly during the early stage of adsorption reaction, and then slowed down, and reached equilibrium finally. The equilibrium state was reached at 25 min for copper and zinc and 60 min for lead, which is in good agreement with the equilibrium times described in the literature for polyHIPEs [START_REF] Zhu | Monolithic supermacroporous hydrogel prepared from high internal phase emulsions (HIPEs) for fast removal of Cu2+ and Pb2+[END_REF] , [START_REF] Reddy | Three-dimensional porous spinel ferrite as an adsorbent for Pb (II) removal from aqueous solutions[END_REF].

The rapid adsorption rate can be explained by the porous structure of the cellular polymers used and the abundant availability of active sites on the adsorbent surface (carboxylic acid, hydroxyl and amide functions and triazole cycle). The porous structure enables a better analyzed by using the pseudo-first order and pseudo-second order model expressed by the following equations ( 5) and ( 6), respectively.

( ) (5) 
where q t and q e (mg.g -1 ) are the adsorption capacities at the time t (min) and at equilibrium, respectively. k 1 (min -1 ) and k 2 (g. mg -1 min -1 ) are the kinetic rate constants for the pseudo-first order and second order models respectively.

The resulting kinetic parameters are tabulated in Tab. 2 and the plots for both models are presented in Fig. S4 (supplementary data). The correlation coefficient R 2 for the pseudo- Journal Pre-proof second kinetic model was higher than 0.999 for all investigated metals. The statistic error analysis revealed also better RMSE and RSS regression coefficients for this model. Moreover, the calculated equilibrium adsorption capacities q e were very close to those determined experimentally, suggesting that the adsorption kinetics of these metals by the composite MPHP 30 can be well described by the pseudo-second order kinetic model. This result suggests that the adsorption process is probably controlled by chemical adsorption. 

Adsorption isotherms

Adsorption isotherms were carried out for variable Pb 2+ , Cu 2+ and Zn 2+ metal ion contents (50-3000 mg.L -1 ) at pH =5.5. The results are shown in Fig. 10. The equilibrium adsorption capacities for the three ions increased progressively with increasing the initial concentration until reaching equilibrium at 232.5, 127.5, and 117.6 mg.g -1 for Pb 2+ , Cu 2+ and Zn 2+ , respectively. In the same manner as above, the magnetic porous polymer leads to better adsorption of Pb (II) relative to the other metals Cu (II) and Zn (II).

J o u r n a l P r e -p r o o f In order to understand the adsorption process, we analyzed the adsorption data according to the Langmuir and Freundlich adsorption models expressed by equations ( 7) and (8), respectively.

where q e is the equilibrium adsorption capacity of ions on the adsorbent (mg.g -1 ); C e , the equilibrium ions concentration in solution (mg.L -1 ); q m , the maximum adsorption capacity of the adsorbent (mg.g -1 ); K L , the Langmuir adsorption constant (L.mg -1 ), K F is the Freundlich constant (L.mg -1 ), and n is the heterogeneity factor that lies for favorable adsorption process in the range of 1-10.

The Langmuir model assumes that adsorption takes place at specific homogeneous sites within the adsorbent and is usually applied for many monolayer adsorption processes while the Freundlich model describes heterogeneous adsorption systems. The calculated fitting (Supplementary data).

Based on the correlation coefficients R 2 , SSE and RMSE obtained for these models, It can be seen that the Langmuir model provides a better fit for the three metals with maximum adsorption capacities q m close to the experimental values. This implied that the heavy metal ions were adsorbed with a monolayer coverage on the surface of the adsorbent and all adsorption sites were equal. The dimensionless separation factor R L calculated according to equation ( 6) was used to predict whether the adsorption process was favorable or not.

(

) 6 
where K L (L.g -1 ) is the Langmuir constant and C 0 is the initial metal concentration (mg.L -1 ).

The calculated R L values (Tab. 3) were all in the range of 0-1 thus, indicating that the adsorption of the three metals on the magnetic porous polymer is favorable. The maximum adsorption capacities q m of the three ions on MPHP 30 calculated from the Langmuir isotherm were 303.03, 149.25 and 135.93 mg.g -1 for Pb 2+ , Cu 2+ and Zn 2+ ions, respectively which were substantially higher than those obtained for magnetic nanoparticles MNP-Trz [START_REF] Mokadem | Triazole containing magnetic core-silica shell nanoparticles for Pb2+, Cu2+ and Zn2+ removal[END_REF] and other monoliths described in the literature (Tab. 4). This improvement reflects the synergistic positive effect of combining a porous cellular polymer and magnetic nanoparticles in the same material. This material, besides being a very effective adsorbent, is magnetic and thus easy to separate.

J o u r n a l P r e -p r o o f Owing to their tunable interconnected porous structure and abundant functional groups, this magnetic porous polymer shows high affinity and fast removal of lead, zinc and copper ions. The adsorption kinetics were correlated with the pseudo-second order model and the adsorption isotherms suggested a homogenous monolayer adsorption process.

The as-prepared monolithic are potentially interesting as adsorbent materials especially for the preparation of stationary phases for analytical separations.
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 1121 Scheme 1. Schematic representation of the preparation of MPHP x materials

  r n a l P r e -p r o o fJournal Pre-proof the Si-O bond of the APTES agent grafted onto the surface of magnetite particles MNP-Trz is observed at 1027 cm -1 . The 1,2,3-triazole heterocycle leads to several bands at 1393 cm -1 , 1563 cm -1 and 1529 cm -1 attributed to the vibrations of the C-N, C=C and N=N bonds, respectively. The FTIR spectra of all synthetized magnetic polyHIPEs are almost the same (Fig.S1).
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 2 Fig. 2. FTIR spectra of (a) PHP 0 , (b) MNP-Trz and (c) MPHP 30

  r n a l P r e -p r o o f the evaporation of the physically and chemically adsorbed water. Beyond this temperature, all the composites undergo also degradation in two stages. The comparison of the MPHP x mass loss values with that of the PHP 0 standard at 850°C was used to calculate the MNP-Trz content in the polymers. The obtained values of 3.18%, 14.92% 24.03% and 29.15% for MPHP 5 , MPHP 15 , MPHP 25 and MPHP 30 respectively, are in good agreement with the initial quantities of magnetic particles charged in the HIPE recipes.
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 330324 Fig. 3. (a) TGA and (b) DTG curves of PHP 0 , MPHP 5 , MPHP 15 , MPHP 25 and MPHP 30
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 4 Fig. 4. SEM images of (a) PHP 0 , (b) MPHP 5 , (c) MPHP 25 and (d) MPHP 30 .
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 4 potential (ζ) values in the investigated pH range[START_REF] Tchounwou | Heavy Metal Toxicity and the Environment[END_REF][START_REF] Asrari | Heavy Metal Contamination of Water and Soil: Analysis, Assessment, and Remediation Strategies[END_REF][START_REF] Mokadem | Magnetic Nanoadsorbents for Metal Remediation[END_REF][START_REF] Kumar | Adsorption of Cr(VI) from aqueous solution by prepared high surface area activated carbon from Fox nutshell by chemical activation with H3PO4[END_REF][START_REF] Zhu | Monolithic supermacroporous hydrogel prepared from high internal phase emulsions (HIPEs) for fast removal of Cu2+ and Pb2+[END_REF][START_REF] Du | Magnetic stir cake sorptive extraction of trace tetracycline antibiotics in food samples: preparation of metal-organic framework-embedded polyHIPE monolithic composites, validation and application[END_REF][START_REF] Yavuz | Acid and base catalysed reactions in one pot with site-isolated polyHIPE catalysts[END_REF][START_REF] Tan | Functionalized hierarchical porous polymeric monoliths as versatile platforms to support uniform and ultrafine metal nanoparticles for heterogeneous catalysis[END_REF][START_REF] Yang | Development of a Highly Sensitive, Broad-Range Hierarchically Structured Reduced Graphene Oxide/PolyHIPE Foam for Pressure Sensing[END_REF] indicating that these materials have negative charges on their surface. The sulfate groups (SO of the potassium persulfate initiator (KPS) and the carboxylic acid functions of Span 80 surfactant are probably responsible of such negative charges. The zeta potential (ζ) values become even more negative as the pH increases to reach for pH=11 the values of -34.66 mV for PHP 0 and -38 mV to -46 mV for the magnetic polyHIPEs. This behavior can be related to the deprotonation of the sulphate and carboxylate functions in basic medium.
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 5 Fig. 5. Variation of zeta potential values of PHP 0 , MPHP 5 , MPHP 15 MPHP 25 and MPHP 30 as a function of pH in a solution of NaCl (1 mM).
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Fig. 6 .

 6 Fig. 6. Photographs illustrating the magnetic behavior of (a) block, (b) dispersion of MPHP 30
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 57 Fig.7. Effect of MNP-Trz content on the adsorption capacities of MPHP x for Pb (II), Cu (II)

Fig. 8 .

 8 Fig. 8. Effect of pH on the adsorption capacity of Pb (II), Cu (II) and Zn (II) metal ions by MPHP 30 in aqueous solution. Initial concentration of metal ions was 1000 mg.L -1 ; reaction

Fig. 9 .

 9 Fig. 9. Effect of contact time on the adsorption capacity of Pb (II), Cu (II) and Zn (II) metal
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Fig. 10 .

 10 Fig. 10. Equilibrium isotherms of Pb (II), Cu (II) and Zn (II) metal ions on MPHP 30 .

  r n a l P r e -p r o o f parameters with coefficients of correlation (R 2 ) are reported in Tab. 3 and Fig.S5

  of magnetic monolith polymers with interconnected and hierarchically porous structures were successfully prepared from water in oil (styrene-DVB) based high internal J o u r n a l P r e -p r o o f Journal Pre-proof phase emulsions (HIPEs) co-stabilized by Fe 3 O 4 nanoparticles functionalized with triazole cycles (MNP-Trz) and Span 80 surfactant. The magnetic MNP-Trz particles enabled easy separation of the monoliths with an external magnetic field and improvement of their thermal properties.

  Tab. 2. Kinetic parameters for the adsorption of Pb (II), Cu (II) and Zn (II) metal ions by MPHP 30 at 25 °C.

				Pseudo-First order			Pseudo-Second order	
	Metal	q e (exp)	k 1	q e	R 2	SSE	RMSE	k 2	q e	R 2	SSE	RMSE
	ions	(mg/g )	(min -1 )	(mg/g)				(g/ mg	(mg/ g)			
								min -1 )				
	Pb 2+	154.9	0.016	62.5	0.8337 1.0976 0.60487	0.3926	156.25 0.9999 0.00027 0.00735
	Cu 2+	111.4	0.017	57.14 0.9274 0.58271 0.38168	0.1033	116.27 0.9998 0.00063 0.01129
	Zn 2+	100.3	0.013	75.75 0.7786 2.00268 0.81704	0.2147	101.01 0.9994 0.00286 0.02391

  Tab. 3. Parameters of Langmuir and Freundlich isotherms for the adsorption of Pb (II), Cu (II) and Zn (II) metal ions by MPHP 30 at 25 °C. Comparison of Cu 2+ , Zn 2+ and Pb 2+ adsorption capacity among different polyHIPE adsorbents.

				Langmuir				Freundlich	
	Ions	q m	K L	R L	R 2	RMSE	SSE	K f	R 2	RMSE	SSE
		(mg/g)	(L/g)					(L/g)			
	Pb 2+	303.03	0.0013	0.1974-0.9357	0.9982	0.12629	0.19139	0.5556	0.9619	0.17554	0.36978
	Cu 2+	149.25	0.0023	0.1300-0.8925	0.9993	0.12815	0.18066	0.3846	0.9262	0.19114	0.43844
	Zn 2+	135.93	0.0027	0.1089-0.8679	0.9992	0.18636	0.38203	0.3408	0.9101	0.20579	0.50818
	Tab. 4. Adsorbents				Adsorption capacity at	pH	Time of	Refs
						equilibrium (mg/g)		equilibrium
						Pb 2+	Cu 2+	Zn 2+		(min)	
	Porous monoliths based on poly		-	35.3	-	5	-	[23]
	(glycidylmethacrylate) (PGMA)							
	Polymer monoliths with chelating		111.2	69.9	-	-	-	[54]
	functionalities									
	Hierarchical porous foams 288K		-	21.79				
				298K			19.17				
				308K							
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