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Introduction

Heavy metals, such as cadmium, lead, chromium, mercury, and copper, are released into the environment as a result of several industrial activities including manufacturing of microelectronics, electroplating, metal finishing, battery, tannery, processes in the metallurgical, and fertilizer industries. These metals lead to contamination of air, water and soil and consequently they can be absorbed by animals and plants. Due to their accumulation in the food chain and in the human body, they can present a risk for human health [START_REF] Potgieter | Heavy metals removal from solution by palygorskite clay[END_REF].

Conventional methods to treat contaminated effluents can be classified into several categories: adsorption (activated carbon, clays) [START_REF] Zhang | Roles of physical and chemical properties of activated carbon in the adsorption of lead ions[END_REF][START_REF] Bhattacharyya | Adsorption of a few heavy metals on natural and modified kaolinite and montmorillonite: a review[END_REF][START_REF] Souza | Selective adsorption of gold over copper cyanocomplexes on activated carbon[END_REF], precipitation [START_REF] Feng | Treatment of acid mine water by use of heavy metal precipitation and ion exchange[END_REF][START_REF] Haddou | Plasmacatalytic removal of lead acetate assisted by precipitation[END_REF], physico-chemical techniques (e.g. electrolysis, solvent extraction, membrane separation) [START_REF] Khider | Purification of water effluent from a milk factory by ultrafiltration using Algerian clay support[END_REF][START_REF] Wang | Separation of Zr and Hf from sulfuric acid solutions with amine-based extractants by solvent extraction[END_REF][START_REF] Zulhairun | The role of layered silicate loadings and their dispersion states on the gas separation performance of mixed matrix membrane[END_REF] and biological techniques (e.g. biosorption, phytoextraction) [START_REF] Farooq | Biosorption of heavy metal ions using wheat based biosorbents -a review of the recent literature[END_REF][START_REF] Tabaraki | Biosorption of lead(II) ions on Sargassum ilicifolium: application of response surface methodology[END_REF][START_REF] Yuan | Enhancement of Cd phytoextraction by two Amaranthus species with endophytic Rahnella sp[END_REF].

However, for economic and practical reasons, many laboratories show more and more interest in the use of new adsorbents based on natural materials [START_REF] Qaiser | Biosorption of lead from aqueous solution by Ficus religiosa leaves: batch and column study[END_REF][START_REF] Houari | Dynamic sorption of ionizable organic compounds (IOCs) and xylene from water using geomaterial-modified montmorillonite[END_REF]. Thus, materials such as natural or synthetic zeolites, tuffs, volcanic ash and especially clays are used in the treatment of liquid effluents loaded with pollutants.

In the current study, four modified palygorskite samples were used to remove lead metallic ions from aqueous solutions. Among them, three were obtained using different milling processes, and one by an acid treatment. These mechanical and chemical activations of palygorskite [START_REF] Boudriche | Effect of acid treatment on surface properties evolution of attapulgite clay: an application of inverse gas chromatography[END_REF][START_REF] Boudriche | Influence of different dry milling processes on the properties of an attapulgite clay, contribution of inverse gas chromatography[END_REF] induced changes in microstructure morphology and surface chemistry. All these modifications were expected to deeply change interaction capacities of the samples with the media, which was a lead(II) ion containing solution. These interactions could be assessed using inverse gas chromatographic analysis (IGC). Indeed, among the vapour adsorption techniques, inverse gas chromatography (IGC) is getting increasing attention as it offers several advantages such as the possibility of using a variety of probes and a broad range of temperatures [START_REF] Mohammadi-Jam | Inverse gas chromatography applications: a review[END_REF]. This technique is very helpful to determine interactions between specific probes and the solid under investigation packed into a column in order to predict behaviour of the solid with its environment. After determination, by IGC at infinite dilution, of classical parameters such as dispersive component of the free energy ( d s ) or specific free energy of adsorption (-G sp a ), this study focused, particularly, on the determination of irreversibility indexes of palygorskite, using IGC at finite concentration with the isopropanol probe. This parameter leads an assessment of amount of adsorption sites having a high energy of interaction on the palygorskite surface during the solid-gas adsorption process. This parameter will be correlated with another parameter characteristic of the surface clay, the cation exchange capacity, during solid-liquid adsorption process in the presence of a pollutant. Thus, the second part in this study covered the adsorption performance of this clay towards a pollutant in the static mode. The adsorption capacities of palygorskite towards Pb(II) ions were assessed using the plot of adsorption isotherms in equilibrium conditions.

Adsorbents elaboration and characterization

Adsorbent elaboration

The palygorskite used in this study, is a hydrated magnesium aluminium silicate, from the Ghoufi region, in the North-East of Algeria. According to Bradley [START_REF] Bradley | The structural scheme of attapulgite[END_REF], palygorskite is a fibrous clay mineral; its structure (Fig. 1) consists of ribbons of a 2:1 phyllosilicate, linked by periodical inversion of the apical oxygen of the continuous tetrahedral sheet and thus the octahedral sheet is discontinuous [START_REF] Mckeown | Vibrational analysis of palygorskite and sepiolite[END_REF].

A rock palygorskite was first coarsely crushed and sieved to obtain a size fraction less than 1 mm. This raw sample was then processed to obtain four modified palygorskite powders implemented in the lead adsorption experiments:

-A crushing in an agate mortar and sieving in order to select the fraction having a diameter below 350 m. -A milling in a pancake air jet mill AS 50 supplied by the Hosokawa Micron Company. The injection and grinding pressures were 4.0 × 10 5 and 3.5 × 10 5 Pa, respectively. -A milling for 60 h in a lab-scale vibratory ball mill called "Pulverisette0", provided by the Fritsch Company. This device consisted in an agate vibrating vessel equipped with a 5 cm ball.

The vibration amplitude of the vessel was fixed at 2 mm and 10 g samples were ground per experiment.

All the grinding processes were described in a previous study [START_REF] Boudriche | Influence of different dry milling processes on the properties of an attapulgite clay, contribution of inverse gas chromatography[END_REF].

-A chemical activation according to a protocol also described in a previous study [START_REF] Boudriche | Effect of acid treatment on surface properties evolution of attapulgite clay: an application of inverse gas chromatography[END_REF]. It consisted in an hydrochloric acid treatment carried out under reflux system at the boiling point of the HCl solution for 6 h. The experiment was done with an 0.5 M HCl concentration. After reflux, the solution was filtered and the residue washed with distilled water several times until elimination of all the chloride ions.

Characterization techniques

Particle size distribution measurements were performed using a Laser diffraction method on a Malvern Mastersizer 2000 device. The samples were analyzed using a dry-way feeder (Scirocco, Malvern) with a dispersion pressure of 3.5 × 10 5 Pa. Specific attention was paid to the Sauter mean diameter d 32 defined as follows:

d 32 = n i d 3 i n i d 2 i (1)
where n i is the number of particles with size d i .

The true density of samples was measured with a helium pycnometer (AccuPyc 1330-Micromeritics). The measurements were carried out with about 2-3 g of powder in a 5 mL cell. This technique is based on measuring a change in pressure of helium in a calibrated volume with and without a sample.

The Sauter mean diameter d 32 and true density allowed the calculation of the external specific surface area, a ext , according to the Eq. ( 2):

a ext = 6 • d 32 (2) 
Particle morphology was investigated using a scanning electron microscope (Philips XL 30 model ESEM-FEG) operating at 3 kV.

The BET specific surface areas, meso-and micropore volumes were calculated using nitrogen adsorption at 77 K (ASAP 2010, Micromeritics). The same technique allowed the determination of the meso-and micropores volumes applying BJH and t-plot models, respectively. Size limits proposed by the International Union of Pure and Applied Chemistry are between 2 and 50 nm for mesopores and less than 2 nm for micropores. The samples were gassed out before analysis, at 378 K for 24 h at a pressure of 8 × 10 -1 Pa.

Meso-and macro-pores volumes, having a distribution between 3.2 nm and 1 m were determined by mercury porosimetry using a Micromeritics Autopore III WIN 9420 porosimeter.

Characterization results

The scanning electron microscope of the raw material exhibited a fibrous morphology with fibres having an average length less than 3 m (Fig. 2a). This fibrous structure was preserved within crushing in the mortar (Fig. 2b) or grinding in a pancake air jet mill (Fig. 2c) despite the fibres became shorter and more disorganized. On the contrary, fibre morphology was totally destructed after 60 h milling in Pulverisette0 (Fig. 2d). After acidic treatment, the fibrous structure was also maintained (Fig. 2e).

Other characterizations (IR spectrum, PXRD pattern, adsorption isotherm, etc.) of the raw material and the processed ones were presented in previous works [START_REF] Boudriche | Effect of acid treatment on surface properties evolution of attapulgite clay: an application of inverse gas chromatography[END_REF][START_REF] Boudriche | Influence of different dry milling processes on the properties of an attapulgite clay, contribution of inverse gas chromatography[END_REF][START_REF] Boudriche | An assessment of the surface properties of milled attapulgite using inverse gas chromatography[END_REF].

Different characteristic parameters such as the equivalent diameters (d 50 , d 32 ), external specific surface area (a ext ), density ( ), specific surface area measured by nitrogen adsorption (a BET ), porous volumes (V micro , V meso , V porous ) were determined. The main results of characterization of the processed materials are presented in Table 1.

The highest specific surface area was obtained for the sample treated with the acid solution. Indeed, acid treatment leads to the remove of carbonates that generates porosity and to the increase of specific surface area.

The mesoporous volume, V meso , determined by nitrogen adsorption and according to the BJH model characterizes the mesopores with diameters between 2 and 50 nm. The porous volume, V porous , obtained by mercury porosimetry includes larger pores diameters, from 3 to 1000 nm, i.e. meso-and macropores. It can be observed that V porous is slightly lower than V meso , except for the sample ground with Pulverisette0. A possible explanation is that measurement made by mercury porosimetry was performed on a tablet and the compression could modify the porous network. Nevertheless, V porous and V meso are similar; they indicate low macroporosity.

Comparing the different samples, whatever the porous volume considered (V micro , V meso or V porous ), the highest one was observed for the sample treated with hydrochloric acid. It is also the result of the removal of carbonates that generates porosity. 3. Characterization of adsorbent surface properties by inverse gas chromatography (IGC)

Theoretical part

Inverse gas chromatography (IGC) can be carried out according to two different implementations at: infinite dilution (IGC-ID) and finite concentration (IGC-FC).

IGC-ID analysis

This technique reflects the interaction developed between a probe and high energy sites on the solid. It consists on the injection of negligible quantities of probes molecules (vapour) with known properties (polarities, ramification). Experimentally, the infinite dilution domain was defined by the fact that the retention time or volume remained constant in function of the injection probe volume, this linear chromatography correspond to the Henry's region. Then, depending on the chemical nature of the probe molecule, the IGC-ID provides different parameters:

-The dispersive component of the surface energy ( d s ), obtained by injection of linear alkanes. This parameter indicates the ability of the solid surface to have non-specific interactions with probe molecules [START_REF] Dorris | Adsorption spreading pressure and London force interactions of hydrocarbons on cellulose and wood fiber surfaces[END_REF].

-The nanomorphological index I M ( t ), established by injection of branched or cyclic alkanes, delivers information about the roughness of the solid surface at the molecular scale [START_REF] Balard | Determination of the acid-base properties of solid surfaces using inverse gas chromatography: advantages and limitations[END_REF]. -The specific component of the surface energy (-G sp a ), determined by injections of polar probes, gives access to polar interactions, mainly the acid-base interactions [START_REF] Balard | Determination of the acid-base properties of solid surfaces using inverse gas chromatography: advantages and limitations[END_REF].

More details regarding the calculations of various parameters obtained from IGC-ID experiments were given in a previous paper [START_REF] Boudriche | Influence of different dry milling processes on the properties of an attapulgite clay, contribution of inverse gas chromatography[END_REF].

IGC-FC analysis

This technique includes injecting some microlitres of liquid probe (1-20 L) into the column in order to cover the surface of the solid with a probe mono-layer. A strong asymmetric chromatographic peak is obtained (Fig. 3). The more rapid method is "the elution characteristic point method" (ECP) that allows the acquisition of part of the desorption isotherm from a unique chromatographic peak. According to this method, the first derivative of the isotherm is related to the retention time for each point of the rear diffuse profile of the chromatogram by the Conder's equation (3):

∂N ∂P L,tr = JD mRT (t r -t 0 ) ( 3 
)
where N is the number of desorbed molecules, P the partial pressure of the probe at the output of the column, L the column length, t r the retention time of a characteristic point on the rear diffuse profile of the chromatogram, t 0 the retention time of CH 4 , D the flow rate at the output of the column, J the James-Martin correction factor, m the mass of adsorbent, R the Perfect gas law constant, and T the oven temperature. After the integration of Eq. ( 3), the desorption isotherm can be obtained, and so the specific surface area of the solid and the BET constant of the organic probe can be calculated using a special software from the ADSCIENTIS society (Wittelsheim, France).

At the end of the chromatogram, the temperature of the chromatograph oven is increased up to the conditioning temperature, leading to a secondary small peak corresponding to the amount of probe adsorbed irreversibly on the solid surface at the analysis temperature.

3.1.2.1. Irreversibility index. An irreversibility index (I irr ) [START_REF] Balard | Study by inverse gas chromatography of the surface properties of milled graphites[END_REF] can be calculated from the ratio of the area of the thermodesorption peak to the total area of the chromatogram, as expressed in Eq. ( 4):

I irr = S th S rv + S th (4)
where S rv is the area of the main chromatographic peak and S th the area corresponding to the thermodesorption peak.

The irreversibility index provides an assessment of the proportion of high energy sites depending on the nature of the probe. For example, with an isopropanol probe, the I irr estimates the sites able to develop hydrogen bonds.

3.1.2.2. Distribution function of the energies of adsorption. Estimation of the surface heterogeneity of a solid using the adsorption energy distribution function (DF) is generally based on a physical adsorption model, which admits that the global isotherm may be considered as a sum of local isotherms of adsorption on isoenergetic domains (patchwork model) [START_REF] Balard | Study by inverse gas chromatography of the surface properties of milled graphites[END_REF][START_REF] Balard | Estimation of the surface energetic heterogeneity of a solid by inverse gas chromatography[END_REF][START_REF] Rudzinski | Physical adsorption of gases on heterogeneous solid surface: evaluation of the adsorption energy distribution from adsorption isotherms and heats of adsorption[END_REF].

Thus, the distribution function of the relative abundance of each type of domain, having the same characteristic energy of interaction (ε), is given by the following integral (Eq. ( 5)): where N(T, P) is the number of molecules adsorbed at pressure P and temperature T, N 0 is the number of the molecules which can form a monolayer, Â(ε, T, P) is the local isotherm corresponding to adsorption sites having the same characteristic adsorption energy ε, (ε) is the so-called distribution function of the adsorption energies (DFAE) describing the energies which exist at the gas-solid interface, ˝is the physical domain of the adsorption energy, and ε is the characteristic energy.

N(T, P) = N 0 ˝Â(ε, T, P) (ε) dε (5)
3.1.2.3. Heterogeneity index. The index of surface heterogeneity, I hete , defined in Eq. ( 6) can be determined by comparing the computed DF with the DF describing a homogeneous surface that fits the left descending branch of the experimental DF towards the lowest interaction energies [START_REF] Balard | Study by inverse gas chromatography of the surface properties of milled graphites[END_REF]:

I hete = A -A H A ( 6 
)
where A is the area under the experimental DF and A H is that under the homogeneous DF. The distribution functions were computed using a special software from the ADSCIENTIS society (Wittelsheim, France).

Experimental conditions

The IGC measurements were performed with two GC devices (Agilent 7890A and 6890) equipped with sensitive flame ionization detectors (FID). Helium was used as carrier gas with a flow rate of 30 mL.min -1 . The injector and detector temperatures were 403 K and 473 K, respectively. The columns were filled with a mixture of palygorskite powder and glass beads. The amount of powder in the column was chosen according to the pressure drop, which had to be lower than 10 5 Pa in order to avoid leaks at the septum and fittings. A reproducibility study was made on the raw material, namely three columns were prepared with the raw palygorskite, and analyzed to obtain a standard deviation. That gave the quantities after the (±) sign appearing in the results of Tables 2-4.

IGC-ID experiments

The IGC-ID study was done with an oven temperature of 403 K, using stainless steel columns of 20 cm in length, with 6.35 mm in diameter. The columns were conditioned overnight at 423 K. The oven temperature for the analysis was chosen equal to 403 K to allow for a good separation between the peak of methane and the peak of the probe.

The probes used were linear alkanes (n-hexane C6, nheptane C7 and n-octane C8), two branched alkanes, the 2,3,4-trimethylpentane (2,3,4-TMP) and the 2,5-dimethylhexane (2,5-DMH), a cyclic alkane, the cycloctane (Cyclo8) and polar probes (chloroform CHCl 3 and dichloromethane CH 2 Cl 2 ). These probes had chromatographic grade (>99%) purity.

IGC-FC experiments

For IGC-FC, the chromatographic columns were 10 cm in length and 6.35 mm or 3.18 mm in internal diameter. The conditioning temperature was 423 K. According to the Conder criterion [START_REF] Conder | Physicochemical Measurement by Gas Chromatography[END_REF], analysis temperature was fixed at 326 K with the n-octane (C8) and at 316 K with the probe isopropanol (IP) (Aldrich, purity >99%) used to study the surface chemistry. This criterion states that vapour contribution of the probe to the flow of carrier gas should not exceed 5% of the initial flow at the maximum of the chromatographic peak.

Results and discussion

IGC-ID

Table 2 displays the values of the dispersive components of surface energy, d s , the morphological indexes, I M ( t ), and the specific components of surface energy with acidic probes, -G sp a , of modified palygorskite samples, used as adsorbents in this study.

The d s initial value of 164 mJ.m -2 is typical of a phyllosilicate, this high value is attributed to the insertion of the alkanes probes into the fibrous channels of the palygorskite or into structure defects between fibres [START_REF] Boudriche | An assessment of the surface properties of milled attapulgite using inverse gas chromatography[END_REF]. Chemical and mechanical treatments to elaborate adsorbents, affected the values of the d s of the raw material, a decrease was observed whatever the process, especially after 60 h of grinding in the Pulverisette0 from 164 mJ.m -2 to 116 mJ.m -2 . This change reflects the disappearance of structural defects under mechanical stresses, reducing the ability of alkane probes to adsorb on the solid surface.

The nanomorphology index I M ( t ) parameters did not change significantly with grinding and chemical activation, except for the sample milled in Pulverisette0. The I M ( t ) parameters obtained by injecting the cyclooctane and the 2,3,4-trimethylpentane probes, had a high value in comparison to the other samples, reflecting the reduction of surface roughness during 60 h of milling in Pul-verisette0.

The basic character of the adsorbents was assessed by injecting acidic probes (chloroform and dichloromethane). The specific interaction parameters, -G sp a , obtained by injecting the two probes, remains constant, meaning that no chemical change occurs at adsorbents surface after chemical and mechanical treatments. Basic probes (ether, acetone, DMSO, DMF, methanol, toluene and 1,4-dioxane) were also injected but not eluted at the analysis temperature. The acidic character of the palygorskite surface can explain the retention of the basic probes. Therefore, the Guttman's acidic and basic numbers usually used to characterize the acid-base interactions could not be calculated.

In summary, the IGC-ID parameters obtained in this study indicates that the sample milled in Pulverisette0 during 60 h, is the most strongly affected by the mechanical treatment. But IGC-ID parameters are clearly related to the adsorption sites having the greatest energy of interaction [START_REF] Balard | Determination of the acid-base properties of solid surfaces using inverse gas chromatography: advantages and limitations[END_REF]. Other experiments were carried out using the IGC-FC mode.

IGC-FC

3.3.2.1. Specific surface area. The specific surface areas and irreversible indexes were measured by IGC-FC (Table 3) using noctane and isopropanol probes.

The specific surface areas obtained with nitrogen and n-octane were similar except for the sample treated with the acid solution. This gap could be due to the uncertainty on the molecular areas of the organic probes, which were computed from the adsorption isotherm data measured on non-porous solids. The higher the specific surface area and the porosity, the higher the uncertainly on the molecular areas of organic probes and higher the discrepancy between the nitrogen specific surface area and the organic probes as observed for palygorskite treated with HCl.

The specific surface areas obtained with isopropanol were lower whatever the sample. It could be explained not only by the uncertainty in the molecular area of the probe but also by the more irreversible character of isopropanol adsorption compared to that of n-octane, as testified by their respective irreversible indexes (I irr ) (Table 3). Of course, this irreversible adsorption contributed to the decrease in the measured specific surface areas, computed from the reversible part of the adsorption phenomenon.

The specific surface areas varied in the same way regardless of the three probes used. Indeed, the specific surface area values of the sample treated with HCl were higher with the three probes, than those of raw palygorskite, in contrast to the values obtained for the sample milled in Pulverisette0, which were the lowest. The increasing of specific surface area was attributed to the elimination of carbonates with the acid treatment effect, and consequently to the creation of new porosity accessible to probes. On the other side, the decrease in the specific surface area after milling can be explained by the alteration of the internal structure of particles (physical alteration, such as the disappearance of porosity) [START_REF] Boudriche | Influence of different dry milling processes on the properties of an attapulgite clay, contribution of inverse gas chromatography[END_REF].

Surface energetic heterogeneity.

The heterogeneous character of the solids was studied by determining the distribution functions (DF) of the adsorption energies of both n-octane and isopropanol probes (Fig. 4). The first one, an apolar probe, is mainly sensitive to the surface morphology, and the second one, a polar probe, is more sensitive to the surface functionality, especially the presence of silanol groups.

The distribution functions (DF) of the adsorption energies obtained with n-octane, which exchanges only dispersive interactions with the solid surface, are essentially monomodal. Comparing the heterogeneity indexes obtained with this same probe (Table 4), the sample treated with the acid solution leads to a value higher (20.7%) than those obtained with the other samples (around 13%). The high specific surface area and porosity of the sample treated with acid can explain the high I hete observed with n-octane, which is sensitive to the solid morphology. The results obtained with noctane demonstrate that the mechanical treatment did not cause significant changes in surface morphology of palygorskite fibres on the contrary of the acid treatment.

With isopropanol, which is sensitive to the surface functionality, the DF exhibits a monomodal shape with a tail extending towards the high energies. However differences can be noted:

-The sample treated with HCl shows a weak shoulder at 26 kJ.mol -1 , probably related to the dissolution of carbonate impurities which liberates high energetic sites. -The sample milled in Pulverisette0 during 60 h, reveals two shoulders at high energies at 27 kJ.mol -1 and 35 kJ.mol -1 , traducing the appearance of polar sites under mechanical effect that could strongly interact with the isopropanol probe.

The highest isopropanol hetegeneity index was obtained for the sample milled with the Pulverisette0 (46.5%) testifying the appearance of high energy sites, which are able to develop hydrogen bond.

In conclusion regarding surface energetic heterogeneity, the acid treatment leads to significant modifications of the surface morphology, which is related to the removal of carbonates and the appearance of porosity. The mechanical treatment, especially the Pulverisette0 seems to release high energy sites, able to develop hydrogen bonds probably silanol groups.

Lead adsorption studies

Pb(II) adsorption experiments

The solutions of Pb(II) were prepared by dissolving lead nitrate (Pb(NO 3 ) 2 , Aldrich, ≥99%) in deionized water. Lead solutions and palygorskite powder were placed in a 500 mL reactor equipped with a four blade stirring propeller. Adsorption capacity of the treated samples was studied with 5 g of powder in 500 mL of waste solution. Different lead concentrations, ranging from 100 to 7000 mg.L -1 , were prepared, with an initial pH of 5.3. The contact time for which the adsorption reached equilibrium was set at 5 h despite a previous study showed that the pH was stabilized after half an hour of stirring. The mixtures were agitated at a speed of 400 rpm. Then, the samples were collected and filtered with polypropylen filter cartridges (0.45 m-pore diameter) and analyzed by inductively coupled plasma (ICP) thereafter. The ICP spectrometer used was an Ultima2 model from Horiba JobinYvon company. Lead was analyzed at 220.3 nm wavelength.

The adsorption capacity of Pb(II) ions could be calculated using Eq. [START_REF] Khider | Purification of water effluent from a milk factory by ultrafiltration using Algerian clay support[END_REF]:

Q e = C 0 -C e m • V (7) 
where Q e (mg.g -1 ), the adsorption capacity, is the amount of metal ions adsorbed at equilibrium per unit mass of adsorbent, C 0 (mg.L -1 ) and C e (mg.L -1 ) are the Pb(II) ion concentrations before adsorption and at equilibrium, respectively, V (L) is the initial volume of the Pb(II) ion solution, and m (g) is the weight of the adsorbent. The data from isotherm measurements were fitted using the Langmuir [START_REF] Langmuir | The adsorption of gases on plane surfaces of glass, mica and platinum[END_REF] and Freundlich [START_REF] Freundlich | Uber die adsorption in lasungen[END_REF] models. The first one assumes monolayer adsorption on a surface containing a finite number of homogeneous adsorption sites, with no lateral interaction between the adsorbed molecules. While, the Freundlich model suggests a multilayer adsorption on adsorbent. The Langmuir equation is expressed as follows:

Q e = b • Q m • C e 1 + b • C e ( 8 
)
where Q m (mg.g -1 ) and b (L.mg -1 ) are the maximum adsorption capacity and the Langmuir constant, respectively. The linearized Langmuir equation is written as follows:

C e Q e = C e Q m + 1 b • Q m (9)
The constants Q m and b are obtained from slope and intercept of the linear plot of C e /Q e versus C e , respectively.

The Freundlich equation is expressed as follows:

Q e = K f • C 1/n e (10) 
The Freundlich constants K f and 1/n can be determined from the intercept and slope of the linear plot of ln Q e versus ln C e , respectively. K f is related to adsorption capacity, n is the intensity of adsorption and C e is the equilibrium concentration of ions (mg.L -1 ).

The Freundlich model in linear form is given by the following equation:

ln Q e = ln K f + 1 n ln C e (11)

Results and discussion

Adsorption lead isotherms on the four palygorskite samples obtained by grinding processes, in mortar, air jets mill and Pul-verisette0 or by acid treatment are displayed in Fig. 5.

All adsorption isotherms obtained with the four palygorskite samples displayed the same shape: in the case of low concentrations of Pb(II) in the solution at equilibrium, C e , a rapid increase in the adsorption capacity, Q e , was observed towards C e , whereas at high C e values, Q e tended towards a constant value. The constant value indicates the saturation of high energy sites involved in the adsorption process. The values of the isotherm parameters obtained from both linearized Langmuir and Freundlich models, for the adsorption of Pb(II) on modified palygorskite, are gathered in Table 5.

The correlation coefficients (R 2 ) obtained by applying the linear Langmuir model closer to the unity as compared to those obtained by applying the Freundlich model, means that the adsorption process of Pb(II) on palygorskite samples is governed by the Langmuir isotherm model. Then, according to the Langmuir isotherm model, the maximum monolayer adsorption capacity, Q m , of palygorskite samples are classified as follows: Q m sample milled in Pulverisette0 > Q m sample milled in air jet mill > Q m sample treated with HCl > Q m sample milled in mortar. Whatever the palygorskite samples, Q m appears to be higher than those obtained in literature for some natural adsorbents under optimal adsorption conditions (Table 6).

Maximum adsorption capacities Q m of the samples under test were compared to different parameters characterizing the particles. For example, the specific surface areas, a N 2 , of palygorskite samples measured with nitrogen adsorption do not seem to explain the difference in their lead adsorption capacities. The sample milled in Pulverisette0 with the lowest specific surface area (Table 1), has the highest Q m . Previous works [START_REF] Frini-Srasra | Acid treatment of south Tunisian palygorskite: removal of Cd(II) from aqueous and phosphoric acid solutions[END_REF][START_REF] Shirvani | Sorption-desorption of cadmium in aqueous palygorskite, sepiolite, and calcite suspensions: isotherm hysteresis[END_REF] on the same clay led to opposite results, i.e. the adsorption capacity increased with specific surface area.

The external specific surface area, a ext , calculated from the Sauter diameter d 32 gives us information on the external diffusion of Pb(II) ions towards the particles surface because it determines the number of sites available to lead ions adsorption. This parameter can explain the enhanced adsorption capacity of milled samples. Indeed, for milled adsorbents, Q m increases with increasing a ext (Table 1). A large a ext may promote a larger diffusion of Pb(II) ions at the particles surface. But the acid activated sample does not obey this variation because it presents the smallest a ext with a Q m higher than that of the sample milled in a mortar. If a ext can be linked to Q m , it does not seem to be the only factor involved. Q m could also be related to the variations of porous volumes. It can reasonably be thought that large pores volume will promote the retention of Pb(II) ions and hence their removal from the solution. Comparing the different samples, whatever the porous volume considered (micro, meso or macro), the highest porous volume was observed for the sample treated with hydrochloric acid, despite its lower Q m compared to the other adsorbents. Once again, porous volume could not be linked to adsorption capacity. Another parameter characterizing the surface, the cation exchange capacity (CEC) was determined (Table 7). It is a relevant indicator of the cations number accessible to ions exchange. The variation of this parameter was compared to those of the irreversibility index (I irr ) determined by IGC with isopropanol (Table 3).

It can be noticed that the two parameters, CEC and I irr measured with isopropanol, increase simultaneously with Q m (Fig. 6).

CEC and I irr involve specific interactions. I irr corresponds to a measurement of hydrogen bond between the isopropanol probe molecule and silanol or aluminol groups on the palygorskite surface (Fig. 7a). These sites contribute in part to CEC (Fig. 7b). Indeed, CEC is a measurement of exchanged cations, which can have two origins: -Counterions of the negative charges on the palygorskite surface as Fe 2+ , Al 3+ contained in the palygorskite structure [START_REF] Chahi | Infrared evidence of dioctahedral-trioctahedral site occupancy in palygorskite[END_REF][START_REF] Suarez | FTIR spectroscopic study of palygorskite: influence of the composition of the octahedral sheet[END_REF]. -The variable charge due to the presence of silanol or aluminol sites that can bind H 3 O + ions depending on the pH value.

The silanol or aluminol groups, neutral or ionized, seem to be the common factor between the two parameters, CEC and I irr obtained with isopropanol. The higher the CEC and the I irr , the more silanol groups there are on the surface increasing its reactivity and its adsorption capacity leading to a higher Q m .

Upon grinding of muscovite, Papirer already observed a correlation between CEC and another IGC parameter [START_REF] Papirer | Variation of the surface energy characteristics of mica muscovite upon grinding[END_REF], the dispersive component of the surface energy, d s , determined by IGC at infinite dilution. They concluded that the variation of the grinding conditions can lead to significant changes of the surface characteristics of muscovite involved in applications like the use of micas as filler for polymers, as mentioned by the authors, or in the adsorption process, the subject of the present work.

It may be thought that grinding in Pulverisette0 contributes to generate silanol sites [START_REF] Boudriche | Influence of different dry milling processes on the properties of an attapulgite clay, contribution of inverse gas chromatography[END_REF]. These silanol sites can develop hydrogen interactions with the injected isopropanol, which contributes to increase irreversibility index. Furthermore, in aqueous medium, they can be ionized depending on pH and greatly contribute to enhancement of the lead adsorption capacity also measured by the CEC.

Conclusion

The adsorption capacity of palygorskite Q m in contact with a solution of toxic metal ion, lead, was investigated. The adsorbents used were palygorskite powders modified by an acid treatment or different grinding processes.

The adsorption isotherms obtained were consistent with the Langmuir model in the range of lead concentrations studied.

All the adsorbents used exhibited very good adsorption properties towards lead. However, Q m varied depending on the different samples. It was demonstrated that the type of treatment influenced significantly the behaviour of the adsorbents in solution. Specific surface area, porous volumes, or external surface were not the parameters explaining the Q m variation of the samples. This last one was related to the cation exchange capacity, CEC, and the irreversibility index, I irr , determined by IGC at finite concentration with the isopropanol probe. Despite the complete disappearance of the fibrous structure, the sample obtained by grinding in the Pul-verisette0 had the highest Q m in correlation with the highest CEC and I irr probably due to the new sites generated by grinding like silanol groups.
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 12 Fig. 1. (a) Crystal structure of palygorskite "from Galan [20, Fig. 1]. Reproduced with kind permission of the Mineralogical Society, publisher of Clay Minerals" and (b) its polyhedral representation "from McKeown et al. [19, Fig. 1]. Reproduced with kind permission of the Clay Minerals Society, publisher of Clays and Clay Minerals."

Fig. 3 .

 3 Fig. 3. Experimental chromatogram and the associated thermodesorption peak obtained on palygorskite with isopropanol probe at 316 K.

Fig. 4 .

 4 Fig. 4. Distribution functions of the adsorption energies with n-octane (left) and isopropanol (right) probes measured on adsorbent samples.
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 5 Fig. 5. Adsorption isotherms of Pb(II) at 298 K on modified palygorskite powders.

Fig. 6 .

 6 Fig.6. Correlation between cation exchange capacity and irreversibility indexes of palygorskite samples.

Fig. 7 .

 7 Fig. 7. (a) Hydrogen bonds between palygorskite surface and isopropanol probe involved in the I irr determined by IGC and (b) electrostatic interactions between palygorskite surface and hydronium.

Table 1

 1 Characteristic parameters of modified palygorskite samples.

	Sample	d50 (m)	d32 (m)	(g.mL -1 )	aext (m 2 .g -1 )	aBET N 2 (m 2 .g -1 )	V micro (mL.g -1 )	Vmeso (mL.g -1 )	Vporous (mL.g -1 )
	Raw palygorskite	143	23.56	2.57	0.09	125	0.018	0.302	-
	Milled in mortar	25	10.65	2.46	0.23	89	0.007	0.297	0.272
	Milled in air jet mill	6	2.66	2.87	0.78	93	0.010	0.330	0.324
	Milled in Pulverisette0 (60 h)	3	1.77	2.40	1.41	66	0.013	0.253	0.303
	Treated with HCl (0.5 M)	265	97.27	2.40	0.02	273	0.046	0.397	0.356

Table 2

 2 Variation of the dispersive components of the surface energies ( d s ), the nanomorphological indexes IM( t ), and the specific free energies of adsorption of acidic probes (-G sp a ) of modified palygorskite samples, determined by IGC-ID at 403 K.

	Samples	d s (mJ.m -2 ) ± 4%	IM( t ) ± 5%		-G a kJ.mol -1 ± 4% sp	
			2,3,4-TMP	Cyclo8	CHCl3	CH2Cl2
	Raw palygorskite	164	0.69	0.22	14	17
	Milled in mortar	147	0.67	0.24	13	17
	Milled in air jet mill	159	0.59	0.20	14	17
	Milled in Pulverisette0 (60 h)	116	0.73	0.33	14	17
	Treated with HCl (0.5 M)	133	0.71	0.26	12	14

Table 3

 3 Values of the specific surface areas (aBET) and irreversibility indexes (I irr ) of modified palygorskite, obtained by nitrogen adsorption and IGC-FC (with n-octane C8 and isopropanol IP).

		Adsorption N2	IGC-FC			
			C8 (326 K)		IP (316 K)	
		aBET ± 0.3 (m 2 .g -1 )	aBET ± 2.8 (m 2 .g -1 )	I irr ± 0.2 (%)	aBET ± 4.1 (m 2 .g -1 )	I irr ± 0.6 (%)
	Raw palygorskite	125.2	114.5	0.1	70.9	8.3
	Milled in mortar	85.8	84.2	1.8	65.7	10.8
	Milled in air jet mill	93.3	75.6	1.2	60.0	15.9
	Milled in Pulverisette0 (60 h)	66.3	62.6	1.2	47.0	23.4
	Treated with HCl (0.5 M)	272.6	135.4	2.1	100.0	10.4

Table 4

 4 Heterogeneity (I hete ) index values, measured by IGC-FC for n-octane and isopropanol probes, on modified palygorskite.

	Samples	C8 (326 K)	IP (316 K)
		I hete (%) ± 1.2	I hete (%) ± 4.9
	Raw palygorskite	13.6	41.2
	Milled in mortar	11.7	34.5
	Milled in air jet mill	13.8	41.9
	Milled in Pulverisette0 (60 h)	15.3	46.5
	Treated with HCl (0.5 M)	20.7	40.7

Table 5

 5 Values of Langmuir and Freundlich isotherm parameters (Qm, b, K f , n and R 2 ), for the adsorption of Pb(II) on modified palygorskite samples.

		Langmuir isotherm model			Freundlich isotherm model	
		Qm (mg.g -1 )	b (L.mg -1 )	R 2	K f (mg.g -1 )	n	R 2
	Milled in mortar	142.8	0.057	0.999	9.64	2.849	0.844
	Milled in air jet mill	333.3	0.008	0.997	14.93	2.564	0.946
	Milled in Pulverisette0 (60 h)	500.0	0.023	0.998	157.27	8.264	0.748
	Treated with HCl (0.5 M)	200.0	0.006	0.996	8.66	2.638	0.919

Table 6

 6 Maximum adsorption capacity Qm towards Pb(II) for adsorbents of natural origin.

	Adsorbent	Qm (mg.g -1 )	Refs.
	Zeolite	70.6	[30]
	Active carbon	47.6	[31]
	Bioadsorbent	37.5	[13]
	Kaolinite	13.3	[32]
	Palygorskite (South Africa)	62.1	[1]
	Palygorskite (China)	104.3	[33]

Table 7

 7 Cation exchange capacities (CEC) for the four palygorskite powders.

	Adsorbents	CEC (Meq/100 g)
	Treated with HCl (0.5 M)	20.45
	Milled in mortar	15.11
	Milled in air jets mill	25.12
	Milled in Pulverisette0 (60 h)	30.11