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Design of organically modified sepiolite and its use as adsorbent for hazardous malachite green dye removal from water
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A novel adsorbent design method, based on organic surface modification and carbonization at 350-500°C, of sepiolite, was used to prepare carbon@sepiolite composites which were used for hazardous malachite green dye removal from water. Prior to their use as adsorbent, the structure and the morphology of the carbon@sepiolite composites were assessed by various methods, such as, Fourier Transform Infra-Red (FTIR) spectroscopy, Scanning (SEM) and Transmission (TEM) Electron Microscopy, Energy Dispersive Analysis of X-rays (EDAX), and N2 adsorption/desorption isotherms (BET method). The designed adsorbents showed good adsorption properties for MG molecules, reaching a maximum dye adsorbed amount of 1198.67 mg/g at 25°C for the carbon@sepiolite composites calcinated at 500°C. Further, the kinetics and the equilibrium adsorption isotherms of the MG molecules from water onto the sepiolite-based composites, were well fitted by, respectively, the pseudo-second-order model (R 2 =0.98) and the Langmuir isotherm (R 2 = 0.94) models, indicating that the MG molecules were homogenously adsorbed and formed a monolayer on the organically modified sepiolite surface. Moreover, the values of the thermodynamic parameters, such as ∆G, ∆H and ∆S related to the adsorption process, indicated that the adsorption reaction was spontaneous, feasible and endothermic. In the overall, the present work offers facile ways for the design of organically modified sepiolite which can be used at large scale as adsorbents for waste recycling.

Introduction

Organic dyes are extensively worldwide used and mainly in industrial sectors, such as, in the pulp and paper industry, in the food and paint industries, also in the wool, cotton, leather, silk and textile industries [START_REF] Alakhras | A comparative study of photocatalytic degradation of Rhodamine B using natural-based zeolite composites[END_REF][START_REF] Haounati | Synthesized of Zeolite@Ag2O Nanocomposite as Superb Stability Photocatalysis Toward Hazardous Rhodamine B Dye from Water[END_REF]. All these industries using organic dyes are generating colored wastewater, leading to a major and a serious environmental problem [START_REF] Haounati | Design of direct Zscheme superb magnetic nanocomposite photocatalyst Fe3O4/Ag3PO4@Sep for hazardous dye degradation[END_REF][START_REF] Largo | Adsorptive removal of both cationic and anionic dyes by using sepiolite clay mineral as adsorbent: Experimental and molecular dynamic simulation studies[END_REF]. Due to their persistent characteristics, their teratogenicity and carcinogenicity, the organic dyes are toxic to humans and to the environment [START_REF] Ouachtak | 3,4-Dihydroxybenzoic acid removal from water by goethite modified natural sand column fixed-bed: experimental study and mathematical modeling[END_REF][START_REF] Regti | Hybrid Methods Combining Computational and Experimental Measurements for the Uptake of Eriochrome Black T Dye Utilising Fish Scales[END_REF][START_REF] Akhouairi | Natural Sawdust as Adsorbent for the Eriochrome Black T Dye Removal from Aqueous Solution[END_REF][START_REF] Altinişik | A natural sorbent, Luffa cylindrica for the removal of a model basic dye[END_REF][START_REF] Daneshvar | Biological decolorization of dye solution containing Malachite Green by microalgae Cosmarium sp[END_REF]. Moreover, water polluted by dyes leads to many health problems such as allergic dermatitis, skin problems, and cancer in humans [START_REF] Oladipo | High-performance magnetic chicken bone-based biochar for efficient removal of rhodamine-B dye and tetracycline: Competitive sorption analysis[END_REF][START_REF] Oladipo | Uptake of Ni2+ and rhodamine B by nanohydroxyapatite/alginate composite beads: batch and continuous-flow systems[END_REF][START_REF] Oladipo | Enhanced removal of crystal violet by low cost alginate/acid activated bentonite composite beads: Optimization and modelling using non-linear regression technique[END_REF]. To treat the colored water and/or the contaminated water, various chemical, physical and biological methods, have been developed [START_REF] Xie | Photocatalytic TiO 2 /porous BNNSs composites for simultaneous LR2B and Cr (VI) removal in wool dyeing bath[END_REF][START_REF] Narayani | Removal of basic and industrial azo reactive dyes from aqueous solutions via Fenton-like reactions using catalytic non-magnetic Pd-flyash and magnetic Pd-Fe3O4-flyash composite particles[END_REF][START_REF] Martins | Hydroxypropyl methylcellulose based aerogels: Synthesis, characterization and application as adsorbents for wastewater pollutants[END_REF]. However, it is essential to develop efficient and inexpensive methods. Thus, the adsorption is one of the best and most competitive ways to treat wastewater, due to various advantages, such as, its easy handling, its high efficiency, its low cost and the wide availability of the adsorbent materials [START_REF] Praveen | Biochar for removal of dyes in contaminated water : an overview[END_REF][START_REF] Bulgariu | The utilization of leaf-based adsorbents for dyes removal: A review[END_REF]. Further, the adsorption process does not generate any secondary pollution [START_REF] El Haouti | Cationic dyes adsorption by Na-Montmorillonite Nano Clay: Experimental study combined with a theoretical investigation using DFT-based descriptors and molecular dynamics simulations[END_REF]. On an other hand, when selecting the adsorbent we have to take into account the fact that the real textile effluents contain mixture of several dyes [START_REF] Regti | Hybrid Methods Combining Computational and Experimental Measurements for the Uptake of Eriochrome Black T Dye Utilising Fish Scales[END_REF][START_REF] Ouachtak | Highly efficient and fast batch adsorption of orange G dye from polluted water using superb organo-montmorillonite: Experimental study and molecular dynamics investigation[END_REF]. Thus, in order to elucidate the dye adsorption mechanism from water onto the adsorbent, it is essential to consider initially single-dye systems to reduce the complexity occurring in the real textile effluent treatment. For this reason, various types of adsorbents have been extensively used to treat wastewaters, such as activated carbon [START_REF] De Souza | Adsorption of basic dyes onto activated carbon: Experimental and theoretical investigation of chemical reactivity of basic dyes using DFT-based descriptors[END_REF].

However, due to the high costs of these adsorbents, researches have been carried out to find low-cost adsorbents having high surface areas, high sorption capacities, and having sustainable and regeneration capabilities. Different types of adsorbents such as sepiolite, montmorillonite organoclay composites [START_REF] Haounati | Elaboration and properties of a new SDS/CTAB@Montmorillonite organoclay composite as a superb adsorbent for the removal of malachite green from aqueous solutions[END_REF], modified sepiolite [START_REF] Yu | Adsorption of acid orange II with two step modified sepiolite: Optimization, adsorption performance, kinetics, thermodynamics and regeneration[END_REF], mesoporous silica [START_REF] Boukoussa | Adsorption behavior of cationic dye on mesoporous silica SBA-15 carried by calcium alginate beads: Experimental and molecular dynamics study[END_REF] have been used for the removal of dyes from wastewater. It should be noted that sepiolite (Sep) is a 2:1 type clay mineral, with an excellent adsorption property due its large specific surface area, its high porosity, its ion exchange capacity [START_REF] Haounati | Design of direct Zscheme superb magnetic nanocomposite photocatalyst Fe3O4/Ag3PO4@Sep for hazardous dye degradation[END_REF], and its typical structural properties and its low cost, make it useful in various fields as promising adsorbent for dye wastewater treatment. As well as, its high surface polarity making the sepiolite surface negatively charged, which is balanced by inorganic cations (e.g., Na + , Ca 2 + ). These inorganic cations are exchangeable, making Sep efficient adsorbent for various cationic dyes. Proper disposal of the used Sep is critical to the wide application of Sep in dye wastewater treatment.

However, desorption of cationic dyes from the used Sep can be very difficult, because of the strong electrostatic interaction between cationic dyes and Sep. As such, traditional regeneration methods based on desorption are not efficient for recovering the used Sep. Direct landfill disposal of the used Sep will not only cause serious environmental pollution, but also be a huge waste of Sep resources. For this reason, it is urgent to find proper methods to dispose the used Sep.

In the present work, MG was selected as a representative of cationic dyes, and after its adsorption to Sep, the resulting used Sep (MG-Sep) was collected and calcined at different temperatures, enhancing hence the disaggregation and the performance of the clay. Such synthesis method producing functional adsorbent is expected to provide a simple way for treating waste and recycling the organic clay minerals. Further, to improve the adsorptive and regeneration properties of the sepiolite, the aim of the present work is to decrease, on one hand, the sepiolite clay mineral surface high polarity, and to increase on the other hand, its channels and tunnels spacing. Such synthesis method producing functional adsorbent is expected to provide a simple way for treating waste and recycling the organic clay minerals.

The characteristics of the resultant materials (Carbon@Sep) were identified by using methods such as, FTIR, BET, SEM, TEM and EDS. This study aimed firstly to compare the differences in properties of the raw sepiolite, calcined sepiolite and the composite produced from the carbonization method, and secondly to examine the performance of the carbon@sepiolite in the MG dye removal. Thus, to examine the Carbon@Sep adsorptive affinity towards the cationic dye removal, experiments were realized by varying physicochemical conditions (initial pH, adsorbent dosage, MG dye concentration, adsorption time and temperature). In addition to the experimental adsorption data, theoretical modeling of the kinetic and the equilibrium dye adsorption on the prepared adsorbent, were also carried out.

Experimental

Materials

The sepiolite (Sep) used in this work was collected from Eskişehir region, in Turkey.

It was crushed and sieved to the desired particle size of less than 50 μm. Malachite Green (MG, Mw: 364.91, purity ≥99.00%) was obtained from Sigma-Aldrich, and it was used without any further treatment. The characteristics of MG cationic dye are presented in Table 1 (please see the supplementary file). Aqueous dye solution was prepared by dissolving the required mass of the dye in bi-distilled water.

Preparation of the organic modified sepiolite

Organic Sep (OSep) was prepared by reconstructing Sep structure in MG solution.

Thus, Sep was first dispersed in MG solution, 1 g of Sep was added into 1 L of 100 mg/L (0.274.10 -3 Mole/L) MG solution for 6 h. After MG adsorption from water onto Sep (MG adsorbed amount of 95.4 mg/g), the resulting used Sep (MG-Sep) was collected and calcined at different temperatures ranging from 350 to 500 °C for 3 hours, by using a temperaturecontrolled furnace. The resulting calcined (MG-Sep) composites were labeled as (Carbon@Sep).

Characterization methods

Surface morphologies of the samples were observed by using a Scanning Electron Microscope (SEM, Supra 40 VP Gemini Zeiss Column), with a maximum voltage of 20 KV.

Structural features of the samples were assessed by acquiring images thanks to Transmission electron microscopy (TEM, Philips, CM 200), operating at an acceleration voltage of kV with a magnification ranging from ×10 000 to ×200 000.

The chemical composition and the elemental distribution of the samples were determined by Energy Dispersive X-ray Analysis (EDAX). The specific surface areas and the porosities of the samples were assessed by treating the experimental N2 adsorption-desorption data, as performed at 77 K (Micrometrics instrument, ASAP2420), by BET and BJH methods, respectively.

Adsorption experiments

Experiments of MG dye removal by Carbon@Sep were conducted by using batch equilibrium technique. Thus, firstly 1 L of MG stock solution having a dye concentration of 1200 mg/L, was prepared by dissolving 1200 mg of the dye in 1 L of distilled water, and then other solutions of desired concentrations were obtained by successive dilution of this stock solution.

Thus, various adsorbate-adsorbent mixture series having initial dye concentration of 100 mg/L were prepared by placing in each 100 ml glass flask, a volume (50 ml) of the diluted MG solution. Thereafter, various adsorbent amounts (0.2 -1.5 g) were added to the 100 ml glass flasks and the mixtures were agitated.

In order to investigate the aqueous phase pH, the contact time and the temperature effects, the pH was varied in the range (2-10); the contact time covered the interval (5-420 min), whereas the temperature ranged in the interval (298-333 K). Thus, various adsorbateadsorbent mixture series having initial dye concentration of 100mg/L were prepared. Further, the pH values of dye aqueous solutions were adjusted by using 0.1 N hydrochloric acid and 0.1 N sodium hydroxide aqueous solutions. It should be noted that after each dye adsorption experiment, the resulted dispersion was filtered through 0.2 µm Millipore membrane filter, and the residual dye concentrations were analyzed at λmax= 618 nm using UV-Visible spectrophotometer (UV-1800, SHIMADZU). The adsorbed amount at the equilibrium (qads, mg g -1 ), and the removal percentage (% R), of the MG dye were calculated by using, respectively, the following equations ( 1) and (2):

0 e ads CC q xV m   (Eq. 1) 0e Re moval 0 CC x100 C     (Eq. 2)
where qads is the amount of the adsorbed dye (mg/g), C0 and Ce are the initial and the equilibrium concentrations of the dye (mg/L), V (L) is the volume of solution and m (g) is the Carbon@Sep mass.

Results and discussion

Characterization

FTIR analysis

The FTIR Spectra of the all prepared samples were recorded from 400 cm -1 to 4000 cm -1 and they were comparatively investigated. As can be seen in Fig. 1, for the sepiolite, the FTIR spectrum shows all characteristic peaks of clay mineral. Thus, the 3584 and 1671 cm -1 bands are assigned, respectively, to the OH stretching, representing the zeolitic water in the channels, and to the bound water coordinated to magnesium in the octahedral sheet. The band occurring at 1405 cm -1 is due to the hydroxyl bending vibration, reflecting hence, the presence of bound water. The Si-O coordination bands occurring at 1213 and 1017 cm -1 represent the stretching of Si-O in the Si-O-Si groups of the tetrahedral sheet. When compared to the raw Sepiolite (Sep) spectrum, FTIR spectra of the modified sepiolite (carbon@Sep 450°C and carbon@Sep 500°C) show the appearance of all sepiolite bands. In addition, significant decrease in the intensity of all bands were observed, which may be due to a greater decrease for Si 4+ cations, as compared to Mg 2+ cations caused by high temperature, changing hence the sepiolite surface structure. Transmittance(%)

Wavenumber (Cm -1 ) Sep Carbon@Sep-450°C Carbon@Sep-500°C 1017Cm -1 3584Cm -1 1671Cm -1 1405Cm -1 1213Cm -1
Fig. 1. FTIR Spectra of raw Sepiolite, Carbon@Sep-450°C, Carbon@Sep-500°C.

SEM and EDAX analyzes

The surface morphology and the composition of the calcined raw Sep and the carbon@sepiolite composites, were assessed by using SEM-EDAX instrument in order to get deeper information on the structural characteristics of the materials, as depicted in Fig. 2. In addition, the elemental composition data are presented in Table 2. Thus, as can be observed in When the original sepiolite, the organic and the calcined sepiolite, are compared, it is shown that the original morphology and the microstructure of the sepiolite crystals are kept intact after organic and thermal modifications. Further, as shown in Fig. 2 c-e, after the organic and the thermal modifications of the sepiolite, the original crystalline structure of the material was maintained, and the fiber aggregation phenomenon of the sepiolite decreased more in the modified sepiolite in comparison to the pristine one. Moreover, the carbonization process of OSep at 500 °C, as depicted in Fig. 2 (e), gives material having still large pore diameters and more homogeneous surface. On the contrary, the raw sepiolite calcined at 500 °C, Fig. 2 (b),

shows a lower pore volume in comparison to the Carbon@Sep calcinated at 500 °C.

According to the elemental composition results (Table 2), the carbon element is evenly distributed along with Silica, Magnesium and Oxygen elements in the Carbon@Sep composite produced from the carbonization of the same precursor (Sep/MG) at temperatures ranging from 400 °C to 500 °C. Note that during the carbonization process, the resulting carbon mass percentage increases from 39 % to 49.7%, by going from 400 °C to 500 °C.

Further, the EDS data indicate uniform distribution of carbon nanoparticles in the

Carbon@Sep composites, and confirm the successful modification of sepiolite, by grafting the C element in it. 

TEM analysis

The TEM images of the raw Sep, the raw Sep calcined at 500 °C, and Carbon@Sep composites are shown in Fig. 3. It can be seen in this figure that the raw Sep, and the Carbon@Sep resulted at different temperature treatments, present all the needle-like fibrous clusters microstructure. space.

Furthermore, in Fig. 3 (e), it can be observed larger bundles and disordered fibers structure. The N2 adsorption/desorption isotherms and the Barrett-Joyner-Halenda (BJH) pore size distributions of the five samples are illustrated in Fig. 4., the calculated BET surface areas, pore volumes, and pore sizes, are presented in Table 3. Fig. 4 indicates for all samples, that the N2 adsorption-desorption isotherms are of type IV with hysteresis loops, mostly attributed to mesoporous materials, according to IUPAC classification. From these isotherms, the calculated specific surface area and the pore volume of the Sep were found to be, respectively, 300 m 2 /g and 0.443 cm 3 /g. However, after the successive carbonization of the carbon@Sep composite in the temperature range 400-500 °C, the specific surface area was found to decrease from 300.7 m 2 /g for the raw Sepiolite, to 202.4 m 2 /g and 149.48 m²/g, for the Sep/MG composites treated at 400 °C and at 450 °C, respectively. Such decrease in the clay surface area indicates that N2 molecules are not easily accessible to the calcined carbon@Sep sepiolite channels, which is filled by the carbon molecules. On the other hand, the comparison of the carbon@Sep samples carbonized, at 450 °C and 500°C, show increases in the specific surface area, and in the pore volume, from 149.8 to 207.5 m²/g, and from 0.371 to 0.476 cm 3 /g, respectively. Such results suggest that the carbonized sample (carbon@Sep composite at 500 °C) has an open structure, which is suitable to promote the penetration of the adsorbed molecules inside the composite surface. In addition, the average pore diameters of the raw Sep, the raw Sep calcined at 500 °C, the Carbon@Sep at 400 °C, 450 °C and 500 °C samples were calculated by using the BJH method, and they were found to be equal to, respectively, 

Effect of the carbonization temperature

The influence of the carbonization temperature on the adsorption efficiency of the MG dye was studied by using 1g of the raw sepiolite sample which was added into 1 L of 100 mg/L MG solution at initial pH, for a contact time adsorbate-adsorbent of 4 h, resulting in MG-Sep hybrids (OSep). Thereafter, the MG-Sep powders were calcinated at temperatures ranging from 350 to 500 °C. Hence, as can be seen in Fig. 5, the MG adsorption on the calcined organo sepiolite was enhanced upon the organic sepiolite carbonization, and the adsorbed dye amount increased from 81 mg/g for Sep-350 °C at 99.5 mg/g Sep-500 °C, within an experimental error ranging from 2% to 4%. These results indicate that the adsorption of MG dye onto Carbon@Sep 500 °C is more efficient, in comparison to the raw sepiolite, Carbon@Sep 350 °C, Carbon@Sep 400 °C and the Carbon@Sep 450 °C. The enhanced adsorption performance obtained by Carbon@Sep 500 can be explained by the high temperature effect which causes the sepiolite tunnel space increase and then facilitates the penetration of MG dye molecules inside the tunnels. In addition, the appearance of new COOH and OH adsorption sites may promote electrostatic interaction between the Carbon@Sep surface and the MG dye. Thus, all subsequent experiments in this work were performed using Carbon@Sep 500 °C 

Raw

Effect of the adsorbent dose on the MG dye adsorption

The effect of adsorbent dosage on the MG dye removal was investigated, at natural pH, by varying the Carbon (500°C) dose from 0.2 to 1.5 g. L -1 , and by fixing, the initial dye concentration to 100 mg L -1 , the contact time to 5 hours, and the adsorption temperature to 25°C. Fig. 6 indicates that the MG removal efficiency is dependent on the Carbon@Sep dose in the aqueous solution. Thus, when the Carbon@Sep dose increases from 0.2 to 0.8 g/L, the adsorbed MG amount, qads, decreases from 365 mg/g to 120 mg/g, within an experimental error ranging from 2% to 4%. Further, the MG removal increases from 73.2 to 96.1% and then reaches an almost constant value. The increase of removal rate can be due to the increase of the available active sites of the adsorbent, leading to enhancement in the contact surface area between the MG dye molecules and the adsorbent surface. Similar behavior has been reported in the literature [START_REF] Altinişik | A natural sorbent, Luffa cylindrica for the removal of a model basic dye[END_REF][START_REF] Oladipo | Uptake of Ni2+ and rhodamine B by nanohydroxyapatite/alginate composite beads: batch and continuous-flow systems[END_REF], for the MG removal by using other types of adsorbents.

In the following, an optimal Carbon@Sep dosage of 0.8 g L -1 will be used for further adsorption experiments. 

Effect of pH

The initial solution pH is an important parameter on the adsorption process [START_REF] De Souza | Adsorption of basic dyes onto activated carbon: Experimental and theoretical investigation of chemical reactivity of basic dyes using DFT-based descriptors[END_REF][START_REF] Haounati | Elaboration and properties of a new SDS/CTAB@Montmorillonite organoclay composite as a superb adsorbent for the removal of malachite green from aqueous solutions[END_REF]. Thus, the adsorption of MG onto carbon@Sep was studied in the pH range of 2-12, by fixing, the initial dye concentration to 100 mg/L, the adsorbent dose to 0.8 g/L, and the contact time to 5h. Fig. 7 shows the initial solution pH effect on the MG adsorption from water onto Sep-Carbon surface. As can be seen in Fig. 7, the removal efficiency and the adsorption capacity, increase significantly from 97.7 to 124.9 mg/g when the pH increases from 2 to 6, and from 124.9 to 124.68 mg/g when the pH value varies from 6 to 12, within an experimental error ranging from 4% to 6%. Thus, in acidic medium (pH<4), the surface of Carbon@Sep was more protonated due to the presence of protons H + in solution, which promotes electrostatic repulsion between the cationic dye MG and the surface of the adsorbent and consequently the reduction in the adsorbed amount in an acid medium.

At pH > 4, the surface of Carbon@Sep becomes more and more negative by the effect of the deprotonation of the surface functional groups (Si-OH, Mg-OH, -COOH and -OH) which leads to an increase in the density of the negatively charged surface groups of the sepiolite which in turn result in an electrostatic attraction between the adsorbent and the positively charged molecules of the MG dye. According to these results, the electrostatic interactions between the MG dye and the Carbon@Sep surface play a predominant role in the adsorption phenomenon. Similar results were found by Haounati et al. (2020) in their reported work dealing with the adsorption of MG from water onto SDS/CTAB@Montmorillonite [START_REF] Haounati | Elaboration and properties of a new SDS/CTAB@Montmorillonite organoclay composite as a superb adsorbent for the removal of malachite green from aqueous solutions[END_REF]. The optimal pH value of 6 was selected for next investigation since the maximum removal efficiency was attained at this pH.

Effect of the contact time

The contact time effect was examined for the MG adsorption onto Sep-Carbon, at 25°C, initial pH=6, 0. The following slow step could be due to the penetration-diffusion of MG dye molecules into the inner surface of the modified sepiolite. Finally, after 300 min of contact time, all the active sites on the surface of the adsorbent are saturated and the adsorbed amount remains constant.

Hence, the equilibrium time of 5h was fixed for all further adsorption experiments.

Adsorption kinetics

In order to describe the dye adsorption mechanism on the adsorbent surface, we carried out adsorption kinetics models. In addition, the experimental kinetics data were compared to the theoretical predictions of the pseudo first-order ( PFO, Eq.3), pseudo secondorder (PSO, Eq.4), and intraparticle diffusion (IPD) models (Eq. 5) [START_REF] Yu | Adsorption of acid orange II with two step modified sepiolite: Optimization, adsorption performance, kinetics, thermodynamics and regeneration[END_REF]. The non-linear forms of PFO [START_REF] Boukoussa | Adsorption behavior of cationic dye on mesoporous silica SBA-15 carried by calcium alginate beads: Experimental and molecular dynamics study[END_REF], [START_REF] Ouachtak | Mobility and retention of phenolic acids through a goethite-coated quartz sand column[END_REF], PSO [START_REF] Haounati | Elaboration and properties of a new SDS/CTAB@Montmorillonite organoclay composite as a superb adsorbent for the removal of malachite green from aqueous solutions[END_REF][START_REF] Gusmão | Adsorption studies of methylene blue and gentian violet on sugarcane bagasse modified with EDTA dianhydride (EDTAD) in aqueous solutions: Kinetic and equilibrium aspects[END_REF] and IPD kinetic models are expressed in the following equations: qt = qe,1(1-e -kl t ) (Eq. 3) qt = (qe² k1t)/(1+k2qet) (Eq. 4)

q𝑡= 𝑘𝐼𝑃𝐷𝑡 1/2 + 𝛽 (Eq. 5)

where qe(mg/g) and qt(mg/g) are the amounts of adsorbed dye per weight of adsorbent (mg g -1 ) at equilibrium and at time t(min), respectively; k1 (min -1 ), k2 (g.mg -1. min -1 ) and kIPD (mg•g -1 •min 1/2 ) are the rate constant of pseudo-first-order, pseudo-second-order and intraparticle diffusion adsorption, respectively. The non-linear plots of the pseudo-first-order and the pseudo-second-order models are presented in Fig. 9 (a). The parameters of kinetic models are calculated from the experimental data and are summarized, with correlation coefficients and  values, in Table 4. As can be seen in this Table 4, and based on the higher correlation coefficient R 2 and lower  values, the MG dye adsorption data were better fitted by the pseudo-second-order (PSO) model for Sep/carbon. Furthermore, by using the PSO model, the calculated absorbed amounts Qe.2 were better compared the experimental results (Qe, exp), as depicted in Fig. 9 (a). Therefore, the PSO model was found to be well suited to describe MG dye removal over Sep/carbon.

In addition, mass transfer mechanism of the slower adsorption phase between adsorbent/adsorbate was studied by using Intra-Particular-Diffusion model. Fig. 9 (b) displays the Qt vs the time square root (t 1/2 ) plots for Sep-Carbon during MG dye adsorption. From Fig. 9 (b), the MG dye adsorption process presents a multi-linear profile, indicating that the adsorption process occurs through three successive steps [START_REF] Yuh-Shan | Citation review of Lagergren kinetic rate equation on adsorption reactions[END_REF]. The initial step describes the mobility of MG ions from liquid phase to the external surface of Sep-Carbon (surface diffusion), and the rate of this step is high. The second phase indicates the penetration of MG dye molecules into internal surface of modified sepiolite, and the rate of this step is lower than the first one and mainly controlled by pore diffusion. The third step is attributed to ultimate adsorption equilibrium. As can be seen in Fig. 9 (b), none of the lines passed through the origin, indicating that the intra-particle diffusion was not the only rate-controlling step [START_REF] Tian | Adsorption of Malachite Green by Diatomite: Equilibrium Isotherms and Kinetic Studies[END_REF][START_REF] Tran | Mistakes and inconsistencies regarding adsorption of contaminants from aqueous solutions: A critical review[END_REF][START_REF] Ho | Comparative sorption kinetic studies of dye and aromatic compounds onto fly ash[END_REF], and others mechanisms such as boundary layer may control the adsorption process to some extent [START_REF] Blanchard | Removal of heavy metals from waters by means of natural zeolites[END_REF]. In this part dealing with intraparticle diffusion (IPD), the values of kIPD and β, obtained from fitting the initial, second and third linear portions, to equation ( 5), are listed in Table 4. As can be observed in Table 4, increasing the initial MG concentration from 50 to 100 mg. L -1 , increases the values of β from 0.57 to 1.70, reflecting thus, the increase in the boundary layer thickness [START_REF] Tang | Efficient removal of fluoride by hierarchical Ce-Fe bimetal oxides adsorbent: Thermodynamics, kinetics and mechanism[END_REF], and the probable decrease of the external mass transfer.

Thus, the chance of internal mass transfer was increased [START_REF] Akbar | Scheduling for sustainable manufacturing: A review[END_REF]. 

Adsorption isotherm

The effect of initial MG concentration on its removal by Sep-Carbon was studied at different concentrations ranging from 25 to 1400 mg L -1 at 25°C and pH=6. As shown in Fig. 10, the adsorbed amounts of MG dye increases gradually with increasing its initial concentration. Hence, when the initial MG concentration increases from 10 to 1200 mg/L, the adsorbed amount of the dye increases several folds from 12.4 to 1188.82 mg/g. This behavior may be explained by the diffusion of the dye molecules from the solution toward the Sep-Carbon surface as caused by the increase of the driving force for mass transfer [START_REF] Marrakchi | Cross-linked chitosan/sepiolite composite for the adsorption of methylene blue and reactive orange 16[END_REF][START_REF] Langmuir | THE ADSORPTION OF GASES ON PLANE SURFACES OF GLASS[END_REF]. In order to elucidate the adsorption mechanism, the adsorption experimental data were compared to two theoretical models, the Langmuir model [START_REF] Freundlich | Über die Adsorption in Lösungen[END_REF] and the Freundlich model [START_REF] Zhang | Improved adsorptive capacity of pine wood decayed by fungi Poria cocos for removal of malachite green from aqueous solutions[END_REF].

The nonlinear equations of Langmuir (Eq.6) and Freundlich (Eq.7) models are given below: where Qe (mg/g) is the equilibrium adsorbed amount, Ce (mg/L) is the equilibrium concentration, Qm (mg/g) is the maximum adsorbed amount, KL(L/mg) and KF (mg/g)/(mg/L) 1/n are the Langmuir and Freundlich adsorption constants, respectively, n is the Freundlich isotherm exponent that determines the isotherm non-linearity. Hence, the adsorption is favorable for n>1 and unfavorable when 0<n<1. 

Initial linear portion Second linear portion Third linear portion

Further, to assess the goodness of the fits, the correlation coefficients R 2, and the  values were determined and they are presented in Table 5. Recall that the Langmuir model considers that the adsorption takes place on a homogeneous surface leading to the formation of a monolayer of the adsorbate on the adsorbent surface. On the other hand, the Freundlich model assumes that the adsorption process takes place in more than one surface layer (multilayer)

and that the adsorbent surface is heterogeneous, with a non-uniform distribution of heat of adsorption.

When the organic sepiolite was used as adsorbent, the fitting of the adsorption experimental data to the Langmuir model yielded higher R 2 coefficient (R 2 =0.94) and lowest  (=77.02) values, in comparison to the Freundlich model. This finding suggests that the MG dye adsorption forms a monolayer pattern on a homogeneous adsorbent surface, and a saturated adsorption capacity is expected due to limited adsorptive sites on the surface. The maximum dye adsorption capacity was determined to be 1198.67 mg g -1 on the organic sepiolite. Such high dye adsorbed amount value indicates that the organic sepiolite material can be used as potential adsorbent to efficiently clean-up the industrial effluent containing dyes. The comparison of the adsorption capacity of the sepiolite-carbon, used in the present work, with others adsorbents, as reported in the literature, for MG dye, is presented in Table 6.

Clearly, our prepared adsorbent, as compared to different adsorbents reported in the literature, showed the highest MG adsorption capacity. This could be explained by the presence on the adsorbent surface of mineral functions such as Si-OH, Mg-OH and organic functions carboxylic groups -COOH and hydroxyl groups -OH that are able to interact with the cationic MG dye through electrostatic interactions and hydrogen bonding, improving hence the MG removal from water. 

Thermodynamic analysis

To better understand the adsorption process, the determination of the MG dye adsorption thermodynamic parameters is important. Accordingly, the MG adsorption from aqueous solution onto organic Sep adsorbent was carried out in the temperature range varying from 298 to 338 K. The thermodynamic parameters such as ΔG°, ΔH° and ΔS° were then calculated according to the following equations:

     e K RT G ln (Eq. 8)         S T H G (Eq. 9) R S RT H K e         ln (Eq. 10)             adsorbate adsorbate of weight molecular K K e ) 1000 (
Where: R is the universal gas constant (8.314 J K -1 mol -1 ),

T is the absolute temperature (K),

 e K
is the thermodynamic equilibrium constant, γ is the coefficient of activity (dimensionless),

[adsorbate]° is the standard concentration of the adsorbate (mol L -1 ), KL (L/mg) is the Langmuir equilibrium constant.

Thus, as can be seen in Fig. 11 with increasing temperature, indicating that the adsorption process was more favorable at higher temperatures in the studied range. In addition, the obtained positive value of ΔH° (26.8 kJ. mol -1 ) indicates that the dye adsorption process is endothermic. Furthermore, when comparing the positive value of ΔH°, which is lower than 40 kJ mol -1 , to the ΔG° value which is approximately equal to -20kJ/mol, it is likely that the adsorbate-adsorbent interaction has a physisorption character [START_REF] Atkin | Physical chemistry[END_REF]. Finally, the positive value of ΔS° indicates an increase in the system's randomness at the solid-solution interface during the adsorption of MG dye adsorption on the Carbon@Sep composite. 

Conclusions

In summary, Sepiolite-carbon composite adsorbents were prepared by adsorbing maximum amount of Malachite Green (MG) dye on the pristine sepiolite, followed by drying, and calcinating the resulting mixture at temperatures ranging from 350 to 500 °C for 3 h. The Sepiolite-carbon composite sample heated at 500°C (carbon@sepiolite, 500°C) was found to have the highest specific surface area (207,59 m 2 /g), and showed the highest MG adsorption capacity of 1198.67 mg/g at 25°C, when it was compared to others adsorbents cited the literature. Further, at the equilibrium, a good agreement was found between the experimental adsorption data and the theoretical Langmuir isotherm, whereas the kinetic adsorption isotherms were found to follow the pseudo-second-order model. The temperature effect on the MG removal from water onto carbon@sepiolite, 500°C, revealed that the adsorption process was spontaneous, endothermic and led to an increase in the randomness at the solid-solution interface. The overall data indicate that suitable adsorbents for the treatment of effluents containing cationic dyes can be designed by organically modified sepiolite. Carboxylic and hydroxylic functional groups, formed on the organically modified clay mineral surface, were found to be responsible for the efficient dye removal from water and the strengthen interaction occurring between the dye molecules and the adsorbent surface.
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 110 Fig. 10. Experimental adsorption isotherms of MG onto Sep-Carbon, compared to the nonlinear Langmuir and Freundlich theoretical models.

  (a), the adsorption capacity of MG dye increases as the temperature value increases in the range of 298-338 °K. Thus, at higher temperature the maximum adsorbed amount of the MG dye is reached. Further, the plot of Fig. 11 (b). The changes in entropy ΔS° and in enthalpy ∆H° were determined, respectively, from the intercept and the slope [44-45] of the  e K ln versus 1/T curves. The obtained values of the thermodynamic parameters, of the MG dye adsorption on the Carbon@Sep, are presented in Table 7. The negative values of ∆G° indicate that the dye adsorption process over the temperature range of T=298-338K is spontaneous and feasible. It can also be observed that the ΔG° magnitude values increase from -27.82 to -34.46 KJ.mol -1 ,
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 11 Fig. 11. (a) Effects of temperature on the adsorption of MG onto Sep-Carbon; (b) Van't

Table 2 : Elements mass percentages of the raw Sep, calcined raw sepiolite at 500 °C, Carbon @Sep(400 °C), Carbon@Sep(450 °C) and Carbon@Sep(500 °C)
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	Sample	Si	Mg	O	C	Ca
	Sepiolite	37.8	17.6	44.6	--	--
	Raw Sep. calcined at 500 °C	31.1	16.6	46.5	--	5.9
	Carbon@Sep (400 °C)	12.5	8.5	39.6	39.2	0.3
	Carbon@Sep (450 °C)	10.9	7.3	36	45	0.5
	Carbon@Sep (500 °C)	8.8	6.3	34.5	49.7	0.3

Table 3 . Textural properties of raw Sep, Sep calcined at 500 °C, carbon@Sep 400 °C, carbon@Sep 450 °C and carbon@Sep 500 °C adsorbents.
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		Surface area		BJH adsorption average
	Material		Pore volume (cm 3 /g)	
		(m 2 /g)		pore diameter (Å)
	Raw Sep	300.7	0.443	37.78 Å
	Raw Sep 500 °C	216.6433	0.446	38.34 Å
	Carbon@Sep (400 °C)	202.442	0.503	38.19 Å
	Carbon@Sep (450 °C)	149.4804	0.371	38.18 Å
	Carbon@Sep (500 °C)	207.5912	0.476	38.26 Å
	5.2			

. Effects of experimental conditions

  

Table 4 . Kinetic parameters for the adsorption of MG onto Sep-Carbon. Intraparticle diffusion (IPD)
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		Pseudo-first-order (PFO)			Pseudo-second-order (PSO)	
	C0	Qe, exp		Qe,1	k1				Qe,2	k2			
						R 2						R 2	
	(mg/l)	(mg g -1 )		(mg.g 1 )	(min -1 )				(mg g -1 )	(mg g -1 min 1 )		
	50	59.4		56.9 0.133	0.95	4.03		59.29	0.0043		0.98	2.44
	100	124.9		117.7 0.095	0.94	9.42		123.79	0.0013		0.98	5.37
	150	179.9		169.6 0.094	0.94	12.56	178.30	0.0009		0.98	6.49
	C0	kIPD		R 2		kIPD		R 2		kIPD		R 2	
	50	54.2	0.57 0.99 0.15	99.5	7.33	0.89	2.19	61.8	0.66 0.84 0.19
	100 128.9 1.70 0.99 0.97	161.5	4.50	0.99	0.49	134.0	1.39 0.99 0.07
	150 176.9 1.45 0.98 1.42	190.5	1.79	0.99	0.18	200.1	1.90 0.97 0.58

Table 5 . Isotherms parameters for the MG adsorption from water onto the modified Sepiolite surface.
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	Dye MG	Qm (mg/g) 1198.67	Langmuir KL (L/mg) 0.2941	R² 0.94	 77.02	Freundlich Kf (mg/g) n 305.9 4.19 0.848 R²	 95.85

Table 6 . Comparison of the adsorption capacity of the modified sepiolite with other adsorbents reported in the literature, for the MG dye removal from water
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			tc	R	T	Qm	
	Adsorbent	pH					References
			(min)	(g/l)	(°C)	(mg.g -1 )	
	Pine wood decayed by fungi Poria		1140				
		4		2	40	42.63	[38]
	cocos		(24h)				
	Magnetic Nickel Oxide Nanoparticles	7	40	-	25	87.72	[39]
	Rice husk	6	60	-	40	7.40	[40]
	acid treated coffee husk	6.8	120	0.2	60	263	[41]
	SDS/CTAB@Montmorillonite						
		6	140	1	25	1021.45	[25]
	organoclay composites						
	almond gum	7	120	5	30	172.41	[42]
	diatomite	7	90	-	25	23.64	[28]
	Chitosan/ sepiolite clay/ algae	8	17,5	0,1	30	515,7	[43]
	bio composite						
	Carbon@Sep	6	240	0,8	25	1198.67	This study

Table 7 . Thermodynamic parameters for adsorption of MG dye onto Sep-Carbon composite.
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	T	qads	KL	Ke°	∆G°	∆H°	∆S°
	(K)	(mg/g)	(L/mg)	*10 3	(KJ.mol -1 )	(KJ.mol -1 )	(KJ.mol -1 .K -1 )
	298	1198.67	0.294	75.19	-27.82313	26.8	0.127
	313	1225.5	0.307	112.17 -32.55455		
	323	1241	0.454	165.67	-34.0727		
	333	1248.3	0.698	254.68	-34.4686		
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