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In many industrial sites, a series of various organic and inorganic co-contaminant species are simultaneously present in their aqueous discharges. This therefore justifies the recent interest and the choice of binary and ternary adsorption of three co-contaminant species to understand their competitive effects. Here we introduced two types of theoretical adsorption models, recently developed by us: multi-logistic distribution and statistical physics. These modeling approaches were applied in order to understand the adsorption of two cationic dyes (Rhodamine B, RB and Malachite Green, MG) and one metal cation (Cadmium Cd(II)) on granulated activated carbon (GAC). New experimental batch adsorption data were obtained with these mono-component, binary and ternary systems. The adsorption capacities of all these pollutants decreased from single to binary and ternary systems. Moreover, although Cd(II) did not lead to any notable competitive effect, when the two dyes were simultaneously present (binary and ternary systems) there was an increase in the adsorption capacity for RB and a decrease for MG, thus indicating a complex removal process due to different adsorption effects. Both models were used to calculate affinities, dissociation constants, steric and energetic parameters to characterize the single, binary, and ternary adsorption of tested pollutants. Modeling results indicated that the number of captured adsorbates per active receptor site of GAC decreased from single to binary and ternary systems, signaling a competitive effect for the same adsorption site. Based on this parameter, the adsorption orientation of these three pollutants was described. Interestingly, the models provided adsorption energies which allowed the characterization of the interactions between the adsorbates and the adsorbent surface. Calculated adsorption energies showed that the adsorption in single, binary, and ternary systems was associated to physisorption.

Introduction

In recent years, the pollution of water resources has raised real awareness around the world. Indeed, the consumption of water in the agricultural and/or industrial sectors very often generated discharges with large quantities of polluted and toxic wastewaters. These hazardous releases should be properly controlled in compliance with regulation standards to protect the environment and to ensure good quality of water for humans. Among the water-consuming industries, the dyeing of textiles and tanning of leathers are important industrial sectors to be monitored because of their polluted effluents can significantly impact the environment. Such environmental pollution often leads to serious toxic effects for aquatic (micro)organisms [START_REF] Tkaczyk | Synthetic organic dyes as contaminants of the aquatic environment and their implications for ecosystems: A review[END_REF]. Therefore, it is recommended to apply proper technologies for the treatment of wastewaters before their release into the environment; various physical and chemical processes (e.g., coagulation-flocculation, membrane filtration, advanced oxidation, biological treatments) have been employed to reduce the amounts of metals and/or dyes in wastewaters [START_REF] Holkar | A critical review on textile wastewater treatments: Possible approaches[END_REF][START_REF] Katheresan | Efficiency of various recent wastewater dye removal methods: A review[END_REF]. However, the adsorption of such pollutants onto a selective solid separation medium remains as an easy-to-perform and low-cost water treatment methodology [START_REF] Yagub | Dye and its removal from aqueous solution by adsorption: A review[END_REF], that can be generalized from laboratory studies to real-case wastewater treatments [START_REF] Mudhoo | Adsorbents for real-scale water remediation: Gaps and the road forward[END_REF].

Industrial discharges from several sectors are characterized by the presence of several organic and/or inorganic pollutants [START_REF] Ajiboye | Simultaneous removal of organics and heavy metals from industrial wastewater: A review[END_REF]. Simultaneous removal of pollutants with different physicochemical nature can be performed via adsorption as shown by previous studies with binary mixtures of an organic dye and a divalent cation such as Cd 2+ [START_REF] Deng | Simultaneous removal of Cd(II) and ionic dyes from aqueous solution using magnetic graphene oxide nanocomposite as an adsorbent[END_REF], Cu 2+ [START_REF] Rehman | Role of sorption energy and chemisorption in batch methylene blue and Cu 2+ adsorption by novel thuja cone carbon in binary component system: Linear and nonlinear modeling[END_REF], Co 2+ [START_REF] Sellaoui | Single and binary adsorption of cobalt and methylene blue on modified chitin: Application of the Hill and exclusive extended Hill models[END_REF] or Pb 2+ [START_REF] Khan | Unary and binary adsorption studies of lead and malachite green onto a nanomagnetic copper ferrite/drumstick pod biomass composite[END_REF][START_REF] Zhang | Competitive removal of Pb 2+ and malachite green from water by magnetic phosphate nanocomposites[END_REF][START_REF] Zhang | Simultaneous removal of methylene blue and Pb 2+ from aqueous solution by adsorption on facile modified lignosulfonate[END_REF]. However, the performance of this multi-component adsorption process will depend on the number, type and concentration of the pollutants present in the fluid, including the operating conditions such as pH and temperature. In particular, the simultaneous adsorption of dyes and potentially toxic metals could imply the presence of both antagonistic and synergistic effects that can affect the effectiveness of water treatment; this has been evidenced from previous studies with binary metal and dye mixtures [START_REF] Tovar-Gómez | Synergic adsorption in the simultaneous removal of acid blue 25 and heavy metals from water using a Ca(PO3)2-modified carbon[END_REF][START_REF] Hernández-Montoya | Competitive adsorption of dyes and heavy metals on zeolitic structures[END_REF], and ternary mixtures with two metals and one dye [START_REF] Tovar-Gómez | Analysis of synergistic and antagonistic adsorption of heavy metals and acid blue 25 on activated carbon from ternary systems[END_REF]. Multi-component adsorption studies are thus required to optimize the operating conditions of water treatment with the aim of reducing the operation costs and improving the removal effectiveness.

The main objective of this study concerns the modeling of the adsorption experimental data obtained in both binary and ternary systems. Hence, two different and complementary modeling approaches were applied to analyze and explain the experimental data from these adsorption systems, and their results were compared and discussed.

Due to the sigmoidal shape of the Qe = f(Ce) adsorption curves (see hereafter Figures 1 and2), the classical Langmuir or Freundlich models are not adequate, so we had to consider the Sips model. In the case of single solute adsorption, we have previously developed [START_REF] Debord | A modified Sips distribution for use in adsorption isotherms and in fractal kinetic studies[END_REF] a logistic distribution modeling, and we have evidenced (thanks to the well-known and efficient distance measure for probability distributions called 'total variation distance') that it compared satisfyingly with other kinds of energy distributions such as the Sips distribution (derived from the Langmuir-Freundlich isotherm) and the normal distribution. In the same paper, we have successfully applied these results to experimental adsorption data. This method was afterward extended to the case of two solutes adsorbed on the same solid, and for the first time the bi-dimensional logistic distribution was applied to another experimental adsorption study [START_REF] Debord | A bidimensional logistic distribution for use in competitive adsorption studies[END_REF]. Here, we have again extended our previous results to a multi-dimensional logistic distribution, with its application to not-yet-published experimental data for binary and, for the first time, ternary adsorption systems.

Additionally, two analytical models developed via statistical physics approach were applied on the analysis of binary and ternary adsorption isotherms in order to attribute a new vision regarding the adsorption process at the molecular level. They were previously tested with mixtures of divalent metal cations [START_REF] Sellaoui | A new statistical physics model to interpret the binary adsorption isotherms of lead and zinc on activated carbon[END_REF][START_REF] Sellaoui | Understanding the adsorption of Pb 2+ , Hg 2+ and Zn 2+ from aqueous solution on a lignocellulosic biomass char using advanced statistical physics models and density functional theory simulations[END_REF], phenols [START_REF] Li | Understanding the adsorption mechanism of phenol and 2-nitrophenol on a biopolymer-based biochar in single and binary systems via advanced modeling analysis[END_REF], or antibiotics [START_REF] Yazidi | Adsorption of amoxicillin and tetracycline on activated carbon prepared from durian shell in single and binary systems: Experimental study and modeling analysis[END_REF]. The single adsorption isotherms of the same systems were also studied via a monolayer advanced statistical physics model to obtain a better understanding of the adsorption mechanism [START_REF] Pang | Adsorption of crystal violet on biomasses from pecan nutshell, para chestnut husk, araucaria bark and palm cactus: Experimental study and theoretical modeling via monolayer and double layer statistical physics models[END_REF]. Herein, it is convenient to highlight that this type of adsorption models has been applied due to their numerous advantages. For example, the statistical physics models are useful to explain the operating scenario where the active sites located in the pores of the investigated adsorbent can accept a variable number of dye molecules or ions contrary to Langmuir model that defines that each site can accept one adsorbate molecule or ion. Note that this general assumption of Langmuir is not always correct because the binding of adsorbates by adsorbent active sites depends on many factors. Therefore, the improper modeling of this phenomenon can lead to incorrect conclusions about the adsorption mechanism and adsorbent performance. General correction of this assumption by the statistical physics models can be an option to complete and extend the interpretations of the adsorption mechanism via the analysis of the parameters of tested models.

Therefore, both modeling approaches attributed interesting interpretations of all defined systems and, for the first time, these approaches were combined to analyze the multi-component adsorption of two dyes and one potentially toxic metal on a granulated activated carbon.

As a case of study, the competitive batch adsorption of two cationic dyes: Rhodamine B (RB) and Malachite Green (MG) onto a commercial granulated activated carbon (GAC) has been studied in the present paper. Given that in an industrial park, several plants can combine their waste effluents, the presence of a metallic species in industrial effluents from a textile dyeing plant is a common real life scenario. Cadmium (II) is a very toxic metal that is often present in surface treatment plants. Therefore, this metal has been considered as additional adsorbate for the adsorption studies reported in this manuscript. To characterize the multi-component adsorption process, the adsorption of these three chemical species in single, binary, and ternary systems using activated carbon has been analyzed and the two modeling approaches were applied to complement the understanding of these adsorption systems.

Materials and methods

Adsorbent and adsorbates

Granulated activated carbon (GAC) Supelco # 18002 (Sigma-Aldrich) was selected as adsorbent with an initial grain size 400 -1,600 µm; after sieving, a particle size of 500 -700 µm was chosen for adsorption tests. Adsorbent morphology was characterized with a Philips/FEI XL 30S FEG Scanning Electron Microscope. The point of zero charge (pHPZC) of GAC was obtained from acid-base titration according to a procedure previously reported [START_REF] Davranche | An easy determination of the surface chemical properties of simple and natural solids[END_REF]. Specifically, a suspension of 1 g GAC in 10 mL of a 0.01 M NaNO3 solution was titrated with 0.01 M HNO3 or 0.01 M NaOH with a combined glass electrode (Ag/AgCl/KCl 3 M) (cf. section S2 in the Supplementary Information file).

Two cationic dyes, supplied by Sigma-Aldrich and used without further purification, have been selected for the present study (see their structures in Figure S1 in the Supplementary Information file). These adsorbates were:

-Rhodamine B (RB), as the chloride salt C28H31N2O3Cl, is very used in the textile industry and as a fluorophore; although with a low toxicity, the color of its wastewater is a nuisance that should be remedied.

-Malachite Green (MG), as the oxalate salt [C23H25N2•HC2O4•0.5H2C2O4], has numerous applications in dyeing industries (textile, tannery), and it is also utilized to fight against fungal or bacterial infections for fish flesh and fish eggs [START_REF] Alderman | Malachite green: a review[END_REF][START_REF] Clemmensen | Toxicological studies on malachite green: A triphenylmethane dye[END_REF]. Its toxicity for aquatic or soil organisms has been recently studied [START_REF] Kanhere | Cytotoxicity and genotoxicity of Malachite Green on non-target aquatic organisms: Chlorella pyrenoidosa and Daphnia magna[END_REF][START_REF] Gopinathan | Effect of malachite green toxicity on non-target soil organisms[END_REF]. Cadmium(II) was chosen as an inorganic pollutant. It is considered a toxic metal with high environmental impact because it is widely present in several industrial processes like surface treatment plants. Its toxicity and its impact on human health are well known today [START_REF] Nordberg | Risk assessment of effects of cadmium on human health (IUPAC Technical Report)[END_REF]. For these adsorption studies, cadmium nitrate tetrahydrate Cd(NO3)2•4H2O (98% purity, Aldrich) was dissolved in deionized water to be used as adsorbate solution.

Dye measurements were obtained with quartz cells (ℓ = 1cm) and a UV-1700 PharmaSpec Shimadzu spectrophotometer. Cadmium in aqueous solutions was analyzed with a Pye Unicam SP9 graphite furnace atomic absorption spectrometer.

Description of batch adsorption studies

Adsorption kinetic studies for each solute were conducted separately to determine the best pseudo-equilibrium contact time. These experiments were performed with 100 mg of GAC, 100 mL of a solution with concentration of 100 mg L -1 at 25 °C and pH 5 (the natural value of the studied medium) under constant agitation speed of 200 rpm obtained with a SM-30 mechanical shaker (Edmund Buhler GmbH). Solution samples were collected at different times up to 1440 min and then filtered through a 0.45 µm Sartorius membrane. The final pH value was checked and remained constant; thus, the equilibrium pH was also equal to 5. These samples were analyzed to determine the corresponding adsorbate concentration. Adsorption isotherms were quantified with single, binary, and ternary systems of RB, MG, and Cd(II) in an experimental device like that used for kinetic studies where a contact time of 360 min was considered to reach the equilibrium.

A mass concentration ratio of 1/1 of two solutes was used in binary adsorption studies, and a mass ratio of 1/1/1 in the ternary adsorption tests with the aim of comparing the influence of cosolute present in the multi-component solutions. All adsorption isotherms were obtained at the same temperature (i.e., 25 °C) and the initial concentration of GAC was 100 mg L -1 . Each adsorption experiment was obtained in triplicate and the mean value was calculated and employed in data analysis. The size of each experimental point in reported figures considers the corresponding 3% standard deviation.

Description of the adsorption modeling

The sigmoidal shape of the adsorption curves prevented the application of either Langmuir or Freundlich classical models. These experimental data therefore presented themselves as good candidates to apply our two original models: the logistic one and the statistical physics one, that are described below.

Logistic models

Experimental isotherm data were adjusted with the classical Langmuir-Freundlich model (i.e., the Sips model) for single systems [START_REF] Debord | A modified Sips distribution for use in adsorption isotherms and in fractal kinetic studies[END_REF] and with the bi-logistic model for binary systems [START_REF] Debord | A bidimensional logistic distribution for use in competitive adsorption studies[END_REF]. We previously reported that the isotherm corresponding to the bidimensional logistic distribution can be written according to: [START_REF] Tkaczyk | Synthetic organic dyes as contaminants of the aquatic environment and their implications for ecosystems: A review[END_REF] where C1 and C2 are the free concentrations (mol L -1 ) of the two adsorbates that were normalized by the standard state concentration (C 0 = 1 mol L -1 in this case), K1 and K2 (mol L -1 ) are their mean dissociation constants. The parameter r plays the role of a correlation coefficient (-1 ≤ r ≤ 1). Note that (C1, C2) represents the total coverage of both adsorbates in this expression. The partial coverage for a given compound (i = 1 or 2) was deduced by multiplication with a specific coefficient defined from the simplified NICA method [START_REF] Koopal | Ion binding to natural organic matter: general considerations and the NICA-Donnan model[END_REF] as follows:

(2)

This model was fitted to the experimental data by Bayesian estimation, as described previously [START_REF] Debord | A bidimensional logistic distribution for use in competitive adsorption studies[END_REF]. The prior values used to fit the model parameters were those obtained by nonlinear regression for the single adsorption studies.

In the case of ternary systems, a new tri-logistic model was developed, as briefly described here. This tri-logistic model was obtained from the extension of the bi-logistic relationship using all the correlation coefficients (r) equal to 1 then: [START_REF] Katheresan | Efficiency of various recent wastewater dye removal methods: A review[END_REF] where the partial coverage for the i component (i = 1, 2, 3) was defined as:

(4)

Statistical physics models

A statistical physics-based model that represents the general case of Langmuir theory was utilized in the data fitting of single adsorption isotherms. This model assumed that the responsible site of adsorption on GAC can capture a variable number of dye molecules or metallic cations. In addition, this model defined that the adsorption of tested adsorbates was a monolayer process. The analytical adsorption model is described by the following expression:

n m e C C nD Q       + = 2 / 1 1 (5)
where the parameter n is defined as the number of captured adsorbate species per active site of GAC, Dm is the density of receptor sites of adsorbent (mol g -1 ) and C1/2 is the concentration at halfsaturation (mol L -1 ) of the layer that was formed during the adsorption process.

Based on this model, the binary adsorption of investigated dyes and metallic cation was defined as a monolayer process thus considering that the adsorbates were adsorbed on the same GAC active site with two different adsorption energies. It was assumed that the site responsible for adsorption can capture n1 molecules of dyes and n2 metallic cations. The expressions of this statistical physics model for binary adsorption [START_REF] Li | Understanding the adsorption mechanism of phenol and 2-nitrophenol on a biopolymer-based biochar in single and binary systems via advanced modeling analysis[END_REF] are: where n1 and n2 are the captured number of dye molecules and cadmium cations per responsible site for adsorption of the activated carbon, c01 and c02 (mol L -1 ) represent the concentrations at half saturation of the layer formed by the dye molecules and cadmium cations, respectively, generating two adsorption energies and Dm (mol g -1 ) was defined as the density of receptor sites.

Ternary adsorption model of tested dyes and metallic cation was also defined as a monolayer process assuming that these water pollutants were adsorbed on the same GAC active site with three different adsorption energies. It was assumed that the site responsible for adsorption can capture ni dye molecules or metallic cation (i = 1, 2 and 3). The expression of statistical physics model for ternary adsorption is described as follows [START_REF] Sellaoui | Understanding the adsorption of Pb 2+ , Hg 2+ and Zn 2+ from aqueous solution on a lignocellulosic biomass char using advanced statistical physics models and density functional theory simulations[END_REF]: 
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where c01, c02 and c03 (mol L -1 ) are the concentrations at half saturation of tested adsorbates and Dm (mol g -1 ) is the density of receptor sites, respectively.

All model parameters were determined by application of the Levenberg-Marquardt iterating algorithm using a multivariable non-linear regression.

Results and discussion

All useful information concerning the properties of GAC and the preliminary kinetic study of each adsorbate species in single solution are given in the SI file.

As stated, the logistic and statistical physics models were applied to analyze these adsorption systems with sigmoidal curves because the traditional Langmuir or Freundlich adsorption models and their extended multicomponent versions showed several limitations and drawbacks.

3.1. Adsorption isotherms: data treatment with the logistic models

Single adsorption of RB, MG, and Cd(II) on GAC

Adsorption isotherms of single adsorbates are reported in Figure 1 at tested experimental conditions. These isotherms can be divided into two parts:

• The first part characterizes a weak adsorption where the adsorbate molecules are probably retained by physical forces of the electrostatic type.

• The second part is characterized by a stronger adsorption showing a high adsorbate-GAC affinities.

Note that GAC was hydrophobic and involved strong interactions between the adsorbent and adsorbate.

During the adsorption experiments, held at pH 5, RB (pKa = 3.22) has negative charges on its (now ionized) carboxylate group and MG (pKa = 6.90) bears positive charges (on an N atom), when the surface charges for GAC are positive (pHPZC = 6.5). Thus, electrostatic interactions are very different between each dye in solution and the solid adsorbent, where there is an attraction for RB and repulsion for MG (as for the Cd(II) cation). It can be also considered a hydrophobic attraction between GAC and organic dye molecules.

All these isotherm curves follow the S-type (sub-group 2) according to the classification developed by Giles et al. [START_REF] Giles | A general treatment and classification of the solute adsorption isotherm. I -Theoretical[END_REF]. They can be described with the Sips (Langmuir-Freundlich) model: [START_REF] Zhang | Competitive removal of Pb 2+ and malachite green from water by magnetic phosphate nanocomposites[END_REF] where Q is the amount of solute adsorbed at equilibrium (mmol g -1 ), Qmax is the corresponding maximum adsorption capacity (mmol g -1 ) and C is the concentration of solute remaining in the solution (mmol L -1 ) that is normalized by the standard state concentration (C 0 = 1 M in this case), K is a mean apparent dissociation constant and the exponent  is a positive real number that is inversely proportional to the standard deviation of the energy distribution where E0 = -RT ln K is the mean dissociation standard free energy [START_REF] Debord | A bidimensional logistic distribution for use in competitive adsorption studies[END_REF].

Fitting of isotherm data with the Sips model are reported in Table 1. These results indicated that the CAG affinity order is Cd(II) > MG > RB. Cd(II) adsorption showed the lowest energy dispersion value, while this parameter was almost identical for MG and RB adsorption. Note that the higher available range of energies for the adsorption of these two dyes onto GAC can be due to donor-acceptor hydrophobic π-π interactions [START_REF] Tran | Insights into the mechanism of cationic dye adsorption on activated charcoal: The importance of π-π interactions[END_REF]. 

Binary adsorption of RB, MG, and Cd(II) on GAC

As stated, the binary adsorption of the next mixtures was analyzed: (RB/MG), (Cd/RB) and (Cd/MG) at the (1/1) mass ratio. In such binary systems, the two solutes competed with the same surface sites of the adsorbent even if the preferential adsorption of one adsorbate remains to be favored in the detriment of the other. As described previously [START_REF] Debord | A bidimensional logistic distribution for use in competitive adsorption studies[END_REF], the initial values used to fit the model parameters in equations ( 1) and ( 2) were those obtained for the single adsorption studies. The best fit was obtained with r = 1 as shown in Table 2. Note that a model parameter was significantly modified if its value obtained in single adsorption studies changed by more than two standard deviations. Results of Qmax data indicated that there was almost no competitive adsorption effect for any adsorbate in the dye + Cd(II) mixtures. However, the values of Qmax increased for RB and decreased for MG in the corresponding dye mixtures. A decrease in both affinities was also identified and a reduced energy dispersion for RB adsorption.

Although π-π interactions between the aromatic structure of the two dyes and aromatic functional groups at the GAC surface cannot be excluded, the significant loading increase of RB (negative charge at pH 5) when mixed with MG (with a positive charge) can be ascribed to electrostatic interactions with positively charged GAC particles. However, the changes are not significant for Cd(II), neither for the maximum adsorption capacity nor for the affinity constant.

In the case of another similar study on binary dye/metal cation batch adsorption on a modified activated carbon, Tovar-Gómez et al. [START_REF] Tovar-Gómez | Synergic adsorption in the simultaneous removal of acid blue 25 and heavy metals from water using a Ca(PO3)2-modified carbon[END_REF] observed a synergic effect of the Acid Blue 25 anionic dye towards the adsorption capacity of the metal cation such as Zn 2+ , Ni 2+ or Cd 2+ , but no effect on the dye itself. b R 2 is the determination coefficient between observed and calculated Qe values.

Ternary adsorption of RB, MG, and Cd(II) on GAC

Figure 2 shows the results of the multicomponent adsorption in the ternary mixture RB/MG/Cd using the mass ratio 1/1/1. All data fitting results from the tri-logistic model equations ( 3) and ( 4) are given in Table 2. Overall, the adsorption capacity for Cd(II) in the ternary mixture was not affected by the presence of the two dyes, but there was an increase for RB and a decrease for MG (although it was less significant than that obtained in the binary mixture). Note that a decrease in affinity for Cd(II) was also identified. For a multicomponent batch adsorption study with two metal cations and the Acid Blue 25 anionic dye onto a modified activated carbon [START_REF] Tovar-Gómez | Analysis of synergistic and antagonistic adsorption of heavy metals and acid blue 25 on activated carbon from ternary systems[END_REF], the results indicated that the dye increased the adsorption capacity of the two metal cations together with a decrease in their competition for the active sites on the adsorbent surface.

3.2. Adsorption isotherms: data treatment with the statistical physics modelling

Steric interpretation

The values of the parameter n obtained from the statistical physics model can be used to analyze the steric features of tested adsorbates. Results of Table 3 indicated that the n values for the single adsorption of these pollutants were higher than 1. But the values of this parameter were lower than 1 in binary systems. For instance, the value of n for the adsorption of MG was 1.58 in single system, but its values were 1.11 and 0.85 in binary and ternary systems, respectively. In the single solution, the adsorbate can freely move on the adsorption system. However, there was a competition between the adsorbates to occupy the same binding site in the binary and ternary system.

Consequently, the decrease in this steric parameter can be reasonably explained by the competitive effect created between the solutes present in the aqueous solution.

In another direction, the number of captured adsorbates per active site was lower than 1 in single system thus indicating that the adsorbate could be shared on more than one receptor site. This result implies a parallel orientation on the adsorbent surface specially for dye molecules, which have a higher molecular size that Cd(II). In binary systems, all adsorbates were adsorbed via an inclined position, while in ternary systems this change is probably due to the competition effect leading a creation of steric hindrance. 

Energetic adsorption analysis

To characterize the interactions between the investigated water co-contaminants and GAC adsorbent surface, the corresponding adsorption energies were estimated via the following expression [START_REF] Sellaoui | Insights on the statistical physics modeling of the adsorption of Cd 2+ and Pb 2+ ions on bentonite-chitosan composite in single and binary systems[END_REF]:

Ei= RT ln (csi/coi) ( 12 
)
where csi is the solubility of the water pollutant and coi is its concentration at half-saturation. Based on this expression, it was obtained that all values of the adsorption energies in single, binary, and ternary systems were relatively low. They varied from 11.18 to 19.27 kJ mol -1 indicating that the adsorption processes for these systems were associated to a physisorption.

Conclusion

Here, the adsorption of 3 co-contaminants (2 cationic dyes and 1 metal cation) onto a commercial GAC has been studied in single, binary, and ternary systems. For the first time, two different modeling approaches have been applied for the analysis of multicomponent adsorption of two dyes and one metal on activated carbon and their results were complementary. Indeed, from the logistic model one can retrieve not only the maximum adsorption capacities, but also the corresponding dissociation constants and an energy parameter (Table 2). Moreover, from the statistical physics model one can obtain information about the steric arrangement of adsorbed species on the solid, and adsorption energy values (Table 3).

According to the R 2 test, the logistic model has a slight advantage with the single compounds, but it is the inverse with the mixtures. The exponent values are higher with the logistic model.

Moreover, this model does not find a significant modification of these exponents for the mixtures with respect to the single compounds, except for an increase with RB in the presence of MG. On the other hand, the statistical physics model finds a decrease of the exponents in the mixtures, especially with the ternary case. This could be due to a steric effect which the logistic model does not consider.

Such combination and integration of results from these two theoretical modeling approaches is thus a useful tool to increase our understanding of the interaction phenomena in the case of multicomponent batch adsorption studies. Of course, we are expecting the application of a similar approach by other researchers to several other adsorption systems; we hope that this paper will deserve such a target.

Table S2. Absorptivity constants (L mol -1 cm -1 ) for the two dyes. Figure S2 shows the SEM images of GAC, which indicated a regular morphology of the adsorbent. The potentiometric determination of GAC surface charges (Q) allowed to obtain the point of zero charge (pHPZC) where the solid adsorbent in aqueous suspension has a global null charge [START_REF] Stumm | A ligand exchange model for the adsorption of inorganic and organic ligands at hydrous oxide interfaces[END_REF]. Results of Q = f(pH) data are reported in Figure S3 and indicated that the value of pHPZC was 6.5 for this adsorbent. Therefore, it is expected that GAC was positively charged at tested adsorption conditions (pH < pHPZC). Adsorbate Qe (mg g -1 ) Qe (mmol g -1 ) k2 (g mmol 
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 1 Figure 1. Isotherms for the binary adsorption of (a) RB, (b) MG, and (c) Cd(II) on GAC at 25 °C and

Figure 2 .

 2 Figure 2. Isotherms of the ternary adsorption of (a) RB, (b) MG, and (c) Cd(II) on GAC at 25 °C and

Figure S2 .

 S2 Figure S2. SEM images of GAC used in the multicomponent adsorption experiments.

  

  

  

  

Table 1 .

 1 Parameters of the Sips equation for the single component adsorption of RB, MG, and Cd(II)

		onto GAC at 25 °C and pH 5.	
	Solute	RB	MG	Cd(II)
	Qmax (mmol g -1 )	0.192 ± 0.021	0.399 ± 0.025	0.533 ± 0.046
	K (mmol L -1 )	0.096 ± 0.013	0.051 ± 0.004	0.429 ± 0.033
	E0 (kJ mol -1 )	22.92 ± 0.33	24.49 ± 0.10	19.21 ± 0.19
		1.93 ± 0.28	1.95 ± 0.27	2.87 ± 0.45
	R 2	0.9931	0.9855	0.9861

Table 2 .

 2 Parameters for the isotherm data modelling for RB, MG, and Cd(II) adsorption onto GAC using the logistic models. a, b

		Mono-	RB / MG	RB / Cd	MG / Cd	RB / MG / Cd
		component	Binary	Binary	Binary	Ternary
		system	system (1 / 1)	system (1 / 1)	system (1 / 1)	system (1 / 1 / 1)
	Qmax (mmol g -1 ) RB 0.192	0.245 *	0.179		0.206
		MG 0.399	0.328 *		0.390	0.362
		Cd 0.533		0.510	0.551	0.532
	K (mmol L -1 )	RB 0.096	0.125 *	0.109		0.102
		MG 0.051	0.063 *		0.062 *	0.058
		Cd 0.429		0.420	0.452	0.505 *
	α	RB 1.93	2.54 *	1.98		2.22
		MG 1.95	1.94		1.79	2.01
		Cd 2.87		2.82	2.96	3.55
	R 2	RB 0.9931	0.9707	0.9749		0.9849
		MG 0.9855	0.9725		0.9398	0.9752
		Cd 0.9861		0.9585	0.9338	0.9467
	a The superscript * indicates that the corresponding parameter differs from its value in monocomponent system by more
	than 2 standard deviations.			

Table 3 .

 3 Parameters for the isotherm data modelling of the adsorption of RB, MG, and Cd(II) on activated carbon using the statistical physics model.

			Mono-	RB / MG	RB / Cd	MG / Cd	RB / MG / Cd
			component	Binary system	Binary system	Binary system	Ternary system
			system	(1 / 1)	(1 / 1)	(1 / 1)	(1 / 1 / 1)
	n	RB 1.44	1.17	1.24	0.55
		MG 1.58	1.11		1.24	0.85
		Cd	1.33		1.18	1.10	0.48
	ΔE (kJ mol -1 )	RB 19.27	13.44	12.55	11.18
		MG 18.55	14.19		15.55	13.87
		Cd	17.88		14.80	14.44	12.65
	R 2	RB 0.984	0.991	0.983	0.990
		MG 0.982	0.987		0.990	0.982
		Cd	0.975		0.984	0.984	0.995

R 2 is the determination coefficient between observed and calculated Qe values.
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Supplementary Information file

S1.-Correction for dye concentration determination. RB (red) and MG (blue-green) were quantified in adsorption studies using Beer's law data. Due to a possible interference in the dye quantifications in binary and ternary mixtures, a correction should be applied [START_REF] Cheknane | Adsorption of basic dyes in single and mixture systems on granular inorganic-organic pillared clays[END_REF] to the measurements obtained at each maximal wavelength (Table S1):

where (εRB1, εMG1) and (εRB2, εMG2) represent the absorptivity constants for RB (λmax1 = 553 nm) and MG (λmax2 = 620 nm) at their respective maximal wavelengths, see Table S2. Note that no correction was required for dye quantifications due to the presence of cadmium nitrate in the multi-adsorbate solutions. Adsorption kinetics for tested adsorbates are reported in Figure S4. As it is commonly observed, the adsorption of each solute was fast during early contact times because the number of vacant sites on the solid surface was high. The steady-state plateau in adsorption kinetics was obtained at > 400 min with a maximal removal percentage of 83% for MG, 71% for RB and 46% for Cd(II), when there was a pseudo-equilibrium within the adsorption and desorption rates at > 500 min.

These kinetic data were modelled with the pseudo-first order and pseudo-second order kinetic equations [START_REF] Tran | Mistakes and inconsistencies regarding adsorption of contaminants from aqueous solutions: A critical review[END_REF]:

where Q is the amount of adsorbed solute (mg g -1 ), Qe is the adsorption capacity at equilibrium (mg g -1 ), k1 is the pseudo-first order rate constant (min -1 ) and k2 is the pseudo-second order rate constant (g mg -1 min -1 ) for the adsorption on GAC and t is the time (min). Adjusted kinetic parameters for tested adsorbates with data before 500 min [START_REF] Simonin | On the comparison of pseudo-first order and pseudo-second order rate laws in the modeling of adsorption kinetics[END_REF] are given in Table S3 where determination coefficients higher than 0.97 were obtained for the pseudo-first order model, which thus better represent each system. Accordingly, 500 min was selected as the optimum time to perform the adsorption isotherm experiments of all adsorbates. Table S3.

A) Pseudo-first order kinetic parameters for the adsorption of RB, MG, and Cd on GAC at 25 °C and pH 5.

Adsorbate

Qe (mg g -1 ) Qe (mmol g -1 ) k1 (min