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The adsorption of psychoactive drugs (PADs) onto sodium-exchanged montmorillonite (Na-Mt) was investigated under two pH conditions. At pH=2.5, the adsorption was performed through cation exchange and the three PADs were intercalated within the Na-Mt layers.

However, the adsorption capacity was lower than the theoretical cation exchange capacity of Na-Mt due to the impact of the acidic conditions on the adsorbent. At pH=7.5, only Codeine was protonated and its adsorption through cation exchange resulted in the highest amount adsorbed among the tested PADs. Diazepam was adsorbed through weak electrostatic interactions, whereas Oxazepam appeared to be intercalated within Na-Mt layers despite its neutral charge. Consequently, the variation in pH strongly impacts the affinity of PADs for Na-Mt. These initial results highlight the impact of raw clay on the fate of these contaminants within environmental compartments and could pave the way for a green solution to the removal of PADs from wastewater effluents.

Psychoactive Drugs (PADs) are among the most concentrated and frequently detected pharmaceutical products in numerous environmental compartments such as wastewaters [START_REF] Thiebault | Temporal dynamics of humanexcreted pollutants in wastewater treatment plant influents: Toward a better knowledge of mass load fluctuations[END_REF],

surface waters [START_REF] Calisto | Psychiatric pharmaceuticals in the environment[END_REF] and sedimentary archives [START_REF] Thiebault | Record of pharmaceutical products in river sediments: A powerful tool to assess the environmental impact of urban management?[END_REF], due to their incomplete removal in wastewater treatment plants (WWTPs) [START_REF] Thiebault | Occurrence and removal efficiency of pharmaceuticals in an urban wastewater treatment plant: mass balance, fate and consumption assessment[END_REF]. Their persistence within the environment raises serious issues due to their impact on the biota, such as for example their altering effect on the behavior of fish [START_REF] Brodin | Ecological effects of pharmaceuticals in aquatic systems-impacts through behavioural alterations[END_REF]. Therefore, it appears necessary to assess the potential of new solutions to improve the removal of PADs from WWTP effluents. Adsorption could be considered as an appropriate way for the removal of organic pollutants [START_REF] Ali | Low cost adsorbents for the removal of organic pollutants from wastewater[END_REF], if the selected adsorbent is low-cost and displays a high adsorption capacity and selectivity [START_REF] Gil | Removal of caffeine and diclofenac from aqueous solution by adsorption on multiwalled carbon nanotubes[END_REF][START_REF] Oliveira | Adsorption of diclofenac onto organoclays: Effects of surfactant and environmental (pH and temperature) conditions[END_REF]. Raw clay minerals such as bentonites exhibit outstanding adsorption properties for some organic compounds, especially cationic ones [START_REF] Thiebault | Competitive adsorption of a pool of pharmaceuticals onto a raw clay mineral[END_REF][START_REF] Thiebault | Adsorption mechanisms of emerging micropollutants with a clay mineral: Case of tramadol and doxepine pharmaceutical products[END_REF][START_REF] Lambert | 7 -Organic pollutant adsorption on clay minerals[END_REF]. However, the affinity of PADs with clay minerals has been poorly investigated, even though it could provide useful information about both the potential of a clay-based solution for the removal of PADs from WWTP effluents [START_REF] Thiebault | Clayey-sand filter for the removal of pharmaceuticals from wastewater effluent: percolation experiments[END_REF], and the fate of these compounds within environmental compartments [START_REF] Stein | Analysis and sorption of psychoactive drugs onto sediment[END_REF]. Moreover, some clay minerals such as montmorillonite are also considered as biocompatible: they are used as active substances to cure enteritis or gastritis [START_REF] Ghadiri | Biomedical applications of cationic clay minerals[END_REF][START_REF] Carretero | Clay minerals and their beneficial effects upon human health. A review[END_REF], and are suggested to act as a carrier for the controlled release of active substances on therapeutic targets [START_REF] Ruiz-Hitzky | Hybrid materials based on clays for environmental and biomedical applications[END_REF]. Investigating the adsorption mechanisms of PADs onto raw clay minerals by varying experimental conditions such as pH value would therefore make it possible to explore the potential of this type of adsorbent to represent an alternative solution for the removal of these contaminants and to control their fate within aquatic environments and/or their possible controlled release for medicinal purposes.

Hence, the aim of this study was to investigate (i) the potential of slightly modified smectite for the removal of three PADs, and (ii) the impact of a pH variation on adsorption mechanisms. To our knowledge, it is the first study to deal with such fundamental interaction mechanisms between PADs and clay minerals.

The selected adsorbent was a Wyoming sodium smectite SWy-2 (Mt), obtained from the Source Clay Minerals Repository, University of Missouri (Columbia, MO). Its structural formula is (Ca0.12Na0.32K0.05)[Al3.01Fe(III)0.41Mn0.01Mg0.54Ti0.02] [Si7,98Al0.02] O20(OH)4. The Mt clay was fractionated to < 2 µm by gravity sedimentation, purified and Na exchanged by well-established procedures [START_REF] Forestier | Textural and hydration properties of a synthetic montmorillonite compared with a natural Na-exchanged clay analogue[END_REF]. The resulting Na exchanged Mt clay mineral (Na-Mt) shows a cation exchange capacity (CEC) of 80 meq per 100 g of clay [START_REF] Thiebault | Adsorption mechanisms of emerging micropollutants with a clay mineral: Case of tramadol and doxepine pharmaceutical products[END_REF][START_REF] Forestier | Textural and hydration properties of a synthetic montmorillonite compared with a natural Na-exchanged clay analogue[END_REF]. The PADs, Codeine (COD), Diazepam (DIA) and Oxazepam (OXA), were purchased from Sigma-Aldrich Chemical, assuming a purity grade > 98% and were used without any further purification. The main properties and characteristics of the selected PADs are presented Table 1. Chemical reagents such as HCl, NaOH were supplied by Sigma-Aldrich and used without further purification. Two pH values were tested, pH = 2.5 and pH = 7.5, respectively. The pH values were adjusted by adding HCl and NaOH. Samples were shaken on a rotary shaker at 250 rpm for 16h at room temperature in order to achieve the equilibrium of adsorption. The kinetics of the adsorption (not shown here) followed a similar trend for all three PADs [START_REF] Thiebault | Competitive adsorption of a pool of pharmaceuticals onto a raw clay mineral[END_REF]: the amount of PADs adsorbed increased as the initial concentration in solution increased while the values tended to be constant after a very short time, as previously observed for other organic compounds onto Na-Mt [START_REF] Thiebault | Competitive adsorption of a pool of pharmaceuticals onto a raw clay mineral[END_REF][START_REF] Chang | Mechanism of amitriptyline adsorption on Ca-montmorillonite (SAz-2)[END_REF].

We therefore assumed that an equilibrium was reached after 150-300 min for all the selected PADs, allowing us to determine the adsorption isotherms which are fundamental for the description of the behavior between adsorbent and adsorbate. Both supernatant and adsorbent were separated by centrifugation (30 min, 8,000 rpm). The concentration of organic carbon in solution was measured using an elemental analyzer (Shimadzu TOC 5050 /SSM 5000-A) and the adsorbed amount was determined by elemental analysis (Carbon, Nitrogen) on dry (100°C during 24 hours) powdered samples using a Thermo Scientific Flash 2000 organic analyzer.

Blank experiments were performed to control the carbon content of distilled water and Na-Mt.

Before their characterization, the entire resulting layered composites (Mt-PADs) after adsorption of PADs were dried at 100°C for 24 hours to eliminate any hydration or adsorption of water of the samples. The d001 spacings of the starting Mt clay mineral and after being in contact with organic pollutants were determined by the first 00l reflection from the X-ray patterns recorded in a conventional θ-θ Bragg-Brentano configuration using a Thermo Electron ARL'XTRA diffractometer equipped with a Cu anode (CuKα1,2 = 1.5418 Å) coupled with a Si(Li) solid detector. The diffractograms on dry powdered samples were performed between 2 and 20° (2θ) with an angular and time steps of 0.04° and 10s respectively. The adsorption isotherms of the three selected PADs onto the Na-Mt are presented in Figure 1.

In the concentration range used in this work, a non-proportional evolution between equilibrium concentration and adsorbed concentration can be observed. The adsorption isotherms display two distinct regimes with the first indicating a gradual increase in the amount of PADs adsorbed with an equilibrium PAD concentration while the second displays a saturation level for the highest starting concentrations. Only the adsorption of COD at pH = 7 did not show any plateau, with a continuous increase of the adsorbed amount with the increase of the starting concentration. The impact of the variation in pH value on the adsorption of each PAD is different. Under acidic pH conditions (i.e. pH = 2.5) the adsorption capacity of COD is lower than at pH = 7.5, whereas the opposite pattern is observed for DIA and OXA (Figure 1). In general, the highest adsorption capacity is observed for COD at pH = 7.5 (i.e. 0.25 mmol.g -1 )

and the lowest adsorption capacity for DIA at pH = 7.5 (i.e. 0.036 mmol.g -1 ).

Experimental data were fitted with three adsorption equations, Langmuir, Freundlich and Dubinin-Radushkevich (D-R), as the affinity of PADs with Na-Mt can be estimated with the model parameters. The Langmuir model is expressed by the following equation [START_REF] Thiebault | Adsorption mechanisms of emerging micropollutants with a clay mineral: Case of tramadol and doxepine pharmaceutical products[END_REF]:

𝑞 𝑒 = 𝑞 𝑚𝑎𝑥 𝐾 𝐿 𝐶 𝑒 1 + 𝐾 𝐿 𝐶 𝑒
where 𝑞 𝑒 is the amount of PAD adsorbed onto Na-Mt (mmol.g -1 ), Ce the equilibrium PAD concentration in the supernatant (mmol.L -1 ), qmax the maximum adsorption capacity of the sorbents (mmol.g -1 ) and KL the Langmuir adsorption constant (L.mmol -1 ) which is related to the free energy (G°) of adsorption. The Freundlich equation can be expressed in its linear form as follows [START_REF] Thiebault | Competitive adsorption of a pool of pharmaceuticals onto a raw clay mineral[END_REF][START_REF] Stein | Analysis and sorption of psychoactive drugs onto sediment[END_REF]:

𝑙𝑛𝑞 𝑒 = 𝑙𝑛𝐾 𝐹 + 1 𝑛 𝑙𝑛𝐶 𝑒
with KF the Freundlich affinity coefficient (in L.g -1 ), n a linearity parameter and Ce the equilibrium concentration in mol.L -1 . The linear form of the D-R model is written as [START_REF] Oliveira | Adsorption of diclofenac onto organoclays: Effects of surfactant and environmental (pH and temperature) conditions[END_REF]:

𝑙𝑛𝑞 𝑒 = 𝑙𝑛𝑞 𝑚 + 𝛽𝜀 2
with qm the calculated maximum adsorption capacity of the material in mol.g -1 , β a constant in mol².J -2 and ε the Polanyi potential expressed in J².mol -2 and calculated as follows [START_REF] Oliveira | Adsorption of diclofenac onto organoclays: Effects of surfactant and environmental (pH and temperature) conditions[END_REF]:

𝜀 = 𝑅𝑇𝑙𝑛 (1 + 1 𝐶𝑒 )
with R the gas constant in J.mol -1 .K -1 and T the absolute temperature in K.

β is related to the mean free energy E (in kJ.mol -1 ) by the following equation:

𝐸 = (2𝛽) -1/2
The magnitude of E gives information about whether the adsorption is chemisorption such as ion exchange (8 < E < 16 kJ.mol -1 ) or physical adsorption (E < 8 kJ.mol -1 ) [START_REF] Oliveira | Adsorption of diclofenac onto organoclays: Effects of surfactant and environmental (pH and temperature) conditions[END_REF][START_REF] Sdiri | Evaluating the adsorptive capacity of montmorillonitic and calcareous clays on the removal of several heavy metals in aqueous systems[END_REF].

Briefly, the Langmuir equation is based on the assumption of a monolayer adsorption onto a homogeneous adsorbent (i.e. adsorption sites display identical energy), whereas the Freundlich and D-R equations assume a heterogeneous adsorbent surface, and variability in the adsorption potential. Adsorption isotherms correctly fitted the experimental data with r² values between 0.92 and 0.99. The quality of the fit obtained meant that work could then be carried out on the resulting parameters (Table 2).

As previously mentioned, the only adsorption isotherm without any saturation level is at pH = 7.5 for COD (Figure 1). Under these pH conditions, COD is protonated (Figure S1) and could be adsorbed through cation exchange onto Mt [START_REF] Thiebault | Adsorption mechanisms of emerging micropollutants with a clay mineral: Case of tramadol and doxepine pharmaceutical products[END_REF][START_REF] Aristilde | Enhanced interlayer trapping of a tetracycline antibiotic within montmorillonite layers in the presence of Ca and Mg[END_REF]. This possible adsorption mechanism is emphasized by the E value derived from the D-R model which is > 8 kJ.mol -1 , indicative of chemisorption. In general, one of the most important limiting factors for the adsorption of cationic compounds onto clay minerals is the CEC, which is 0.8 mmol.g -1 for Na-Mt [START_REF] Forestier | Textural and hydration properties of a synthetic montmorillonite compared with a natural Na-exchanged clay analogue[END_REF]. In the concentration range used in this study, the highest adsorption capacity is 0.25 mmol.g -1 representing ~ 30 % of the CEC of Na-Mt. The maximum adsorption capacities derived from Langmuir and DR model are 0.38 and 0.55 mmol.g -1 , respectively, corresponding to 47 and 67 % of the CEC respectively (Table 2). At pH = 7.5, OXA and DIA are neutral (Figure S1) and their adsorption isotherms display a less favorable adsorption behavior than that of COD.

Hence, the adsorption capacity is lower (i.e. 0.035 and 0.095 mmol.g -1 for DIA and OXA according to Langmuir equation parameters, respectively) and the saturation level is quickly attained. This result highlights the quick saturation of the adsorption sites of Na-Mt for these neutral compounds. At this pH, the three models properly fitted the experimental data (Table 2).

However, under acidic pH conditions (i.e. pH = 2.5) the Langmuir equation fits the experimental data better than the Freundlich equation. Indeed, this latter equation does not reflect any saturation level. Based on the assumptions of the Langmuir equation, this indicates that the adsorption is limited to a monolayer with equal adsorption energy for each adsorption site. Therefore, under these pH conditions, COD and DIA are both protonated and OXA is only partially protonated (~ 20 %, Figure S1). The adsorption capacity of each PAD is similar at pH = 2.5, indicating that the acidification of the solution impacts the behavior of both the adsorbates and the adsorbent. Acidification is favorable for the adsorption of OXA and DIA whereas it can be considered as unfavorable for the adsorption of COD. The adsorbed amount of the three PADs reaches an equilibrium between 0.14 and 0.17 mmol.g -1 according to Langmuir equation which represents ~20 % of the CEC of Na-Mt. The E values, derived from the D-R equation, are systematically higher than 8 kJ.mol -1 , indicating chemisorption (Table 2). The modification of the pH value also impacts the adsorbent. Na-Mt presents two types of charge, with (i) the permanent negative charges generated by the isomorphic substitutions in the layer (e.g. Al -Fe) and (ii) the amphoteric charges on the edge-sites of clay minerals [START_REF] Tombácz | Surface charge heterogeneity of kaolinite in aqueous suspension in comparison with montmorillonite[END_REF].

The variation in the pH conditions reinforces the charge on the edge-sites of Na-Mt. With a pHznpc (zero net proton charge) around 6.5 [START_REF] Tombácz | Colloidal behavior of aqueous montmorillonite suspensions: the specific role of pH in the presence of indifferent electrolytes[END_REF], the edge-sites of Na-Mt are protonated for pH < pHznpc whereas they are deprotonated at pH > pHznpc. That is why acidification of the solution avoids the participation of edge-sites in the CEC of the whole clay minerals. Moreover, acidification of the solution also destabilizes the clay mineral [START_REF] Gautier | Interactions of ammonium smectite with low-molecular-weight carboxylic acids[END_REF], and increases the concentration of H + in the solution. However, H + in excess could be preferentially adsorbed in comparison to other cations such as PADs [START_REF] Tombácz | Colloidal behavior of aqueous montmorillonite suspensions: the specific role of pH in the presence of indifferent electrolytes[END_REF]. According to the results, the CEC of Na-Mt seems to be considerably reduced at pH = 2.5, with an approximate value of 0.15 mmol.g -1 , representing 20% of the CEC at pH = 7.5 (Figure 1).

In Under acidic pH conditions (pH = 2.5) the basal spacing of Na-Mt after interaction with the PADs displays a gradual increase (Figure 3) from 10.4 Å to 12.2, 12.5 and 13.6 Å after interaction with the highest starting concentration of DIA, OXA and COD respectively (Figure 3). All the PADs are intercalated within the layers of Na-Mt at this pH value.

However, the increase in the basal spacing is lower at pH = 2.5 than at pH = 7.5 (except for DIA-NaMt, for which no increase in basal spacing is observed at pH = 7.5). This agrees with the lower adsorption capacity of COD at pH = 2.5 in comparison with pH = 7.5. Conversely, the increase in the basal spacing for OXA is higher at pH = 7.5, although the adsorption capacity is higher at pH = 2.5. This indicates that the impact of the pH modification on the adsorbent impacts the conformation of the resulting PAD-Na-Mt composite after adsorption. Therefore, in the tested conditions, the adsorption of COD is realized through cation exchange whatever the pH conditions. COD is in cationic form in the two pH conditions tested, and its favorable adsorption behavior is attested by the E values (i.e. > 8 kJ.mol -1 ) and by the good fits with the Langmuir equation due to Na + cation exchange mechanisms. Conversely, DIA is adsorbed through weak electrostatic interactions at pH = 7.5 due to its neutral charge [START_REF] Zhang | Sorption and desorption of carbamazepine from water by smectite clays[END_REF],

according to the unfavorable adsorption behavior and the lack of shift in the d001 values (Figure 2). However, at pH = 2.5, since pH < pKa, DIA is adsorbed through cation exchange and is intercalated within Na-Mt layers [START_REF] Parolo | Tetracycline adsorption on montmorillonite: pH and ionic strength effects[END_REF]. For OXA, the adsorption mechanism seems to be more tricky. According to its theoretical speciation, OXA should be neutral at pH = 7.5 (Figure S1); however, an intercalation is observed (Figure 2). Moreover, the adsorption isotherms were wellfitted by the Langmuir equation in this pH condition and the E value was > 8 kJ.mol -1 (Table 2). As a result, it is possible that a significant proportion of OXA is protonated under these pH conditions, contrary to chemical database information, or more probably that neutral OXA was intercalated through ion-dipole interaction or some other mechanism [START_REF] Guégan | Structure and dynamics of nonionic surfactant aggregates in layered materials[END_REF]. At pH = 2.5, a significant part of OXA is protonated, resulting in the possible intercalation within Na-Mt layers through cation exchange.

It should be mentioned here that acidification of the solution modifies the conformation of PADs intercalated within Na-Mt. Hence, at pH = 2.5, the increase in the basal spacing is lower than at pH = 7.5, probably due to the adsorption as a monolayer in acidic conditions whereas another conformation (e.g. bilayer) may be assumed at pH = 7.5. Moreover, the greater increase in the basal spacing of PAD-Na-Mt composites after adsorption of COD in comparison with DIA and OXA can be explained by the larger size of the COD molecules (Table 1).

In this work, it has been shown that the extent to which PADs are adsorbed onto Na-Mt is mainly controlled by the pH value. Acidification of the solution modifies both the adsorption mechanisms of DIA and OXA and also impacts the adsorption capacity of the adsorbent. Hence, cation exchange is the main adsorption mechanism under acidic conditions whereas weak electrostatic interactions can be significant at pH = 7.5 depending on the pKa of the PADs. From this work, it appears that clay minerals could represent a green solution for the removal of PADs

Figure 1 :

 1 Figure 1: Adsorption isotherms of Codeine (circles), Diazepam (squares) and Oxazepam (triangles) onto Na-Mt at pH 2.5 (black symbols) and 7.5 (gray symbols), black lines represent the Freundlich fits, and dashed lines represent the Langmuir fits.

  order to highlight the sorption mechanisms of PADs onto clays, XRD analyses were conducted to investigate possible shifts in the basal spacing of the adsorbents (derived from d001 angular values) accompanying an increase in the amount of PAD adsorbed. The diffractograms of adsorbent after interaction at pH = 7.5 are presented in Figure2. The basal spacings of Na-Mt after interaction with DIA did not show any shift, whatever the starting concentration of DIA. Conversely, the basal spacing of Na-Mt after interaction with both COD and OXA increased for the highest starting concentrations, from 10.4 Å to 14.5 and 13.3 Å for COD and OXA respectively. As a result, it can be assumed that an intercalation occurs for COD and OXA within the Na-Mt layers, whereas DIA is only adsorbed on the external surface at pH = 7.5.

Figure 2 :

 2 Figure 2: X-Ray diffraction patterns of a PAD-Na-Mt layered composite as a function of the starting PAD concentration at pH = 7.5

Figure 3 :

 3 Figure 3: Evolution of the d001 basal spacing determined by the 00l reflection obtained from X-Ray Diffraction patterns of PAD-Na-Mt composites as a function of the starting PAD concentration at pH = 2.5

Table 1 :

 1 Characteristics and properties of the selected PADs, with M the molecular weight in g.mol -1 and Solw the solubility in water at 25°C in mg.L -1 , data from[START_REF] Thiebault | Clayey-sand filter for the removal of pharmaceuticals from wastewater effluent: percolation experiments[END_REF]18] 

	Name	Codeine	Diazepam	Oxazepam
	Structure			
	Formula	C18H21NO3	C16H13ClN2O	C15H11ClN2O2
	CAS Number	76-57-3	439-14-5	604-75-1
	M	299.36	284.74	286.71
	pKa	8.2	3.4	1.7, 11.6
	Log Kow	1.2	2.82	2.31
	Solw	7,900	50	179
	Batch sorption isotherms were conducted in duplicate using at least 9 initial aqueous
	concentrations ranging from 50 µg.L -1 to 50 mg.L -1 . The prepared aqueous solutions of the

Table 2 .

 2 Equilibrium adsorption isotherm constants determined with the Langmuir, Freundlich, and Dubinin-Radushkevich model fits for the adsorption of Diazepam, Oxazepam, and Codeine onto an Naexchanged smectite clay mineral.

	PP	pH	Langmuir				Freundlich		Dubinin-Radushkevich (D-R)
			qmax (mmol.g -	KL (L.mmol -	∆G° (kJ.mol -	r 2	n	KF (L.g -	r 2	qm (mmol.g -	E (kJ.mol -	r²
			1 )	1 )	1 )			1 )		1 )	1 )	
	Codeine	2.5 7.5	0.141 0.381	123.85 19.68	-11.75 -7.26	0.981 0.950	3.95 1.54	0.22 1.24	0.973 0.930	0.137 0.553	11.18 9.33	0,964 0,949
	Diazepam	2.5 7.5	0.174 0.035	48.53 48.80	-9.46 -9.48	0.999 0.923	2.08 2.61	0.43 0.07	0.965 0.929	0.260 0.035	10.43 6.32	0,975 0,915
	Oxazepam	2.5 7.5	0.164 0.095	114.73 129.82	-11.56 -11.86	0.988 0.957	3.30 4.43	0.28 0.13	0.878 0.946	0.209 0.077	11.11 8.16	0,937 0,903
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from wastewater effluents and can constitute a key natural material controlling the fate of these contaminants within environmental compartments.