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Abstract

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.
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Psychoactive Drugs (PADs) are among the most concentrated and frequently detected
pharmaceutical products in numerous environmental compartments such as wastewaters [1],
surface waters [2] and sedimentary archives [3], due to their incomplete removal in wastewater
treatment plants (WWTPs) [4]. 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
[5]. 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 [6], if the selected adsorbent is low-cost and displays
a high adsorption capacity and selectivity [7,8]. Raw clay minerals such as bentonites exhibit
outstanding adsorption properties for some organic compounds, especially cationic ones [9—
11]. 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 [12], and the fate of these compounds within
environmental compartments [13]. Moreover, some clay minerals such as montmorillonite are
also considered as biocompatible: they are used as active substances to cure enteritis or gastritis
[14,15], and are suggested to act as a carrier for the controlled release of active substances on
therapeutic targets [16]. 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
(Can.12Nao.32Ko.05)[Alz.01Fe(111)0.41Mno.01Mgos4Tio.02] [SizesAlo.o2] O20(0H)s. The Mt clay was
fractionated to < 2 um by gravity sedimentation, purified and Na exchanged by well-established
procedures [17]. The resulting Na exchanged Mt clay mineral (Na-Mt) shows a cation exchange
capacity (CEC) of 80 meq per 100 g of clay [10,17]. 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 HCI,
NaOH were supplied by Sigma-Aldrich and used without further purification.

Table 1: Characteristics and properties of the selected PADs, with M the molecular weight in g.mol*
and Soly, the solubility in water at 25°C in mg.L, data from [12,18]

Name Codeine Diazepam Oxazepam
Structure CH, 0 0 OH
l J
Shelohe
a cl
Formula C18H2:NO3 C16H13CIN2O Ci15sH11CIN202
CAS Number 76-57-3 439-14-5 604-75-1
M 299.36 284.74 286.71
pPKa 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 pg.L™* to 50 mg.L. The prepared aqueous solutions of the


https://tools.wmflabs.org/magnustools/cas.php?cas=604-75-1&language=fr&title=Oxazépam

PADs (50 mL) were added to 50 mg of Na-Mt clay mineral sorbent in 50 mL centrifuge tubes.
Two pH values were tested, pH = 2.5 and pH = 7.5, respectively. The pH values were adjusted
by adding HCI 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 [9]: 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 [9,19].
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 doo1 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 8-0 Bragg-Brentano configuration using a Thermo Electron
ARL'XTRA diffractometer equipped with a Cu anode (CuKqi> = 1.5418 A) coupled with a
Si(Li) solid detector. The diffractograms on dry powdered samples were performed between 2

and 20° (20) with an angular and time steps of 0.04° and 10s respectively.
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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.

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?)

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



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 [10]:

— QmaxKLCe
=1 1kc,

where q, is the amount of PAD adsorbed onto Na-Mt (mmol.g?), C. the equilibrium PAD
concentration in the supernatant (mmol.L™?), gmax the maximum adsorption capacity of the
sorbents (mmol.g™t) and K. the Langmuir adsorption constant (L.mmol™) which is related to the
free energy (AG®) of adsorption. The Freundlich equation can be expressed in its linear form as

follows [9,13]:

1
Inq, = InKp + ElnCe

with Kg the Freundlich affinity coefficient (in L.g%), n a linearity parameter and C. the

equilibrium concentration in mol.L™. The linear form of the D-R model is written as [8]:
Ing, = Inq,, + B&?

with gm the calculated maximum adsorption capacity of the material in mol.g™, 5 a constant in

mol2.J2 and ¢ the Polanyi potential expressed in J2mol? and calculated as follows [8]:
e =RTIn (1 + i)
Ce
with R the gas constant in J.mol™.Kand T the absolute temperature in K.
S is related to the mean free energy E (in kJ.mol™) by the following equation:

E=(@2p)?

The magnitude of E gives information about whether the adsorption is chemisorption such as

ion exchange (8 < E < 16 kJ.mol™) or physical adsorption (E < 8 kJ.mol™?) [8,20].



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 r? 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 [10,21]. This possible adsorption mechanism is
emphasized by the E value derived from the D-R model which is > 8 kJ.mol?, 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™* for Na-Mt [17]. In
the concentration range used in this study, the highest adsorption capacity is 0.25 mmol.g*
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™?, 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* 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* 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, indicating chemisorption (Table 2).

Table 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 Na-
exchanged smectite clay mineral.

PP pH Langmuir Freundlich Dubinin-Radushkevich (D-R)
Omax KL AG° r2 n Kr 2 m E
(mmol.g (L.mmol (kJ.mol (L.g (mmol.g”  (kJ.mol’ r2
) ) ) ), ), )
Codeine 2.5 0.141 123.85 -11.75 0.981 395 022 0973 0.137 11.18 0,964
7.5 0.381 19.68 -7.26 0.950 154 124 0.930 0.553 9.33 0,949
Diazepam 2.5 0.174 48.53 -9.46 0.999 2.08 043 0.965 0.260 10.43 0,975
75 0.035 48.80 -9.48 0.923 261 0.07 0.929 0.035 6.32 0,915
Oxazepam 2.5 0.164 114.73 -11.56 0.988 330 0.28 0.878 0.209 11.11 0,937
7.5 0.095 129.82 -11.86 0.957 443 0.13 0.946 0.077 8.16 0,903

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 [22].
The variation in the pH conditions reinforces the charge on the edge-sites of Na-Mt. With a
PHznpe (zero net proton charge) around 6.5 [23], the edge-sites of Na-Mt are protonated for pH
< pHznpc Whereas they are deprotonated at pH > pHznpe. 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 [24], 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 [23]. 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*,

representing 20% of the CEC at pH = 7.5 (Figure 1).

In 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 dooz
angular values) accompanying an increase in the amount of PAD adsorbed. The diffractograms
of adsorbent after interaction at pH = 7.5 are presented in Figure 2. 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 A to 14.5 and 13.3 A 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.

Codeine Diazepam Oxazepam

5 100 5 10 0 5 10
20 (°) 20 (°) 20 (°)

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

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 A to 12.2, 12.5 and 13.6 A 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.

14
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Figure 3: Evolution of the doo: 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

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 k.mol) and by the good fits

with the Langmuir equation due to Na* cation exchange mechanisms. Conversely, DIA is
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adsorbed through weak electrostatic interactions at pH = 7.5 due to its neutral charge [25],
according to the unfavorable adsorption behavior and the lack of shift in the doo:1 values (Figure
2). However, at pH = 2.5, since pH < pKa, DIA is adsorbed through cation exchange and is
intercalated within Na-Mt layers [26]. 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 well-
fitted by the Langmuir equation in this pH condition and the E value was > 8 kJ.mol™ (Table
2). As aresult, 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 [27]. 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
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from wastewater effluents and can constitute a key natural material controlling the fate of these

contaminants within environmental compartments.
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