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Abstract

The impact of electrolytes on the adsorption of mgimg pollutants: pharmaceuticals onto
layered materials: a raw clay mineral and its noiti@nd cationic organoclay derivatives was
studied. The selected pharmaceuticals: amoxicillimprfloxacin, sulfamethoxazole,
metoprolol, carbamazepine, and trimethoprim shoffierdint electric charges: zwitterionic,
anionic, cationic and neutral and hydrophobic ctigra(different LogP). Without any salts,
the set of complementary data obtained by UV afdred spectroscopies, X-ray diffraction
points out the importance of the electric chargécivinepresents a key parameter in both the
spontaneity and feasibility of the adsorption. émitast, the hydrophobicity of the analytes
plays a minor role but determines the magnitudthefadsorbed amount of pharmaceuticals
onto organoclays. With a dual hydrophilic and hydrobic behavior, nonionic organoclay

appears to be the most polyvalent material forrdraoval of the pharmaceuticals. In the
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presence of electrolytes (NaCl at a concentratibd @ 10 mol L), both nonionic and
cationic organoclays show a decrease of their ieffaes, whereas the adsorption is
particularly enhanced for Na-Mt except for the @ait species (trimethoprim and
metoprolol). Thus, in realistic experimental corais close to those of natural effluents, raw
clay mineral appears as the most appropriate sbfbethe studied pharmaceuticals while it

raises the question of the usefulness of organsdtayater remediation strategy.

1. Introduction

The chemical modification of swelling-type clay ramals, by using surfactants of
different nature: cationic, nonionic, zwitteriortic get organoclays, enhances the adsorption
efficiency but also extents the range of adsorbeghrac molecules (Stockmeyer 1991,
Stapleton et al. 1994, Liu and Gonzalez 1999, Hidhand Safi 2004, Groisman et al. 2004,
Shen 2004, Gao and Pedersen 2005, Polubesova 2608, Bekgi et al. 2006, Deng et al.
2006, Polubesova et al. 2006, Guégan et al. 2008g&h 2010, Sarkar et al. 2010, Zhang et
al. 2010, Guégan 2011, Lee et al. 2011, Park e2Gll, Guegan 2013, Zha et al. 2013,
Guégan et al. 2015, Thiebault et al. 2015, De @kvand Guégan 2016, De Oliveira et al.
2017, Gueégan et al. 2017, De Oliveira et al. 20T8us, numerous studies pointed out the
interests of organoclays as adsorbents, goingrassfto suggest these materials as perennial
and realistic solutions for the remediation of \easiter or as tertiary treatment for drinking
water (Stockmeyer 1991, Polubesova et al. 2005jdesbva et al. 2006, Undabeytia et al.
2008). In the latter case, the adsorption displagsmain interest to avoid any degradation of
the molecules but requires a recycling of the rd/bmaterials after being in contact with
pollutants. The efficient adsorption of diverseanig pollutants: pharmaceuticals, and other
phytosanitary products in batch experimental caomakt illustrates the interests of cationic

organoclays (Alther 2002, Park et al. 2011). Duetheir dual hydrophilic-hydrophobic
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behaviors and possible cation exchange capacityipn@ organoclays represent polyvalent
adsorbents towards many organic products (Deng,ZB08gan et al. 2015, De Oliveira et al.
2018). The previous batch adsorption experimentseweonducted under unrealistic
conditions (i.e. use of synthetic water without anganic matter or with only monomolecular
matrix), quite distant from those in natural effitee Indeed, in effluents, several antagonistic
effects may occur: competition between molecules arganic matter, electrolytes which

may tune down the interests of organoclays as bdats.

In a natural context, the presence of electrolgtes their fluctuations of concentration
may affect the adsorption/desorption equilibriumdéo a release of adsorbed pollutants onto
layered materials playing the role of carrier psafe pollutants. Besides the complexity of
the whole interaction that may be involved, the actpof ionic strength on the adsorption of
both organic and inorganic species can be consldeser as being well established for clay
minerals (Liu and Gonzalez 1999, Gao and Peder86B,2Vang et al. 2009): Electrolytes
can act as a screening effect which limits the sfiemof the analytes, or enhances the
adsorption through ionic bridges. If the effectstloé ionic strength for clay minerals are
relatively well understood, interestingly, reseawatrks focusing on organoclays and organic
pollutants including pharmaceuticals appear scédtapleton et al. 1994, El-Nahhal and Safi

2004, Anirudhan and Ramachandran 2006).

Pharmaceutical products are frequently found irgdaquantities in numerous
effluents, with compounds identified as persistenthe natural environment due to their
molecular complexity but also possible associatisith mineral phases that may preserve
them. These molecules of relatively moderate mddecmasses show various degrees of
freedom and complex molecular behaviors as divaxsetheir therapeutic actions with
hydrophobic features and acid-base propertiesrttwatulate their electrical charge with pH.

Their presence in the natural environment at canagons reaching several nanograms is
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recognized to cause adverse effects on many eeosystnd represents a public health matter
involving the interests of numerous scientists &g on the development of novel
adsorbents (Adriano et al. 2005, Bekgi et al. 2606y et al. 2010, Liu et al. 2011, Moussavi
et al. 2013, KodeSova et al. 2015, De Oliveira @uégan 2016, Nielsen and Bandosz 2016,

De Oliveira et al. 2017, Limousy et al. 2017).

The objective of this study concerns the understanébout the adsorption and
possible desorption of diverse pharmaceuticals oatimnic and nonionic organoclays in the
presence of electrolytes that mimic the experimesdaditions of the natural context. Thus,
this research work represents a rupture to theiqus\studies aiming at characterizing the
adsorption of pharmaceuticals onto organoclaysaiotbsituation with synthetic waters where
only thermal or kinetic parameters were investidai®o understand the impact of the ionic
strength, six pharmaceutical products (PPs) witterdint features: electric charges (cationic,
zwitterionic, nonionic, anionic or neutral prodyc¢tsydrophobic character with LogP ranging
from -1.03 to 2.45, were adsorbed onto both nomicand cationic organoclays. The
effectiveness of adsorption of PPs onto organoclegs compared to: a sodium exchanged
montmorillonite (from Wyoming) via a multi-techniguapproach including X-ray diffraction,
infrared and UV-Visible spectroscopies, providingiportant insights in the different

interactional mechanisms and their evolutions enghesence of electrolytes.
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2. Materials and techniques

2.1. Materials

The montmorillonite (Mt) used in that study wasabed from the Source Clay Minerals
Repository, University of Missouri (Columbia, MO)his clay mineral (from Wyoming) was
used as a starting material for organoclay preperditut also as a referenced adsorbent. The
structural formula can be expressed asj (@¥89.3Ko.05)[Al 3.01Fe(l11)0.41MNg 01M0 54T 10.09-

[Si7 987l 0.0JO020(0OH)s. Mt was fractioned below am by gravity sedimentation. Then, the
resulting clay mineral was purified and sodium {Nexchanged. This montmorillonite (Na-
Mt) exhibits a cation exchange capacity (CEC) ofrgs) per 100 g clay.

Polyoxyethylene (20) oleyl ether (B%j020) and Benzyldimethyltetradecylammonium
(BDTA) chemicals were supplied from Sigma Aldricthénical company. These two
chemicals: Brij and BDTA are nonionic and catiorgarfactants respectively. Agueous
solutions of surfactants with Millipore deionizeditsr were prepared at a concentration of 1
time the CEC of Mt clay for BDTA, and at about 1.43.0° mol.L™* for Brij-O-20. Then,
these surfactant solutions were mixed to Mt aquelisigersions before being stirred at 300
rpm for 24 h. At the end of this procedure, thauohs were centrifuged at 3000 rpm for 20
min and the supernatants were removed and the fsatitions (organoclays) were recovered.
The resulting organoclays were dried at 100°C #h2before using them as adsorbents or

prior any analyses.
2.2. Experimental techniques

The concentration of the six pharmaceutical compewefore and after being in contact with
the layered adsorbents: raw clay mineral and ormjage was obtained by UV-Visible
analysis using an Evolution 220 spectrophotomel&eimo Scientific). Fourier transform

infrared (FTIR) measurements in the range 650-4@60, were recorded using a Thermo
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Nicolet 6700 FT spectrometer equipped with a Deieer Triglycine Sulfate (DTGS) detector
and a Nicolet Continuum microscope. The powder $esnpere spread over a NaCl window
of the microscope. The analyzed sample area wasiaes of side 10Qm chosen under the
microscope 15X Infinity Reflechromat objective. Thanalyses were performed in
transmission mode and each spectrum correspondbd tverage of 256 scans collected at 2
cm* resolution. The g, spacing’s of the layered materials before andr &féing in contact
with the antibiotics were determined by the fb6t reflection from the X-rays patterns which
were recorded in a conventioned6 Bragg-Brentano configuration by using a Thermo
Electron ARL'XTRA diffractometer equipped with a @node (Cul§ = 1.5418 A) coupled
with a Si(Li) solid detector. The diffractograms ainy samples (100°C for 24 h) were
performed between 1 and 24°6J2with an angular and time steps of 0.04° and 10 s,

respectively.
2.3. Adsorption of PPs

Amoxocillin - (AMX) or 6-(p-hydroxye-aminophenylacetamido) penicillanic acid),
Norfloxacin (NFX) or 1-Ethyl-6-fluoro-1,4-dihydro-dxo-7-(1-piperazinyl)-3-
quinolinecarboxylic acid, Sulfamethoxazole (SMX) (drAmino-N-(5-methyl-3-isoxazolyl))
benzenesulfonamide), Trimethoprim (TRI)  (5-[(3,&%methoxyphenyl)methyl]-2,4-
pyrimidinediamine), Metoprolol (MTP) or 1-(isoprdpynino)-3-[4-(2-
methoxyethyl)phenoxy]propan-2-ol, and carbamazepi(@BZ) or 5-Carbamoyl-5H-
dibenz(b,f)azepine were purchased from Sigma-Atd@hemical, and assumed to have a
purity > 98%. These products were used in batcloratien experiments onto raw clay
mineral and its nonionic and cationic organoclagsvatives using at least 10 initial aqueous
solutions ranging from 10 mg’Lup to 4 g [* (for AMX, or below the possible maximum

concentration according to the solubility of eatlagmnaceutical compound).
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AMX displays a LogP of about 0.87 and 2 jabuples of 3.23 and 7.43 while NFX show a
LogP of -1.03 and owns 2 pkf 5.77 and 8.68 (for strongest acidic and basimj, leading

to cationic-zwitterionic-anionic behavior respeetiv along the pH range 0-14 (Table 1). In
contrast, SMX with a LogP of 0.89 (solubility in tea about 610 mg L at 37°C) shows a
pK, couple of 6.16 and 1.97 for strongest acidic aasidform respectively, driving to a
cationic-neutral-anionic sequence following the pHRI shows a LogP of 1.28 and has a
water solubility of 400 mg t (at 25°C) and exhibits a cationic to neutral bébrav
(PKs=7.16). With a similar water solubility of aboutGténg L', MTP displays the same acid
base behavior with a cationic to neutral sequepte=9.67) and shows a LogP of 1.88.
Finally, CBZ has the largest LogP value at abodbZ2among the selected PPs in this study
and is neutral (or nonionic hydrophobic compound)tbe whole pH range with a poor
solubility in water of about 18 mg™L At a pH value close to that of effluents (pH=6f5a
study), AMX and NFX are mainly zwitterionic, with @edominance of about 90 and 80%
and anionic (10%) and cationic (20%) respectivehetked by chromatography analyses and
consolidated by some literature data). SMX showetral—-anionic behavior with a ratio of
30/70%. TRI is essentially in its cationic form i frequency of 80% (20% other species

are in neutral forms) while only MTP cations aregant (Table 1).

The solid to liquid ratio was identical with 100 rafysorbents used for 50 mL of PPs aqueous
solutions in centrifuge tubes. Samples were shakea rotary shaker at 50 rpm during 24 h
in order to reach the equilibrium and then cengdéfth at 5000 rpm for 25 min. Both
supernatants and sorbents after contact with tisenife removed and analyzed through UV-
Visible spectroscopy. The effect of the ionic stnwas achieved by the addition of NacCl
salts at a concentration of 1.0 x4mol L. The amount of adsorbed PPs was calculated by
the difference between the initial and equilibridimal concentrations that allowed us to

determine the equilibrium adsorption isothermsoiPXRD and FTIR characterizations, the
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entire resulting organoclays and Mt after adsomptb PPs were dried at 100°C for 48 h. No
release of organic compounds was observed baspdamnthermal gravimetry analyses (i.e.
organic compounds have large molecular massespwahvolatility and are usually degraded

in the temperature range 250-350°C).
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3. Results and discussion

3.1. Organoclay Characteristics

The whole layered materials: BDTA-Mt, ByiMt organoclays, and Na-Mt were
characterized by both XRD and FTIR (supporting dataalyses. As expected, the proper
intercalation of the surfactants within the intgda space of the starting Na-Mt was
confirmed by a shift at low angle valuesB)2f the 00I reflections. With the introduced
concentrations (1 time the value of the CEC fordhgonic surfactant and a similar amount
for the Brij), the expansion of the interlayer spaeaches 18.3 A for both BDTA-Mt and
Brijo ~-Mt organoclays, corresponding to lateral bilay@nganization (Figure 1). FTIR spectra
confirm such surfactant organization and show wlpfeatures characteristics of the organic
compounds, such as the absorption bands at 284D-@82 relative to the symmetric and
antisymmetric CH stretching vibrations of the surfactant alkyl etgiof which frequencies
stress out gauche conformation of the moleculeg¢@n et al. 2009, Guégan 2010, Guegan
2013, Guegan et al. 2016) (supporting data).

Since the adsorption properties of the organoctagsly depend on the kind of surfactants
used, two different surfactants of different natmenionic and cationic) and saturated and
unsaturated were used. Thus, the prepared matdrsglay complementary properties: from
cation exchange capacity, and hydrophilicity for treated Na-Mt, dual hydro-
philicity/phobicity for Brijp+Mt; to hydrophobicity or organophilicity and evepossible
anion adsorption ability for BDTA-Mt (Guégan et 2015, De Oliveira and Guégan 2016, De

Oliveira et al. 2017, De Oliveira et al. 2018).aadition, the difference



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

3.2. Interaction mechanisms of the PPs onto layered materials without electrolytes

3.2.1. Case of cationic species: Metoprolol andniihoprim

The Figure 2 shows the equilibrium adsorption isatis of the whole pharmaceuticals onto
the three sorbents in this study. These isothempsesent the adsorbed amounts of the
pharmaceuticals onto the layered materials aftergb@ contact for 24 hours under stirring
(batch experiments), as a function of the equililoriconcentration of pharmaceuticaks
expected for cationic compounds that can be ioma@xged with the inorganic cations located
within the interlayer space of untreated or raw IBmg clay minerals, the adsorption
isotherms onto Na-Mt reveal a Langmuir or L-typeelishape, which is well known for
adsorption cases (Figure 2) (Bekgi et al. 2006,ganéet al. 2015, Thiebault et al. 2015, De
Oliveira et al. 2018). Interestingly similar behavcan be observed onto both nonionic and
cationic organoclays, which thus confirms the propelsorption of the two cationic
pharmaceuticals (metoprolol and trimethoprim) oa tiree adsorbents. Interestingly, with a
similar water solubility value as TRI, the adsooptiof metoprolol (MTP) displays a different
behavior without any notable saturation for both-Mtaand Brip s-Mt, whereas it appears
rather limited onto BDTA-Mt as it could be expecfed cationic species (Guégan et al. 2015,
De Oliveira et al. 2018). In the latter case, tdecaibed amount reaches a maximum value of
about 1.26 x 1@ mol g%, in contrast to those of 5.08 x4@nd 5.62 x 10 mol g* for Brijo.+

Mt rand Na-Mt respectively. Similar trends abowg #mall affinity of the PPs with BDTA-Mt
are reflected with the fitting parameters derivednf both the Langmuir and Freundlich
models which are minimum. The Freundlich const&gntepresents the volume of water that
can be treated per gram of material. By using paiseameter to list a material adsorption
capacity, it is possible to find a similar degrdeaffinity of both MTP and TRI with the
adsorbents: BrjsMt (Kr = 8.35 x 1F Lg™) > Na-Mt Kr = 4.72 x 1G Lg™) > BDTA-Mt

(Table 2).
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As expected with organic cations proportion of boRl and MTP, a limited adsorption onto
BDTA-Mt is observed. For cationic species, the agson is mainly driven by electrostatic
interaction through cation exchange with the inaig&ations (N§ in the case of Na-Mt and
Brijo.+Mt (Bekgi et al. 2006, Guégan et al. 2015, Thidbati al. 2015, De Oliveira et al.
2018). In BDTA-Mt, such cation exchange is no mpossible due to the presence of cationic
surfactant within the interlayer space. Despite lHek of any electrostatic interaction, the
organophilic character of both adsorbent (BDTA-Mitd the analytes (here MTP and TRI),
contributes to a favorable adsorption, as the pataml/n comprised between 0.1 and 1
underlines (KodeSova et al. 2015). With 20% of redgpecies for TRI, the repulsion forces
are reduced by enhancing the transfer of massgaingr species. For both Na-Mt and B#j

Mt materials (for which the whole inorganic caticare presumed to be accessible), the main
driving force for adsorption involves electrostatiteraction with cation exchanges between
Na" and amine moieties of TRI and MTP (Bekci et al0@0 Additionally, due to the
presence of a hydrophobic environment and the ukgeof the material with a dual
hydrophobic/hydrophilic behavior, Bgij-Mt offers supplementary adsorption sites leadng t
an increase of the adsorption of TRI in contrasN&Mt, and their intercalation within the
interlayer space of the whole layered materialds Tihtercalation cannot be observed for
organoclays where the intercalated surfactantsa@dyrencreased an interlayer space. In
contrast, the intercalation with similar amounadtorbed PPs could be highlighted in Na-Mt,
with an extension of the phyllosilicate galleriemehing about 15.5 and 14.7 A for TRI and

MTP respectively, comparatively to that of Na-MB R (Figure 3).

3.2.2. Adsorption of zwitterionic species: casehefAmoxicillin and Nofloxacin
Amoxicillin (AMX) shows a great affinity to the wh® adsorbents with an adsorption at large

amount (5.68 x 16 mol g%) onto the whole layered materials, with a boldnétfj of AMX
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for BDTA-Mt. By using Kg (Table 2 and Figure 2n arg,sy), the affinity of AMX is as
follows: BDTA-Mt > Brijo+Mt > Na-Mt. The slight excess of BDTAcombined with their
hydrophobic character favor the adsorption of AMMXthwits CQ™ moieties through
electrostatic and hydrophobic interactions (Adrigh@l. 2005, Putra et al. 2009, Belhachemi
and Djelaila 2017). In contrast, AMX can be catiexchanged in Na-Mt, leading to its
intercalation with an increase of the interlayeadpg to nearly 15 A in agreement with a
molecular size of AMX, driving to an adsorbed amidanger than the value of the CEC (9.29
x 10* mol g%) (Figure 3). This suggests that additional forsesh as ion-dipole and even
hydrophobic interaction contribute also in the apg8on in a second step but in a lesser
extent. Similar mechanisms can be found ingB+it with a larger adsorption of PP due to
the hydrophobic nature of the organo-layered nelteri

Norfloxacin (NFX) displays a great affinity to NatMWith an adsorbed amount close to the
CEC: 8.48 x 10 molg* and aKr of 7.80 x 10 L g*. Indeed, at a pH=6.5, NFX shows 17%
cationic and 83% zwitterionic species, driving sgible substitution of Nacations in both
Na-Mt and Brip +Mt. However, in the latter case, the presence wbm@onic surfactant may
restrict the proper diffusion and ion-exchangedous, diminishing in that way the number of
accessible Nato be exchanged. The adsorbed amount of NFX orifg BVt at about 4.24 x
10* mol g* represents half the value of the CEC, suggestiag%0% of the exchangeable
inorganic cations can be mobilized in the adsorptbNFX, and thus leads to a lowet (in
comparison to that of Na-Mt) of 5.66 x 1@ g™. With an adsorbed amount of only 2.39 % 10
* molg?, the adsorption onto BDTA-Mt appears rather lowisTtrend is also confirmed with
the parameter derived from Freundlich equation.hSiaev affinity of NFX to a cationic
organoclay is nevertheless normal due to (i) tipellseve forces between analyte and BDTA-
Mt, (ii) the limitation to perform any ion-exchanged (iii) the hydrophilic nature of NFX

(LogP =-1.03). However, as a zwitterionic compouhX displays also some negative
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charges that may be responsible of its adsorptiin 8DTA-Mt. Indeed, for organoclays
prepared at concentration above 1 CEC with additignsurfactant can be organized in
paraffin structure with a wide expansion makingedsier the intercalation of organic
compounds and even anionic species.

With the observation of additional bands relatedthhose of the pharmaceuticals, FTIR
technique confirms proper the adsorption of NFXootdyered materials onto layered
materials (Figure 4). Additionally, this technigo@n give new insights in the moieties of the
molecules in interaction with the layered materiats it could be discussed in previous
research works (Guégan et al. 2015, De Oliveira@uéilgan 2016, De Oliveira et al. 2017).
The integrated intensity of the absorption bandsratteristics of the NFX in the reduced
spectral range between 1270 and 1570 cefated to the modes of elongation of CO of the
ester and acid functions allows one to follow tkeletion of the adsorption with an analysis
onto a solid as it could be possible with adsorptisotherms determined through UV
spectroscopy with difference of concentrationsiguitl samples. The resulting evolution of
the integrated intensities of the vibration banflsliBX shows similar trends as the adsorption
isotherms highlighted with a better affinity of NFi¢ Na-Mt > Brip Mt > BDTA-Mt

(Figure 5).

3.2.3. Adsorption of a neutral or nonionic hydroplm compound: case of the
Carbamazepine

CBZ shows a limited solubility in water (18 m@)Ldue to its hydrophobic character and may
be one of the main reasons about its persistenceinmerous effluents. Thus, the adsorbed
amount of this pharmaceutical onto the whole layematerials appears quite low, one order
of magnitude lower than the other studied PPs ia $itudy. Nevertheless, the resulting

adsorption isotherms at the equilibrium point du &ffinity of CBZ for the whole adsorbents
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which is enhanced for BDTA-Mt > Bgij-Mt and Na-Mt with a maximum adsorbed amount
reaching about 2.53 x £01.18 x 10 and 4.14 x 18 mol g* respectively. As expected, the
hydrophobic character of CBZ limits the transfemuzdss onto Na-Mt while the hydrophobic
environment in the organoclays allows its propesoagtion.

Besides being nonionic and hydrophobic compoundZ €& be weakly ionizable and holds
punctual partial electric charge allowing possilpleysisorption processes that could be
responsible for an adsorption (Zhang et al. 201djdSova et al. 2015). Thus, CBZ may be
sorbed onto Na-Mt through possible hydrogen bonitls the surface silanol groups (located
in the edges of the phyllosilicate sheets in venals amounts) and for both organoclays with
weak molecular hydrophobic interaction in additwith possibler-r interactions in the case

of BDTA-Mt explaining the large adsorbed amountha latter case.

3.2.4. Adsorption of an anionic compound: the sudthoxazole

The adsorption of sulfamethoxazole (SMX) is effeetifor the three materials as the
adsorption isotherms revealed with a gradual groweththe adsorbed amount as the
concentration is increased without reaching anyepla (Figure 2). The affinity of SMX is
particularly enhanced for BDTA-Mt > Bgij-Mt > Na-Mt as both g and K- stressed out
(Table 2). At a pH of 6.5, SMX is mainly anionic7@) and neutral (33%). Thus, as
expected, the adsorption of this pharmaceutical dlat-Mt is considerably limited. However,
neutral SMX can be totally adsorbed through probabh-dipole interaction, leading to its
intercalation besides its hydrophobic charactert asuld be observed by X-ray diffraction
data (Figure 3). Indeed,qeaches 2.56 x 10mol g* onto Na-Mt which matches with a
deviation of only 4% of the amount of SMX in itsuteal form. However, the existence of
negative charge at the surface of Na-Mt associdtedveak polarizability of SMX

considerably prevents further adsorption due talsepe effects (Gao and Pedersen 2005).
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Indeed, the deprotonated form of sulfamethoxazigeifscantly decreases the ability of the
sulfonamide group of sulfamethoxazole to be able@ddormn-n interactions with ther-
donor functions of the materials (Chen et al. 2014) Brijo+Mt, the introduction of
surfactant shields these repulsive forces whileothicing a hydrophobic environment,
leading to an adsorption in a larger proportionntida-Mt. Thus, neutral SMX can be
adsorbed onto the nonionic organoclay through atimlesinorganic N& cations, while the
hydrophobic environment due to the presence ofastaft, allows a lager adsorption of the
other species. With similar hydrophobic environmeoimbined with a slight excess of
BDTA®, SMX is adsorbed in large amount with deprotonatexeties ¢-n electron donor-
acceptor interaction), and also hydrophobic-typeleadar interactions (Rostamian and
Behnejad 2016).

3.3 Impact of theionic strengths on the adsor ption of organoclaysto PPs

Besides not being the most efficient sorbent, tteogption efficiency of the layered materials
in this study reasonably appears quite suitablgof@rmaceuticals. However, depending on
the nature of the organic pollutants, their adsorptapacities that can be similar to activated
carbons. The experiments were essentially performexynthetic water without any change
of electrolytes. In a natural context, effluentsowh diverse electrolytes at different
concentrations that may significantly perturb thegmtude of the adsorption or lead to a
possible desorption. Thus, as described previotisé/main driving force for the adsorption
of pharmaceuticals results from electrostatic adgons, which are known to be sensitive to
any change of the ionic strengths with usuallydbeervation of an increase of the adsorbed
amount (Gao and Pedersen 2005, Bekgi et al. 2006).

As it was expected, the ionic strength plays onntlagnitude of the adsorption of the whole
pharmaceuticals. Both line shapes and evolutiothefisotherms follow the same trend as

before but, except metoprolol the values of the imam adsorbed amount of
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pharmaceuticals as well as the parameters derik@d the fitting procedure and more
particularlyKg which appears affected with a change of the exprtal conditions (Figure 2
and Table 2). However, both nonionic and cationgaaoclays show a decrease of their
efficiencies, in contrast to Na-Mt for which thesadption is particularly enhanced except for
the cationic species (TRl and MTP) and thus appaarthe most appropriate sorbent for the
studied pharmaceuticals in the presence of Na€lkancentration of 1 x F0mol L™

For the cationic species (TMP and TRI), the additmf electrolytes reduces the total
adsorption capacity of the three materials. For, ERdlecrease in the adsorbed quantities of
about 8.4%, 34.2% and 25.1% can be observed wh&ed4TP, it reaches a variation of
8.0%, 1.6% and 15.7% for Na-Mt, BDTA-Mt and BujMt respectively. By focusing oK,

the same trend is confirmed. As expected for BDTA-dMganic cations are poorly adsorbed
and can be mainly adsorbed through hydrophobicanten and it is verified in the case of
MTP where the NaCl salts do not affect the adsod@dunt, noKe. It is interesting to
observe how the speciation of the organic compopriads again on the adsorption. With the
presence of an electrolyte, the transfer of nogidiRl is considerably reduced and explains
why the decrease of the adsorbed amount onto BDTA#deed, the presence of Nzations
may shield the sites of adsorption and inducesnapetition effect which does not favor the
sorption of neutral species to cationic organochMgreover, N& ions are known to perturb
electron-acceptori-n-electron interactions and may explain also theredse of TRI onto
BDTA-Mt. For sorbents where exchange of cationess is possible (i.e. Na-Mt and Bej

Mt) Na" ions in solution compete to other organic catidrese the pharmaceuticals and thus
limits the adsorption. An intercalation of Nawas confirmed by atomic absorption
spectroscopy (not shown) and also observed throighy diffraction patterns (Figure 3),

with a shift to large @ angle values of the 00l reflection where the latger space decreases
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from 15.01 to 14.48 A and from 14.66 to 14.23 Alfoth TRl and MTP respectively after the
addition of salts.

With gmax amount anKr as main parameters to appreciate the affinity eetwanalytes to
sorbents, the presence of NaCl does induce ang lelngnge in the sequence of affinity of
both AMX and NFX with the layered materials (Fig@&and Table 2). However, the presence
of the electrolytes reduces the transfer of thermphaeuticals onto organoclays with a
decrease of the adsorbed amounts for AMX of abb¥%é and 27% and for NFX by 49% and
70% for both BDTA-Mt and Brij,-Mt respectively. In contrast, Na-Mt shows a clear
improvement of the adsorption capacities in thesgmee of NaCl. Indeed, the maximum
adsorbed amounts are 2.69 x°18nd 9.91 x 18 molg* for AMX and NFX respectively
representing an increase of 190% and 17%. The sifithe solid phase by FTIR of Na-Mt
also brings a confirmation of the improvement @& #usorption in the presence of electrolyte
and confirms the general trends observed withgbtherms (Figures 4-5).

The addition of salts may change the solubility agdrophobicity of substances in solution
that can reduce the adsorption capacity of adstsh@mirudhan and Ramachandran 2006,
Bui and Choi 2010). A loss of hydrophobicity coutdieed penalize the interactions of the
similar range of energy involved in the adsorptioh pharmaceuticals to organoclays.
Electrolytes in solution may also combine with ghaceuticals and reduce considerably their
diffusion at a surface of the layered materialse Gafting of surfactant onto the surface of
the layered materials acting as a brush may prevguatssible diffusion within the interlayer
space of the pharmaceuticals or probably the peesehsalts aside the organoclays shield the
possibility of adsorption of zwitterionic compoun@sgure 6) (Vinu et al. 2006).

The presence of NaCl that amplifies the polarizbdf the molecules via ionic bridges and
thus causes a drop-in of the hydrophobicity (Ana and Ramachandran 2006) is likely to

explain the change of affinity between CBZ and N&-FWhe addition of salts does affect the
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main driving force (hydrophobic interaction) foretradsorption of CBZ to organoclays
allowing one to obtain similar adsorbed amountsweleer, the possibility to interact through
ionic bridges to Na-Mt enhances considerably theogation capacity showing an ability to
adsorb CBZ at even larger extent than organockigsife 2). Similarly, Na-Mt represents the
best suitable material for anionic compounds irs@nee of electrolytes, where the adsorbed
amounts show an increase by reaching 170% to ré@dhx 10° mol g*.The addition of salts
must change the state of charge of SMX with thesipés formation of ion complexes of
which nature is different from the surface propertof organoclays and therefore limit its
mass transfer. This combination of sodium ions witle deprotonated groups of the
molecules leads to the establishment of repulsiveet in regards to the cationic organoclay
and decreases its adsorption capacity. Such ioeeul@d complexations may explain an
improvement in the adsorption in the opposite asmitially repulsive interactions which

can be extended to the results obtained for Na-Mt.

4. Conclusions

With a study of six pharmaceuticals showing divaeseemical nature (zwitterionic, anionic,
cationic and neutrals as well as displaying diffierieydrophobicity) onto layered materials
based on clay minerals with diverse propertiesiqnaexchange, organophilicity, anion
adsorption ability) without any electrolytes, elestatic interactions appear to be the main
adsorption mechanisms while hydrophobic paramétsisg second role. However, this latter
feature is important since the intercalation ofattant drives to an organic environment with
novel adsorption sites, thus improving the adsorptif pharmaceuticals.

As expected with adsorption mechanisms that beaelectrostatic interactions, the ionic
strength strongly affects the adsorption proces$g@harmaceuticals with a drastic reduction
of the efficiency of both cationic and nonionic angclays. Such decrease results from (i) a

competition effect between salts and the organmplsurface of organoclays to the
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pharmaceuticals, and (ii) a noticeable change enpitoperties of the agueous solution that
may decrease the hydrophobic character of orgamgoounds. In contrast, the improvement
of the adsorption properties of Na-Mt in the preseof electrolytes can be explained by
electric double layers or Debye model and the sngeof the electrostatic repulsions with
the introduction counter-ions at a surface of thglpsilicate sheets. Indeed, with monovalent
salts, the Debye screening length is quite redumed decreases the magnitude of the
repulsion relative to the van der Waals attractibhis phenomenon obviously favors the
adsorption of organic compounds onto Na-Mt, wheye-dipole interaction through the
presence of counter-ions located at the surfatieeophyllosilicate sheets. In organoclays, the
presence of surfactant already reduces the repulsices between the inorganic sheets but
generates a hydrophobic environment with the grgff an organic layer or brush. This
combination contributes to the improvement of thliscaption efficiency of organoclays
without any electrolytes. However, with salts, thadsorption abilities for pharmaceuticals
remain identical or appear considerably reducedN#Mt, salts are located to a surface
which lessen the Debye screening length. In cantfas organoclays the introduced ions
remain in solution and may interact with organienpmunds, leading to a backward shift of
the desorption/adsorption equilibrium. This can fgeer since the adsorption of organic
compounds to a clay mineral generates step by atdpybrid material, equivalent to
organoclays obtained with surfactants, of whiclicefhcy is decreased. Worse, it can drive to
the desorption of the adsorbed organic compounggauld observed (not shown here) and

thus raises the question of the usefulness of oays in water remediation strategy.
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Pharmaceutical
products
Norfloxacin
(NFX)
Amoxicillin
(AMX)
Sulfamethoxazole
(SMX)
Trimethoprim
(TRI)
Metropolol
(MTP)
Carbamazepine
(CBZ)
566
567

568

Solubility
(mg L)

LogP

} )i Lﬂ 3430 0.87
610 0.89
’GQ"I.
",X.&' 400 0.91
‘!m 0.402
o 8 o B

o%e

Table 1: Characteristics of the pharmaceutical petel used in this study: solubility, pKa,
LogP and speciation. LogP corresponds to the vafuthe hydrophobic character of the
compounds (a LogP equals to zero corresponds tompaund with an equilibrated balance
between its hydrophobic and hydrophilic moietiesiilev a Log P negative and positive
represents a hydrophilic and hydrophobic compoufiki. red, green, blue and association of
blue and red circles symbolizes the electric chasbehe pharmaceuticals at a pH=6.5:
positive, neutral, negative and zwitterion respetji.

pKa Speciation
(pH=6.5)
10% 90%
e @ [ @B
80% 20%
251 QP [ @
33% 70%
1.97 - 6.16 ® /
20% 80%
7.12 /
10% 90%
9.7

© /@
- ©
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Table 2: Adsorption isotherm constants determingt ixangmuir, Freundlich model fits for
the adsorption of the whole pharmaceuticals: AmixiqdAMX), Sulfamethoxazole (SMX),
Trimethoprim (TRI), Metoprolol (MTP), NorfloxacifNFX) and Carbamazepine (CBZ) onto
untreated Na exchanged montmorillonite: Na-Mt, BDW& and Brip .-Mt with and without
salts (NaCl at a concentration of 1 mof)L

Adsorbant Analytes Langmuir Freundlich
Onax Ki AG® r2 Ke 1/n r2
(mol.gh) (L.mol%) (kJ.mof%) L.gh

Na-Mt AMX 9.29 x 10 9.73x 10 -11.72 0.988 471x10 094 0.984
AMX + NaCl 2.69 x 1C 9.98 x 10 -11.79 0.984 1.60x1 095 0.966
BDTA-Mt AMX 5.68 x 10° 1.46 x 16 -12.76 0.972 207x10 081 0.983
AMX + NaCl 4.28 x 16 1.15x 16 -12.15 0.994 1.87x1  0.87 0.992
Brij o.Mt AMX 4.44 x 10° 1.31x 16 -12.48 0.996 2.04x10 0.88 0.997
AMX + NaCl 3.23x 106 1.02 x 16 -11.85 0.993 1.79x10 094 0.991
Na-Mt SMX 2.56 x 10 4.87 x 16 -15.85 0.967 1.24xT™ 073 0.964
SMX + NaCl 7.01x 19 3.30x 16 -20.75 0.988 318x1 057 0.957
BDTA-Mt SMX 9.73 x 10° 4.78 x 18 -21.69 0.976 455x10 059 0.961
SMX + NaCl 6.98 x 10 1.63 x 16 -18.95 0.958 288x1 058 0.991
Brijo.+Mt SMX 6.97 x 10/ 5.06 x 18 -15.95 0.976 243x10 0.66 0.930
SMX + NaCl 3.21x19 4.90x 18 -15.87 0.989 206x1 077 0.986
Na-Mt TRI 3.80x 1d 5.98 x 16 -22.27 0.982 344x1O 033 0.901
TRI + NaCl 3.48 x 10 5.15x 16 -21.89 0.998 292x10 033 0.899
BDTA-Mt TRI 2.78 x 10° 4.46 x 18 -21.52 0.922 279x10 036 0.907
TRI + NaCl 1.83 x 19 6.76 x 16 -16.69 0.995 247x10 051 0.999
Brijo.+Mt TRI 4.13x 10 7.59 x 14 -28.78 0.928 835x10 040 0.996
TRI + NaCl 3.61x10 5.20 x 16 -21.92 0.992 315x10 034 0.997
Na-Mt NFX 8.48 x 1d 454 x 16 -21.57 0.984 780x1 062 0.997
NFX + NaCl 9.91 x 19 4.96 x 18 -21.79 0.983 896x1 061 0.988
BDTA-Mt NFX 2.39 x 10° 9.53x 16 -17.57 0.980 9.74x10 064 0.975
NFX + NaCl 1.23 x 19 5.33x 16 -16.08 0.998 264x10 061 0.994
Brijo.+Mt NFX 4.24 x 10 4.42x18 -21.50 0.958 566x10 0.66 0.977
NFX + NaCl 1.26 x 10 6.47 x 16 -16.58 0.840 6.27x10 073 0.864
Na-Mt CBz 4.14 x 16 5.63x 10 -28.02 0.873 226x1O 065 0.972
CBZ + NaCl 2.54 x 19 1.80 x 16 -30.99 0.976 322x10 066 0.975
BDTA-Mt CBZ 2.53x10° 1.41x16 -30.38 0.977 275x10 067 0.943
CBZ + NaCl 2.33x19 1.34x16 -30.24 0.984 226x10 066 0.985



Brij o.Mt CBZz 1.18 x 1¢ 1.10 x 16 -29.76 0.966 249x10 054 0.939
CBZ + NaCl 1.99 x 18 1.24 x 16 -30.05 0.981 6.11x10 056 0.981

Na-Mt MTP 5.62 x 10 3.07x 16 -20.57 0.967 472x10 065 0.936
MTP + NaCl 5.17 x 19 2.98 x 16 -20.50 0.978 3.04x1 061 0.905

BDTA-Mt MTP 1.26 x 10 1.63 x 16 -18.95 0.964 347x10 055 0.988
MTP + NaCl 1.24 x 19 1.32x16 -18.41 0.879 1.52x10  0.46 0.923

Brij o.Mt MTP 5.08 x 1¢ 1.95 x 18 -19.40 0.974 291x1 063 0.960
MTP + NaCl 4.28 x 10 1.68 x 16 -19.02 0.962 285x1 066 0.900
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Figure 1: Schematic representation of the wholeggebents used in this study: Na-Mt clay
mineral, BDTA-Mt (100% of the compensations cati@re substituted toBDTA through
cation exchange) and Bri-Mt, a nonionic organoclay (where the inorganidarat are kept
within the interlayer space and Brij is intercathiavolving ion-dipole interaction) showing
lateral bilayers organization. The sorbents usedhia study display singular adsorption
properties: hydrophobicity/philicity, cation/anioetention which will be highlighted with six
pharmaceuticals ofdifferent chemical nature.
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Figure 2: Effect of the ionic strength with the &itoh of NaCl electrolytes (1&M) on the
equilibrium adsorption isotherms of a) Amoxicillj|aAMX), b) Sulfamethoxazole (SMX), c)
Trimethoprim (TRI), d) Metoprolol (MTP), e) Norflacin (NFX) and f) Carbamazepine
(CBZ) onto untreated Na exchanged montmorilloni@-Mt (circle), BDTA-Mt (triangle
top) and Brip.4-Mt (diamond). Qrepresents the adsorbed amount of pharmaceutickd @h

is the equilibrium pharmaceutical concentratione Eblid lines represent the fits by using the
Langmuir equation model.



Q. (mol.g")

1.8e-i 4
1.69—3—5
1.4e-3-f
1.2e-3—f
1.09—3—5
8.0e—4—f
6.0e-4-f

4.0e-4-

2.0e-4-

0.0

0.

cCed &>

"A\;-‘
AV

BDTA-Mt

BDTA-Mt + NaCl

Brij, ,-Mt

Brij, ,-Mt + NaCl

Na-Mt

Na-Mt + NaCl

Langmuir Fit A

‘\

X O

X
O

0

1.0e-3

C, (mol.L'™%)

2.0e-3

3.0e-3 4.0e-3 5.0e-3

Figure 2a: Effect of the ionic strength with thediidn of NaCl electrolytes (I®M) on the
equilibrium adsorption isotherms of Amoxicillin (AX) onto untreated Na exchanged
montmorillonite: Na-Mt (circle), BDTA-Mt (triangletop) and Brip.s-Mt (diamond). Q
represents the adsorbed amount of pharmaceutickd @his the equilibrium pharmaceutical
concentration. The solid lines represent the fitsising the Langmuir equation model.
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Figure 2b: Effect of the ionic strength with thediibn of NaCl electrolytes (I®M) on the
equilibrium adsorption isotherms of Sulfamethoxaz(@MX) onto untreated Na exchanged
montmorillonite: Na-Mt (circle), BDTA-Mt (triangletop) and Brip.+-Mt (diamond). Q
represents the adsorbed amount of pharmaceutickd @his the equilibrium pharmaceutical
concentration. The solid lines represent the ftsiging the Langmuir equation model.
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Figure 2c: Effect of the ionic strength with theddibn of NaCl electrolytes (I®M) on the
equilibrium adsorption isotherms of TrimethoprimR({J onto untreated Na exchanged
montmorillonite: Na-Mt (circle), BDTA-Mt (triangletop) and Brip.s-Mt (diamond). Q
represents the adsorbed amount of pharmaceutickd @his the equilibrium pharmaceutical
concentration. The solid lines represent the fitsising the Langmuir equation model.
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Figure 2d: Effect of the ionic strength with thediibn of NaCl electrolytes (I®M) on the
equilibrium adsorption isotherms of Metoprolol (MTRnto untreated Na exchanged
montmorillonite: Na-Mt (circle), BDTA-Mt (triangletop) and Brip.s-Mt (diamond). Q
represents the adsorbed amount of pharmaceutickd @his the equilibrium pharmaceutical
concentration. The solid lines represent the fitsifing the Langmuir equation model.
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Figure 2e: Effect of the ionic strength with thediidn of NaCl electrolytes (I1®M) on the
equilibrium adsorption isotherms of Norfloxacin (K)F onto untreated Na exchanged
montmorillonite: Na-Mt (circle), BDTA-Mt (triangletop) and Brip.s-Mt (diamond). Q
represents the adsorbed amount of pharmaceutickd @his the equilibrium pharmaceutical
concentration. The solid lines represent the fitsising the Langmuir equation model.
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Figure 2f: Effect of the ionic strength with theditibn of NaCl electrolytes (I®M) on the
equilibrium adsorption isotherms of Carbamazepi@®84) onto untreated Na exchanged
montmorillonite: Na-Mt (circle), BDTA-Mt (triangletop) and Brip.s-Mt (diamond). Q
represents the adsorbed amount of pharmaceutickd @his the equilibrium pharmaceutical
concentration. The solid lines represent the fitsising the Langmuir equation model.
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Figure 3: 3D evolution of the X-ray diffraction patns (selected data) of Na-Mt after the
adsorption of Trimethoprim (TRI), Sulfamethoxazdi®MX), Amoxicililin (AMX) and
Metropolol (MTP) with and without any electrolytéslaCl at a concentration of TOM).
With an interlayer distance ¢g spacing) of about 18 A, and an average molecidaraf 5 A
for the pharmaceuticals, no structural changeshim évolution of the organoclays are

observed.
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Figure 4: 3D evolution of the FTIR spectra in th@0Q-1700 crit wavenumbers range
(probing the COOabsorption bands of the norfloxacine among othefd)la-Mt (selected
series but a similar evolution for the other adeatb was observed) as a function of the
starting norfloxacine concentration (&)L

(selected data).
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Figure 5: Integrated intensity of the CO&retching bands of norfloxacin as a functionhaf t
its starting concentration (g') for Na-Mt (black and white filled circles), BDTA4t (navy
blue and white filled triangle top) cationic orgatay, and Brij .-Mt (green and white filled
diamond) nonionic organoclay with (symbols filledittw a color) and without NaCl
electrolytes.
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Ionic Bridges with NaCl: Na-Mt Efficiency 7

Fall Down of Organoclay Adsorption Properties with Salts
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Figure 6: Schematic representation of the impac¢hefsalts on the adsorption/desorption of
the pharmaceuticals onto Na-Mt, BiMt, and BDTA-Mt. The presence of electrolytes
favors the adsorption with the creation of ionicdges to Na-Mt while it backwards the

adsorption/desorption equilibrium of pharmaceusicainto both nonionic and cationic

organoclays showing a poor efficiency in experimmeobnditions close to that of effluents.
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Resear ch Highlights

The electric charge of pharmaceuticals (PPs) governs their adsorption
Organoclays improve the adsorption of PPs due to their hydrophobic nature
Without any salts, organoclays show a certain efficiency in the adsorption of PPs
The adsorption is enhanced onto Na-Mt in presence of an electrolyte

Organoclays appear as poor sorbent materialsin presence of salts



