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ABSTRACT

Diclofenac is an emerging contaminant widely detected in water and has caused adverse
effects on the biota. In this study, the adsorbents were prepared by reacting tetradecyl-
(C14), hexadecyl-(C1g), and octadecyltrimethylammonium (Cig) bromides with sodium
vermiculite (Ver) and used for the removal of the first time for diclofenac sodium from
aqueous solution. Synthesis was carried out in a microwave-assisted reactor operating at
50 ° C for 5 min, using proportions of organic salts in 100% and 200% of the
phyllosilicate cation exchange capacity. The stability of loaded alkylammonium solids
was evaluated under drug adsorption conditions. Adsorption was mainly influenced by
the amount of surfactant incorporated into the clay mineral, according to the
thermogravimetric and CHN elemental analysis data. Samples prepared with 200%
CEC presented lower stability at pH 6.0 and 8.0. Drug adsorption was more effective
for Cy4-Ver-200%, Ci6-Ver-200% and Cig-Ver-200% samples, with a maximum
retention of 97.8, 110.1, and 108.0 mg g, respectively. The adsorptive capacities of
C14-Ver-200%, Ci6-Ver-200%, Cig-Ver-200%, Ci4-Ver-100%, Ci6-Ver-100%, and Cig-
Ver-100% were reduced to 29.0%, 36.8%, 41.0%, 61.0%, 50.4%, and 58.0% compared
with their initial value after three adsorption cycles. X-ray diffractometry (XRD)
patterns revealed that diclofenac was adsorbed into the interlayer region of
organovermiculites. Fourier transform infrared spectroscopy (FTIR), Zeta potential
results, and the pH study on adsorption indicated that VVan der Waals interactions are

dominant in the adsorption mechanism.

KEYWORDS: environmental remediation, anti-inflammatory drug, diclofenac sodium,

organoclay, adsorption



INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the groups of
pharmaceuticals that threaten the ecosystem and human health due to their presence in
water.'? Sodium diclofenac (sodium 2-[2- (2-dichloroanilino) phenyl]acetate) is a
NSAIDs highly consumed by hundreds of tons annually around the world for both
human and veterinary medical care.>* The drug is among the most frequently detected
in aquatic environments and has been involved in the European Union's top 10 priority
list for detection.™** The average concentrations of the drug in aquatic environments
were higher than 0.1 ug L™ in surface waters in Europe,® while the concentration in
Brazilian waters was 759.06 pg L™.°

Diclofenac can lead to adverse effects on aquatic organisms,”® and the
byproducts formed through biotic and abiotic transformations can pose even greater
toxicity than the original molecule.”'® Therefore, it is imperative to remove diclofenac
from aquatic ecosystems. Adsorption is an interesting water treatment method due to its
simplicity, cost-effectiveness, and high removal efficiency of pollutant, in addition to
absence of by-product generation.*

Clay minerals are versatile, low-cost, and highly available materials that can be
used as adsorbents for drugs, among which montmorillonite (Mt) has been widely used
for this proposal.>*? More recently described in the literature, vermiculite is a clay
mineral that also acts as an adsorbent for drugs.”>*° Vermiculite is a 2:1 phyllosilicate
that exhibits an idealized negative layer charge per formula unit (~0.6-0.9) and
exchange cations in the interlayer region, normally Mg”*.?® The clay mineral is
characterized by having tetrahedral silicate sheets that can be substituted by aluminum

or other elements of lower valency, while the octahedral sites are generally occupied by



APF*, Mg*, and Fe**.® Furthermore, vermiculite is a two-dimensional (2D) material®*

1314 acid

which can be modified through the intercalation of organic compounds,
activation,? silylation,® among others, to obtain materials with desired properties.

The adsorption of anionic drugs is significantly restricted in untreated clay
mineral.’>'® However, drug adsorption performance of clay minerals can be further
significantly improved by reacting with surfactants.******> Organovermiculites prepared
with  1,3-2(hexadecamide propyl dimethylammonium chloride) n-butane, 1,3—
2(hexadecamide propyl dimethylammonium chloride)-2-hydroxypropane dichloride and
1,3-2(hexadecamide propyl dimethylammonium chloride)-p-xylene exhibited ibuprofen

adsorption capacity of 322.6, 404.7, and 489.9 mg g, respectively, while drug

adsorption by sodium vermiculite was negligible.*

24-27 27,32

Organoclays based on bentonite or montmorillonite,®=! kaolinite,
halloysite,® illite®, and sepiolite®* were investigated as adsorbents for diclofenac
sodium. In addition to clay minerals, other materials such as hydroxyapatite@chitosan

36,37

hybrids,®  carbons, zeolites,® carbon sphere@polyaniline@layered double

4041 \were also studied.

hydroxides composites,* and metal—organic frameworks

For organoclays performance, the effects of experimental parameters such as pH
adsorbent dosage, time, temperature, drug concentration, and ionic strength on the
diclofenac adsorption were evaluated.?*??4? Although the drug has been detected in
the environment at concentrations in the ug L™ range, studies have been carried out at
higher concentrations (10-2000 mg L™) to understand the mechanisms of adsorption and
factors that alter the performance of adsorbents.?”?**? The effect of the type and amount
of surfactant loading in the clay mineral matrix on the diclofenac adsorption
performance was also evaluated.?***! In summary, the increase in surfactant loading in

the clay mineral improved the diclofenac adsorption.?*2>29-3143



Despite extensive research in organoclays, the stability of the matrixes under
drug adsorption conditions has been neglected and very few studies investigated the
regeneration of these adsorbents.?>* Since surfactant leaching is one of the factors that
control organoclay-induced ecotoxicity,* its stability must be known. The influence of
pH on the stability of organovermiculites prepared with hexadecyltrimethylammonium
and hexadecylpyridinium at 100% CEC for the adsorption of naphthalene was
reported*>*® Results showed that the both samples were stable in the pH range of 4-10.%
However, the effect of the chain size and the amount of loaded surfactant on the
stability of the organophilic clay mineral was not evaluated.

In the current investigation, a Brazilian vermiculite sample was modified with
alkyl trimethylammonium salts with different chain lengths (Ci4, Ci6, and Cig) by
microwave heating (MW) and used for the first time as adsorbents for sodium
diclofenac, a predominantly anionic drug at pH 6.0 (pKa = 4.15). Reactions over MW
heating have been shown to be an effective route for the modification of clay
minerals.*”*® Brazil has abundant reserves of vermiculite*®, as well as a demand for
sodium diclofenac, which has been detected in Brazilian surface waters,****! due to the
inefficiency of conventional water treatment methods used.® No studies regarding the
use of organophilic vermiculites for the adsorption of diclofenac have been verified
until this point. The evaluation of diclofenac adsorption by the resulting materials was
carried out under varying experimental conditions that included pH levels, adsorbent
dosage, contact time, and diclofenac concentrations. The stability of organophilic
vermiculites under adsorption conditions was also verified. Therefore, the impacts of
the composition and size of the alkyl chain of surfactants on the stability of
organovermiculites and diclofenac adsorption performance of diclofenac were

evaluated, and the potential for reusing organoclay was also explored.



RESULTS AND DISCUSSION
Characterizations

X-ray diffractometry

The X-ray diffractometry (XRD) patterns of Ca,Mg-Ver, Na-Ver and
organovermiculites are presented in Figure 1. The results suggested that the Ver sample
(Figure 1li-a) is composed of vermiculite (ICDD 00-034-0166), with impurities of
hydrobiotite (ICDD 00-049-1057) and quartz (ICDD 00-046-1045). Hydrobiotite (Hb)
is a regular interstratified biotite/vermiculite phase in a 1:1 proportion as a result of the
weathering of micas,®® and its presence is frequently reported in vermiculite
samples.®**® The principal reflection of vermiculite occurred at 26 = 6.13° (002 plane)
and resulted in a basal spacing of 1.46 nm.>**> The reflection at 26 = 60.13° (d = 0.154
nm, 060 plane) was assigned to the trioctahedral clay mineral®®. For the Hb phase,
reflections occurred at 26 = 3.45° (d~2.56 nm, 001 plane) and 7.00° (d = 1.26 nm, 002
plane).”’

After the Na* exchange reaction, basal space changed to 1.21 nm (Figure 1i-b),
as a result of the substitution of the interlayer cations in the raw sample (normally Mg?*)
and the reduction of the water molecules in a monolayer arrangement in the interlayer
region.58 In the Hb phase, the changes in dgo: and dooz, measuring 2.38 nm and 1.14 nm,
respectively, align with the saturation of the samples with sodium following the

exchange process.*
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Figure 1. XRD patterns of (i): (a) Ca, Mg-Ver, and (b) Na-Ver (Ver = vermiculite, Hb
= hydrobiotite, Q = quartz, *unidentified phase); (ii): (a) Na-Ver, (b) C14-Ver-100%,
and (b) Cy14-Ver-200%; (iii): (a) Na-Ver, (b) C16-Ver-100%, and (b) Cy6-Ver-200%; and

(iv): (@) Na-Ver, (b) C15-Ver-100%, and (b) C1s-Ver-200%.

In organophilic samples, two reflections were observed at 20 < 4.0° (Figures 1ii-

Iv) corresponding to basal distances ranging between 2.70-3.40 nm, and exceeding 4.00



nm which could be due to intercalation of alkylammonium cations in vermiculite and
hydrobiotite, respectively.®®®* The basal distances increased with the chain size of
surfactants Cy4 (2.27 nm), C16 (2.53 nm) and Cis (2.79 nm).%? Considering that the 2:1
layer thickness is about 0.96 nm?® and based on the basal spacings and the surfactant
size, the intercalation of organic cations in paraffin-like monolayer arrangements is
proposed for all organophilic samples, for both Ver and Hb phases.®® An illustration of
this conformation is presented in Figure S1. For the Ver phase, second-order reflections
were also observed at 1.33-1.36 nm, 1.39-1.45 nm and 1.45-1.64 nm for Cys-Ver, Cis-

Ver, and Cig-Ver, respectively.®®

Thermogravimetry (TG/DTG)

TG/DTG was used for the quantification of organic content in the organophilic
vermiculites. Results are shown in Figure 2 and summarized in Table 1. For the Na-Ver
sample, the curve exhibited two thermal decomposition events, resulting in 9.4% total
mass losses in the 30-800 °C range, while the organophilic samples presented 23.6-
38.6% total mass losses in the same temperature range. The initial mass loss event for
Na-Ver (30-125 °C) corresponded to the loss of the physically adsorbed on the clay
mineral surface. The subsequent mass loss (366-800 °C) is associated with the

condensation of silanol groups of the Ver and Hb phases.®*®
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Figure 2. (i) TG and (ii) DTG curves for (a) Na-Ver, (b) C14-Ver-100%, (c) Cis-Ver-

100%, (d) C1s-Ver-100%, (e) Ci4-Ver-200%, (f) C16-Ver-200% and (g) Cis-Ver-200%.

For organophilic samples, the decrease in mass loss during the initial event

suggests an enhancement in hydrophobicity.®*®® The mass loss events in the range of

about 120~537 °C were assigned to the decomposition of organic cations incorporated

in the clay mineral, and were used to estimate the percentage of organic content in the

organophilic samples (see Table 1). Higher percentages of organic content (24.8-32.8%)

were observed for organovermiculites prepared with surfactant amounts of 200% CEC.

The final thermal decomposition event was related to structural hydroxyl condensation,

and organophilic samples did not show significant differences compared to Na-Ver.

63,67



Table 1. Summary of mass losses and temperature intervals based on DTG curves

for Na'-Ver and organo-vermiculites

Sample Event T Mass loss ~ Total mass loss Total organic content®
(°C) (%) (%) (%)
Na-Ver I 30-125 7.2 94 -
Il 366-800 2.2
Ci4-Ver-100% | 30-126 5.0 23.6 16.2
I 126-232 3.9
I 235-335 7.4
IV 335-433 3.7
V  433-522 1.3
VI 522-800 2.3
Cis-Ver-200% | 30-120 5.5 32.5 24.8
I 120-221 6.9
I 221-262 5.6
IV 262-337 6.5
V  337-436 4.0
VI  436-532 1.8
VIl 532-800 21
Ci6-Ver-100% | 30-130 5.6 24.5 16.8
I 126-223 3.2
I 223-340 8.9
IV 340-435 3.5
V  435-504 1.1
V  570-800 21

10



Cie-Ver-200% | 30-128 5.2 36.0 28.8
I 128-210 4.6
I 210-267 9.8
IV 267-343 8.2
V  343-440 4.1
VI 440-519 2.1
VIl 573-800 2.0
Cis-Ver-100% | 30-126 4.4 24.5 17.0
I 126-229 4.5
I 229-363 10.4
IV 363-459 1.4
V  459-517 0.7
VI 517-779 3.0
Cis-Ver-200% | 30-138 4.0 38.6 32.8
I 138-275 194
I 275-348 7.6
IV 348-442 4.1
V  442-537 1.6
VI 507-800 1.9

*Values were obtained considering the sum of mass losses in the events, excluding dehydration

and dehydroxylation.

CHN elemental analysis

The quantification of surfactants incorporated in organophilic samples was also

performed using CHN elemental analysis (Table 2). The total percentage of the values

11



of organic content were close to those obtained by the TG / DTG analysis. The amounts
of surfactants in the Cy4-Ver-100%, Ci6-Ver-100% and Cig-Ver-100% samples were
close to the initial values used in their preparation (0.67 mmol/g), and high organic

incorporations were obtained for the surfactant proportions at 200% CEC.

Table 2. Results of the CHN elemental analysis of organophilic vermiculites

Sample C H N o? Q°
(%) (mmol/g) (%) (%) (mmol/g) (%) (mmol/g)
Ci4-Ver-100% 11.6 9.7 3.2 0.9 0.6 15.7 0.6
Ci6-Ver-100% 13.0 10.8 3.3 0.9 0.7 17.2 0.7
Cis-Ver-100% 14.1 11.8 3.6 0.8 0.6 18.5 0.6
Ci14-Ver-200% 18.2 15.2 4.3 14 1.0 23.9 1.0
Ci6-Ver-200% 21.3 17.8 4.8 14 1.0 27.5 1.0
Cis-Ver-200% 23.8 19.8 5.2 14 1.0 30.3 1.0

*Total organic content determined from CHN elemental analysis; "Amount of surfactant

in the samples

FTIR spectroscopy

Infrared spectroscopy is widely used to obtain qualitative information about the
organophilization of clay minerals with surfactants, as well as the conformation of
ammonium cations in the interlayer region.®® The FT-IR spectra of Na-Ver and
organophilic vermiculites are shown in Figure 3. The spectrum of the Na-Ver sample
(Figure 3a) shows a shoulder at 3669 cm™, attributed to the OH stretching of the

structural groups of clay minerals, and a broad band at 3393 cm™, assigned to the OH

12



stretching vibrations of water molecules.> The band at 1645 cm™, associated with the
deformation vibrations of water molecules.”” Bands at 973 cm™ and 815 cm™ were
assigned to Si-O stretchings, while bands at 731 cm™ and 683 cm™ are linked to the in-

plane deformation vibration of Al-O-Si bonds.**

Transmittance (a.u.)
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Figure 3. FTIR spectra of (a) Na-Ver, (b) Cy14-Ver-100%, (c) Ci4-Ver-200%, (d) Cqs-

Ver-100%, (e) C16-Ver-200%, (f) C1g-Ver-100%, and (g) Cig-Ver-200%.

The presence of new bands in the infrared spectra assigned to the surfactants was
observed in all organophilic vermiculites (Figure 3b-c). Bands at 2917 cm™ and
2850~2851 cm™ were attributed to antisymmetric and symmetric stretchings in the CH.
groups, respectively.!* These bands are very close to the free surfactant frequency,

observed at 2916 and 2849 cm™, indicating that the organic chains adopt an ordered

13



conformation (all-trans conformation) in organovermiculites.®® The band at 1488 cm
! was related to CH; deformation, while the bands in 1471~1469 cm™ and 719 cm™

were assigned to CH, deformation.®®

Electron microscopy

Morphology of the Na-Ver and organophilic vermiculites were followed by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
analysis. SEM images of the Na-Ver and organophilic vermiculites are shown in Figure

|.69

4. Na-Ver exhibited a plate-like morphology characteristic of the clay mineral.”” which

was maintained after modification with surfactants.

14



Figure 4. SEM images of (a) Na-Ver, (b) Ci4-Ver-100%, (c) C14-Ver-200%, (d) Cy6-

Ver-100%, (e) Ci6- Ver-200%, (f) C1s-Ver-100%, and (g) C1s-Ver-200%.

TEM images are present in Figures 5 and S2. The interplanar distances for Na-
Ver were measured at 1.00 and 1.11 nm, lower than the XRD basal space, potentially

attributed to sample dehydration under vacuum.” In organophilic samples, the basal

15



spaces were larger than those observed for Na-Ver, indicating the intercalation of
surfactants (Table S1). The values were close to those obtained by XRD; nevertheless,
the d values > 4.00 nm of Hb phase were only evident in the TEM images for the Cys-
Ver-100% and Cig-Ver-100% samples. In certain regions, organophilic samples
displayed basal distances ranging from 1.02 to 1.17 nm, closely resembling those of the
Na-Ver and hydrobiotite phase. This suggests that not all interlayers - clay mineral are

intercalated by organic cations.”

Figure 5. TEM images of (a) Na-Ver, (b) C14-Ver-100%, (c) Ci4-Ver-200%, (d) Cq6-

Ver-100%, (e) Ci6- Ver-200%, (f) C1s-Ver-100%, and (g) Cis-Ver-200%.

16



Textural properties

The N, adsorption-desorption isotherms and textural parameters (specific
surface area, pore volume, and pore diameter) of Na-Ver and organovermiculites (Cy4
and Cy¢) prepared at 100%CEC are shown in Figure S3(a-c) and Table 3. For Cyg-Ver-
100%, Kr adsorption was performed Figure S3(d) and the N, isotherm was not obtained
possibly due to the nature of the sample. The samples presented a type H3 loop in the
IUPAC classification with no plateau at high P/Po and this type indicates that the
adsorption branch resembles a Type Il isotherm and that the lower limit of the
desorption branch is normally located at the cavitation-induced P/Po.” H3 loops are
given by nonrigid aggregates of plate-like particles like clay minerals.”® The specific
surface area of Na-Ver is within the range reported for Santa Luzia vermiculite samples

57,69

reported in the literature (16 to 34 m? g™), whose values depend on the size of the

particle.” The presence of surfactant in the samples decreased the specific surface area
and the volume of the pore of the clay mineral, while the diameter of the pores

increased. This behavior has also been reported for other organophilic vermiculites

16,74 66,75,76

prepared with C14,%® C16™"* and other surfactants, and occurs due to blockage of

the structural pores of the clay mineral by incorporation of organic cations.'®®
Table 3. Textural parameters of Na-Ver and organovermiculites prepared

with 100% CEC

Sample Sger” (M°g™) Pore volume (cm® g?)  Pore diameter (nm)

Na-Ver 29 0.064 13
C14-Ver-100% 4 0.031 35
C16-Ver-100% 3 0.027 34
C1s-Ver-100% 3 - -

17



Adsorption

pH effect

The test results illustrating the influence of pH on sodium diclofenac adsorption by
organophilic vermiculite are shown in Figure 6a. No adsorption experiments were
carried out at pH < 6 to avoid precipitation of diclofenac due to the presence of the
neutral form under this condition, as shown in the speciation diagram as a function of
pH (Figure 6b), which is even less soluble than salt.>” The results demonstrate that
adsorption was slightly higher at pH 8 for Ci4-Ver-100%, Ci4-Ver-200%, Cig-Ver-
100%, and Cis-Ver-100%, producing values of 6.9 mg g*, 9.0 mg g*, 3.9 mg g*, and
2.9 mg g*, respectively. In the case of Ci5-Ver-200% and Cig-Ver-200%, adsorption
was independent of the pH range (6 to 10). Na-Ver did not exhibit diclofenac adsorption
within the pH range, therefore, alkyltrimethylammonium salts provided sites for

diclofenac adsorption on organophilic vermiculites.

18
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Figure 6. (a) Influence of pH on drug adsorption by organophilic vermiculites
(conditions: 24 h, 25 °C, 25 mg mass adsorbent and Cj = 10 mg L™), (b) diclofenac
speciation as a function of pH and (c) zeta potential ({) measurements of Na-Ver and

organophilic vermiculites.

The results of the Zeta potential measurements of Na-Ver and organophilic
vermiculites are shown in Figure 6¢. Na-Ver exhibits negative charge throughout the
entire pH range due to isomorphic substitutions in the lattice, which generates a

permanent negative charge on the surface,’” "

while the decrease in charge with
increasing pH results from dissociation of the hydroxyl groups of the edge surfaces.’’

On the other hand, diclofenac (pKa 4.15) is predominately anionic at pH 6.0 (98.61%),

19



8.0 (99.98 %) and 10.0 (99.99%), Figure 6b, which complicates adsorption on clay
mineral due to repulsion between charges.

Organophilic vermiculites showed Zeta potential values higher than those of Na-
Ver at the pH of adsorption, which reduces repulsion by anionic species. The increase in
surface charge occurs due to the adsorption of cationic surfactants on the negatively
charged surface of the clay mineral 2! The results show that there was no relationship
between the amount of diclofenac adsorbed and the surface charge of organophilic
vermiculites (Figure S4), which suggests that Van der Waals interactions between
diclofenac and the alkyl chain of the surfactant played a role in the adsorption

mechanism.?*

Adsorbent dosage

The influence of the dosage of the adsorbent on the removal of diclofenac by
organophilic vermiculites (Figure 7) was studied under the optimal pH conditions
obtained for each adsorbent. The findings revealed that the highest percentage of drug
removal (96-99%) was observed for Cy4-Ver-200%, Ci-Ver-200%, and Cig-Ver-200%
samples, achieved with 25 mg of each adsorbent. However, for C14-Ver-100%, Ci6-Ver-
100%, and Cig-Ver-100%, higher doses of 125 mg 50 mg, and 75 mg were required,
resulting in removal percentages of 89%, 85% and 88%, respectively. This indicates
that larger amounts of adsorbents were necessary for samples with lower surfactant

contents, directly influencing the availability of adsorption sites.®%

20
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Figure 7. Effect of the dosage of the adsorbent on the adsorption of the drug by

organovermiculites (a) C14-Ver, (b) Cis-Ver and (c) Cig-Ver (24 h, pH 6.0 or 8.0,25° C

and C;i=10mg L™Y).

Adsorption kinetics

The results obtained in the kinetic study (Figure 8) demonstrated that the drug
was rapidly adsorbed on organophilic vermiculites at equilibrium times of only 5 min
for all hybrids. The result obtained was very close to that observed for diclofenac
adsorption by modified Cy6Br kaolinites, ~ 6 min,** and was shorter than those obtained

with other organophilic clay minerals, such as modified CisBr Mt (60 min),®
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commercial organoclay Spectrogel Type C (500 min)® and alkypyridinium bentonites

(10 and 60 min).**
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Figure 8. Kinetic adsorption isotherms for adsorption of diclofenac sodium by the

organo-vermiculites (a) Cy4-Ver, (b) Ci6-Ver and (c) Cig-Ver (25 °C, pH 6.0 or 8,0 and

Ci=10mg L™).

The fitting of experimental data to the adsorption kinetic models was not

performed because of rapid adsorption. The use of data at or very close to, equilibrium,

is likely to lead to erroneous conclusions regarding adsorption Kinetics.

85,86
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Adsorption isotherms

The adsorption isotherms are present in Figure 9 and the data were evaluated for
adjustment to the Langmuir, Freundlich, and Temkin models, and the parameters
obtained are shown in Table S2. Taking into account R® and SD, the experimental data
were fitted to the Langmuir model for all investigated solids.

The adsorption isotherms illustrated a greater adsorption of diclofenac by
organophilic vermiculites with an increasing initial concentration of the pollutant. The
maximum adsorption capacities observed for the hybrids C4-Ver-200%, C¢-Ver-200%,
and Cyg-Ver-200% were 97.75 mg g™, 110.06 mg g™ and 107.97 mg g, respectively,
while the adsorption values were 36.30 mg g, 52.90 mg g, and 17.88 mg g* for Cy.-

Ver-100%, C16-Ver-100%, and C1s-Ver-100%.
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Figure 9.1 Equilibrium isotherms and their fit to the Langmuir, Freundlich and Temkin

models for the adsorption of diclofenac sodium by organo-vermiculites (a) C14-Ver, (b)

Cue-Ver, and (c) Cig-Ver at 25 ° C (pH 6.0 or 8.0, 25 °C and C;= 1 - 500 mg L™).

Drug adsorption increased with the amount of surfactant in the C14-Ver, Cy6-Ver
and Cig-Ver samples (Figure S5). These results are in agreement with data found for
diclofenac adsorption in benzyldimethyltetradecylammonium-modified Mt,*® Mt and

23143 and dodecy and hexadecylpyridinium-bentonites.?*

kaolinite modified by Ci6Br,
Samples with a higher amount of surfactant incorporated have more available active
sites for diclofenac interaction, improved the adsorption of pollutant.?’

The number of carbons in the alkyl chain of the surfactants influenced the

adsorption of the drug only for samples prepared with 100% CEC and the performance
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followed the order Cy6-Ver-100% > Ci4-Ver-100% > Cyg-Ver-100%. The difference in
the adsorption of the Ci4-Ver-100%, Ci-Ver-100% and Cig-Ver-100% samples can
occur due to the contribution of a series of interrelated factors, such as the length of the
alkyl chain, the packing density of the surfactants and the organic content of the
samples in concordance with other organophilic clay minerals.*®’

The adsorption performance of the Cy4-Ver-200%, Ci6-Ver-200%, and Cig-Ver-
200% samples was better than that obtained by other organoclays prepared with higher
amounts of surfactants (> 200% CEC)**?, including pristine clay mineral with CEC
close to sample used in present study (Table S3). The CEC influence the amount of

loaded surfactant into the clay mineral,®% and consequently the availability of drug

adsorption sites.

Organovermiculites stability

The stability of organophilic vermiculites after treatment at pH 6.0 and pH 8.0
was monitored by TG/DTG (Figure S6 and Table S4) and CHN elemental analysis
(Table S5). Results indicated a small reduction in the total organic content of the
samples after the stability test (Figure 10). The lower leaching of organic cations and
the highest stability were observed for samples prepared with 100% CEC. Previous
studies also showed that vermiculites modified with Cis and hexadecylpyridinium
cations at 100% CEC were stable in the pH range of 4-10, and a lower leaching of

organic cations was observed.*
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Figure 10. Total organic content of (a) C14-Ver-100%, (b) Ci6-Ver-100%, (c) Cig-Ver-
100%, (d) Ci4-Ver-200%, (e) Ci6-Ver-200% and (f) Cig-Ver-200% before and after

stability test at pH 6.0 and 8.0 determined by (i) CHN, and (ii) TG/DTG.

Characterizations of the diclofenac-loaded samples

XRD and FTIR analysis after adsorption were useful to understand the
mechanism of drug/clay minerals interactions. The XRD patterns are shown in Figure
11i. After interacting with diclofenac, all samples showed an increased basal spacing,
suggesting that the drug can be intercalated to access the active adsorption sites. XRD
data were also compared with the molecular dimensions of diclofenac, which are 1.0 nm
in length, 0.5 nm in width and 0.4 nm in height,** and are in line with the possible
intercalation of the drug or an interlayer rearrangement of surfactant chains after the
entrance of diclofenac in both Ver and Hb phases. Similar behavior was observed in the

adsorption of naphthalene by organovermiculites.*®
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Figure 11.2 (i) XRD patterns and (ii) FTIR spectra of (a) C14-Ver-100%, (b) Ci4-Ver-
200%, (c) C16-Ver-100%, (d) Cy-Ver-200%, (e) Cig-Ver-100%, and (f) Cig-Ver-200%
after diclofenac adsorption, (25 °C, pH 6.0 or 8.0 and C; = 500 mg L™) and g) free

diclofenac sodium.

The FTIR data also provided information about the groups of organophilic
vermiculites and diclofenac involved in the adsorption. In the infrared spectra for
diclofenac-loaded samples (Figure 11ii), the shift in the v,5(CH>) band of organophilic
samples (initially at 2917 cm™) to higher frequencies (2922 cm™) indicated that the
interaction with the drug caused a disorganization or rearrangement of the alkyl chains

of the intercalated surfactants,**%

supporting the XRD results. The changes in the CH,
stretching frequencies indicate the interaction between long hydrophobic tails of
surfactants and the nonpolar moiety of diclofenac.”®® In addition, several bands
characteristic of the organic structure of sodium diclofenac were observed (Table S6).

Variation in the position of the vs(COO") band, initially at 1398 cm™ for the free drug, to
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frequencies around 1376~1380 cm™ in loaded diclofenac samples also suggested

electrostatic interactions with the carboxylate group during adsorption.?*%

Mechanism of interaction

Drawing from the results, a comprehensive schematic of the mechanisms
governing diclofenac adsorption on organophilic vermiculites was devised (Figure 12),
highlighting the primary involvement of hydrophobic interactions, according to FTIR,
Zeta potential results and study of the effect of pH on adsorption. FTIR data also show
that electrostatic interactions can also contribute to the adsorption mechanism.
However, considering the negative surface charge of most adsorbents at the adsorption
pH, electrostatic interactions should play a less important role in the adsorption
mechanism. Furthermore, XRD results showed that drug intercalation occurred in the
interlayer space of all organophilic vermiculites. The presence of surfactant on the
surface was considered on PCZ results. In this scheme, diclofenac molecules undergo
intercalation and interact with (1) alkyl tails of the organic chain through Van der Waals
interactions and (2) -N*-(CHa); surfactants groups through electrostatic interactions.

However, mechanism (1) predominates in the adsorption of diclofenac.
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Figure 12. Proposed mechanism for diclofenac adsorption by the organophilic

vermiculites through (1) Van der Waals forces and (2) electrostatic interactions.

Reuse tests

Several factors influence the selection of an adsorbent, including its production,
affinity for the adsorbate and reusability, among other parameters.***? Therefore, the
regeneration capacity of drug-loaded organophilic vermiculites using ethanol as a

desorption agent was evaluated over three adsorption/desorption cycles (Figure 13).
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Figure 13. Results of reuse tests performed for (a) Ci4-Ver-100%, (b) Cy4-Ver-200%,

(c) C16-Ver-100%, (d) C16-Ver-200%, (e) C1g-Ver-100%, and (f) Cys-Ver-200%.

A reduction in adsorption capacity was observed with an increasing number of
cycles, which could be attributed to adsorbent losses during the adsorption/desorption

and washing processes, as well as the potential reduction or blocking of adsorption sites
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during regeneration steps.?>** It is worth noting that ethanol molecules may also be
adsorbed on organophilic vermiculites during the regeneration process.® In the last
cycle, maximum adsorption capacities were maintained at 61.0%, 50.4%, 58.0% for
C14-Ver-100%, Ci6-Ver-100%, Cig-Ver-100% and 29.0%, 36.8% and 41.0% for the
C14-200%-Ver, Cis-Ver-200% and Cig-Ver-200%, respectively. The reduction in
diclofenac adsorption capacity was higher for organophilic vermiculites prepared with
200% CEC probably due to the lower stability of these samples, in agreement with the
stability test results. Additionally, the ethanol used in the washing can also leach

surfactants.*®

CONCLUSIONS

The adsorption of diclofenac on organophilic vermiculites was predominantly
influenced by the level of organofunctionalization of the adsorbents. Optimal
performance was observed in hybrids prepared with 200% CEC that exhibited higher
organic content compared to those with 100% CEC. However, during reuse tests, these
samples did not show enhanced performance. The stability of the samples prepared at
200%CEC was lower compared to organovermiculites prepared with 100% CEC. The
leaching of surfactants during the adsorption of diclofenac and regeneration with
ethanol decreased the performance of the adsorbents in subsequent cycles. Diclofenac
was effectively adsorbed into the interlayer region of organophilic vermiculites, and
hydrophobic interactions between the tail group of surfactants intercalated into the clay
mineral and the nonpolar moiety of the drug play an important role in the adsorption

process. However, FT-IR results showed that electrostatic interaction can also occur
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between the carboxylate group (COOQ") of diclofenac and the -N*-(CHs)s surfactants

groups.

EXPERIMENTAL

Materials and Chemicals

A Brazilian vermiculite sample (Ca,Mg-Ver) originating from Santa Luzia
(Paraiba state, Brazil) was used as the starting material. The chemical composition of
Ca,Mg-Ver in mass percentage was previously evaluated by chemical analysis: SiO,
(40.08), Al,O3 (12.35), Fe,O; (6.83), TiO, (1.43), CaO (2.32), MgO (18.74), Na,O
(3.37), K,O (2.86) and a mass loss of 11.85% after heating at 950 °C.** Its cation
exchange capacity (CEC) was 67 cmol(+) kg™, measured by the ammonium exchange
method.®% All chemicals were used without prior treatment. Sodium chloride (99%
purity), ammonium salts tetradecyltrimethylammonium, (C14Br),
hexadecyltrimethylammonium (CysBr) and octadecyltrimethylammonium (CygBr)
bromides) (99% purity) were supplied from Sigma-Aldrich. Sodium hydroxide (99%
Loba Chemie), nitric acid (75% Vetec), and ethanol (95% - Anidrol) were used. The
sodium diclofenac (CAS number 15307-79-6, MM = 318.13 g mol™) was purchased

from Sigma-Aldrich.

Preparation of Na-Vermiculite (Na-Ver)

The Na-Ver sample was prepared from the Ca, Mg-Ver sample by repeated
reactions with a 1.0 mol L™ NaCl solution stirred at 25 °C for 72 h, following a previous

procedure® and was carried out in triplicate to ensure complete saturation. The resulting
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Na-Ver was washed with distilled water until the AgNO; test for chloride anions
showed negative in the supernatant solution and dried at 70 °C for 48 h. Na-Ver was
ground and classified by sieving in Tyler sieves (Granutest, Brazil) to obtain a particle

size of less than 0.074 mm.

Preparation of organovermiculites

Organovermiculites were prepared by reacting between Na-Ver and each
alkylammonium salt (C14Br, C16Br and C1gBr) based on a previous procedure.?*® The
reaction was carried out as follows: In a Teflon vessel reactor, 4.0 g of Na-Ver was
dispersed in 100.0 ml of solution of ammonium salts at 100 and 200% CEC of clay
mineral and heated in a microwave reactor (IS-TEC MW reactor model RMW-1, Brazil,
with a power of 1100 Watt 2.45 GHz) for 5 min at 50 °C. Samples were repeatedly
washed with distilled water until the AgNO3 test for bromide anions showed negative
results. The washed organovermiculites were dried at 50 °C at 24 h on a stove under air

atmosphere.

Adsorption studies

Adsorption tests were performed according to a previous method,?*®#* whose
methodology consisted of evaluating the influence of experimental parameters such as
pH, adsorbent dosage, contact time, and diclofenac concentration in adsorption.

In a typical procedure, organovermiculite samples were dispersed in 20 mL of
diclofenac solution, stirring at 25 °C. The evaluation conditions (pH, adsorbent dosage,

drug concentration, and reaction time) were systematically varied according to each test,
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as listed in Table S7. Adsorption at different pH values was also performed for Na-Ver
under the same conditions as used for organophilic vermiculites as a control.

After each test, the adsorbents were separated by centrifugation and the final
drug concentration was determined by UV-vis absorption spectroscopy at 276 nm. The
amount of drug adsorbed (q) and the drug removal efficiency (R%) by organo-

vermiculites was determined by Equation (1) and (2), respectively:

(C; — CV 1)
=
R(%) = @ * 100 @)

Where C; and C. are the initial and equilibrium drug concentrations (mg L™),
respectively, m refers to the mass of the adsorbent (g) and V (mL) is the volume of

solution.

Adsorption models

Adsorption models of Langmuir,”” Freundlich,”® and Temkin® were applied to
adjust and analyze the experimental adsorption data employing the nonlinear method
(see Table S8).

The models were also evaluated by standard deviation (SD root mean square

error),’®° described in the Equation (3),

1
5D = an_p Z?(qi,exp - Qi,model)2 (3)
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where iexp, and Qi moder are the amount of experimental adsorbed drug predicted by the
fitted model, n, is the number of experiments performed, and p is the number of

parameters of the fitted model.
Reuse studies of adsorbents

Regeneration of the adsorbents was carried out according to a previous
procedure® by dispersing the loaded organophilic diclofenac vermiculites in 50 mL of
ethanol stirred for 6 h at 30 °C. After each desorption cycle, the solids were recovered
by centrifugation at 7500 rpm, washed with distilled water and dried at 50 °C to be used
for the next adsorption cycle. The readsorption tests were under the same conditions as
adsorption experiments.

Drug adsorption/desorption from organovermiculites was calculated as
percentage (%), where the initial adsorption amount was taken as 100%. For instance,

the % desorption was calculated by Equation (4)

desorption (%) = (Zﬂ) 100 (4)

ed
where q,, and g, are the quantities of adsorbed and desorbed drugs per unit mass of

the adsorbent (mg g ™).

Evaluation of the organovermiculites stability

The stability of organovermiculites was carried out under the same conditions
used in the adsorption isotherms, without the presence of diclofenac, to follow changes
by the adsorption process, according to the method previously reported.* For this,

organovermiculites were suspended in 20 mL of water, using the optimal adsorbent
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dosage. The pH values were adjusted 6.0 and 8.0 with HCI (0.1 mol L) and NaOH (0.1
mol L™Y). Finally, the solids were recovered by centrifugation at 7500 rpm for 10 min

and dried at 50 °C by 24 h.

Characterizations

X-ray diffraction (XRD) data were recorded using an X-ray diffractometer (D8
Advance Bruker-AXS), with the 26 ranging from 1° to 10° at the scanning, using CuKa
radiation (A= 1.5406 nm) at 30kV and 30 mA. Elemental analysis of C and N was
performed using a Perkin-Elmer PE-2400 microelemental analyzer. Thermogravimetric
analyzes of organovermiculites were performed using a Discovery TGA instrument
under argon atmosphere with a 100 mL min™* flux from 30 to 800 °C with a heating rate
of 10 °C min™. The samples obtained after the stability test were analyzed in a TGA
Q500 equipment under N, atmosphere with a 100 mL min™ flux from 30 to 800 °C with
a heating rate of 10 °C min™. Fourier transform-infrared (FT-IR) spectra were obtained
using an IR Prestige-21 spectrometer (Shimadzu) equipped with an ATR accessory,
from 4000-600 cm™ with resolution of 4.0 cm™ and 32 scans. The Zeta potentials ({)
were measured at different pH levels using a Zetasizer Nano ZS90 (Malvern
Instrument). TEM was performed using a Talos S200 FEI instrument. A voltage
acceleration of 200 kV and a current of 4 mA in STEM were used to obtain HAADF
images. SEM was performed using a FEI Quanta FEG 250 microscope, operating at an
accelerating voltage of 15 kV. The nitrogen adsorption isotherms were measured in an
ASAP 2420 Micromeritics analyzer. Before measurement, the samples were degassed at
100 °C, and the N isotherms of adsorption were measured at -196 °C in a P/P, range of

0.0-1.0. Sger value for Cig-Ver-100% sample was obtained from the Kr adsorption
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isotherm in a P/Py range of 0.0-0.27. The specific surface area (Sget) of the samples
was calculated by Brunauer, Emmet, and Teller (BET) method, while the pore

volume and pore diameter were estimate by Barrett-Joyner-Halenda (BJH) method.

ASSOCIATED CONTENT

Supporting Information

Tables contain basal distance values obtained in TEM, adsorption parameters for
equilibrium data calculated according Langmuir, Freundlich, and Temkin models;
comparison of the diclofenac adsorption capacity of organovermiculites with others
organoclays, summary of mass losses and temperature intervals for events in the DTG
curves and CHN results the samples after stability tests at pHs 6 and 8, assignments of
the bands in FT-IR spectra of diclofenac-loaded samples, additional experimental
details for adsorption evaluation and equations of equilibrium adsorption models.
Figures describe the interlayer arrangements of organic chains in the organophilic
vermiculites, TEM images for sodium and organophilic vermiculites, N, adsorption-
desorption isotherm Na-Ver, Cy4-Ver-100%, and Cie-Ver-100%, and Kr adsorption
isotherm for Cig-Ver-100%, and organovermiculites, graph of zeta potential versus
amount of drug adsorbed by the organophilic vermiculites, relation between adsorption
capacity and nitrogen content in the adsorbents, and TG/DTG data of the samples after

stability tests at pHs 6 and 8 (DOC).

ACKNOWLEDGMENT
This research was supported and funded by CAPES and CNPq in the form of a research

fellowship awarded to M.G. Fonseca (Grant 310921-2017-1) and D.B. Franca (Grant

37


https://www.sciencedirect.com/topics/chemistry/surface-area
https://www.sciencedirect.com/topics/materials-science/pore-volume
https://www.sciencedirect.com/topics/materials-science/pore-volume

140661/2017-4), Paraiba State Research Foundation (FAPESQ) (Grant number
0012/2019 - FAPESQ/CNPq), Paraiba State Research Foundation grant 2021/3094, the
University of Seville through the VII Plan Propio de Investigacién by Proyect
2022/00000444, for the creation of the International Thematic Network on the use of
Clays as a Drug Support and Environmental Remediation and by Proyect Stay Program
for Researchers from Other National and Foreign Centers in US Departments and
Research Institutes-2023, for the mobility of MG. Fonseca in the US was granted to
M.M. Orta. We would thank to the Centro de Investigacion, Tecnologia e Innovacion de
la Universidad de Sevilla (CITIUS). We also thank to Dr Alessandra de C. Ramalho, Dr
Wilton José da Rocha Lima, and Dr Michele Rocha (IQ-USP) for kindly help in TG and

CHN elemental analysis and Luis Humberto Oliveira (UFPI) for SEM measurements.

Author’s contributions All authors contributed to the conception and design of the
present study as follows: Denise Brito Franca: Methodology, Investigation,
Roles/Writing — original draft, Alice Priscila Nunes Silva: Methodology, Investigation,
Roles/Writing — original draft, Edson Cavalcanti da Silva Filho: Methodology,
Investigation, Writing- Reviewing and Editing, Josy Anteveli Osajima: Methodology,
Investigation, Santiago Medina-Carrasco: Methodology, Investigation, Writing-
Reviewing and Editing, Maria Del Mar Orta: Methodology, Investigation, Funding
acquisition, Writing-Reviewing, and Editing, Maguy Jaber: Methodology, Investigation,
Writing-Reviewing and  Editing; Maria Gardennia  Fonseca:  Supervision,
Conceptualization, Funding acquisition, Project administration, Roles / Writing -
Original draft; Writing- Reviewing and Editing. All authors read and approved the final

manuscript.

38



REFERENCES

1)

(@)

(3)

(4)

Lin, J. Y.; Zhang, Y.; Bian, Y.; Zhang, Y. X.; Du, R. Z,; Li, M.; Tan, Y.; Feng,
X. S. Non-Steroidal Anti-Inflammatory Drugs (NSAIDSs) in the Environment:

Recent Updates on the Occurrence, Fate, Hazards and Removal Technologies.
Sci. Total Environ. 2023, 904, 166897, DOI:

10.1016/J.SCITOTENV.2023.166897

Khumalo, S. M.; Makhathini, T. P.; Bwapwa, J. K.; Bakare, B. F.; Rathilal, S.
The Occurrence and Fate of Antibiotics and Nonsteroidal Anti-Inflammatory
Drugs in Water Treatment Processes: A Review. J. Hazard. Mater. Adv. 2023,

10, 100330, DOI: 10.1016/J.HAZADV.2023.100330

Hawash, H. B.; Moneer, A. A.; Galhoum, A. A.; Elgarahy, A. M.; Mohamed, W.
A. A.; Samy, M.; El-Seedi, H. R.; Gaballah, M. S.; Mubarak, M. F.; Attia, N. F.
Occurrence and Spatial Distribution of Pharmaceuticals and Personal Care
Products (PPCPs) in the Aguatic Environment, Their Characteristics, and
Adopted Legislations. J. Water Process Eng. 2023, 52, 103490, DOI:

10.1016/J.JWPE.2023.103490

Sanusi, I. O.; Olutona, G. O.; Wawata, I. G.; Onohuean, H. Occurrence,
Environmental Impact and Fate of Pharmaceuticals in Groundwater and Surface

Water: A Critical Review. Environ. Sci. Pollut. Res. 2023, 30, 90595-90614,

39



()

(6)

()

(8)

(9)

DOI: 10.1007/s11356-023-28802-4

Lentz, M. P.; Graham, D. J.; van Vliet, M. T. H. Drought Impact on
Pharmaceuticals in Surface Waters in Europe: Case Study for the Rhine and Elbe
Basins. Sci. Total Environ. 2024, 922, 171186, DOI:

10.1016/J.SCITOTENV.2024.171186

do Nascimento, R. F.; de Carvalho Filho, J. A. A.; Napoledo, D. C.; Ribeiro, B.
G.; da Silva Pereira Cabral, J. J.; de Paiva, A. L. R. Presence of Non-Steroidal
Anti-Inflammatories in Brazilian Semiarid Waters. Water, Air, Soil Pollut. 2023,

234, 225, DOI: 10.1007/s11270-023-06239-2

Mufoz-Pefiuela, M.; Moreira, R. G.; Gomes, A. D. O.; Tolussi, C. E.; Branco, G.
S.; Pinheiro, J. P. S.; Zampieri, R. A.; Lo Nostro, F. L. Neurotoxic,
Biotransformation, Oxidative Stress and Genotoxic Effects in Astyanax
Altiparanae (Teleostei, Characiformes) Males Exposed to Environmentally
Relevant Concentrations of Diclofenac and/or Caffeine. Environ. Toxicol.

Pharmacol. 2022, 91, 103821, DOI: 10.1016/J.ETAP.2022.103821

Duarte, J. A. P.; Ribeiro, A. K. N.; de Carvalho, P.; Bortolini, J. C.; Ostroski, I.
C. Emerging Contaminants in the Aquatic Environment: Phytoplankton Structure
in the Presence of Sulfamethoxazole and Diclofenac. Environ. Sci. Pollut. Res.

2023, 30, 46604—46617, DOI: 10.1007/s11356-023-25589-2

Ellepola, N.; Viera, T.; Patidar, P. L.; Rubasinghege, G. Fate, Transformation and
Toxicological Implications of Environmental Diclofenac: Role of Mineralogy
and Solar Flux. Ecotoxicol. Environ. Saf. 2022, 246, 114138, DOI:

10.1016/j.ecoenv.2022.114138

40



(10) Swiacka, K.; Maculewicz, J.; Swiezak, J.; Caban, M.; Smolarz, K. A Multi-
Biomarker Approach to Assess Toxicity of Diclofenac and 4-OH Diclofenac in
Mytilus Trossulus Mussels - First Evidence of Diclofenac Metabolite Impact on
Molluscs. Environ. Pollut. (Oxford, U. K.) 2022, 315, 120384, DOI:

10.1016/J.ENVPOL.2022.120384

(11) Franca, D. B.; Oliveira, L. S.; Filho, F. G. N.; Filho, E. C. S.; Osajima, J. A.;
Jaber, M.; Fonseca, M. G. The Versatility of Montmorillonite in Water
Remediation Using Adsorption: Current Studies and Challenges in Drug
Removal. J. Environ. Chem. Eng. 2022, 10, 107341, DOI:

10.1016/J.JECE.2022.107341

(12) Nunes Filho, F. G.; Silva Filho, E. C.; Osajima, J. A.; Alves, A. P. M.; Fonseca,
M. G. Adsorption of Tetracycline Using Chitosan—Alginate—Bentonite
Composites. Appl. Clay Sci. 2023, 239, 106952, DOI:

10.1016/j.clay.2023.106952

(13) Batista, L. F. A.; Gongalves, S. R. S.; Bressan, C. D.; Grassi, M. T.; Abate, G.
Evaluation of Organo-Vermiculites as Sorbent Phases for Solid-Phase Extraction
of Ibuprofen from Water. Anal. Methods 2024, 16, 1880-1886, DOI:

10.1039/D3AY02291A

(14) Hu, X.; Ma, Z. Reviving the Potential of Vermiculite-Based Adsorbents:
Exceptional Ibuprofen Removal on Novel Amide-Containing Gemini

Surfactants. ACS Omega 2024, 9, 4841-4848, DOI: 10.1021/acsomega.3c08363

(15) Yang, S.; Huang, Z.; Li, C.; Li, W.; Yang, L.; Wu, P. Individual and
Simultaneous Adsorption of Tetracycline and Cadmium by Dodecyl Dimethyl

Betaine Modified VVermiculite. Colloids Surf., A 2020, 602, 125171, DOI:
41



(16)

(17)

(18)

(19)

(20)

(21)

10.1016/j.colsurfa.2020.125171

Batista, L. F. A.; de Mira, P. S.; De Presbiteris, R. J. B.; Grassi, M. T.; Salata, R.
C.; Melo, V. F.; Abate, G. Vermiculite Modified with Alkylammonium Salts:
Characterization and Sorption of Ibuprofen and Paracetamol. Chem. Pap. 2021,

75 (8), 4199-4216, DOI: 10.1007/s11696-021-01643-6

Shen, T.; Han, T.; Zhao, Q.; Ding, F.; Mao, S.; Gao, M. Efficient Removal of
Mefenamic Acid and Ibuprofen on Organo-Vts with a Quinoline-Containing
Gemini Surfactant: Adsorption Studies and Model Calculations. Chemosphere

2022, 295, 133846, DOI: 10.1016/J.CHEMOSPHERE.2022.133846

Antonelli, R.; Pointer Malpass, G. R.; Teixeira, A. C. S. C. Adsorption and In-
Situ Electrochemical Regeneration in a Clay-Packed Continuous Reactor for the
Removal of the Antibiotic Sulfamethoxazole. Sep. Purif. Technol. 2024, 330,

125290, DOI: 10.1016/j.seppur.2023.125290

Chen, J.; Xu, B.; Lu, L.; Zhang, Q.; Lu, T.; Farooqg, U.; Chen, W.; Zhou, Q.; Qi,
Z. Insight into the Inhibitory Roles of lonic Liquids in the Adsorption of
Levofloxacin onto Clay Minerals. Colloids Surf., A 2023, 666, 131303, DOI:

10.1016/J.COLSURFA.2023.131303

Theng, B. K. G. Clays and Clay Minerals. In The Chemistry of Clay-Organic
Reactions; Theng, B. K. G., Ed.; CRC Press: Boca Raton, 2024; pp 1-51, DOI:

10.1201/9781003080244-1

Alsaman, A. S.; Maher, H.; Ghazy, M.; Ali, E. S.; Askalany, A. A.; Baran Saha,
B. 2D Materials for Adsorption Desalination Applications: A State of the Art.

Therm. Sci. Eng. Prog. 2024, 49, 102455, DOI: 10.1016/J. TSEP.2024.102455

42



(22)

(23)

(24)

(25)

(26)

(27)

Safarpour, M.; Hosseinpour, O.; Reza Fareghi, A.; Amani-Ghadim, A. Effect of
Chemically Activated Natural Vermiculite Nanosheets on the Performance of
Mixed Matrix Polyethersulfone Membranes. J. Ind. Eng. Chem. 2023, 123, 500

508, DOI: 10.1016/j.jiec.2023.04.004

Wang, Z.; Liu, T.; Yang, G.; Zhao, S. Preparation and Research on Cationic
Modified Vermiculite with Strong Adsorption Capacity for Mineralizing
Bacteria. Mater. Lett. 2024, 363, 136313, DOI:

10.1016/J.MATLET.2024.136313

Franca, D. B.; Trigueiro, P.; Silva Filho, E. C.; Fonseca, M. G.; Jaber, M.
Monitoring Diclofenac Adsorption by Organophilic Alkylpyridinium Bentonites.

Chemosphere 2020, 242, 125109, DOI: 10.1016/j.chemosphere.2019.125109

Ghemit, R.; Makhloufi, A.; Djebri, N.; Flilissa, A.; Zerroual, L.; Boutahala, M.
Adsorptive Removal of Diclofenac and Ibuprofen from Aqueous Solution by
Organobentonites: Study in Single and Binary Systems. Groundw. Sustain. Dev.

2019, 8, 520-529, DOI: https://doi.org/10.1016/j.9sd.2019.02.004

Martinez-Costa, J. I.; Leyva-Ramos, R.; Padilla-Ortega, E. Sorption of
Diclofenac from Aqueous Solution on an Organobentonite and Adsorption of
Cadmium on Organobentonite Saturated with Diclofenac. Clays Clay Miner.

2018, 66, 515-528, DOI: 10.1346/ccmn.2018.064119

Obradovi¢, M.; Dakovié, A.; Smiljanié, D.; Ozegovi¢, M.; Markovi¢, M.;
Rottinghaus, G. E.; Krsti¢, J. Ibuprofen and Diclofenac Sodium Adsorption onto
Functionalized Minerals: Equilibrium, Kinetic and Thermodynamic Studies.
Microporous Mesoporous Mater. 2022, 335, 111795, DOI:

10.1016/J.MICROMESO.2022.111795
43



(28)

(29)

(30)

(31)

(32)

(33)

Oliveira, T.; Guégan, R.; Thiebault, T.; Milbeau, C. Le; Muller, F.; Teixeira, V.;
Giovanela, M.; Boussafir, M. Adsorption of Diclofenac onto Organoclays:
Effects of Surfactant and Environmental (pH and Temperature) Conditions. J.

Hazard. Mater. 2017, 323, 558-566, DOI: 10.1016/j.jhazmat.2016.05.001

Oliveira, T.; Guégan, R. Coupled Organoclay/Micelle Action for the Adsorption
of Diclofenac. Environ. Sci. Technol. 2016, 50, 10209-10215, DOI:

10.1021/acs.est.6b03393

Chu, Y.; Dai, Y.; Xia, M.; Xing, X.; Wang, F.; Li, Y.; Gao, H. The Enhanced
Adsorption of Diclofenac Sodium (DCF) and Ibuprofen (IBU) on Modified
Montmorillonite with Benzyldimethylhexadecylammonium Chloride (HDBAC).

Colloids Surf., A 2024, 681, 132764, DOI: 10.1016/J.COLSURFA.2023.132764

Sun, K.; Shi, Y.; Chen, H.; Wang, X.; Li, Z. Extending Surfactant-Modified 2:1
Clay Minerals for the Uptake and Removal of Diclofenac from Water. J. Hazard.

Mater. 2017, 323, 567-574, DOI: 10.1016/j.jhazmat.2016.05.038

Sharafee Shamsudin, M.; Taufik Mohd Din, A.; Sellaoui, L.; Badawi, M.;
Bonilla-Petriciolet, A.; Ismail, S. Characterization, Evaluation, and Mechanism
Analysis of the Functionalization of Kaolin with a Surfactant for the Removal of
Diclofenac from Aqueous Solution. Chem. Eng. J. 2023, 465, 142833, DOI:

10.1016/J.CEJ.2023.142833

Salaa, F.; Bendenia, S.; Lecomte-Nana, G. L.; Khelifa, A. Enhanced Removal of
Diclofenac by an Organohalloysite Intercalated via a Novel Route: Performance
and Mechanism. Chem. Eng. J. 2020, 396, 125226, DOI:

10.1016/J.CEJ.2020.125226

44



(34)

(35)

(36)

(37)

(38)

(39)

Gomez-Avilés, A.; Sellaoui, L.; Badawi, M.; Bonilla-Petriciolet, A.; Bedia, J.;
Belver, C. Simultaneous Adsorption of Acetaminophen, Diclofenac and
Tetracycline by Organo-Sepiolite: Experiments and Statistical Physics
Modelling. Chem. Eng. J. (Amsterdam, Neth.) 2021, 404, 126601, DOI:

10.1016/J.CEJ.2020.126601

Pereira, M. B. B.; Franca, D. B.; Araljo, R. C.; Silva Filho, E. C.; Rigaud, B.;
Fonseca, M. G.; Jaber, M. Amino Hydroxyapatite/Chitosan Hybrids Reticulated
with Glutaraldehyde at Different pH Values and Their Use for Diclofenac
Removal. Carbohydr. Polym. 2020, 236, 116036, DOI:

10.1016/j.carbpol.2020.116036

de Azevedo, C. F.; Machado, F. M.; de Souza, N. F.; Silveira, L. L.; Lima, E. C,;
Andreazza, R.; Bergamnn, C. P. Comprehensive Adsorption and Spectroscopic
Studies on the Interaction of Carbon Nanotubes with Diclofenac Anti-
Inflammatory. Chem. Eng. J. (Amsterdam, Neth.) 2023, 454, 140102, DOI:

10.1016/j.cej.2022.140102

Richard, A.; Camara, F. A.; Ramézani, H.; Mathieu, N.; Delpeux, S.; Bhatia, S.
K. Structure of Diclofenac in an Aqueous Medium and Its Adsorption onto
Carbons: Molecular Insights through Simulation. Colloids Surf., A 2024, 686,

133373, DOI: 10.1016/j.colsurfa.2024.133373

Khaksarfard, Y.; Bagheri, A.; Rafati, A. A. Synergistic Effects of Binary
Surfactant Mixtures in the Adsorption of Diclofenac Sodium Drug from Aqueous
Solution by Modified Zeolite. J. Colloid Interface Sci. 2023, 644, 186-199, DOI:

10.1016/j.jcis.2023.04.044

Xu, H.; Zhu, S.; Xia, M.; Wang, F. Rapid and Efficient Removal of Diclofenac
45



Sodium from Aqueous Solution via Ternary Core-Shell CS@PANI@LDH
Composite: Experimental and Adsorption Mechanism Study. J. Hazard. Mater.

2021, 402, 123815, DOI: 10.1016/J.JHAZMAT.2020.123815

(40) Provinciali, G.; Capodilupo, A. L.; Mauri, A.; Galli, S.; Dona, L.; Civalleri, B.;
Tucl, G.; Giambastiani, G.; Piccirillo, C.; Rossin, A. Thiazole-Decorated PCN-
700 Metal-Organic Frameworks for Diclofenac Luminescence Sensing and
Adsorption in Wastewater. ACS ES&T Water 2024, 4, 2339-2351, DOI:

10.1021/acsestwater.3c00303

(41) Obeso, J. L.; Viltres, H.; Flores, C. V.; Lopez-Olvera, A.; Rajabzadeh, A. R.;
Srinivasan, S.; Ibarra, 1. A.; Leyva, C. Al(l1l)-Based MOFs Adsorbent for
Pollution Remediation: Insights into Selective Adsorption of Sodium Diclofenac.

J. Environ. Chem. Eng. 2023, 11, 109872, DOI: 10.1016/j.jece.2023.109872

(42) Thanhmingliana, D. T. Efficient Use of Hybrid Materials in the Remediation of
Aguatic Environment Contaminated with Micro-Pollutant Diclofenac Sodium.
Chem. Eng. J. (Amsterdam, Neth.) 2015, 263, 364-373, DOI:

10.1016/j.cej.2014.10.102

(43) Sun, K.; Shi, Y.; Wang, X.; Rasmussen, J.; Li, Z.; Zhu, J. Organokaolin for the
Uptake of Pharmaceuticals Diclofenac and Chloramphenicol from Water. Chem.
Eng. J. (Amsterdam, Neth.) 2017, 330, 1128-1136, DOI:

10.1016/j.cej.2017.08.057

(44) Biswas, B.; Warr, L. N.; Hilder, E. F.; Goswami, N.; Rahman, M. M.;
Churchman, J. G.; Vasilev, K.; Pan, G.; Naidu, R. Biocompatible
Functionalisation of Nanoclays for Improved Environmental Remediation. Chem.

Soc. Rev. 2019, 48, 3740-3770, DOI: 10.1039/C8CS01019F
46



(45)

(46)

(47)

(48)

(49)

(50)

Plachd, D.; Martynkovd, G. S.; Bachmatiuk, A.; Peikertova, P.; Seidlerov4, J.;
Rimmeli, M. H. The Influence of pH on Organovermiculite Structure Stability.

Appl. Clay Sci. 2014, 93-94, 17-22, DOI: 10.1016/j.clay.2014.03.008

Plachg, D.; Martynkova, G. S.; Rummeli, M. H.; Martynkova, G. S.; Rimmeli,
M. H. Preparation of Organovermiculites Using HDTMA: Structure and Sorptive
Properties Using Naphthalene. J. Colloid Interface Sci. 2008, 327, 341-347,

DOI: 10.1016/J.JCIS.2008.08.026

Queiroga, L. N. F.; Franca, D. B.; Rodrigues, F.; Santos, I. M. G.; Fonseca, M.
G.; Jaber, M. Functionalized Bentonites for Dye Adsorption: Depollution and
Production of New Pigments. J. Environ. Chem. Eng. 2019, 7, 103333, DOI:

10.1016/j.jece.2019.103333

Queiroga, L. N. F.; Pereira, M. B. B.; Silva, L. S.; Silva Filho, E. C.; Santos, I.
M. G.; Fonseca, M. G.; Georgelin, T.; Jaber, M. Microwave Bentonite Silylation
for Dye Removal: Influence of the Solvent. Appl. Clay Sci. 2019, 168, 478-487,

DOI: 10.1016/j.clay.2018.11.027

Silva, F. M. N.; Barros, T. R. B.; Barbosa, T. L. A. T.S. B.; Lima, E. G.;
Barbosa, T. L. A. T. S. B.; Rodrigues, M. G. F. Expansibility of Vermiculite
(Santa Luzia, Brazil) Irradiated with Microwave. Ceramica 2021, 67, 230-235,

DOI: 10.1590/0366-69132021673823110

Chaves, M. de J. S.; Barbosa, S. C.; Mallinowski, M. de M.; Volpato, D.; Castro,
I. B.; Franco, T. C. R. dos S.; Primel, E. G. Pharmaceuticals and Personal Care
Products in a Brazilian Wetland of International Importance: Occurrence and
Environmental Risk Assessment. Sci. Total Environ. 2020, 734, 139374, DOI:

10.1016/j.scitotenv.2020.139374
47



(51) Veras, T. B.; Paiva, A. L. R.; Duarte, M. M. M. B.; Napoledo, D. C.; Cabral, J. J.
da S. P. Analysis of the Presence of Anti-Inflammatories Drugs in Surface Water:
A Case Study in Beberibe River - PE, Brazil. Chemosphere 2019, 222, 961-969,

DOI: 10.1016/j.chemosphere.2019.01.167

(52) Dai, T.; Feng, J.; Hwang, J. Y.; Bao, Y.; Gao, C.; Wang, Z.; Mo, W.; Su, X.; Lin,
H. High-Efficiency Removal of Cs (I) by Vermiculite/Zinc Hexacyanoferrate (1)
Composite from Aqueous Solutions. J. Environ. Chem. Eng. 2023, 11, 109575,

DOI: 10.1016/J.JECE.2023.109575

(53) Yang, Y.; Zhong, Z.; Jin, B.; Zhang, B.; Du, H.; Li, Q.; Zheng, X.; Qi, R.; Ren,
P. Stabilization of Heavy Metals in Solid Waste and Sludge Pyrolysis by
Intercalation-Exfoliation Modified Vermiculite. J. Environ. Manage. 2024, 356,

120747, DOI: 10.1016/J.JENVMAN.2024.120747

(54) Zhang, Y.; Sun, H.; Peng, T.; Luo, L.; Zeng, L. Differential Dissolution of
Interlayer, Octahedral and Tetrahedral Cations of Vermiculite in Oxalic Acid.

Clay Miner. 2023, 58 (3), 301-309, DOI: 10.1180/CLM.2023.27

(55) Wang, S.; Sun, H.; Liu, H.; Xi, D.; Long, J.; Zhang, L.; Zhao, J.; Song, Y.; Shi,
C.; Ling, Z. Novel Vermiculite/Tannic Acid Composite Aerogels with
Outstanding CO, Storage via Enhanced Gas Hydrate Formation. Energy 2024,

289, 130033, DOI: 10.1016/J.ENERGY.2023.130033

(56) Sakharov, B. A.; Lanson, B. X-Ray Identification of Mixed-Layer Structures:
Modelling of Diffraction Effects. In Handbook of Clay Science; Bergaya, F.,
Lagaly, G., Eds.; Elsevier: Amsterdam 2013; pp 51-135, DOI: 10.1016/B978-0-

08-098259-5.00005-6

48



(57)

(58)

(59)

(60)

(61)

(62)

(63)

Valaskova, M.; Madejova, J.; Inayat, A.; Mat¢jova, L.; Ritz, M.; Martaus, A.;
Lestinsky, P. Vermiculites from Brazil and Palabora: Structural Changes upon
Heat Treatment and Influence on the Depolymerization of Polystyrene. Appl.

Clay Sci. 2020, 192, 105639, DOI: 10.1016/j.clay.2020.105639

Moraes, D. S.; Rodrigues, E. M. S.; Lamar&o, C. N.; Marques, G. T.; Rente, A. F.
S. New Sodium Activated Vermiculite Process. Testing on Cu** Removal from
Tailing Dam Waters. J. Hazard. Mater. 2019, 366, 34-38, DOI:

10.1016/J.JHAZMAT.2018.11.086

Coleman, N. T.; Leroux, F. H.; Cady, J. G. Biotite - Hydrobiotite - Vermiculite in

Soils. Nature 1963, 198, 409-410, DOI: 10.1038/198409c0

Zhu, R.; Zhu, L.; Zhu, J.; Xu, L. Structure of Cetyltrimethylammonium
Intercalated Hydrobiotite. Appl. Clay Sci. 2008, 42 (1-2), 224-231, DOI:

10.1016/j.clay.2007.12.004

Wu, N.; Wu, L.; Liao, L.; Lv, G. Organic Intercalation of Structure Modified
Vermiculite. J. Colloid Interface Sci. 2015, 457, 264-271, DOI:

10.1016/j.jcis.2015.07.031

Hu, Z.; He, G.; Liu, Y.; Dong, C.; Wu, X.; Zhao, W. Effects of Surfactant
Concentration on Alkyl Chain Arrangements in Dry and Swollen Organic
Montmorillonite. Appl. Clay Sci. 2013, 75-76, 134-140, DOI:

10.1016/j.clay.2013.03.004

Su, X.; Ma, L.; Weli, J.; Zhu, R. Structure and Thermal Stability of Organo-
Vermiculite. Appl. Clay Sci. 2016, 132-133, 261-266, DOI:

10.1016/j.clay.2016.06.011

49



(64)

(65)

(66)

(67)

(68)

(69)

Pérez-Maqueda, L. A.; Balek, V.; Poyato, J.; Pérez-Rodriquez, J. L.; Subrt, J.;
Bountsewa, I. M.; Beckman, I. N.; Malek, Z. Study of Natural and lon
Exchanged Vermiculite by Emanation Thermal Analysis, TG, DTA and XRD. J.

Therm. Anal. Calorim. 2003, 71, 715726, DOI: 10.1023/A:1023353521235

Kikuchi, R.; Kogure, T. Structural and Compositional Variances in
“hydrobiotite” Sample from Palabora, South Africa. Clay Sci. 2018, 22, 29-37,

DOI: 10.11362/jcssjclayscience.22.2

Liu, S.; Wu, P.; Chen, M.; Yu, L.; Kang, C.; Zhu, N.; Dang, Z. Amphoteric
Modified Vermiculites as Adsorbents for Enhancing Removal of Organic
Pollutants: Bisphenol A and Tetrabromobisphenol A. Environ. Pollut. (Oxford,

U. K.). 2017, 228, 277-286, DOI: 10.1016/J.ENVPOL.2017.03.082

Zang, W.; Gao, M.; Shen, T.; Ding, F.; Wang, J. Facile Modification of
Homoionic-Vermiculites by a Gemini Surfactant: Comparative Adsorption
Exemplified by Methyl Orange. Colloids Surf., A 2017, 533, 99-108, DOI:

10.1016/j.colsurfa.2017.08.005

Madejova, J.; Barlog, M.; Jankovic, L.; Slany, M.; Palkova, H. Comparative
Study of Alkylammonium- and Alkylphosphonium-Based Analogues of Organo-
Montmorillonites. Appl. Clay Sci. 2021, 200, 105894, DOI:

10.1016/J.CLAY.2020.105894

Santos, S. S. G.; Silva, H. R. M.; Souza, A. G.; Alves, A. P. M.; Silva Filho, E.
C.; Fonseca, M. G. Acid-Leached Mixed Vermiculites Obtained by Treatment
with Nitric Acid. Appl. Clay Sci. 2015, 104, 286-294, DOI:

10.1016/J.CLAY.2014.12.008

50



(70) Ma, L.; Su, X.; Xi, Y.; Wel, J.; Liang, X.; Zhu, J.; He, H. The Structural Change
of Vermiculite during Dehydration Processes: A Real-Time in-Situ XRD

Method. Appl. Clay Sci. 2019, 183, 105332, DOI: 10.1016/j.clay.2019.105332

(71) Sun, Z.; Park, Y.; Zheng, S.; Ayoko, G. A.; Frost, R. L. XRD, TEM, and Thermal
Analysis of Arizona Ca-Montmorillonites Modified with
Didodecyldimethylammonium Bromide. J. Colloid Interface Sci. 2013, 408, 75—

81, DOI: 10.1016/j.jcis.2013.07.007

(72) Thommes, M.; Kaneko, K.; Neimark, A. V.; Olivier, J. P.; Rodriguez-Reinoso, F.;
Rouquerol, J.; Sing, K. S. W. Physisorption of Gases, with Special Reference to
the Evaluation of Surface Area and Pore Size Distribution (IUPAC Technical

Report). Pure Appl. Chem. 2015, 87, 1051-1069, DOI: 10.1515/pac-2014-1117

(73) Wegrzyn, A.; Stawinski, W.; Freitas, O.; Komgdera, K.; Btachowski, A.;
Jeczmionek, L..; Danko, T.; Mordarski, G.; Figueiredo, S. Study of Adsorptive
Materials Obtained by Wet Fine Milling and Acid Activation of Vermiculite.

Appl. Clay Sci. 2018, 155, 3749, DOI: 10.1016/J.CLAY.2018.01.002

(74) Abate, G.; Masini, J. C. Sorption of Atrazine, Propazine, Deethylatrazine,
Deisopropylatrazine and Hydroxyatrazine onto Organovermiculite. J. Braz.

Chem. Soc. 2005, 16, 936-943. DOI: 10.1590/S0103-50532005000600008

(75) Liu, S.; Wu, P.; Yu, L.; Li, L.; Gong, B.; Zhu, N.; Dang, Z.; Yang, C. Preparation
and Characterization of Organo-Vermiculite Based on Phosphatidylcholine and
Adsorption of Two Typical Antibiotics. Appl. Clay Sci. 2017, 137, 160-167,

DOI: 10.1016/j.clay.2016.12.002

(76) Yu, M.; Gao, M.; Shen, T.; Wang, J. Organo-Vermiculites Modified by Low-

51



(77)

(78)

(79)

(80)

(81)

(82)

Dosage Gemini Surfactants with Different Spacers for Adsorption toward p-
Nitrophenol. Colloids Surf., A 2018, 553, 601-611, DOI:

10.1016/j.colsurfa.2018.05.095

Lagaly, G.; Dékany, I. Colloid Clay Science. In Handbook of clay science;
Bergaya, F., Lagaly, G., Eds.; Elsevier: Amsterdam 2013; pp 243-345, DOI:

10.1016/B978-0-08-098258-8.00010-9

Tournassat, C.; Greneche, J.-M.; Tisserand, D.; Charlet, L. The Titration of Clay

Minerals I. Discontinuous Backtitration Technique Combined with CEC
Measurements. J. Colloid Interface Sci. 2004, 273, 224-233, DOI:

10.1016/j.jcis.2003.11.021

Tournassat, C.; Ferrage, E.; Poinsignon, C.; Charlet, L. The Titration of Clay
Minerals I1. Structure-Based Model and Implications for Clay Reactivity. J.

Colloid Interface Sci. 2004, 273, 234-246, DOI: 10.1016/j.jcis.2003.11.022

Isci, S. Intercalation of Vermiculite in Presence of Surfactants. Appl. Clay Sci.

2017, 146, 7-13, DOI: 10.1016/j.clay.2017.05.030

Isci, S.; Isci, Y. Characterization and Comparison of Thermal & Mechanical
Properties of Vermiculite Polyvinylbutyral Nanocomposites Synthesized by
Solution Casting Method. Appl. Clay Sci. 2018, 151, 189-193, DOI:

10.1016/J.CLAY.2017.10.009

Silva, J. C. S.; Franca, D. B.; Rodrigues, F.; Oliveira, D. M.; Trigueiro, P.; Silva

Filho, E. C.; Fonseca, M. G. What Happens When Chitosan Meets Bentonite

under Microwave-Assisted Conditions? Clay-Based Hybrid Nanocomposites for

Dye Adsorption. Colloids Surf., A 2021, 609, 125584, DOI:

52



(83)

(84)

(85)

(86)

(87)

(88)

10.1016/j.colsurfa.2020.125584

Brito, D. F.; Silva Filho, E. C.; Fonseca, M. G.; Jaber, M. Organophilic
Bentonites Obtained by Microwave Heating as Adsorbents for Anionic Dyes. J.

Environ. Chem. Eng. 2018, 6 (6), 7080-7090, DOI: 10.1016/j.jece.2018.11.006

Maia, G. S.; Andrade, J. R.; Silva, M. G. C.; Vieira, M. G. A. Adsorption of
Diclofenac Sodium onto Commercial Organoclay: Kinetic, Equilibrium and
Thermodynamic Study. Powder Technol. 2019, 345, 140-150, DOI:

10.1016/j.powtec.2018.12.097

Revellame, E. D.; Fortela, D. L.; Sharp, W.; Hernandez, R.; Zappi, M. E.
Adsorption Kinetic Modeling Using Pseudo-First Order and Pseudo-Second
Order Rate Laws: A Review. Clean. Eng. Technol. 2020, 1, 100032, DOI:

10.1016/j.clet.2020.100032

Tran, H. N.; You, S.-J.; Hosseini-Bandegharaei, A.; Chao, H.-P. Mistakes and
Inconsistencies Regarding Adsorption of Contaminants from Aqueous Solutions:
A Critical Review. Water Res. 2017, 120, 88-116, DOI:

10.1016/j.watres.2017.04.014

Heinz, H.; Vaia, R. A.; Krishnamoorti, R.; Farmer, B. L. Self-Assembly of
Alkylammonium Chains on Montmorillonite: Effect of Chain Length, Head
Group Structure, and Cation Exchange Capacity. Chem. Mater. 2007, 19, 59-68,

DOI: 10.1021/cm062019s

He, H.; Ma, Y.; Zhu, J.; Yuan, P.; Qing, Y. Organoclays Prepared from
Montmorillonites with Different Cation Exchange Capacity and Surfactant

Configuration. Appl. Clay Sci. 2010, 48 (1-2), 67-72, DOI:

53



(89)

(90)

(91)

(92)

(93)

(94)

10.1016/j.clay.2009.11.024

He, H.; Ma, L.; Zhu, J.; Frost, R. L.; Theng, B. K. G.; Bergaya, F. Synthesis of
Organoclays: A Critical Review and Some Unresolved Issues. Appl. Clay Sci.

2014, 100, 22-28, DOI: 10.1016/j.clay.2014.02.008

Banjare, M. K.; Kurrey, R.; Yadav, T.; Sinha, S.; Satnami, M. L.; Ghosh, K. K. A
Comparative Study on the Effect of Imidazolium-Based lonic Liquid on Self-
Aggregation of Cationic, Anionic and Nonionic Surfactants Studied by Surface
Tension, Conductivity, Fluorescence and FTIR Spectroscopy. J. Mol. Lig. 2017,

241, 622-632, DOI: 10.1016/J.MOLLIQ.2017.06.009

Rub, M. A.; Khan, F.; Asiri, A. M. The Influence of Various Solvents on the
Interaction between Gemini Surfactant (Ester-Bonded) and Imipramine
Hydrochloride: An Aggregational, Interfacial, and Thermodynamic Study. J.

Mol. Lig. 2021, 334, 116524, DOI: 10.1016/J.MOLLIQ.2021.116524

Momina; Shahadat, M.; Isamil, S. Regeneration Performance of Clay-Based
Adsorbents for the Removal of Industrial Dyes: A Review. RSC Adv. 2018, 8,

24571-24587, DOI: 10.1039/c8ra04290j

Slade, P. G.; Gates, W. P. The Ordering of HDTMA in the Interlayers of
Vermiculite and the Influence of Solvents. Clays Clay Miner. 2004, 52, 204-210,

DOI: 10.1346/CCMN.2004.0520206

Santos, S. S. G.; Pereira, M. B. B.; Almeida, R. K. S.; Souza, A. G.; Fonseca, M.
G.; Jaber, M. Silylation of Leached-Vermiculites Following Reaction with
Imidazole and Copper Sorption Behavior. J. Hazard. Mater. 2016, 306, 406418,

DOI: 10.1016/j.jhazmat.2015.11.042

54



(95)

(96)

(97)

(98)

(99)

Dohrmann, R. Cation Exchange Capacity Methodology I: An Efficient Model for
the Detection of Incorrect Cation Exchange Capacity and Exchangeable Cation

Results. Appl. Clay Sci. 2006, 34, 31-37, DOI: 10.1016/j.clay.2005.12.006

Ammann, L.; Bergaya, F.; Lagaly, G. Determination of the Cation Exchange
Capacity of Clays with Copper Complexes Revisited. Clay Miner. 2005, 40, 441—

453, DOI: 10.1180/0009855054040182

Langmuir, I. The Adsorption of Gases on Plane Surfaces of Glass Mica and

Platinum. J. Am. Chem. Soc. 1918, 40, 1361-1403, DOI: 10.1021/ja02242a004

Freundlich, H. M. F. Over the Adsorption in Solution. J. Phys. Chem. 1906, 57,

385471, DOI: 10.1515/zpch-1907-5723

Temkin, M. J.; Pyzhev, V. Recent Modifications to Langmuir Isotherms. Acta

Physicochim. USSR 1940, 12, 217-222.

(100) Lima, E. C.; Adebayo, M. A. A.; Machado, F. M. M. Kinetic and Equilibrium

Models Ofadsorption. In Carbon nanomaterials as adsorbents for environmental
and biological applications; Bergmann, C. P., Machado, F. M., Eds.; Carbon
Nanostructures; Springer, Cham: Heidelberg New York Dordrecht London, 2015;

pp 33-69, DOI: 10.1007/978-3-319-18875-1

55



Abstract (TOC) graphic

lic layered silicate

organophil

Organophillic layered silicate/diclofenac

ds

hybr

Diclofenac sodium

56



