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ABSTRACT

The difference in the basal spacing (8.79A) and a higher mass loss (6.2%) in the temperature range of
200-750°C of naproxen-bentonite (N-bentonite) comparing to that of Unye bentonite (UB) signified the
existence of thermally stable organic species in the interlamellar space of the bentonite clay. The asym-
metric OCO- stretching band (1607 cm~') of N-bentonite became stronger in the temperature interval
of 100-400°C as a result of binding via the C=0 group of the ligand to exchangeable cation and/or
water molecule whereas the OH bending peak of water (1633 cm~') and the C=C stretching vibration of
aromatic ring (1531 cm~!) became weaker on thermal treatment. The effect of ionic strength on the des-
orption of naproxen species and the related kinetic data revealed that the release mechanism at pH=7.4
is unrestricted diffusion controlled and governed by the repulsive interactions between the bentonite
surface and the negatively charged species. The pore structure characteristics of the bentonite samples
corresponding to the surface area, pore volume and pore size were determined by using the conventional
analysis of the nitrogen adsorption-desorption isotherms.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Natural clay minerals and modified clays such as organo-clays
prepared by acid activation, ion-exchange, and pillaring are widely
used as excipients and active agents in drugs [1,2]. Therefore, the
surface properties of these materials referring to their roles in
adsorption (desiccation or removal of water from the gas phase),
purification of gas or liquid streams and bulk separation of a wide
range of organic chemicals and catalytic processes (as catalysts of
alkylation, dimerisation and cracking reactions for hydrocarbons)
has been of interest [3,4]. The elucidation of the structural (spe-
cific surface area, sorption capacity, rheological properties) and
compositional (chemical inertness and low or null toxicity for the
patient) features of clays and clay minerals for medicinal purposes
provided significant advantages in practical applications [5-7]. A
comprehensive review of the utility of these materials in phar-
maceutical formulations (gastrointestinal protectors, osmotic oral
laxatives, antidiarrhoeaics, dermatological protectors and cosmet-
ics), spas (geotherapy, pelotherapy and paramuds) and aesthetic
medicine (to clean and moisturise the skin and to combat compact
lipodystrophies, acne and cellulite) has been given by Carretero [8].
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The beneficial effects of a drug for human health are closely
related to targeting selected body parts at a desired concentration
level of drug for prolonged period of time. This concentration level
for therapeutic applications can be achieved without reaching a
higher toxic level or dropping below the minimum effective level
[9]. Natural clays and clay minerals may play a crucial role in mod-
ulating controlled delivery systems and, they can release the active
substance at the desired biological site of the body in controlled
manners [10,11]. This mechanism covers the penetration of drug
into the interlayer space of the lamellar host and the release of it via
diffusion and de-intercalation process [12]. Clay-drug interactions
include the binding mechanisms of ionic, ion-dipole, hydrogen
bonding, and van der Waals and, in some cases, covalent bond-
ing is encountered depending on the molecular size, the type of
the functional groups and physical-chemical properties of organic
compounds inserted into the interlayer space of the clay as cationic
or neutral species as well as the clay type [10,13]. The drug-clay
complexes can be examined based upon the changes in the basal
spacing, thermal stability, specific surface area and the pore size
distribution [14,15]. Therefore, X-ray diffraction, thermal, Fourier
Transform Infrared, and surface area analysis techniques which
give invaluable information about the type of clay-organic inter-
actions are of prime importance in characterizing the structures of
these materials.

Bentonite clay, mainly composed of montmorillonite, consists
of sheets of alumina octahedra and silica tetrahedra shared in a
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2:1 ratio. The isomorphous replacement of a trivalent aluminium
ion for a tetravalent silicon ion in the tetrahedral layer and a diva-
lent magnesium or iron ion for a trivalent aluminium ion in the
octahedral layer results in an excess charge which is balanced by
the exchangeable cations such as Na*, K*, H*, Ca?*, etc., on the
layer surfaces. The parallel layers in these structures which are held
together by rather weak forces of van der Waals and electrostatic
interactions are expandable by anchoring organic species and water
molecules into the gallery spacing of clay [16,17]. Bentonite clay,
having the releasing ability of these species in controlled sense, is
suggested to be a good delivery carrier of various drugs because as
the excipient, it plays an important role in dispersing active princi-
ples due to its ability to increase in volume in the presence of water,
in buffering abrupt change of acidity, and in stabilizing emulsion,
polar gel and suspension because of its colloidal characteristic to
avoid the segregation of the pharmaceutical formulation’s compo-
nents [18-20].

Naproxen, systematic (IUPAC) name (+)-(S)-2-(6-methoxy-
naphthalene-2-yl) propanoic, is a non-steroidal anti-inflammatory
drug commonly used for the reduction of moderate to severe
pain, fever, inflammation and stiffness caused by conditions such
as osteoarthritis, rheumatoid arthritis, psoriatic arthritis, gout,
ankylosing spondylitis, menstrual cramps, tendonitis, bursitis, and
the treatment of primary dysmenorrhea [21]. However, naproxen
preparations containing sodium are not recommended for use
in patients with sodium-sensitive hypertension, due to potential
adverse effects on blood pressure.

In the present work, the thermal stability and structural prop-
erties of naproxen-bentonite (N-bentonite) composite prepared
by treatment of naproxen with Unye bentonite (UB), which is an
important clay mineral resource in Turkey, were investigated using
X-ray diffraction (XRD), thermal analysis (TG/DTA/DSC), Fourier
Transform Infrared (FTIR), and specific surface area measurement
(BET) techniques by giving special emphasis to the nature of the
interaction between naproxen and the clay.

2. Materials and methods
2.1. Materials

CaCl,-6H,0 (Merck, 99.0%), ZnCl, (Merck, 99.0%), and (+)-(S)-2-
(6-methoxynaphthalene-2-yl) propanoic (naproxen) were used for
preparing the cation-exchanged- and naproxen-bentonite samples,
respectively.

2.2. Preparation of Ca- and Zn-bentonite samples

5 g of raw-bentonite sample from Ordu/Unye region of Turkey
was washed with deionized water several times and dried at
105°C and then centrifuged at 6000 rpm. The bentonite sample
was homoionized by treating with 100 ml of 0.1 M CaCl, solution.
The Ca-bentonite product thus obtained was dried at 105°C and
sieved to 38-108 wm. The cation exchange capacity (CEC) value
of UB, which is mainly Ca-montmorillonite, was determined as 74
mequiv/100 g clay by methylene blue adsorption technique and the
chemical composition of the clay sample is given in Table 1 [22,23].

The Ca-bentonite sample was treated with 100 ml of 0.1 M ZnCl,
solution at room temperature for 24 h under vigorous stirring.
The product was washed with deionized water thoroughly and
the supernatant was filtered off and the solid part was washed
with deionized water repeatedly until a negative chloride test was
attained. The solid precipitate was ground to the initial size and
kept for spectroscopic measurements. In this study, the Zn cation
selected for the cation exchange compared to the other cations was
perfectly interacted to form the complex compound with naproxen

Table 1

Chemical composition of the Unye bentonite.
Constituents Weight (%)
Sio, 62.70
Al, 05 20.10
FEzog 2.16
Na,0 0.27
K0 2.53
Ca0 229
MgO 3.64

molecule. This result may be explained in terms of the effect of ion
size and charge of exchangeable cation.

2.3. Synthesis of naproxen-bentonite (N-bentonite)

The suspension of 3.0% (by mass) of Zn-bentonite in deion-
ized water (400 ml) was treated with naproxen sodium solution
in an ethyl alcohol/water (1:5) mixture (10g/100 ml) at pH=6 and
60°C for 24 h under a nitrogen atmosphere. The N-bentonite was
separated from ethyl alcohol/water mixture by centrifugation and
washed with deionized water thoroughly which is followed by
freeze-drying and grinding to 38-108 um.

2.4. Desorption procedure

The naproxen-loaded bentonite samples were immersed in
150 ml aliquots of 0.1 M sodium phosphate buffer containing dif-
ferent amounts of sodium chloride, pH=7.4 (PBS), and incubated
on a constant temperature shaking bed at 37 °C and 130 rpm. After
specific intervals, 1ml aliquot of samples were withdrawn and
immediately replaced with the same amount of fresh medium.
5ml of solution were withdrawn at fixed intervals, filtered with
Millex HV Millipore (¢ =45 p.m) filters and immediately replaced
with an equal volume of the buffer solution, in order to keep a con-
stant volume. The amount of naproxen delivered from the samples
was monitored by the Unicam UV2 UV-VIS spectrophotometer at
X =332 nm. The kinetic analysis of the release process was carried
out by fitting the data to the Korsmeyer-Peppas model [24-26]. The
adsorption kinetics experiments were repeated in triplicate and the
average values were reported.

2.5. Characterization of the bentonite samples

EDXRF spectrometer (Epsilon5, PANalytical) was used for chem-
ical analysis of UB (Table 1). FTIR spectra of the raw and N-bentonite
samples were recorded in the region of 4000-450cm~! on a
Spectrum-100 FTIR spectrometer at a resolution of 4cm~1. XRD
patterns were taken on a Rigaku 2000 automated diffractometer
using Ni filtered CuKo radiation (A =1.54050A; 40kV and 40 mA).
Bragg’s law, defined as nA=2dsin6, was used to compute the
crystallographic spacing (d) for the examined bentonite samples.
The TG and DTA curves were scanned using a PYRIS Diamond
TG/DTG apparatus in a dynamic nitrogen atmosphere (heating
rate: 10°C/min, platinum crucibles, mass ~10mg and temper-
ature range: 30-1000°C). The DSC curves were collected on a
PYRIS Diamond DSC apparatus in a static air atmosphere (heating
rate: 10°C/min, platinum crucibles, mass ~10 mg and temperature
range: 30-750°C).

Nitrogen adsorption/desorption isotherms were obtained in the
relative pressure range of 0.05 < P[Py < 1.00 using 0.2-0.5 g of sam-
ple with a Micromeritics ASAP 2020 V3.04 H analyzer. The samples
were degassed at 150 °C for 6 h prior to the textural measurements
at 77K (—196°C). Specific surface areas were determined from
adsorption isotherms by applying the BET and Langmuir equations
(SBET and St, respectively). Mesoporous surface areas (guS™) and
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Fig. 1. The XRD spectra of (a) raw-bentonite, (b) Zn-bentonite, and (c) N-bentonite.

volumes (gjyV™P) were determined using the BJH method. Pore
sizes were represented by both adsorption average pore width
(4V/A by BET) and BJH adsorption average pore width (4V/A)
(APWBET and APWBJH, respectively). S°P is single point surface
area.

3. Results and discussion
3.1. XRD data of raw, Zn- and N-bentonites

The XRD pattern of raw-bentonite is given in Fig. 1a. The dgpg1,
doo3, do20-110» d130-200 and dggo diffractions corresponding to
the main montmorillonite (M) component (80%) are seen at 5.880°,
17.520°, 19.821°, 35.040° and 61.841° (26) with the distances of
15.02, 5.06, 4.47, 2.56 and 1.50 A, respectively. The bands originat-
ing from external clay components quartz (Q) and dolomite (D) are
observed at 21.021° and 26.916° (26) with the distances of 4.22 and
3.31A and, at 23.560° and 29.841° (26) with the distances of 3.77
and 2.99 A, respectively. The comparison of the peak intensity of
the dgo1 peak of montmorillonite with the intensities of the peaks
of the external clay components showed that the amounts of the
quartz and dolomite impurities are not high. Significant amounts
of Mg and Ca determined from the elemental analysis of the ben-
tonite sample proved the existence of dolomite component as well
as the framework Mg and interlayer Ca cations. The dgo; distance
of bentonite which is found to be higher than that of the dyg value

of Na-montmorillonite (12.04 A) may be explained by the presence
of the interlayer Ca2* and K* cations. The basal spacing of bentonite
falling in the range of 14.45-15.40 A indicates that the bentonite is
a calcium-rich sample [27].

The dggg diffraction peak is taken into account as an important
feature in determining the type of smectites. This peak is located in
the range of 1.499-1505 A for Al-rich dioctahedral 2:1 clay minerals
(montmorillonite, beidellite, Al-rich mica, etc.) whereas it is seen at
1.549 A for trioctahedral Mg-rich chlorite and it falls in the range of
1.55-1.56 A for trioctahedral Fe-rich chlorite and bertherine [28].
The dggo peak was seen at 1.50 A for raw-bentonite revealing that
the sample used in the present study is an Al-rich dioctahedral
montmorillonite.

The XRD pattern of Zn-bentonite is illustrated in Fig. 1b. The
doo1 peak of Zn-bentonite is observed at 5.70° (20) with a dis-
tance of 15.49 A. The other diffraction peaks of bentonite are seen
at 17.460°, 19.940°, 35.100° and 61.821° (20) and the diffraction
peaks of quartz and dolomite are located at 21.061°, 26.920° (26)
and 23.584°, 29.920° (20), respectively. Cation exchange processes
occurring within the interlayer spacing of bentonite caused the
changes and differences both in the position and the intensity of
the main (001) peak. The intensity variation of the main peak
affected the relative intensities of the other diffraction peaks as
well as those of the external clay components depending on the
amount of the cation exchange. However, there seemed no relation
between the radii of the inserted cations and the observed dg g1 dis-
tances. Therefore, this situation may be connected with the ratio of
the amount of the cation inserted and coordinated water and, the
electrostatic attraction between the cations and the interlayer sur-
face planes [23]. Furthermore, a few studies pointed out that the
exchangeable cation in the clay catalyst which was determined by
the standard methods after extracting with dilute hydrochloric acid
showed that the amount of cation exchange was almost equivalent
to CEC [29,30].

The dy o1 basal spacing value of the N-bentonite is determined as
23.61Aat3.739° (26) (Fig. 1c). The expansion by 2.14° (20) or 8.59 A
ofthe dyo1 spacing of the bentonite on the formation of N-bentonite
confirmed that naproxen molecules were inserted in between the
bentonite layers by replacing the interlayer water molecules. An
interlayer opening caused by this insertion process was estimated
to be 14.61 A by subtracting the thickness of Si0,-Al,03-SiO, sheet
(9.0A) from the d(00 1) value of N-bentonite. Keying of naproxen
molecule into the interlayer increased the d(00 1) value by about
14.61 A along the c axis which is below the expected basal spacing
of bentonite [31]. Finally, it may be suggested from the dyg1 value
of N-bentonite and the length of naproxen molecule (12.20 A) that
the organic species might be oriented as a partially superimposed
monolayer in the interlamellar spacing [32].

3.2. Thermal analysis data of raw, Zn- and N-bentonites

The dehydration process of clay minerals which occurs at low
temperatures is followed by the dehydroxylation at intermediate
temperatures and the phase transition taking place at relatively
high temperatures [33]. External clay components and impurities
may also be exposed to thermal decomposition. The thermal analy-
sis data of raw-bentonite are shown in Fig. 2a and Table 2. On the TG
curve of raw-bentonite, two dehydration stages with a total mass
loss of 10.7% in the range of 30-200°C are noticeable. In the first
stage, the removal of adsorbed water in the region of 30-120°C
gives rise to an endothermic peak maximum of 76 °C on the DTA
curve. The DTA endotherm at 141°C which is accompanied by a
mass loss of 2.2% is ascribed to the elimination of the water species
coordinated to the interlayer cations. In addition, the mass losses by
1.1 and 2.8% in the temperature ranges of 200-500 and 500-750°C
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Fig. 2. Thermal analysis curves of (a) raw-bentonite, (b) Zn-bentonite, and (c) N-
bentonite.

on the TG curve, respectively, represent the removal of external
clay components and structural OH groups, respectively.

Thermal analysis results of Zn-bentonite (Fig. 2b and Table 2) are
similar to those of raw-bentonite. The mass losses by 11.4 and 4.2%
in the temperature ranges of 30-200 and 200-750 °C, respectively,
point out the evolution of interlayer water and dehydroxylation
of lattice water which is accompanied by the decomposition of
external clay components, respectively.

In the case of N-bentonite, the endothermic DTA peaks are
attributed to the removal of interlayer organic species with a con-
tinuous mass loss of 10.2% in the temperature range of 200-750°C
(Fig. 2c). The exothermic peak at 356°C with a decomposition
enthalpy of —0.54 mJ mg~! on the DSC curve of N-bentonite (Fig. 3b
and Table 2) corroborates this result. In addition, the decrease
in total water amount (7.1%) removed from N-bentonite in the
range of 30-200°C in comparison with the raw-bentonite and Zn-
bentonite samples may be explained by the replacement of outer
sphere water entities by naproxen species [34,35]. The water types
of lower decomposition energy on the DSC curve of N-bentonite
comparing to that of raw-bentonite in the same temperature range

Table 2
Thermal analysis data of raw-bentonite, Zn-bentonite and N-bentonite.

Exo —

DSC/ mW
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Fig. 3. DSC-DDSC curves of (a) raw-bentonite and (b) N-bentonite.

may be taken as another evidence confirming this result (Fig. 3a
and b and Table 2). Furthermore, the higher total mass loss of N-
bentonite than the raw and Zn-bentonites in the temperature range
of 200-750 °C illustrates the gradual decomposition of the organic
molecule and the release of high amounts of organic H,O and CO,
species arereleased (Table 2) as a result of high-temperature oxida-
tion of black residue [36]. The thermal stability of the interlamellar
organic species up to 750°C also signifies the presence of 7 inter-
actions between the oxygen planes of the clay sheet and aromatic
ring of the molecule, and the shielding effect of alumino-silicate
layers [16,37,38].

3.3. IR spectral data of raw, Zn- and N-bentonites

The IR spectrum of the raw-bentonite is given in Fig. 4a.
The structural OH stretching vibrations appear in the range of
3700-3200 cm™, the Si-O stretching vibration and the OH bending
modes are seen in the range of 1300-440 cm~! [39,40]. The peak at
3620 cm~! originates from the Al,OH stretching. The broad peak at
3434 cm~! which belongs to the OH stretching of H-bonded water
of raw-bentonite is intensified because of the higher amount of
octahedral replacement of Mg atoms than that of Fe atoms [40-43].
The peaks originating from the external clay components such
as quartz and dolomite are located at 790 and 698 cm~!, respec-
tively. The peak at 1638 cm~! belongs to the OH deformational

Sample DSCnax (°C) AH(mJmg') DTAmax (°C) Temperature range (°C) Mass loss (%) Total mass loss (%)
102 47.7 76 30-120 8.54
b i 171 7.05 141 120-200 2.18
Raw-bentonite _ _ _ 200-500 114
- - 636 500-750 2.85 14.71
- - 62 30-120 10.00
Zn-b . - - - 120-200 1.40
n-bentonite B _ - 200-500 1.57
- - 618 500-750 2.60 15.57
72 3.96 69 30-120 7.50
N-b . 107 8.34 - 120-200 0.45
-bentonite 356 ~054 357 200-500 5.69
- - 619 500-750 4.55 18.19
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Fig. 4. The FTIR spectra of (a) raw-bentonite, (b) Zn-bentonite, and (c) N-bentonite.

mode of water and the peak at 1111 cm™! is the longitudinal Si-O
stretching mode. The Si-O-Si and Al-O-Si stretching peaks of tetra-
hedral layer was clearly seen at 1031 and 520 cm™!, respectively.
The OH bending peaks of octahedral layer was observed at 910
and 834cm~'. The Al,OH and AIMgOH bending peaks point out
the octahedral substitution process. Based on the peaks of raw-
bentonite, it may be concluded that the Al atoms predominate the
centers of octahedral layer and the amount of Mg atoms is sig-
nificant. Both the XRD patterns and the vibrational features prove
that the raw-bentonite sample consists of an Al-rich dioctahedral
montmorillonite component.

The IR spectrum of Zn-bentonite is shown in Fig. 4b. In gen-
eral, the exchange process between the new and exchangeable
cations did not exhibit significant differences in the IR spectrum of
the raw-bentonite. However, it is possible to come across to some
distinctions in the OH vibrational peaks due to the differences of
the binding abilities of the metal cations towards the interlayer
water species since the water molecule is preferably coordinated
to the interlayer cations and the residual water is retained by the
interlayer holes. The water molecules coordinating to the cations
can emigrate to the bi-trigonal cornered holes on siloxane surface
affecting the OH groups and thus, change the intensities of the cor-
responding peaks [23,42,44]. In the IR spectrum of Zn-bentonite,
the OH-groups involved in H,O-H,0 H-bonds give rise to the vibra-
tions around 3478 cm~1, and the small shoulder at 3247 cm~! may
be ascribed to an overtone of the H, 0 bending vibration. Because of
the polarizing power of the Zn2* cations, stronger H-bonds to water
species are expected to form in outer coordination spheres, and
thus, the band at 3247 cm~! which is probably due to the M2*-OH
vibration is intensified [42,45].

The (C=C) aromatic ring and the deformation vibrations of alkyl
groups in the ranges of 1600-1430 and 1480-1360cm™!, respec-
tively, are clearly seen in the IR spectrum of N-bentonite shown in
Fig. 4c. The C-H in plane bending peaks of alkyl groups are located
at 1484, 1462, 1451, 1369 and 1363 cm™!, the C-0O stretching of

(h)

400 °C

(8

H

X
200 °C A
150 °C ©
100 °C ®)

4000 3000 2000 1500 1000 450

-1
Wavenumbers/ cm

Fig. 5. FTIR spectra of N-bentonites (a-h) heated in the interval temperature of
25-400°C, respectively.

carboxyl at 1212 and 1229cm~!, the O-H in plane bending at
1412 and 1423 cm™!, the C-O stretching of aromatic ring’s ether
at 1259cm! and, the vibrations of aromatic ring (C=C) at 1531
and 1506cm~! all demonstrate that the naproxen entities are
penetrated into the interlamellar space of bentonite. The asymmet-
ric and symmetric OCO~ stretching peaks of carboxylate species
emerging at 1607 and 1390cm™!, respectively, may be taken as
another evidence to the penetration process. It may be concluded
from the positional difference by Av=217 cm~! between the asym-
metric and symmetric OCO~ stretching bands that the naproxen
molecule is most likely bound to the interlayer metallic cation of
bentonite through bidentate or bridging form [46-56].

The thermo-IR-spectra were recorded in the range from room
temperature to 400 °C to follow the decomposition process of the
N-bentonite complex (Fig. 5a-h). The dehydration and decomposi-
tion of N-bentonite at 200 °C resulted in the weakening of the OH
bending mode of water (1633 cm~1) and the C=C stretching vibra-
tion of aromatic ring (1531 cm~1) in addition to the intensification
of the asymmetric OCO~ stretching peak at 1607 cm~! (Fig. 5d).
These intensity changes became more significant as the decompo-
sition of N-bentonite progressed at higher temperatures, with the
substantial mass loss happening over 350 °C. The strengthening of
the asymmetric OCO~ stretching band in parallel with the tem-
perature increase may be related to the binding of the molecule
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Table 3

Structure parameters of raw-bentonite, Zn-bentonite and N-bentonite.
Sample Raw-bentonite Zn-bentonite N-bentonite
SBET (m2g~1) 71.83 47.67 4.39
St(m?g1) 97.18 65.01 6.27
S (m?g') 71.63 46.95 433
puS™ (m?g~') 29.35 24.23 3.41
gu V™ (cm®g1) 0.093 0.080 0.034
APWBET (nm) 5.82 6.82 25.62
APWBJH (nm) 12.71 13.26 39.36

through the C=0 group of the ligand to exchangeable cation and/or
water molecule. This mechanism also confirms two possible bind-
ing geometries (bridging and bidentate type) between the ligand
and metallic cation.

3.4. Surface area measurements of raw-, Zn- and N-bentonites

Clay minerals are of aluminosilicate structures and their sur-
face areas are related to the numbers and dimensions of internal
and external pores they contain [45,57-59]. The total number of
micropores and mesopores has a primer importance on the sur-
face areas and adsorption properties of clays but the contribution
of macropores to these characteristics is of negligible level. The
textural parameters of raw, Zn-bentonite and N-bentonite sam-
ples were given in Table 3. The higher specific surface area of
the raw-bentonite (71.83m? g~1) comparing to the Zn-bentonite
(47.67 m2 g~1) signified that the pore opening effect is the dom-
inant factor in the increase of the BET surface area [60]. In the
interlayer space of the bentonite, the increase in the amount of the
water species coordinated to Zn2* cation (ionic size =~0.80A) than
the exchangeable Ca2* cation (ionic size = 1.06 A) may induce struc-
tural expansion and the larger pore space [16,61]. The increase in
the mesoporous surface area/the specific surface area ratio (~0.51)
and the bigger average pore width (13.26 nm) of Zn-bentonite with
respect to those of the raw-bentonite (~0.41 and 12.71 nm, respec-
tively) may be taken as other proofs to these results (Table 3). These
results also confirmed that the zinc ions were introduced inside
the clay interlayer not only by cation exchange at planar sites, but
also through the interaction with the aluminosilicate sheets [62].In
addition, the specific surface area of raw-bentonite (71.83m2g1)
decreased by ca. 16-fold for N-bentonite (4.39m?2g-!), while
the mesoporous volume (0.093 cm3 g~') decreased the value of
0.034cm3g~! (Table 3). The decrease in the surface area of N-
bentonite may be explained in terms of the pore openings blocked
(pore blocking effect) by the larger naproxen species which possess
a closer packing in the interlamellar space [16,63,64]. On the other
hand, because of the capillary condensation in the macropore range,
the bigger mean pore size of N-bentonite (39.36 nm) in compari-
son with raw-bentonite (12.71 nm) can be ascibed to the increase
in the number of mesopores and macropores, and the change in the
porosity distribution [64].

3.5. Release behavior of N-bentonite

The ionic strength of the solution is one of the factors that con-
trols both electrostatic and non-electrostatic interactions between
the adsorbate and the adsorbent surface [65,66]. Fig. 6 shows the
desorption isotherms of naproxen from the N-bentonite sample
at different NaCl concentrations in the range of 0.2-1.0 mol/L at
pH="7.4. The increase in the ionic strength of the solution caused
an increase in the desorption of naproxen from the bentonite sur-
face. Under the screening effect of the added salt, the bentonite
surface became negatively charged which induced the repulsive
forces between the naproxen anion and the clay surface [67,68],
suggesting that the desorption of naproxen is mainly governed by

100 -
80 -
:\a‘ 60 4
=
2
<
=
é 40 - —5—withoutNaCl
===(0.2 M NaCl
=fr=0.4 M NaCl
==0.6M NaCl
20 4 =&=1.0M NaCl
0 T T r T T : )
0 30 60 20 120 150 180 210 240

time (min)

Fig. 6. The release profiles of naproxen at different electrolyte concentrations and
pH=7.4.

electrostatic interaction at pH = 7.4. The repulsive forces of the ben-
tonite are very weak because of its zero point of charge (pHpzc)
very close to that of the solution pH (6.8 versus 7.4) [69]. Therefore,
this observation can be relevant to the competition between the
naproxen species for the adsorption sites on the bentonite surface
in parallel with the Na* concentration.

In order to gain information about the release mechanism of
naproxen, we have applied the Korsmeyer-Peppas model [25],
which is a generalized formula arising from the Higuchi equation
[70]:
M
M.

where M; and M, correspond to the amount of drug released at a
given time t and at infinite time, respectively; k is the rate constant
related to structural parameters of the system and n is the release
exponent which gives information about the kinetics of drug deliv-
ery. This mathematical model is linear for values of M/M., lower
than 0.6 and if n is 0.5 it means that a Fickian-transport mechanism
is valid (Higuchi model), but if n values is ranged between 0.5 and
1.0 the release follows an anomalous mechanism. The kinetic data
obtained for the systems here studied are summarised in Table 4.
It may be suggested referring to some drug release studies that
the clearly faster release of naproxen species from the N-bentonite
composite might be interpreted in terms of the unrestricted dif-
fusion of the naproxen to the dissolution medium due to the high
accessibility [11,12,71,72]. It is well known that as a short time
approximation the Korsmeyer-Peppas model cannot be applied
beyond the 60% release [73]. The restricted release of naproxen
species in the interlayer space of the bentonite may be explained in
terms of the presence of interactions between the oxygen planes of

= kt",

Table 4
Kinetic parameters calculated for the ionic strength mediums according to the
Korsmeyer—-Peppas model.

Ionic strength k (1/min) n R

Without NaCl 0.19 0.31 0.935
0.2 M NaCl 0.28 0.27 0.967
0.4 M NaCl 0.33 0.23 0.963
0.6 M NacCl 0.59 0.06 0.966
1.0M Nacl 0.65 0.04 0.948

k, rate constant; n, the release exponent; R, correlation coefficient.
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the clay sheets and the aromatic ring of the organic molecule, and
shielding effect of alumino-silicate layers [37,38]. Consequently,
the amount of drug release at pH =7.4 did not reach 100%.

4. Conclusions

The structural properties of the naproxen-bentonite sample
were investigated by means of X-ray diffraction (XRD), thermal
analysis (TG, DTA and DSC), and Fourier Transform Infrared (FTIR)
spectroscopic techniques. The data revealed that the organic com-
pound penetrated into the interlayer spacing of the bentonite as
the neutral molecule, displacing water species. The binding of the
naproxen molecule via the C=0 group to the exchangeable cations
either through a water bridge or a direct linkage to the cation
is proved by the presence of the prominent asymmetric OCO~
stretching band after thermal treatment. The difference between
the positions of the asymmetric and symmetric OCO~ stretching
bands seems also parallel with these bonding configurations. The
higher stability of N-bentonite than raw-bentonite in the temper-
ature range of 200-700 °C signified the binding strength between
the naproxen molecules and the clay sheets. The decomposition
energy values on DSC curve and the decrease in the surface area of
N-bentonite also support these results. Furthermore, the amount
of drug release at pH=7.4 value increases in line with the ionic
strength of the medium. This result is ascribed to the release
mechanism governed by unrestricted diffusion controlled repul-
sive interaction between the negatively charge bentonite surface
and the anionic naproxen species. The minimum surface area and
maximum pore size for N-bentonite were achieved as a result of
the pore openings blocked by the naproxen species.
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