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Polyaniline-deposited cellulose fiber composite
prepared via in situ polymerization: enhancing
adsorption properties for removal of meloxicam

from aqueous media

Flavia Viana Avelar Dutra, Bruna Carneiro Pires, Tienne Aparecida Nascimento,
Valdir Mano and Keyller Bastos Borges™

Polyaniline (PAni), cellulose fiber (CF) and a PAni—CF composite, which were characterized by infrared

spectroscopy, scanning electron microscopy and thermogravimetry, were investigated in adsorption

studies of meloxicam (MLX) from aqueous media. PAni-deposited CF composites were prepared via in

situ polymerization. These materials were assessed with varying pH, contact time between the adsorbent

and adsorbate, and concentration. Kinetic data were evaluated by pseudo first- and second-order,

Elovich and intraparticle diffusion models, and the concentration data were evaluated by Langmuir,

Freundlich, Sips, single-site Langmuir—Freundlich and dual-site Langmuir—Freundlich models. MLX
adsorption was better at pH 2, and the pseudo-second-order (R*> = 0.999) kinetic model and the
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Langmuir—Freundlich (R? = 0.9901) isotherm model showed the best fit. PAni—CF composite was found

to be the best adsorbent material compared to PAni and CF, because of the greater adsorption capacity

DOI: 10.1039/c6ra27019k

rsc.li/rsc-advances materials.

1. Introduction

The search for adsorbent materials with a large surface area,
porosity, good adsorbent-adsorbate affinity, good sensitivity
and low cost has been increasing more and more towards the
adsorption of non-specific analytes (organics and inorganics)
and has generated new research, innovation and development
of these materials for use in sample preparation techniques
using a solid phase for adsorption. Conducting Polymers (CP)
are a class of materials that has shown interesting adsorption
results owing to their chemical and physical properties that
enable them in various applications, such as in electrodes,
sensors, rechargeable batteries and more recently as adsorbent
materials."

Polyaniline (PAni) presents redox behavior, but its multi-
functionality, ease of synthesis, stability, porosity and high
surface area have attracted attention in the field of sample
preparation, for example in solid phase extraction®> and its
miniaturizations as solid phase microextraction and micro-
extraction by packed sorbent.>* The analyte sorption occurs
owing to their multifunctional properties, including hydro-

phobicity, acid-base character, -7 interactions, polar
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(@Q =169.5mg g‘l), which can be explained by the combination of the adsorptive properties of the two

functional groups, ion exchange properties, hydrogen bonding
and electroactivity.®

PAni is among the most studied CP and to improve its
adsorptive ability or other properties it has been used in (nano)
composites mixed with carbon nanotubes,® cellulose,® natural
cellulosic fibers,” iron oxide,*® paper,' starch," silica,” gra-
phene,” paper doped with three inorganic acids* and 2-
hydroxyethylcellulose.” In this context, cellulose fiber (CF),
which is a polymeric material with uniform and high porosity,
and excellent adsorptive capacity, is a good alternative adsorp-
tive material since it has been used in cigarettes as an efficient
adsorbent of toxic compounds (for example, volatile organic
compounds, benzene, carcinogenic toxins and others).
Recently, CF has been successfully used as an adsorbent for pre-
concentration of environmental pollutants, such as polycyclic
aromatic hydrocarbons,'® arsenic complexes, mercury, lead,
and pesticides in environmental samples,"” among others.®

Meloxicam (MLX) is an anti-inflammatory non-steroidal
drug developed for the treatment of rheumatic disease and is
indicated for the treatment of the symptoms of rheumatoid
arthritis and osteoarthritis (joint disease), alleviating pain and
inflammation. MLX preferably acts by inhibiting the function of
COX-2, and therefore produces inflammatory mediators in the
early stages of the acute anti-inflammatory response and late-
stage mediators.'>** Actually, it is desirable to monitor and to
develop analytical methodologies to detect and control the
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presence of pharmaceuticals in very different kinds of samples,
for example waste water, urine, serum or plasma, most of which
are very complex matrices.”* Thus the development of new
adsorbent materials to employ in techniques of sample extrac-
tion is highly desired.

Hence, the objectives of this work were to: (i) prepare and
characterize three adsorbent materials, namely PAni, CF and
PAni-CF composite, (ii) evaluate the potential of these materials
for the adsorption of MLX from aqueous media, (iii) assess the
experimental variables affecting the optimal adsorption of MLX,
(iv) explore adsorption isotherms and kinetic models to identify
the possible mechanism of MLX adsorption and (v) perform
desorption studies and evaluate the regeneration of materials.
This is the first work in which PAni, CF and a PAni—CF composite
have been prepared/synthetized and used as adsorbents with
enhanced capacity for removal of MLX from aqueous media.

2. Materials and methods

2.1. Standards, reagents and solvents

MLX standard (99.7%) was obtained from the United States
Pharmacopeia Reference Standard. Reagents and solvents used
in syntheses and the analysis were: aniline (99.5%) and cellu-
lose fiber (medium) from Sigma-Aldrich® (St. Louis, MO, USA);
hydrochloric acid from Vetec® (Rio de Janeiro, R], Brazil); and
ammonium persulfate (98.0%), sodium hydroxide and anhy-
drous sodium phosphate bibasic from Synth® (Diadema, SP,
Brazil). Monobasic anhydrous sodium phosphate (98.0%) from
Neon® (Sdo Paulo, SP, Brazil), acetonitrile and methanol from J.
T. Baker® (Mexico City, Mexico) and purified water from a Mil-
lipore Milli-Q Plus system (Bedford, MA, USA) were employed in
the HPLC analysis.

2.2. Standard solutions

The MLX solutions were prepared in methanol (stock solution)
at concentrations of 0.5 mg mL ™" for the pH and time test, and
3.0 mg mL~" for the concentration test, and diluted with
aqueous solution with the pH adjusted to a concentration of
0.1 mg mL " and subsequently filtered using Millipore filter
Millex-GV® hydrophilic PVDF 0.22 pm.

2.3. Apparatus

Adsorption tests of MLX in aqueous medium were carried out
using a high performance liquid chromatograph coupled with
a diode array detector (HPLC-DAD) of Agilent® (Agilent Tech-
nologies, Palo Alto, CA, USA) consisting of a quaternary pump
(model 1290; G4204A), a thermostat (model 1290; G1330B), an
auto sampler (model 1290; G4226A), a column oven (model
1290 TCC; G1316C) and a diode array detector (DAD; model
1260 VL+; G1315C). Agilent Open LAB Chromatography Data
Software System® controlled the instrument. All data were ob-
tained using a Phenomenex® Gemini C18 column (150 x 4.6
mm, 5 pm), a mobile phase consisting of 0.05 mol L™" phos-
phate buffer pH 6 and acetonitrile (65 : 35, v/v) at a flow rate of
1.2 mL min~' at a wavelength of 355 nm at 25 °C with an
injection volume of 20 pL.
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2.4. Syntheses/preparation of adsorbent materials

2.4.1. PAni. The aniline monomer was first vacuum
distilled for purification. In a beaker was placed 2 mL of
distilled aniline and 80 mL of hydrochloric acid (1 mol L™,
which was then allowed to stir vigorously for 30 min; after that,
120 mL of an ammonium persulfate acid solution (0.33 mol L")
was added dropwise and allowed to stir for 5 h. This synthesis
was performed in an ice bath so that the temperature stayed at
about 5 °C. After stirring, a greenish black precipitate was
formed and was then filtered and washed thoroughly with Milli-
Q water, hydrochloric acid (1 mol L™') and methanol. The
formed solid was dried at 60 °C for 24 h.

2.4.2. PAni-CF composite. Synthesis of the PAni-CF
composite was carried out by first weighing 2 g of CF and then
placing it in a beaker containing 20 mL of hydrochloric acid
(1 mol L™"). This mixture was left in an ultrasonic bath for
15 min and then 2 mL of aniline (proportion aniline and CF,
1:1) was added and allowed to stir for 30 min. Subsequently,
120 mL of ammonium persulfate acid solution was dropped in
the above solution, which was placed for a further 5 h under
stirring and cooling in an ice bath. The greenish black precip-
itate was vacuum filtered and washed with Milli-Q water,
hydrochloric acid (1 mol L™') and methanol, thoroughly, and
then placed in an oven at 60 °C for 24 h for drying.

2.5. Characterization of materials

The three materials were characterized using three different
techniques: (i) SEM imaging was carried out using a Hitachi
Analytical Microscope TM3000 Table Top with an acceleration
voltage of 15 kv; (ii) FTIR analyses were performed on a FTIR
Spectrum GX from PerkinElmer, operating between 4000 and
400 cm " with a resolution of 4 cm ™', using the KBr tablet
method; (iii) TG analyses were conducted using a Shimadzu
DTG-60H thermo balance with a heating rate of 10 °C min™*
between 25 and 1000 °C under nitrogen flow (50 mL min %)

2.6. Adsorption studies

In order to evaluate the adsorption capacity of the PAni, CF and
the PAni-CF composite, 17.5 mg of each material was placed in
a test tube followed by MLX aqueous solution. The studies were
conducted to verify the influence of pH and the kinetics were
evaluated using different kinetic models. After these two
parameters were optimized, the adsorption isotherms were
obtained and the parameters of different models were
evaluated.

2.6.1. Effect of pH. In this study were added 3.5 mL of MLX
solution at 0.1 mg mL ™" concentration in a pH wide range 2-10
in each test tube. The test tubes were allowed to stir for 2 min on
a vortex mixer at 2000 rpm and then centrifuged for 2 min at
1500 rpm. The supernatant was removed, filtered and analyzed
by HPLC-DAD.

2.6.2. Effect of time and adsorption kinetics. The adsorp-
tion kinetics were evaluated by studying the effect of contact
time for adsorption to occur in each material. MLX solution was
prepared according to the best adsorption obtained in the

This journal is © The Royal Society of Chemistry 2017
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previous step (effect of pH). Therefore, 3.5 mL of MLX solution
(0.1 mg mL™") at pH 2 was added to each test tube containing
the adsorbent materials and the agitation time by vortex at
2000 rpm was varied from 1 s to 8 min, then the tube was placed
in a centrifuge for 2 min at 1500 rpm. The supernatant was
removed, filtered and analyzed by HPLC-DAD for the determi-
nation of MLX not retained in each material. The amount of
MLX adsorbed onto the materials was determined from eqn (1),
wherein g, is the amount of MLX adsorbed (mg g '); C; and C¢
are the initial and final concentrations of MLX, respectively (mg
L"), determined by HPLC-DAD; V is the volume of solution (L);
and m is the mass of the polymer composite (g).

(G-C)V

qe = T (1)

The experimental kinetic data were further fitted to common
adsorption kinetic models, including pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle diffusion.**?>*

2.6.3. Concentration and adsorption isotherms. Maximum
adsorption capacities of PAni, CF and PAni-CF composite
toward MLX were determined from adsorption isotherms.
Adsorption isotherms were evaluated at room temperature by
varying the concentration of the solution MLX between 0.025
and 2.0 mg mL ™. Thus, 3.5 mL of each solution at pH 2 was
added to the test tube containing the adsorbent materials, left
to stir at 2000 rpm for the best adsorption time (from the
previous step), and then placed in a centrifuge for 2 min at
1500 rpm. Similarly to the other steps, the supernatant was
removed, filtered and analyzed by HPLC-DAD, and the amount
of MLX adsorbed onto the adsorbents was determined as
demonstrated in eqn (1). The data were analyzed by Langmuir,
Freundlich, Sips, single-site Langmuir-Freundlich and dual-site
Langmuir-Freundlich isotherm models.>>*®

2.7. Desorption studies

Desorption studies of MLX employing PAni, CF and PAni-CF
were carried out using 5 mL of 0.5 mol L™ " solutions of sulfuric
acid, hydrochloric acid and nitric acid separately in 15 mL
flasks, stirring at 2000 rpm for the best adsorption time for each
material (PAni: 6 min; CF: 2 min; PAni-CF: 4 min) at room
temperature (25 + 3 °C). Afterwards, all the flasks were soni-
cated for 10 min. This procedure was performed 3 times to
ensure satisfactory and reproducible results. The MLX desorp-
tion percentage was calculated using eqn (2), wherein gq.s is the
amount desorbed and g,q45 is the amount adsorbed.

__ Ydes

Desorption (%)
Gads

x 100 2)

3. Results and discussion

3.1. Characterization of the adsorbents materials

The characterization of PAni, CF and the PAni-CF composite
was carried out by FTIR (Fig. 1) to identify the major vibrational
bands of the functional groups present in the materials.
Analyzing the spectrum of PAni in Fig. 1, it can be seen that at
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Fig. 1 FTIR spectra of PAni, CF and PAni—CF composite.

approximately 1600 cm™' there is a reference band to

a stretching vibration by coupling of the C=N and C=C
quinoid ring; the band at 1500 cm™ " is attributed to the C=C
bond of the benzene ring; the bands at 1300 and 1240 cm ™" are
attributed to the stretching of the C-N" protonated amine and
the C-N aromatic amine; 1040 and 800 cm™ ' bands are asso-
ciated with the C-H bending in the plane and out of plane,
respectively, in aromatic structures; finally, the band located at
620 cm ' is due to deformation out of the plane of the C-C
bonds in the monosubstituted ring.””** According to Laska and
Widlarz (2005), the monosubstituted rings are always at the
chain termination and they are clearly visible in the FTIR
spectra of short chain PAni (up to five units oligomers), but with
increasing chain length the intensity decreases until its disap-
pearance from the polymer spectrum.>” Analyzing the CF spec-
trum, the band at approximately 3500 cm ™" can be assigned to
O-H stretching, 1750 cm ™' to C=0 stretching and 1245 cm ™ to
C-O stretching; all of these bands are characteristic of CF for
being an ester with hydroxyl groups from the cellulose.** With
the characterization of the main bands of PAni and CF, we verify
that the PAni-CF composite spectrum is the sum of the PAni
and CF spectra, differing only in intensity and with a small
displacement of some bands owing to interference of the bands
related to the separated material.

From the SEM characterization (Fig. 2), one can see that the
PAni (Fig. 2a and b) apparently shows a particulate material
without a defined shape with some agglomerates. In Fig. 2¢ and
d, images of the CF clearly show that it has a fibrous shape with
homogeneous surfaces at the highest possible zoom level for
this equipment. The SEM images of the PAni—-CF composite are
shown in Fig. 2e and f, and they show that, apparently, the
material is heterogeneous, having fiber pertaining to the CF as
solid particulate agglomerates and, moreover, PAni apparently
aggregated in the surface of the CF.

Finally, TG and DTG curves of three materials are shown in
Fig. 3 in the temperature range from 25 to 1000 °C. This analysis
was performed with the objective of characterizing and evalu-
ating the stability of the materials as a function of temperature.
Fig. 3a shows three mass loss events for PAni, corresponding to

RSC Adv., 2017, 7, 12639-12649 | 12641
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Fig. 2 SEM images of: PAni with magnifications of (a) 500x and (b) 2000x; CF with magnification of (c) 50x and (d) 500x%; and PAni—CF

composite with (e) 500x and (f) 4000x.

evaporation of water, the decomposition of low molar mass
fragments and the decomposition of the polymer chain, and at
550 °C is the maximum rate of loss of mass.”** In Fig. 3b the TG
curve of CF has two mass loss events, characterized by the
evaporation of volatile compounds and by carbonization of CF.
The temperature at which the mass loss rate is highest is 365 °C.
The TG curve of the PAni-CF composite (Fig. 3c) is the sum of
the two previous thermograms, confirming that the composite
has both PAni and CF, characterized by the mass loss of each
one separately.

3.2. Chromatographic optimization for MLX

An analytical method employing HPLC-DAD was used to
quantify the MLX in aqueous medium. It used a Phenomenex®
Gemini C18 column (150 x 4.6 mm, 5 pm) and a mobile phase
consisting of 0.05 mol L™' phosphate buffer at pH 6 and
acetonitrile at a ratio of 65 : 35 (v/v), flow rate 1.2 mL min~" at
25 °C and a wavelength of 355 nm (maximum absorption in the
UV-Vis). Under these conditions, the retention time was 3 min
and the chromatographic parameters agree with the values
recommended in the literature (number of theoretical plates =
8428; asymmetry = 1.052).

3.3. Effect of pH

The first study was to evaluate the influence of the pH in the
adsorption of MLX aqueous solution onto three materials, and
the pH range studied was from 2 to 10 (the pH was adjusted
using NaOH and HCI solutions, both with a concentration of
0.01 mol L™%). As can be seen from Fig. 4, the pH that gave the
best adsorption results for all three materials was pH 2. At
other pHs, PAni and the PAni-CF composite did not exhibit
very different results. They presented MLX adsorption of over
72%. In contrast, CF was totally pH dependent, i.e. the MLX
adsorption decreased with increasing pH. The MLX adsorp-
tion reached 28% at pH 10. Thus, PAni led to higher adsorp-
tion percentages of MLX at all pHs studied than that for the

12642 | RSC Adv., 2017, 7, 12639-12649

PAni-CF composite and CF, these results being assigned to
different interactions between the binding site of the materials
to the MLX molecule. According to the MLX properties,
provided by Chemicalize.org by ChemAxon, it can be said that
at pH < 1 there is only one protonated imine group and,
therefore, the molecule's charge becomes positive. At pH
between 2 and 3, the MLX is in molecular form, which
increases the adsorption capacity of the material at the
working pH of approximately 2. Between pH 6 and 9.2 mole-
cule has a deprotonated hydroxyl group, which is negatively-
charged. Above pH 12, the MLX has two negatively charged
functional groups, amine and hydroxyl.** Therefore, according
to the percentage of absorption of MLX by the three materials,
the pH was chosen as 2, and the adsorption occurs owing to
the presence of aromatic rings and amino groups on the PAni
and ether, ester and hydroxyl groups on the CF, sites capable
of interacting with the analyte in different ways, involving the
intermolecular forces of dipole-dipole, hydrogen bonding and
-7 interactions.

3.4. Effect of time and adsorption kinetics

The adsorption mechanism is an essential and valuable tool for
understanding the kinetic process, which is evaluated based on
the effect of contact time between the sorbent material and the
MLX. Fig. 5 presents the adsorbed amount of MLX (g, calculated
by eqn (1)) for each adsorbent material versus the contact time
between them. Note that the adsorption of MLX onto PAni
reaches equilibrium at 6 min, onto CF at 2 min and onto PAni-
CF composite at 4 min. Note also that the adsorption of PAni-CF
in the first minutes is smooth, indicating that the materials
have relatively low resistance to mass transfer, and after this
time the values of the quantities adsorbed not change signifi-
cantly, thus suggesting a rapid adsorption and reaching the
kinetic equilibrium. These experimental data were applied to
four kinetic models, pseudo-first-order, pseudo-second-order,
Elovich and intraparticle diffusion, and the respective

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Effect of pH on MLX adsorption of PAni, CF and PAni—-CF
composite. Experiments were performed at room temperature by
vortex mixing at 2000 rpm with 17.5 mg of each material for 2 min.
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composite.

parameters are analyzed and shown in Table 1, whereas Fig. 6
depicts the linearized forms of each kinetic model.

The pseudo-first-order model, also known as the Largergren
model, establishes that the number of sites occupied by
adsorption is proportional to the unoccupied sites, describing
that the adsorbate binds only to a single active site on the
surface of the adsorbent material and interactions are of
a physical nature. In this model, the value of g. was estimated
based on the pseudo second-order model and the values of g,
and K; were obtained from the y-intercept and slope, respec-
tively, of the plot of In(g. — q,) versus t (Fig. 6a).2*3>3

This journal is © The Royal Society of Chemistry 2017

composite. The experiments were conducted at room temperature
with vortex mixing at 2000 rpm with 17.5 mg of each material and the
drug solution at pH 2.

The pseudo-second-order model assumes that the adsorp-
tion refers to the square of the difference between the number
of adsorption sites available and the number of occupied sites,
and the analyte can bind to two active sites with different
binding energies. This model also assumes that the adsorption
process is chemical. The value of g. corresponds to the equi-
librium amount adsorbed and g, and K, are obtained from
the inverse values of y-intercept and slope, respectively, of the
plot of ¢/q, versus t presented in Fig. 6b.>*3>-3*

The Elovich model is similar to the pseudo-second-order
model, since it also assumes that the surface of the adsorbent
is heterogeneous and considers adsorption of the chemisorp-
tion type. Thereby, to increase the number of sites for adsorp-
tion suggests that the adsorption occurs in a multilayered way.
From the slope and y-intercept values, obtained from the graph

RSC Adv., 2017, 7, 12639-12649 | 12643
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Table 1 Parameters obtained by the application of four kinetic models for the adsorption of MLX by PAni, CF and PAni—CF*

Pseudo-first-order

Pseudo-second-order

In(ge — ¢ = In(ge) — Kqt

1 1 t

qt (que)2 a

Ads. K; (min™") Gearc (Mg g™7) ge(mgg™) R K, (g mg™' min™") Geate (Mg g7") ge (mgg™) R
PAni 0.409 1.790 18.070 0.962 1.114 18.070 17.800 0.999
CF 0.440 1.430 17.420 0.740 3.140 17.420 17.330 0.999
PAni-CF 0.394 8.020 18.390 0.833 13.442 18.390 18.380 1.000
Elovich Intraparticle diffusion
_ 1 1 ! |
qugn(aﬁ)Jrgnt g =Kkt'?+cC
o
Ads. (mg g ' min™") B(gmg) R Kiq (mg g~ ! min~"?) C(mgg™ R?
PAni 0.581 16.957 0.919 1.725 15.865 0.828
0.269 17.430 0.997 0.093 17.624 0.997
CF 0.528 16.966 0.975 1.472 16.001 0.775
0.039 17.316 0.912 0.013 17.344 0.849
PAni-CF 0.014 18.292 0.974 0.041 18.265 0.858
0.008 18.363 0.777 0.003 18.368 0.853

% ge and g amount of MLX absorbed at equilibrium and for each time analyzed, respectively; K;: rate constant of pseudo-first order adsorption
process; K,: rate constant of pseudo-second-order adsorption process; §: is related to the extent of surface coverage and activation energy for
chemisorption; a: initial sorption rate constant; Kjq: internal diffusion coefficient; C: constant related to the thickness of the boundary layer.

q: vs. Int in Fig. 6¢c, we can obtain the values of « and g,
respectively.’*%

The last kinetic model applied was the intraparticle diffusion
or Morris-Weber model and it was created to mathematically
describe that the adsorption kinetics process is influenced by
the diffusion phenomenon of molecules in the adsorbent. This
model has also been used to study how the mass transfer of the
analyte to the adsorbent occurs. Kjq and C values are found from
the slope and y-intercept, respectively, of the straight line
equation obtained by Fig. 6d in the graph of g, vs. ¢'/224323

The choice of kinetic model to explain the mechanism of
adsorption depends on the analysis parameters presented in
Table 1, and the most viable models are selected based on
determination coefficients (R®), as well as the similarity of the
values of the quantities adsorbed experimentally (g.) to the
values predicted by the model (gcaic).- Therefore, analyzing
the parameters, the pseudo-second-order model showed the
best fit with R> = 0.999 for three materials, and the g values
and gcq. are very close: for PAni, 17.800 and 18.070; for
CF, 17.330 and 17.420; and for the PAni-CF composite,
18.380 and 18.290 mg g~ ', respectively. Therefore, as it better
fits the pseudo-second-order model, the mechanism prob-
ably involves the adsorption of the materials studied in MLX
binding sites with different energies and this process has
a chemical nature. This model also recognizes that the speed
of adsorption is dependent on the amount of solute adsorbed
on the surface of the adsorbent and the occupancy rate of
adsorption sites is proportional to the square of the number
of unfilled places.*

12644 | RSC Adv., 2017, 7, 12639-12649

The Elovich model also describes, similar to the pseudo-
second-order model, that the adsorption occurs in the hetero-
geneous energy sites of the adsorbent, assuming multilayer
adsorption by chemisorption. However, this model can be
visualized to involve two steps in the adsorption process: (i) the
first one is related to the adsorption of the molecule on the
external sites of the adsorbent material; (ii) the second is
assigned to a slower adsorption process known as diffusion of
molecules in and out of the pores of the adsorbent.*® As shown
in Table 1 and Fig. 6¢, this model also has a reasonable fit for
the two segments, representing the two steps in the adsorption
process, owing to the determination coefficients for the three
materials (PAni: R* = 0.919 and 0.997; CF: R* = 0.975 and 0.912,
and PAni-CF: R*> = 0.974 and 0.777), confirming that the
adsorption of MLX on the three materials involves two chemi-
sorption phases, i.e. there are external adsorption surfaces
inside and outside the pores. Therefore, when the adsorption is
also influenced by the diffusion adsorption phenomenon, the
intraparticle diffusion model is a complement to Elovich model,
once the parameter related to the thickness of the boundary
layer (C, mg g "), and the higher the value C greater is the effect
of boundary layer.

The intraparticle diffusion model is widely used to verify the
influence of mass transfer resistance in the adsorbent-adsor-
bate connection, and when it is treated with multilinear
segments it is assumed that the adsorption takes place step-
wise, with the first linear portion related to the diffusion process
being limited by the external boundary layer (faster phase
adsorption); the second line segment is attributed to the

This journal is © The Royal Society of Chemistry 2017
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material and the drug solution at pH 2.

diffusion process inside the pores, which involves a slow
process, and in the third linear portion it is considered that
equilibrium was reached.”**” However, in Fig. 6d, it is clear that
there are two linear portions, and the adsorption increased
rapidly in the first phase, indicating the effect of the boundary
layer, and then decreased until the balance owing to the slow
diffusion of MLX in the less accessible adsorption sites.*® From
the data presented in Table 1 it is clear that the C values
(boundary layer) are very different from zero (values between
15.865 and 18.368 mg g '), suggesting that the adsorption of
MLX on the surface of the adsorbent material occurs through
diffusion. In addition, the value of Kjq, the diffusion constant
parameter given by this intraparticle diffusion model, is highest
in the first linear segments compared with the second segments
of the three materials (PAni: 1.725 > 0.093; CF: 1472 > 0.013, and
PAni-CF: 0.041 > 0.003 mg g~ ' min~"/?), suggesting that there is
a lower mass transfer resistance in the first adsorption stage,
thus confirming the rapid adsorption.*

In addition, in all these kinetic models studied, it was
observed from the data and in Fig. 6, the PAni-CF composite
adsorbed larger amount of MLX (18.380 mg g~ '), followed by
PAni and CF (17 800 and 17 330 mg g~ ', both balancing data) in
this order. This fact can be attributed to the composite texture
and composition, which is formed by mixing two highly porous
materials with good adsorption capabilities.

This journal is © The Royal Society of Chemistry 2017

3.5. Concentration and adsorption isotherms

The adsorption isotherms evaluate the adsorption capacity of
the material by means of the isotherm curve, which at equilib-
rium is characterized by the adsorbed amount (q) versus the
equilibrium concentration (C.).*° In this study, we evaluated five
models of adsorption isotherms (Langmuir, Freundlich, Sips,
single- and dual-site Langmuir-Freundlich) to obtain the
maximum adsorption capacity of MLX onto PAni, CF and the
PAni-CF composite, and therefore information explaining the
adsorption mechanism, such as binding sites and affinity
between the adsorbent and adsorbate. The MLX adsorption
isotherms for the three adsorbent materials are shown in Fig. 7
and parameters obtained by the processing of experimental
data, as well as the equations for each model, are shown in
Table 2.

The Langmuir model assumes that each binding site is
energetically homogeneous, ie., the interaction between the
adsorbent and adsorbate occurs in a uniform distribution on
the surface of the adsorbent. In other words, the adsorption
mechanism is monolayer, and the number of adsorption sites is
finite, i.e., adsorption saturation occurs.*** The Freundlich
model takes into account the interaction between the adsorbent
and adsorbate occurring in heterogeneous sites and the
adsorption mechanism is multilayer, but it is an empirical
model and there is a restriction since there is no provision for

RSC Adv., 2017, 7, 12639-12649 | 12645
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Freundlich and (e) dual-site Langmuir—Freundlich models. The experiments were carried out at room temperature by stirring in vortex at

2000 rpm with 17.5 mg of each polymer at pH 2.0.

the saturation of the adsorption sites.*"** According to the data
in Table 2, it can be seen that the determination coefficients (R?)
of these two models for the three materials are not as high when
compared with, for example, the dual-site Langmuir-Freund-
lich model; the highest R* of 0.8813 for the Langmuir model was
found for the PAni-CF composite and 0.6525 for CF under the
Freundlich model. Thus, it was concluded that these two
models do not explain adequately part of the MLX adsorption
mechanism for the three materials.

The Sips model is a combination of the Langmuir and
Freundlich models, and states that the surface of the adsorbent
can be homogeneous or heterogeneous. At low concentrations of

12646 | RSC Adv., 2017, 7, 12639-12649

adsorbate the Freundlich model is assumed, ie. ensures that
adsorption occurs at multilayer and heterogeneous sites, since at
high concentrations the Langmuir model assumes monolayer
adsorption and homogeneous sites.**** This fact can be interpreted
through the heterogeneity factor (n) of the Sips model in which
values of 1/n < 1 indicate that the adsorbents have heterogeneous
sites and values close to 1 have homogeneous sites.*® From the data
in Table 2 it is clear that all the values of 1/n are between 0 and 1
(PAni = 0.2304; CF = 0.1830 and PAni-CF composite = 0.3220),
Le., it is assumed that the bond between MLX and adsorbent
occurs in heterogeneous as well as homogeneous sites and,
moreover, the R? values are between 0.8980 and 0.9942.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Isotherm parameters estimated from the adsorption of MLX onto PAni, CF and PAni—CF composite®
Model Equation Parameter PAni CF PAni-CF
Langmuir _ OKLCe K, 0.0093 0.0044 0.0374
e = (1+K.Ce) Q 107.8369 211.4331 184.6017
R 0.7459 0.7597 0.8813
Freundlich 1 Ky 8.6755 6.8860 33.4465
de = KgCen
n 2.8197 2.1378 3.7682
R? 0.5632 0.6525 0.6370
Sips _ OKsC" Q 87.7322 148.5010 164.6683
9e= 11 (KC.") Ks 2.0635 x 10°® 3.0258 x 101 1.3005 x 10°*
n 4.3394 5.4635 3.1057
R* 0.9578 0.8980 0.9942
Langmuir-Freundlich single-site _ KQC. Q 23.6214 34.3997 60.1350
b= 1T (KC.) K 0.0426 0.0271 0.1149
n 0.2190 0.1627 0.3257
R* 0.7095 0.7252 0.8664
Langmuir-Freundlich dual-site (O1(KiC)")  (Qa(KaCe)™)  Qu 40.2217 90.6660 127.3530
b= T K C)" " 1+ (KaCo)” Ky 0.0154 0.0138 0.0664
n, 16.0083 18.2748 4.5279
Q, 47.9553 70.1663 42.1761
K, 0.0169 0.0042 0.01638
n, 2.1488 1.8614 25.8271
R* 0.9901 0.9317 0.9941

¢ ge: MLX amount adsorbed at equilibrium (mg g ); Q: maximum MLX adsorption capacity of the adsorbent material (mg g "); K: equilibrium
constant that describes the affinity between MLX and the adsorbents; K;: Langmuir equilibrium constant (L g~ '); Kg: Freundlich equilibrium
constant (mg g~ ') (L g~ "); n: constant related to the strength of adsorption.

The isotherms of the single- and dual-site Langmuir—-
Freundlich models also combine the models of Langmuir and
Freundlich. The single-site model assumes a similar theory to
Sips, but applies a different mathematical equation to analyze
the adsorption mechanism. The dual-site model assumes that
the adsorption can occur in both homogeneous and hetero-
geneous sites, both present in the adsorbent.*****” The char-
acteristics equations to calculate each parameter of the single-
and dual-site models are described in Table 2 as well as their
values. Note that there are only three parameters analyzed for
the single-site Langmuir-Freundlich model because it only
assumes a homogeneous connection with adsorption sites.
The dual-site Langmuir-Freundlich model presents six
parameters, since it assumes that the adsorption occurs in
homogeneous and heterogeneous sites. From the values ob-
tained, the isotherm model that showed the best fit to the data,
with a determination coefficient greater than or equal to
0.9901, was the dual-site Langmuir-Freundlich model, sug-
gesting the existence of two types of active sites in the mate-
rials (PAni, CF and PAni-CF composite) and chemical
interactions, consistent with the pseudo-second-order model
from kinetic data.

It is noteworthy that the material that adsorbed more MLX
was the PAni-CF composite (169.6 mg g '), as can be seen in
Fig. 7, which shows the plotted graphs of the amount of MLX
adsorbed experimentally (g) as a function of the equilibrium
concentration (C,). In Table 2 it can be seen by adding Q; and Q,
that the material that obtained the highest adsorptive capacity
was the PAni-CF composite, with a value of 169.5 mg g "
(91% adsorption efficiency), followed of CF with an adsorptive

This journal is © The Royal Society of Chemistry 2017

capacity of 160.83 mg g~ (86.5% adsorption efficiency) and after
the PAni, which exhibited an adsorption capacity of 86.22 mg
g ' (90% adsorption efficiency). These values prove that the
materials agree with the literature, in which the adsorption
efficiency values ranged from 63.21 to 95%.**>> These values
are very close to proving that the best model was the dual-
site Langmuir-Freundlich model, in addition to presenting
extremely favorable adsorption because at low concentrations
the adsorption system has come into balance.” These data show
that the PAni-CF composite is a good adsorbent material thanks
to the union of the adsorptive properties of two materials (PAni
and CF) commonly used as adsorbents.

Table 3 Maximum adsorption capacity for materials based on PAni
reported in the literature and the adsorption study of meloxicam as an
analyte

Adsorption
Adsorbents Analyte capacity (mg g )
PAni-RH*® cr*’ 4.74
PAni-SD*® 5.13
PAni** Methyl orange 154.56
Crosslinked PAni*® Methylene blue 13.85
Fe;0,@Si0,-PAni*® Humic acid 36.36
PAni/cellulose cré” 94.34
acetate membrane®’ Hg*" 280.11
MIP@Fe;0, (ref. 58) Meloxicam 88.00
PAni-PPy-CFs>° Phenylbutazone 100.22
PAni Meloxicam 86.22
CF Meloxicam 160.83
PAni-CF Meloxicam 169.62

RSC Adv., 2017, 7, 12639-12649 | 12647
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Section 3.6.

The theoretical adsorption capacity for MLX onto PAni, CF and
the PAni-CF composite is comparable with other adsorbents re-
ported in the literature, such as those shown in Table 3.%%%*>°
The material that showed the best adsorption capacity was a
PAni/cellulose acetate membrane adsorbing Hg”" ions (280.1 mg
g~ ") and the material with second best adsorptive capacity was
the PAni-CF (169.9 mg g ') developed in this work. In the liter-
ature, there is a MLX adsorption study using MIP@Fe;0, *® as
adsorbent material, and its adsorption capacity (88.0 mg g~ ') and
only work involving PAni-PPY-CFs* composite to adsorb another
drug, phenylbutazone (100.22 mg g~ '), but both works obtained
lower adsorption capacities than the PAni-CF composite
prepared in this work. This results proved that the materials
developed in this study are promising for adsorption of organic
analytes, especially the PAni-CF composite, owing to the addition
of CF in the polymer matrix and thus joining the adsorptive
properties of the two materials.

3.6. Desorption studies

The desorption studies were performed using different acids
and the results are shown in Fig. 8. It was found that sulfuric
acid is a good eluent for desorption of MLX in all adsorbents
(PAni: 96%; CF: 81% and PAni-CF: 92%) as compared to
hydrochloric acid and acetic acid. The regenerated adsorbents
can be re-employed for adsorption of MLX with a small decrease
in percentage removal efficiency, but as mentioned above PAni-
CF is more resistant over a wide range of pH.

4. Conclusions

CF, PAni and the PAni-CF composite have been easily prepared/
synthetized with the aim of achieving the adsorption studies for
MLX in aqueous medium. These materials were characterized
satisfactorily by FTIR, TG and SEM. The separation of MLX by
HPLC-DAD using a C18 column and a mobile phase consisting
of 0.05 mol L' phosphate buffer at pH 6 with acetonitrile was
efficient and reproducible. Adsorption and desorption studies

12648 | RSC Adv., 2017, 7, 12639-12649
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were successfully performed, and pH 2 presented the best
results for MLX adsorption. The adsorption kinetics model best
suited was the pseudo-second-order model confirmed by the
Elovich and intraparticle diffusion models, i.e., suggesting that
the MLX adsorbs chemically on the surface and in the pores of
the materials at sites with different energies. The dual-site
Langmuir-Freundlich isotherm model was chosen owing to
high values of determination coefficient for the three materials.
However, the PAni-CF composite showed a more adequate R
(0.9941), the highest amount of MLX adsorbed (g. = 169.6 mg
g~ 1), better adsorption capacity (Q = 169.5 mg g~ ), low varia-
tion at different pHs and an extremely favorable adsorption
isotherm. This can be explained by the addition of CF in the
synthesis of PAni, improving the adsorptive capacity owing to
CF's adsorptive properties. Sulfuric acid was found to be a good
eluent for the three materials. Finally, these materials presented
important characteristics, which make them potentially appli-
cable as adsorbents in stationary phases for separation
processes in environmental and analytical studies.
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