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ABSTRACT

The adsorptive removal of copper(Il) ions from aqueous solutions were studied using the prepared
polyaniline/montmorillonite composite adsorbent. The controlling parameters as: pH, adsorbent
dose, ion concentration and temperature were studied. The removal of Cu(Il) reached its maxi-
mum value at pH 5.5 and the equilibrium adsorption capacity was found to be 99.61 mg g on
the composite adsorbent. The experimental adsorption results were found to follow Langmuir
adsorption isotherm model with maximum adsorption capacity of 100.01 mg g'. The kinetic studies
showed good fit of the experimental results with pseudo-second-order kinetic model, indicating

the participation chemisorptions.
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1. Introduction

Polymer composites containing layered silicates have
found great attention due to their advanced properties [1].
The layered silicates were studied in many applications
and were involved in many techniques due to their surface
properties and layer charges [2]. The reaction between clay
particles and polymeric materials are highly dependent on
the hydroxyl groups and surface layer charges in the clay
particle. Polymer-clay composite systems could be formed
through clay intercalation or exfoliation. If nano-sized clay
particles were used in polymer composites; polymeric moi-
eties could be intercalated within the clay interlayer and
between platelets. While if the clay platelets are dispersed
within the polymeric chains, it is called exfoliation. The
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most effective clay properties that could improve the com-
posite properties include clay particle size, surface area,
and clay aspect ratio [3]. Montmorillonite (MMT), smec-
tite clay minerals which have advanced intercalation char-
acteristics, strong adsorption and higher affinity towards
metal ions as a result of its layered structure [4]. MMT has
wide advanced applications due to its high cation exchange
capacity, high surface area, high aspect ratio and distinctive
layered structure. MMT has been studied for the removal
of hazardous heavy metal ions as; As, Cd, Cr, Co, Cu, Fe,
Pb, Mn, Ni, and Zn [5]. The metal ions adsorption behav-
ior of MMT was found to be highly enhanced via certain
modifications as; inclusion polymeric composites, grafting,
impregnation, chelation and crosslinking [6]. The poly-
mer-clay composite adsorbents have been prepared for
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the sake of enhancing adsorption selectivity, regeneration
behavior, surface area and surface morphology [7,8].

Different conductive polymers have important studies
in metal ions adsorption as polypyrrole, polyaniline (PANI),
polythiophene, and polyfuran [9]. PANI has prominent char-
acteristic properties as electrochemical properties, amine
functionality, high environmental stability, low cost and
characteristic doping behavior. These properties make PANI
applicable in metal ions adsorption however it has low
swelling properties which limited its applications in water
treatment. However many approaches have been studied
for overcoming these limitations as blending with nanosized
two-dimensional materials [1]. The dispersion of monomer
molecules within the clay platelets aggregate with controlled
level provide intercalated or exfoliated polymer clay com-
posite with highly enhanced properties [10]. The polymer
clay nanocomposites were reported as efficient adsorbent
for wastewater treatment with low cost [11].

Copper(Il) ions were found with significant amounts in
certain industrial wastes as: metal finishing, electroplating,
mining industries plastics, batteries, and etching [12,13].

Copper ions has been known with their harmful effect
on the environment and human health, where high cop-
per intake in human body produce serious health effect as
cramps, vomiting, convulsions and in some cases it could
causes death [14-16]

The United States Environmental Protection Agency
(USEPA) has limited the permissible copper ions concen-
trations in industrial discharge to be 1.3 mg L. While, cop-
per ions concentration in drinking water was limited by
the World Health Organization to be less than 2 mg L™ [17].

Different methods and materials were studied for
removal of copper ions from wastewater as: adsorption
[18], membrane filtration [19,20], electrodialysis [21] and
photocatalysis [22]. Adsorption process has been widely
applied for effective removal of copper from wastewa-
ter due to simple performance, high efficiency and low
coast [23]. Tea agricultural waste was studied for adsorp-
tion Cu(Il) ions from aqueous solution and the results
indicated that 74% of the copper ions were removed [24].
The removal of copper ions from aqueous solutions using
Azadirachta indica (neem leaf) powder was studied and the
highest removal of copper ions was obtained at pH 7.0
[25]. Trans-cinnamic acid was synthesized and studied for
removal of copper ions from wastewater and the results
showed maximum adsorption capacity of 389.3 mg g
[26]. The lignocellulosic fractions of Q. ilex and Q. suber
were studied for copper ions adsorption from aqueous
solutions and showed experimental adsorption of 48.06
and 38.19 mg g, respectively [27]. The removal of copper
ions from aqueous solutions was studied using polymeric
adsorbents and the results showed significantly improved
adsorption by using polymer nano-composite adsorbents
[28]. PANI coated surface sawdust was prepared and
studied for Cr(VI) ion [29], while PANI-CuO nanocom-
posite was prepare through chemical coprecipitation and
studied as microwave shielding material [30]

Different method and procedures have been used for
preparation of PANI and PANI composites. The produced
PANI composites were potentially studied for many appli-
cations as providing water solubility, fabrication of PANI

thin film nanocomposite and charge storage applications.
The PANI composites were prepared through different meth-
ods as interfacial polymerization, layer by layer assembly,
coating and doping. It has been reported that the properties
of PANI composites are clearly dependent on the preparation
procedure [31].

PANI nanocomposites have been potentially studied
for heavy metals adsorption and offered improved adsorp-
tion efficiency if compared with individual materials [32].
Polyaniline doped with Mn,O, has been prepared [33] and
studied for the adsorption of Pb(II), Cd(II), and Ni(II) ions
and showed maximum adsorption capacity of 437, 480, and
494 mg g, respectively. The fast chelation mechanism was
observed in the adsorption process. PANI/Sb,0, compos-
ite was prepared through in situ polymerization process
[34] and applied for the adsorption of Pb(II) from aqueous
solutions. The adsorption of Pb(Il) using PANI/Sb,0, was
found to be affected by solution pH and the maximum
adsorption capacity was found to be 21.05 mg g™. The main
adsorption mechanisms responsible for the adsorption pro-
cess include ion exchange and surface complexation. The
adsorption behavior of heavy metal ions using the prepared
ALO,/PANI nanocomposite was studied and showed the
metal ions affinity order of Cu*, Pb* > Zn* > Cd*" > Ni*,
Co?" [35]. The prepared nanocomposite offered a nano-
fibrous and nanoporous structure with pore diameter in
the ranging within 70-100 nm.

Different PANI based composites were prepared and
studied for removal of organic pollutants and showed con-
siderable removal efficiency. Polyaniline based almond shell
biocomposite PANI/AS was prepared and studied for the
removal of organic G dye from aqueous solution [36]. The
adsorption results of OG dye by PANI/AS was found to
be fitted with the pseudo-second-order kinetic model and
followed the Freundlich isotherm model with maximum
adsorption capacity of 190.98 mg g™

The adsorption of anionic dye eosin yellow (EY) from
aqueous solution was studied using PANI/Emeraldine
salt [37]. The adsorption results of EY showed good fitting
with pseudo-second-order kinetic model and the maximum
adsorption capacity was found to be 335 mg g?. PANI/
Sawdust has been prepared [38] and applied for adsorp-
tion of aromatic acids with good adsorption efficiency.
The maximum adsorption capacity of polyaniline/Argan-
nut-shell composite was observed to be 209.64, 143.68 and
267.38 mg g for Tri, Hemi and Pyro acids, respectively.

In this context, polymer-clay composite adsorbent was
prepared from polyaniline (PANI) and montmorillonite
(MMT). The prepared composite PANI/MMT was analyzed
for assigning the physicochemical, structural and surface
properties and studied for the removal of Cu(Il) ions from
aqueous solutions. The parameters affecting the adsorption
of Cu(Il) onto PANI/MMT were studied and the adsorp-
tion mechanism was suggested based on isothermal and
kinetic studies.

2. Experimental
2.1. Materials

MMT was purchased from Sigma-Aldrich, aniline was
obtained from Fluka and ammonium persulfate (APS)
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was purchased from Sigma-Aldrich. Copper sulfate was
obtained from Sigma-Aldrich.

2.2. Synthesis of the composite PANI/MMT

Different synthetic routes have been studied for prepara-
tion of PANI composite based on three main procedures [32]:

* In situ polymerization of aniline monomer onto the
surface of nanoparticles.

® Simultaneous polymerization and nanoparticles forma-
tion in One-Step redox reactions

* Mixing of the pre-synthesized PANI and nanomaterials.

Sun et al. [39] studied the preparation of Fe,O,/PANI
nanocomposite through microemulsion polymerization
process of Fe O, and aniline monomer. The obtained Fe, O,/
PANI composite showed a monodispersed core-shell
structure and superparamagnetic properties. Multi walled
carbon nanotube polyaniline composite MWCNT/PANI
has been prepared through microemulsion process using
APS as initiator [40]. Different PANI composites were
also prepared through inverse emulsion polymerization
process for monomer aqueous solution emulsified in non
polar organic solvent. This process showed many advan-
tages as ease of process control due to the physical state of
the emulsion system. PANI/TiO, nanocomposite has been
prepared using CTAB as an emulsifier [41] and showed
average diameter between 50-200 nm. Nanocomposite of
PANI/GO was synthesized via dynamic interfacial inverse
emulsion polymerization process using APS as initiator
[42]. Wang et al. [43] synthesized PANI/TiO, composite
via one-pot synthesis process, where TiO, was prepared
firstly followed by aniline polymerization using APS as
initiator. The prepared composite showed core—shell mor-
phological structure of PANI covering TiO,.

The composite adsorbent PANI/MMT was prepared
through chemically initiated polymerization of aniline in
presence of MMT particles. The process applied for PANI/
MMT composite preparation was facile, productive and
produces adsorbent particles with considerable granu-
lar appearance as well. Briefly, the appropriate amount of
MMT (to give MMT content ratio of 20) was suspended
in distilled water at 25°C, the aniline monomer (3 g) was
added to the MMT suspension and left for 24 h under
continuous stirring to verify intercalation within MMT.
The APS solution of (5.71 g in 25 mL distilled water) was
added to the reaction mixture with continuous stirring
for 5 h till complete polymerization. The solid composite
PANI/MMT was collected and rinsed with 0.2 mol L™ HCl
solution and dried at ambient till complete dryness.

The conversion yield was calculated gravimetrically by
the following equation:

M -M
Conversion yield = UT

' )

where M, M, and M, are the prepared composite mass,
MMT mass, and the starting aniline mass, respectively.

2.3. Characterization of the prepared materials

The characteristic surface properties (specific surface
area and pore size) of the prepared composite adsorbent and
polymer were analyzed by N, adsorption using Belsorp sur-
face area analyzer (BEL Japan, Inc.). The specific surface areas
were determined using Belsorp Adsorption/Desorption Data
Analysis Software.

Fourier-transform infrared (FT-IR) spectra of MMT,
PANI and PANI/MMT were analyzed within the wavenum-
ber range of 4,000-400 cm™ using Thermo Scientific Nicolet
6700 FT-IR. The X-ray diffraction (XRD) patterns of MMT,
PANI and PANI/MMT were analyzed using Shimadzu
6000DX instrument (Shimadzu Corporation, Japan), oper-
ated at 40 kV, 30 mA, and A = 0.154056 nm. The thermal sta-
bility of MMT, PANI and PANI/MMT were studied using
a Shimadzu TGA-50H thermogravimetric analyzer (TGA),
where the samples were heated from ambient to 800°C with
heating rate of 15°C/min under nitrogen flow of 40 mL min.

The surface morphology of the prepared composite and
polymer were studied by scanning electron microscopy
(SEM) using FESEM with Jeol Model 6360 LV SEM (USA).

2.4. Adsorption study of Cu(1I)

Batch adsorption experiments were performed where,
the adsorption efficiency was studied depending on pH of
Cu(Il) aqueous solution, contact time, adsorbent dose and
Cu(Il) ion concentration. The Cu(II) aqueous solutions was
prepared from CuSO,5H,0O to obtain Cu(ll) concentra-
tions within 50-250 mg L. The adsorbent amount of 0.1 g
was transferred to the reaction vial containing 50 mL of
Cu(Il) aqueous solution and agitated in thermostat-water
bath shaker at 150 rpm and the temperature was fixed at
25°C £ 1°C. The removal percentage of Cu(ll) (R %) was
calculated as:

R%= Cog €. x100 @)

o

where C and C, are the initial and equilibrium concentra-
tions of Cu(Il) (mg L™) in solution, respectively. The adsorbed
amount of Cu(Il) on the solid adsorbent (g, mg g) was
calculated as:

\%
7=(C,~C)x— ©

where V is the Cu(II) solution volume (L) and m is the adsor-
bent mass (g). The pH of aqueous solution was adjusted
using 0.1 M HCl and 0.1 M NaOH solutions as required.
The mixing time was varied from 5 to 180 min. The Cu(II)
concentration before and after experiments was measured
using atomic absorption spectroscopy.

2.5. Regeneration—recycling

The regeneration of the Cu(Il) loaded adsorbent was
studied by shacking the Cu-loaded adsorbent in 0.1 M
HCI solution for 30 min, then washing with distilled water.
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The regenerated particles were applied in repeated adsorp-
tion-desorption-regeneration cycles and the efficiency
of the regenerated adsorbent was calculated as in Eq. (1).

3. Results and discussion
3.1. Characterization of the prepared materials

The conversion yield of aniline to PANI was found
to be 71.5%, which is slightly lower than the previously
reported yield [44]. This finding could be due to the pos-
sible aggregation of MMT particles, which could affect the
monomer swilling and stability. Furthermore, the MMT con-
tent increases the viscosity of the reaction mixture, which
could affect the monomer conversion yield.

The surface analysis results revealed that PANI/MMT
and PANI have surface area of 98.21 and 29.51 m? g7,
respectively. The pore volume for PANI/MMT and PANI
was found to be 0.45 and 0.20 cm?® g7, respectively. These
results indicate the improved surface area and pore size by
inclusion of MMT with PANI. The composite pore size for
PANI/MMT was found to be 374.1 A, compared with 288.1 A
for PANI. The surface analysis results reflect the possi-
ble increase in the available surface active sites on PANI/
MMT which could improve both the metal ions adsorp-
tion and diffusion within composite layers. The prepared
composite particles were sized to be within 1-2 mm for
adsorption experiments.

The FT-IR spectra of PANI, MMT and PANI/MMT
composite with 20 wt.% MMT are presented in Fig. 1a.
The characteristic peaks in PANI spectrum appeared at
1,610 and 1,460 cm™ could be assigned for the stretching
vibration of C=N and C=C, respectively [45]. The peak
appeared at 1,297 cm™ could be assigned for stretching
vibration of C-N, where the peaks at 1,107 and 798 cm™
could assigned for the out-of-plane bending of C-H of
the rings. The MMT spectrum showed the peaks at 1,051
and 520 cm™, which could be assigned for Si-O and Al-O
stretching vibrations, respectively [46]. The presence of
the characteristic peaks for both MMT and PANI prove the
formation of the composite PANI/MMT. There is a slight
shift in characteristic peaks position of MMT and PANI
in the composite compared to their original peaks in pure
compounds. The characteristic peak for Si-O stretching
vibration at 1,051 cm™ in PANI/MMT spectrum and the
peak of C-H out-of-plane bending at 1,107 cm™ appeared
in PANI/MMT spectrum with broadening, indicating the
presence of certain interaction between MMT and PANI.

The thermogravimetric analysis (TGA) of PANI/MMT,
PANI and MMT is presented in Fig. 1b and shows a small
weight loss at about 90°C in MMT curve due to loss of
moisture. The second-step in MMT thermal degradation
appeared between 250°C-600°C, corresponding to the
dehydroxylation and decomposition of organics in MMT.
The thermogravimetric analysis of PANI showed two deg-
radation steps, the first one at 240°C and the second was
at 440°C. Where the TGA of PANI/MMT composite with
20 wt.% MMT, showed weight loss at 230°C assigned for
dehydroxylation of MMT and dehydration of interlayer
water, the second-step at 440°C assigned for the decom-
position of organic moieties within the MMT layers, and

the third step was appeared at 555°C for the PANI poly-
mer backbone degradation. The thermal analysis results
reflect the improved thermal stability of PANI in presence
of MMT, which agreed with the previously reported results
[47]. The increased thermal stability of PANI with pres-
ence of MMT could be explained as MMT sheets worked
as permeation/diffusion barriers which hindered the diffu-
sion of gaseous products within the composites and inhibit
PANI thermal decomposition [48].

XRD analysis patterns of MMT, PANI and PANI/MMT
are given in Fig. 1c and reveal that the dominant peak of
MMT at 26 =26.6° corresponding a basal spacing of 3.35 A.
The PANI/MMT composite XRD pattern in Fig. 1c shows
slight shift peaks positions and decreased peaks inten-
sities compared to MMT pattern. The peaks appeared at
lowered angels reflect the intercalation of PANI within
MMT and declare the increased interlayer distance of
MMT due the formation of intercalated composite struc-
ture. This explanation could be supported by the possible
interaction of the polymer amine groups with MMT sili-
cate groups, which could greatly enhances the formation
stacked PANI/MMT composite [49,50]. The MMT peaks
intensities decreased due to low MMT content within the
composite, while the peaks broadening may be due to the
hydration of MMT cations and the changed layer spacing
which also confirms the presence of intercalated structure.

The surface morphology of PANI and PANI/MMT
was analyzed by SEM and the micrographs are given in
Fig. 1d. The SEM micrographs show the layers of MMT
and the PANI spheres within the clay. Certain agglomera-
tion of PANI spheres was observed and separate layers of
MMT with certain stacking due to its higher content and
polymer intercalation within the layer spacing [44].

3.2. Adsorption study of Cu(Il)
3.2.1. Effect of pH

The aqueous solution pH has significant effect on
adsorption of metal ions from aqueous solutions. The
effect of pH on the adsorption of Cu(II) on PANI and PANI/
MMT was studied within pH range 1-7, at 25°C = 1°C,
adsorbent dose of 2 g L', contact time of 60 min and
Cu(II) ion concentration of 200 mg L. The results given in
Fig. 2a show increased removal percentage of Cu(Il) ions
onto PANI or PANI/MMT with increasing pH from 1 to
5. However, further increase in pH from 5 to 7 resulted
in decrease in Cu(Il) adsorption. Therefore, pH 5.5 was
considered as the optimum for the adsorption of Cu(Il)
in all experiments. These results could be explained by
the surface charge variation of the adsorbent with pH,
where at lower pH the surface sites are protonated, and
the adsorbent surface tends to be positively charged,
consequently the electrostatic interaction is low and the
adsorption of Cu(Il) is low. While, as the pH increased
up to 5, the surface sites are deprotonated and the adsor-
bent active sites tend to be negatively charged, the elec-
trostatic interaction could be effective, and the adsorption
increases. As the pH increased near the alkaline, the bond-
ing between Cu(Il) and the PANI/MMT increased. Also
the de-protonation of the polymer amine groups at high
pH increases the active boding sites available for Cu(II)
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Fig. 1. FT-IR spectra (a), TGA analysis (b), XRD patterns (c) and SEM micrographs (d) for MMT, PANI, PANI/MMT.

On the other hand, at pH within 5-7, the copper ions
solubility decreased and precipitate as Cu(OH), [51]. The
point of zero charge for PANI was reported to be 5.2, so
the polymer surface is positively charged before pH 5.2
[52]. The presence of MMT could shift this point towards
more positive due to the presence of cations within MMT.

3.2.2. Effect of adsorbent dose

The effect of adsorbent dose on the adsorption of Cu(II)
onto PANI and PANI/MMT was studied at different dose

(from 0.2 to 4 g L™), with fixing other experimental param-
eters. The results presented in Fig. 2b show that the resid-
ual Cu(Il) concentration in solution decreased dramati-
cally with increasing adsorbent dose of PANI and PANI/
MMT up to 2 g L. Increasing the adsorbent dose more
than 2 g L shows no corresponding increase in adsorp-
tion. The usage of high adsorbent dose without significant
increase in adsorption is not economically recommended,
therefore the optimum adsorbent dose was considered to
be 2 g L. The observed adsorption at higher dose than
2 g L' reflects that there were still adsorption active sites
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Fig. 2. Effect of pH; contact time 60 min, adsorbent dose 2 g L}, Temp. 25°C + 1°C, Cu(II) concentration is 200 mg L™ (a), effect of
adsorbent dose; pH 5.5, Cu(II) concentration 200 mg L, contact time 60 min and Temp. 25°C + 1°C (b).

un-reacted within the adsorbent. The adsorbent active
sites per gram are not all reinforced for interaction, so a
regular decrease in adsorption was observed [53,54].

3.2.3. Effect of Cu(II) ion concentration and
isothermal studies

The isothermal studies provide certain information
about the adsorption process as the maximum adsorption
capacity and provide information about adsorption mech-
anism. The effect of initial Cu(II) ion concentration on the
equilibrium adsorbed amount was studied. The results
were presented as residual equilibrium Cu(Il) concentra-
tion in solution (C, mg L) against the amount of Cu(II)
adsorbed on the solid adsorbent (5, mg g7) Fig. 3a.
Different isotherm models, namely Langmuir, Freundlich
and Temkin were applied on the experimental results.
Langmuir isotherm model explain monolayer adsorption
of Cu(Il) ions on the outer adsorbent surface with no more
adsorption after the monolayer adsorption. The linear
form of Langmuir model equation is:

1
—_—=—
9o Toax UmaCe

(4)

where g, and g___are the adsorbed amount (mg g™') of Cu(II)
ions at equilibrium and the maximum adsorbed amount
(mg g™), respectively. C, is the Cu(Il) ion concentration
in solution at equilibrium (mg L™) and b (L mg™) is a con-
stant related to the adsorption free energy [55]. The model

parameters were calculated from the plot of 1/g, vs. 1/C,
(Fig. 3b) and are given in Table 1. The correlation coefficient
(R?) for Langmuir isotherm model are 0.991 and 0.983 for
PANI-Cu(ll) and PANI/MMT-Cu(Il) adsorption systems,
respectively.

Freundlich isotherm model was used to explain the
adsorption on heterogeneous surfaces and given by the
following equation:

logg, =logK, +llogCe (5)
n

where K is a constant related to the adsorbed amount
(mg g") and 1/n is a constant related to the adsorption
intensity. Freundlich isotherm model parameters with the
correlation coefficient were calculated from the linear regres-
sion of the plot of logg, against logC, (Fig. 3c) and are given
in Table 1. The values of R? and the K in Table 1 indicate a
god fit of the experimental results with Langmuir model
than Freundlich model.

Temkin isotherm model consider the interaction between
distinctive adsorbate molecules on the adsorbent given by
the equation:

q, =%lnA+R—BT1nCF (6)

where A (L g') and B (J mol™) are Temkin model constants,
R (J mol™ K7) is the universal gas constant and T (K) is
the absolute temperature. The values of A, B and R? were
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Isotherm model parameters for the adsorption of Cu(II) onto PANI and PANI/MMT

Ads. system Isotherm model parameters
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b=0.173 L mg"! K,=19.54 mg g B =134.81 ] mol™
R*=0.991 R?=0.992 R?=0.992
S.D.=0.00186 S.D.=0.0319 S.D.=3.95
PANI/MMT-Cu(II) q,...=100.01 mg g™ 1/n=0.256 A=2945Lg?!
b=3.33 Lmg™ K,=56.75mg g™ B=146.26 ] mol!
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Fig. 3. Effect of Cu(ll) ion concentration; dose 2 g L™, pH 5.5, time 60 min and temperature of 25°C + 1°C (a), Langmuir model
plot (b), Freundlich model plot (c) and Temkin model plot (d).
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calculated from the plot of g, against InC, (Fig. 3d) and are
given in Table 1.

The adsorption capacity of PANI/MMT was found evi-
dently high and relatively higher compared to PANIL The
results indicate that the prepared composite adsorbent
PANI/MMT could be considered as a potential adsorbent for
removal of toxic metal ions from aqueous and reflect high
affinity of Cu(Il) ions towards PANI/MMT. The results of
isothermal studies reflect the participation of both chem-
ical and physical adsorption in the process with presence

110

183

of certain adsorbate molecules interaction on the adsorbent
surface.

3.2.4. Effect of contact time and kinetic studies

The effect of contact time on the adsorbed amount of
Cu(Il) onto either PANI and PANI/MMT was studied and
the results are given in Fig. 4a. The results showed a fast
increase in the adsorbed amount of Cu(Il) with time and
reached equilibrium after 90 min.
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Fig. 4. Effect of contact time; dose of 2 g L™, pH 5.5, Cu(II) conc. of 200 mg L™ and temperature 25°C + 1°C (a), pseudo-first-order

plot (b), pseudo-second-order plot (c) and plot of Ink vs. 1/T (d).
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Fig. 5. The synthesis of PANI/MMT composite and Cu(II) ions adsorption.

The obtained experimental results were treated by
pseudo-first-order and pseudo-second-order kinetic models.
The pseudo-first-order kinetic model was presented by the
following equation:

kit
2.303

log(q, —q,)=logq, - )

where k, (min™) is the rate constant of pseudo-first-order
model, g, and g, (mg g™') are the adsorbed amount of Cu(Il)
at equilibrium and at time f (min), respectively. The pseudo-
first-order model parameters were calculated from the
plot of log(q, - q,) vs. t (Fig. 4b) and are given in Table 2.

The pseudo-second-order kinetic model is presented by
the equation:

t 1 t
=t — ®)
a kg 4.

where k, (g mg” min™) is the pseudo-second-order rate
constant. The model parameters were calculated from the
plot of t/q, against ¢ (Fig. 4c) and are listed in Table 2.

The experimental results showed god fit with the
pseudo-second-order kinetic model with correlation coef-
ficients of 0.993 and 0.995 for PANI-Cu(Il) and PANI/
MMT-Cu(ll) systems, respectively. Furthermore, the calcu-
lated adsorption capacity from the pseudo-second-order
model was found to be more close to the experimentally

Table 2

determined results. These observations indicate that the
adsorption of Cu(Il) onto either PANI/MMT or PANI fol-
lows the pseudo-second-order model, referring to the strong
participation of chemical adsorption in the process [56,57].

3.2.5. Effect of temperature and adsorption thermodynamics

The effect of temperature on the adsorption of Cu(II)
using PANI and PANI/MMT was studied within the tem-
perature range (25°C—45°C). The thermodynamic param-
eters of the adsorption process as Gibbs free energy
AG (K] mol™), enthalpy change AH (k] mol), and entropy
change AS (J mol™ K™') were calculated using the following
equations:

q
k=de 9
C &)
k=25 _2H (10)
R RT
AG = AH - TAS 1)

where k is the equilibrium constant, T (K) is the absolute
temperature and R is the gas constant (8.314 J mol™ K™).
The enthalpy change and entropy change were calculated
from the plot of Ink against 1/T (Fig. 4d) and are given
in Table 3.

Pseudo-first-order and pseudo-second-order model’s parameters for PANI-Cu(II) and PANI/MMT-Cu(II) adsorption systems

Ads. system

Kinetic model parameters

Pseudo-first-order

Pseudo-second-order

PANI-Cu(II)

PANI/MMT-Cu(II)

q,=85.11mg g™
k, =0.0439 min™
R*=0.982
S.D.=0.153
g,=145.88 mg g™
k, =0.0635 min™
R*=0.966
S.D.=0.233

q,=91.15mg g™
k,=4.65x10* g mg™ min™
R*=0.993

S.D.=0.078

q,=112.48 mg g™

k,=5.30 x 10* g mg™ min™
R*=0.995

S.D. =0.057
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The calculated thermodynamic parameters showed
negative values for the free energy change AG, reflecting
the feasibility and spontaneous nature of the adsorption
process at room temperature. The positive values of the
enthalpy changes AH refer to the endothermic nature of
the adsorption of Cu(II) on either PANI or PANI/MMT. The
entropy change AS showed positive values which indicate
randomness at the solid liquid interface with the course of
the adsorption process of Cu(II) ions onto PANI and PANI/
MMT [58,59]. Based on the obtained results the suggested
mechanism of composite preparation and adsorption of
Cu(II) onto PANI/MMT was presented in Fig. 5.

3.3. Regeneration and reuse of adsorbent

The copper ion recycling and the recovery of the com-
posite adsorbent is an important consideration in adsorp-
tion studies. The regeneration-recycling of the Cu(Il)
loaded adsorbents PANI and PANI/MMT was performed
by 0.1 M HClI solution. The results showed higher desorp-
tion of Cu(Il) ions from PANI/MMT using HCI solution,
which could be explained due the competing effect of
hydrogen ions at acidic condition. Consequently, a higher
regeneration was observed by acidic solutions. The regen-
erated adsorbents were applied in repeated adsorption-de-
sorption cycles up to five cycles. The results showed sig-
nificant adsorption efficiency of Cu(Il) ions up to the
fourth cycle (with removal of 90%) with respect PANI/
MMT. While, with respect to PANI, the adsorption effi-
ciency decreased significantly after the third cycle (removal
reached 72%). These observations reflect the stability of the
composite adsorbent PANI/MMT for removal of Cu(Il) in
repeated cycles compared to PANI.

3.4. Comparining the adsosrption of Cu(Il) using PANI/
MMT with different adsorbents

The maximum adsorbed amount of Cu(II) using the pre-
pared composite PANI/MMT is presented in Table 4 with

Table 3

the maximum adsoebed amount of Cu(Il) using different
adosrbets. The data in Table 4 show that PANI/MMT com-
posite has a potential adsorption efficiny if comapred with
different adsorbents. The results encorage future studies for
adsorption of other heavy metal and/or organic pollutants
from wastewater using the prepared composite PANI/MMT
composite.

4. Conclusion

In the present study polyaniline and polyaniline/
montmorillonite composite adsorbents were prepared and
studied for the removal of copper(Il) ions from aqueous
solutions. The composite adsorbent PANI/MMT showed
higher adsorption capacity for Cu(Il) ions than PANI and
showed high affinity for Cu(Il) ions. The pH of higher
adsorption is 5.5 and the equilibrium reached after 90 min
with adsorption capacity of 99.61 mg g with respect to
PANI/MMT. The isothermal and kinetic studies showed god
fit of the experimental results of Cu(II) adsorption by PANI
or PANI/MMT with Langmuir isotherm model and pseu-
do-second-order kinetic model. The calculated maximum
adsorption capacity of Cu(Il) was found to be 100.01 mg g
The thermodynamic study showed endothermic, sponta-
neous and feasible adsorption process. Furthermore, PANI/
MMT could be easily regenerated using acidic solution and
reused up to four cycles with significant adsorption effi-
ciency and particles stability. The composite PANI/MMT
could be considered as an efficient adsorbent to remove
Cu(II) ions from aqueous solution and could be applied for
removal of other metal ions as well. Based on the obtained
results, we recommend the application of the prepared com-
posite PANI/MMT for removal other pollutants in future
work.
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Thermodynamic parameters for the adsorption of Cu(II) onto PANI and PANI/MMT

Thermodynamic parameters PANI-Cu(II) PANI/MMT-Cu(II)
AH (k] mol™) 20.28 66.50
AG (k] mol™) -0.843 -6.80
AS (J mol™ K) 70.88 246.01
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Maximum adsorbed amount of Cu(Il) by different adsorbents
Adsorbent Maximum adsorption, (mg g™) Adsorption model References
Sodium alginate modified materials 5.6 Langmuir [60]
Waste tire rubber ash 343 Langmuir [61]
Chemically modified bioadsorbents 92.5 Langmuir [62]
Bagasse pith grafted polyacrylamide copolymer 105.3 Langmuir [63]
PANI/MMT 100.01 Langmuir Current study
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