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ABSTRACT: In this study, ethylene vinyl acetate (EVA)
was mixed with clinoptilolite (C), a natural zeolite, to pre-
pare EVA-C nanocomposites. The films were characterized
by SEM-EDS, XRD, and FT-IR, and heavy metal removal
was studied using the batch technique. The effects of
the initial pH value and concentration of solutions, contact
time, and filler dosage on the adsorption capacity of the
composites were investigated. To study the influence of
pretreatment on the filler, clinoptilolite was activated
using KCl, NaCl, and HCI. Adsorption results show that
equilibrium was reached after 24 h, and that sorption
reached its maximum at pH values between 5 and 7. The
selectivity trend was observed to be Pb > Cu > Co, which
was consistent for both single and mixed metal-ion solu-
tions. Pretreatment significantly increased adsorption
capacity of the composite, but was dependent on the
conditioning reagent. Nanocomposites filled with HCI-

activated particles demonstrated a high adsorption
capacity of between 70 and 80% for all three metals, while
KCl-activated particles were the least efficient with a maxi-
mum adsorption capacity of 69% for Pb(II), 54% for Cu(II)
and 48% for Co(Il). The adsorption data were then fitted
to both Langmuir and Freundlich isotherms over the
entire concentration range, and the Langmuir isotherm
showed a better fit of the experimental sorption data than
the Freundlich isotherm. The results obtained show that
this simple methodology which can be up-scaled has great
potential for the preparation of a wide variety of similar
particle-filled adsorbent nanocomposites in other environ-
mental remediation applications. © 2011 Wiley Periodicals,
Inc. J Appl Polym Sci 121: 3414-3424, 2011
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INTRODUCTION

Lead, copper and cobalt ions are among the most
hazardous inorganic pollutants found in heavy-
metal-laden water systems, and are generated by
industrial activities such as mining, petroleum refin-
ing, electroplating, and the textile industry. The pres-
ence of these cationic species in aquatic ecosystems
results in their accumulation in living organisms,
which causes several adverse effects. For example,
Pb>" interacts with the sulfhydryl group in human
protein and also impairs the synthesis of hemoglobin,
resulting in severe disruptions in the metabolism and
function of the brain, liver, and kidneys.1 In plants,
Pb*" tends to accumulate within the cell walls
and intermolecular spaces, resulting in plant growth
retardation.? Cobalt, on the other hand, has been
implicated in dermatitis and in affecting the respira-
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tory system, while vomiting and nausea are some
of the symptoms of Cu®' poisoning.’* For these
reasons, the remediation, treatment, and removal of
heavy-metal ions from water have become a major
concern for many processing industries.

Several techniques, including chemical coagula-
tion, membrane separation, ion exchange, ultrafiltra-
tion, and adsorption have been developed for water
treatment. Many of these methods may, however,
prove to be less effective than required and they
generate secondary pollution with intermediates
such as sludge. Adsorption has attracted much inter-
est among researchers due to its low energy require-
ments and effectiveness even at low concentrations.
Activated carbon has been the most widely used ad-
sorbent due to its effective metal-ion adsorption and
its relatively high mechanical properties.” However,
the high cost of the process of activation is a major
limitation for use in water treatment, especially in
developing countries, hence the need for the devel-
opment of low-cost adsorbent materials. Natural
minerals such as clays, zeolites, fly ash, and biomass
are typical low-cost adsorbents.” Zeolites in particu-
lar have been intensively studied because of their
ability to remove trace quantities of heavy metal
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ions by utilizing the ion-exchange phenomenon.
Zeolites are naturally occurring crystalline alumino-
silicates consisting of a framework of tetrahedral
molecules linked to each other by corner-sharing
oxygen atoms. Each AI** substitution for Si*" results
in a deficiency of positive charges within the frame-
work. The negative charges are then balanced by
positively charged cations such as Na*, K*, Ca*",
and Mg*" on the pore surface of the microporous
structure.® These cations are coordinated with the
defined number of water molecules, and are bound
to the aluminosilicate framework by weaker electro-
static bonds, enabling ion exchange with the cations
in solution.” Clinoptilolite, the most abundant zeo-
lite, has generated much interest among scientists
due to its high ion-exchange capacity and selectivity
for divalent sorbates. It is also very stable in terms
of dehydration and has a high thermal stability of
700°C in air, the highest of all other natural zeolites
with a similar structure.®'° Moreover, on the basis of
adsorbent mass, clinoptilolite as an adsorbent has a
larger surface area than bulk particles and can be pre-
treated with various conditioning agents (acids, bases,
surfactants, etc.) to increase its affinity for targeted
compounds. Pretreatment is aimed at replacing
exchangeable cations on the pore surface with a cation
that is more willing to undergo cation exchange with
ions in solution.''? However, the use of clinoptilolite
in powder form at nanoscale is a major limitation. The
aggregation of particles under different electrolytes
leads to variations in the flow properties of the
mineral, and this is an undesired feature for their
use as sorbents. Therefore, it becomes imperative to
incorporate particular additives to counter-act this
characteristic behavior. In particular, incorporation of
polymers enables the application of the mineral itself
as an adsorbent confined in an isolated and practically
usable medium in aquatic systems."

In this study, ethylene vinyl acetate (EVA), a
copolymer of ethylene and vinyl acetate, has been
mixed with clinoptilolite (C) as the filler, to prepare
EVA-C nanocomposites. Although non-biodegrad-
able, EVA is an inert, hydrophilic polymer with
excellent cohesive strength and adhesion to a wide
range of substrates. Incorporation of the clinoptilolite,
with its high mechanical and chemical resistance,
into the polymer matrix yields an effective adsorbent
and ion-exchange medium that has the potential to
combine the advantages of both while eliminating
their shortcomings. The present study investigates
the applicability of the EVA-C nanocomposite for the
sequestration of Cu*", Pb*", and Co*" from aqueous
solutions. The influence of factors such as pH, contact
time, initial concentration of solutions, and pretreat-
ment of the filler was investigated and the results are
presented here. Sorption mechanisms of the metal
ions in single and mixed solutions are also discussed.
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EXPERIMENTAL
Materials

The clinoptilolite used in this study was supplied
by Pratley South Africa and was sourced from the
Vulture Creek in the KwaZulu-Natal Province of
South Africa. EVA is a commercial product and
was supplied by Plastamid, South Africa. Pb(NO;),
CuSO,4-5H,0O and CoSO,47H,0O were used as metal-
ion sources while NaCl, KCI, and HCl were used as
conditioning reagents. All reagents were of analyti-
cal grade of the highest purity available, and were
supplied by Sigma Aldrich and Merck.

Characterization of clinoptilolite

Particles of the original (“as-received”) clinoptilolite
were ground and sieved with the 38-um sieve, then
washed with deionized water and dried at 105°C over-
night. To investigate the effect of chemical condition-
ing, three conditioning reagents, NaCl, KCI, and HCI
were used. The clinoptilolite particles were soaked in
2M solutions of each reagent and shaken for 72 h after
which the particles were washed with deionized water
to remove traces of the anions followed by drying at
105°C for 24 h. The morphology and chemical compo-
sition of the zeolite particles were determined by scan-
ning electron microscopy-energy dispersive spectros-
copy (SEM-EDS), using a Jeol JSM 5600. Fine particles
were mounted on a carbon tape and coated with car-
bon to induce conductivity. The samples were then
introduced into a vacuum cell to obtain micrographs
of the zeolite. SEM-EDS measurements were carried
out to compare the chemical composition of the “as-
received” and the conditioned forms of the samples.
Chemical composition was determined by X-ray pow-
der diffractrometry (Phillips X'pert), with Cu Ko scan-
ning from 20 = 4° to 80°, while bulk analyses were car-
ried out by X-ray fluorescence (XRF) spectroscopy
using a Phillips Magix Pro. Surface area analysis was
done using the Brunauer-Emmett-Teller (BET) method
with an automated gas adsorption analyzer (Microme-
ritics  ASAP 2020). Samples were first degassed
(cleaned) under nitrogen atmosphere for 6 h at 150°C

at an N, flow rate of 60 mL min ..

Preparation of EVA-C nanocomposites
and characterization

All EVA-C nanocomposites were prepared by the
melt-mixing technique in a rheomixer (Haake Rheo-
mex OS) at 120°C and at a speed of 60 r min ' for
30 min. The mass of polymer or filler required for
specific ratios ranging between 100 : 0 and 70 : 30
(polymer : zeolite) was calculated using the “mix-
ing” equation below:

m=pxVexfxW, 1)
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TABLE I
Chemical Composition from the Bulk Analysis (XRF)
of Both the “As-Received” (A.R.) and Chemically
Conditioned Clinoptilolite

% Abundance

AR. Na™* K*
Composition  Clinoptilolite -clinoptilolite -Clinoptilolite

AlLOs 12.42 12.62 12.49
CaO 1.29 0.31 0.14
CI'203 - - -
Fe,O3 122 0.42 0.17
K,O 3.77 2.62 10.08
MgO 0.87 0.35 -
MnO - - -
Na,O 1.31 5.31 -
P205 - - -
SiO, 71.37 71.11 70.62
S0; - - -
TiO, 0.14 0.15 0.15
LOI (at 930°C) 6.9 6.5 5.7
Total 99.29 99.13 99.23

LOI = loss on ignition.

where m is the mass (g), p is the density of polymer
(or clinoptilolite), V. and f are constants for the
chamber volume and filler rate of the rheomixer,
respectively, Wt (%) represents the required weight
of polymer or filler.

The composite strips were then extruded through
a single-screw extruder at 120°C to obtain strips
with an average width of 0.5 mm, and the films
were characterized with SEM-EDS and XRD. Fourier
Transform Infrared (FT-IR) spectroscopy was also
carried out to ascertain the effect of pretreatment,
which should have an effect on the overall adsorp-
tion efficiency of the adsorbent composites.

Adsorption studies

The sorption behavior of the three metals on the
adsorbent composite was studied using the batch
technique at room temperature. Synthetic stock solu-
tions of Pb*", Cu*", and Co*" were prepared by
dissolving Pb(NO3),, CuSO,4-5H,0, and CoSO47H,O
in 1000-mL volumetric flasks, respectively, then
diluted accordingly to generate the required concen-
trations. To investigate the effect of competing
cations, mixed solutions were prepared by varying
the concentrations of ions in solution in the ratios 1 :
1:1,2:1:1,and 1:1: 2 for Pb*", Cu®", and Co?",
respectively. In all experiments throughout the
study, adsorbent strips of 40 mm x 20 mm length
were placed in 50 mL of the synthetic solution dur-
ing adsorption studies. All solutions were analyzed
within 24 h to eliminate errors emanating from
container plating or precipitation of the metal ions.
Metal-ion content was quantified using atomic
absorption spectroscopy (GBS Avanta 1.33) using an

Journal of Applied Polymer Science DOI 10.1002/app
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air-acetylene flame. All experiments were conducted
in triplicate and mean values were used. The metal
uptake degree (o) and the adsorbed metal amount
per volume (g) were calculated as follows:

o= % x 100% @)
C; — Cf 14
1=—¢  ~* %(mg/g) 3)

where m is the mass of the adsorbent composite
strip, V is the volume of the solution, C; and C¢
represent the initial and final concentrations,
respectively

RESULTS AND DISCUSSION
Characterization of clinoptilolite

The chemical analyses of the original clinoptilolite
are given in Table I. The zeolite contained calcium,
potassium, sodium, and magnesium as exchangeable
cations as well as titanium in trace amounts. The
effect of NaCl and KCI conditioning is illustrated by
the increase in percentage abundance of the NaCl
and K,O metal oxides, respectively. From this com-
position, the Si/Al ratio was calculated as 5.6, which
is within the acceptable characteristic range for
clinoptilolite."*

Table II shows comparative data of the physical
properties of both the original clinoptilolite and the
pretreated samples. These data suggest that pretreat-
ment greatly improves the surface area and pore
volume as the conditioning opens the channels and
pore openings within the framework, initially
clogged by fine dust particles produced during
crushing of the clinoptilolite.'”” HCl-activated par-
ticles presented the greatest surface area, which
should have an influence on the adsorption capacity
of the nanocomposites filled with HCl-activated cli-
noptilolite. It has been reported in the literature that
acid activation of natural clinoptilolite improves its
sorption properties in ion-exchange processes due to
the dissolution of amorphous silica fragments block-
ing the channels.'®

The surface morphology of the original as well as
chemically-conditioned clinoptilolite samples is
shown in Figure 1. A significant change in the

TABLE II
A Comparison of the Physical Properties of A.R.
Clinoptilolite and that Treated with KCl, HCI, and NaCl

Parameter AR. HCl NaCl KCl
Specific surface area (m* g7') 1596 2024 1950 16.44
Pore volume (cm® g™ 0.663 0.061 0.063  0.069
Average density (g cm™?) 1227 1227 1227 1.227
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Higher magnifications

Figure 1 SEM micrographs of “as-received” clinoptilolite as well as KCIl-, NaCl- and HCl-activated particles at (a) low

magnification (x30) and (b) higher magnification (x3300).

morphology is observed between the “as-received”
(ar.) and chemically conditioned clinoptilolite
particles at higher magnification. It is evident that
conditioning softens the material and opens up the
surface area producing “flake-like” structures (indi-
cated with an arrow) for HCl-activated samples,
when compared to the “rough and compact” struc-
ture of the original form.

Powder diffraction measurements of the particles
also confirmed clinoptilolite as the main components
with quartz and sadinine as the major impurities. A
typical diffractometer pattern is shown in Figure 2.
The main peaks at 260 = 9°, 22°, and 30° are typical
of clinoptilolites from the heulandite family."* For a
comparative study of the effect of conditioning, an
XRD pattern for NaCl and HCl-activated clinoptilo-
lite is also shown in Figure 2. There seems to be no
alteration in the crystal lattice of the zeolite, which
shows that conditioning is nondestructive, but only
involves the exchange of ions within the zeolite
framework into a homoionic form. Studies by Her-
nandez' confirm the findings in this study with
respect to the effect of chemical conditioning.

Characterization of EVA-C nanocomposites

In Figure 3 the SEM micrographs of the surface mor-
phology of plain EVA as well as clinoptilolite-filled
EVA are shown. The EVA copolymer has a uniform
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Figure 2 XRD patterns for “as-received” clinoptilolite in
comparison with NaCl- and KCl- activated clinoptilolite

samples. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app



3418

Z 8

) X305

(c)

Figure 3 Surface morphology of (a) plain EVA, (b) EVA-
C filled with 5% A.R clinoptilolite, and 10% in (c). The
arrow in (c) shows a void formed as a result of particle
agglomeration.
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structure with characteristic “folds” [Fig. 3(c)]. How-
ever, this uniform structure appears to be “dis-
torted” with increasing clinoptilolite dosage, a condi-
tion which perhaps is due to some degree of
physical interaction between the polymer and the fil-
ler. Although the particles were sieved through a 38-
pm sieve, agglomerates of the zeolite particles
(spherical particles) are visible within the EVA ma-
trix, perhaps due to interface incompatibility
between the matrix and the filler phases, leading to
voids being formed around the zeolite particles, as
seen in Figure 3(c).

Figure 4 shows an SEM-EDS image of the surface
of an EVA-C composite strip filled with 5% of the
filler, which confirms the incorporation of clinoptilo-
lite into the polymer matrix, as evidenced by the
presence of the Al and Si peaks which are character-
istic of the zeolite.

XRD patterns of the EVA-C composites are shown
in Figure 5, and for the purposes of comparison, a
typical XRD pattern for clinoptilolite is also
included. Characteristic peaks of clinoptilolite are
observed, further confirming the successful incorpo-
ration of the filler into the polymer matrix. Quartz is
present as an impurity, and its presence was also
confirmed in the original clinoptilolite. Furthermore,
observations reveal that with increasing clinoptilolite
loading in the composite, the spacing at the base of
the peaks slightly increases and there is a slight shift
of the peaks at 20 = 21 to lower 20 values, suggest-
ing that the ordered framework of the zeolite is dis-
rupted due to intercalation with the polymer.'®

In Figure 6, the IR spectra of AR clinoptilolite and
EVA/C composites filled only with the original
clinoptilolite are shown. The stretching between 1500
and 1000 cm ™!, which is characteristic of zeolitic min-
erals, is not observed in the plain EVA. The strong IR
band at 1001 cm™' is characteristic of all forms of
clinoptilolite, and is representative of the Si—O
stretching.'” An increase in intensity of this broad
band is observed for the EVA-C composite filled
with 30% (wt) of the filler, which is indicative of an
increased concentration of filler particles. The peak at
1636 cm ™! indicates the presence of molecular water
in the clinoptilolite sample. For the plain EVA the
broad bands in the range 2800-2900cm ' can be
attributed to the stretching vibrations of —CHj; and
—COOH groups, whereas C=O0 stretching vibrations
are in the range 1400-1700 cm "'

Adsorption studies

Effect of clinoptilolite loading

The effect of sorbent dose (5-30 wt %) on the per-
centage removal of Pb*", Cu*", and Co*" ions is
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Figure 4 SEM-EDS images showing the morphology of
“as received” filled EVA-C (90-10 wt %), which confirms
the presence of clinoptilolite in the nanocomposites.

shown in Figure 7. For all metal ions, the removal
efficiency increases with an increase in the amount
of clinoptilolite in the composite. This suggests that
increasing the loading of the adsorbent filler also
increases the surface area and hence the number of
adsorption sites available in the composite films.
However, as shown in Figure 7, the amount of metal
removed per unit weight of the adsorbent g
decreases at higher dosages. Maximum adsorption
was attained at 15 and 20 wt % of the filler for Pb
and Cu, respectively. This could be attributed to the
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Figure 5 XRD patterns of EVA-C composites filled with 5
and 10% of the filler as well as that of the original clinopti-
lolite. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

fact that at higher adsorbent dose, the concentration
of the ions in solution decreases hence the system
reaches equilibrium at lower values of g, suggesting
that some adsorption sites within the adsorbent
composite remain unsaturated.”

Effect of contact time

The effect of contact time on the metal-ion retention
capacity was studied by varying the time from 0 to
48 h, at a fixed initial concentration of 10 mg LY,
and the results are presented in Figure 8. With all
the metal ions, adsorption increased over time, and
equilibrium was reached after 24 h. This could be
attributed to saturation levels being attained at
active sites. All subsequent batch experiments were
then carried out over the equilibrium time of 24 h.

—
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Figure 6 The IR spectra of plain EVA as well as those of
“as received” filled EVA-C composites. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app



3420
[ CuI1)
— 001
ar. I coi1)
0.6
g 0.5 4
=
g 04
g
9 03
E 0.2 -
D.1 <
0o -
5 10 15 20 30

Clinoptibo lite loading (% wt)

Figure 7 Adsorption studies of Pb, Cu, and Co onto
EVA-C composites with varying filler dosage (5-30 wt %)
at room temperature. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Influence of pretreatment

To investigate the influence of pretreatment, compo-
sites filled with “as-received” clinoptilolite were
compared with nanocomposites filled with NaCl-,
HCI-, and KCl-activated particles. As seen in Figure
9, pretreatment improves the adsorption efficiency
of all three metal ions, compared to the composites
filled with untreated clinoptilolite. However, this
improvement is also a function of the conditioning
reagent in the order HCl > NaCl > KCI, and this
can be explained as follows: acid (HCl) activation of
natural clinoptilolite improves its ion-exchange
capacity due to the dealumination, decatination, and
dissolution of amorphous silica fragments blocking
the channels.'**" The relatively lower adsorption
capacity shown by KCl-activated composites could
be due to the resilience of K" to participate in ion
exchange as compared to Na*. This behavior is
attributed to sites on the zeolite that are occupied by
K*. It is proposed that K" is located at a specific
M(3) site which is situated in an eight-member ring
and has the highest coordination among all the cati-
onic sites in the unit cells, resulting in strong bond-
ing. Thus KCl-activated zeolite would have a higher
proportion of K™ moieties on the lattice, which will
in turn determine the cation-exchange -capacity.
These observations are in accordance with research
work done and published by Cincotti et al.”?

The effect of initial concentration

The adsorption of Co®*, Pb**, and Cu*" as a func-
tion of their initial concentrations was studied at
25°C by varying the metal concentration from 0.5

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Adsorption of Pb*", Co*", and Cu*" onto A.R-
EVA/C (85/15 wt %) as a function of time. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

to 20 mg L~' while keeping all other parameters
constant, and the results are shown in Figure 10. As
observed in Figure 10(a), the percentage adsorption
of the three metal ions decreases with increasing
metal concentration in solution. These results indi-
cate that with increasing metal concentration adsorp-
tion sites that are less favorable in terms of energy
levels become involved.” In Figure 10(b), the
amount of metal ion adsorbed per volume (g) is
plotted as a function of the initial concentration.
From these results, it is observed that adsorption of
ionic species occurs in two phases: an initial rapid
phase and a slower second phase, during which the
contribution to the total adsorption is relatively
slow. The first phase is predominantly external sur-
face adsorption while in the second phase

I I
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Figure 9 The influence of different conditioning reagents
on the heavy metal uptake onto EVA-C(90-10) after 24 h,
at room temperature. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 10 The percentage metal removal (o) is plotted in
(a) while in (b), the amount adsorbed per unit mass of the
adsorbent (g) is plotted as a function of the initial metal-ion
concentrations, to illustrate adsorption behavior on NaCl-
EVA/C after 24 h. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

adsorption seems to be controlled by intraparticle
diffusion processes.”* The rapid cation uptake at low
initial concentration is due to the fact that there are
more exchangeable sites available in the adsorbent
at low M?*"/adsorbent ratios (M*" = metal cation),
while, as the ratios increase, exchangeable sites
become saturated resulting in a decrease in the rate
of adsorption.”

Influence of pH

The ability of the EVA-C composite to adsorb Pb*",
Co**, and Cu*" was found to depend strongly on
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the pH of the sample solution. The pH was investi-
gated at values ranging between pH 2 and 12, at a
fixed solution concentration of 5 mg L' and the
results are depicted in Figure 11. The initial solution
pH was set at less than pH 6 for all metal ions tak-
ing into account possible metal precipitation. With
increasing pH levels, metal-ion uptake increased
initially, reaching a maximum level at between pH
4 and 5 for Pb*" and Cu*". For Co *" on the other
hand, a maximum level was attained at pH 7. The
solution pH affected both the carboxyl group (in
EVA) of the adsorbent as well as competition for the
binding sites by the cations. The formation of aqua-
metal species and hydroxo-complexes is determined
by the solution pH value.”® At very low pH levels,
the number of H3O" significantly exceeds that of
metal ions, and the latter cannot effectively compete
with the H3O" ions for the binding sites on the ad-
sorbent. By increasing the pH, the surface charge of
the adsorbent becomes more negative as the H;O"
concentration decreases and some sites become
available to the metal ions. As the acidity decreases
even further, more H;O" ions on the surface of the
adsorbent are replaced by metal ions such as Cu®",
Cu(OH)"; Pb*", Pb(OH)"; and Co*", Co(OH),.> %

Effect of competing cations

To investigate the effect of competitive adsorption,
mixed solutions of the same and varying concentra-
tions were compared. The results are presented in
Figure 12. Heavy metal uptake is attributed to the
diverse complex mechanisms of ion-exchange and
adsorption processes. During the ion-exchange
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Figure 11 Influence of pH on the adsorption of Pb(II),
Co(Il), and Cu(Il) onto HCI-EVA/C. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 12 Competitive adsorption of the heavy metals at
the same and varying concentrations. The ratios refer to
the concentrations of Pb(II) : Cu(Il) : Co(Il), respectively,
(pH = 6; t = 24 h). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

process, metal ions move through the pores and
channels of the zeolite, to replace exchangeable ions.
Diffusion was faster through the pores and was re-
tarded when ions moved through the smaller
diameter channels of the microporous mineral. The
adsorption phenomenon depends on the charge den-
sity of cations hence the diameter of the hydrate
ions becomes important. Since the charges of all the
cations studied are the same (+2), metal ions with
the largest diameter will have minimum adsorption
while those with the least diameter will have maxi-
mum adsorption.”®> As seen in Figure 12, Pb*" is the
most preferred cation while Co*" is the least
adsorbed. Thus the selectivity sequence is in the
order: Pb*" > Cu?*" > Co*", which is in accordance
with the results obtained by Wang et al.* These
findings can be attributed to the dissimilar preferen-
ces of the clinoptilolite for the various metal cations.
Because of its high Si/Al ratio, clinoptilolite has a
low charge density. Therefore, divalent cations with
low hydration energies are sorbed preferentially
compared to cations with high hydration energies.
Thus a high concentration of Pb, with the lowest
hydration energy, is expected to limit the uptake of
Co and Cu. Competitive adsorption of the different
metal ions at varying concentration ratios is also
illustrated in Figure 12.

The phenomenon of one ion being favored over
the other for ion exchange in mixed solutions is
explained in terms of both the physicochemical and
stereochemical factors, which include the hydration
enthalpy of the cations, the radius of the ions, as
well as the space requirements of the micropores
within the adsorbent framework.'> Metal cations in
solution have characteristic hydrated layers of a
defined stability. Ions with large radii will therefore
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be less favored by exchangers compared to ions
with small radii. This explains why Cu®', with a
smaller radius than Co*", is favored by the adsorb-
ent even at higher concentrations of the latter. A sig-
nificantly high amount of Co(ll) was adsorbed at a
higher concentration of Co (1 : 1 : 2). This suggests
that both Pb*" and Cu ions were involved in the
formation of a relatively stable complex, and were
not readily available for ion exchange, as they
slowly dissociated from their Cu-Pb complex, as dic-
tated by their dynamic equilibrium.*

Adsorption isotherms

The adsorption data were fitted to the Langmuir
and Freundlich isotherms. The Langmuir isotherm
holds true for monolayer adsorption due to a surface
area of a finite number of identical sorption sites,
and can be expressed in linearized form as:

Ce/qe = b/Qo +Ce/Qo (4)

where C, is the equilibrium concentration (mg LY,
ge is the amount adsorbed at equilibrium, Q, and b
are Langmuir constants representing the adsorption
capacity (mg g ') and the heat of adsorption,
respectively

Also important in the Langmuir isotherm studies
is a constant, R;, a parameter which predicts
whether an adsorption system is favorable or not,
and is calculated as:

Ry =1/1+bC, ®)

where, C, is the initial concentration (mg L™Y). For
0 < R; < 1 adsorption is favored, and the higher the
value of R, the greater the favorability.*!

The Freundlich isotherm describes the heterogene-
ous surface energies by multilayer adsorption and is
expressed in linear form as:

Ing, = InK¢ + n InC, 6)

where, g, is representative of the adsorption capacity
(mg g '), n is an empirical parameter related to the
intensity of adsorption.

TABLE III
Langmuir and Freundlich Isotherm Parameters for Pb(II),
Cu(Il), and Co(II) Adsorption by HCI-EVA/C (85/15)

Langmuir model Freundlich model

M* R? Qo Ry b R? K; n

Pb 0912 0982 0.865 0310 0.895 0410 1.055
Cu 095 0870 0791 0528 0.882 0288 0.793
Co 0910 0717 0865 0310 0.887 0.139 0.776
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Figure 13 Langmuir (a) and Freundlich (b) adsorption isotherms for Pb(II), Cu(Il), and Co(Ill) by HCI-EVA/C (85/15).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

If n is between 0.1 and 1, then adsorption is favor-
able.’” The Langmuir and Freundlich parameters are
also listed in Table III.

From the Langmuir isotherm (Fig. 13), the R? val-
ues for Pb%", Cu?", Co*" were 0.912, 0.956, and
0.910, respectively. From the Q, values (Table III)
Pb(II) ions had the highest adsorption capacity, and
the R values for all metal ions were > 0, indicating
that adsorption was favorable. The Freundlich con-
stants K; were calculated to be 0.041, 0.288, and
0.776 mg g~ for Pb**, Cu®", Co®*, respectively. The
R? values obtained from the Freundlich isotherm
plots are lower than those obtained from the Lang-

muir plots for all metal ions, suggesting that
the adsorption data can best be modeled by the
Langmuir isotherm.

Desorption and reusability studies

Desorption studies were carried out with 2M solu-
tions of NaOH and HClI, and HCIl was found to be
more efficient. This was expected because in acidic
medium, the hydronium ions in solution replaces the
metal ions on the composite material while in basic
medium, recovery was poor perhaps due to coordi-
nating ligands being protonated, resulting in the
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TABLE IV
Adsorption-Desorption Cycle of Pb(II) onto HCI-EVA/C
(85/15)
1st Cycle 2nd Cycle 3rd Cycle 4th Cycle
Ads Des Ads Des Ads Des Ads Des
7846 6642 7513 7238 7032 6415 59.26 51.78

“Ads” and “Des” represent the adsorbed and desorbed
amounts (%), respectively.

metal cations detached from the adsorbent material.
Desorption studies for all three metal cations showed
a similar trend, but Table IV shows the desorption
results for Pb(Il) obtained from four consecutive
cycles. Although the amount adsorbed in the subse-
quent cycles is less than that adsorbed in the first
cycle, significant amount of metal ion is removed, an
indication that the material can be used reused over
a significant period of time. The desorbed amounts
were somewhat inconsistent, and although complete
desorption could not be achieved, desorbed amounts
of up to 72% (2nd cycle) were obtained. The incom-
plete desorption of metal cations could be attributed
to interference by nonelectrostatic forces between the
metal and the composite material.*

CONCLUSIONS

A novel EVA-C nanocomposite was successfully
synthesized, and its applicability in heavy metal
uptake in aqueous solutions was investigated with
reference to Cu(ll), Pb(Il), and Co(Il). The high
adsorption efficiencies obtained suggest that this
type of composite holds great potential for use in
water decontamination, and that such removal
capacity generally increases with an increasing
amount of the filler. Pretreatment was found to sig-
nificantly influence the overall performance of the
adsorbent composite, but was dependent on the con-
ditioning reagent. Adsorption data can best be mod-
eled by the Langmuir isotherm rather than by the
Freundlich isotherm. Re-usability studies indicate
that this material possesses the potential for use
over significant periods of time, although complete
desorption of the metal cation from the composite
material could not be achieved.
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