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Abstract

Ethylene vinyl acetate (EVA)/ Cloisite® 20A (C20A) composite fabricated via the melt-blending method was used for the
development of a heavy-metal adsorbent through acid and heat treatment. Heat-treated composites were produced at 400°C
to 1 000°C in air and N, atmospheres. The materials were characterised through TGA, FT-IR, contact angle and Zetasizer.
Treating EVA/C20A composites with H,SO, at 130°C reduced the contact angle from 99.73° to 30.40°. The acid-function-
alised composite was tested for the removal of Pb?* and an adsorption capacity of 49 mg-g™' was recorded while the heat-
treated composite exhibited an adsorption capacity of 153 mg-g™'.
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Introduction

Heavy-metal pollution is known to cause instability, disor-
der, harm or discomfort to living organisms (Al-Attar, 2011).
Several studies have shown that heavy metals such as lead,
zinc, cadmium, chromium and copper can be very toxic

even at low concentrations (Periasamy and Namasivayam,
1996). Industrial and agricultural activities are a major source
of heavy-metal pollution worldwide. In South Africa, for
instance, industrial, mining and agricultural activities are
considered as the driving force of the country’s economy. Due
to the rapid development of agriculture, industrial and traffic
activities large amounts of heavy-metal pollutants are dis-
charged to the local environment (Bai et al., 2011; Liua et al.,
2011. The aggressive development of agriculture and industrial
sectors makes it difficult to combat heavy-metal pollution. It
has been reported that landfill is the best available technology
especially for developing countries for the disposal of solid
waste; however, heavy-metal pollution by landfill leachate is
still possible (Longa et al., 2011). Heavy metals may also end
up in sewage effluents (Bystrzejewski et al., 2011).

Removal of heavy-metal ions from sewage effluents and
other water resources is essential to ensure environmental and
human safety. Several techniques like reverse osmosis, nano-
filtration, ion exchange and adsorption have been used in the
removal of heavy metals from water. The use of activated car-
bon (AC) as an adsorbent is a simple and economically viable
method of pollutant removal (Vargas et al., 2011). According
to Tongpoothorn et al. (2011) activated carbon is a widely-used
adsorbent because of its extremely high surface areas, micro-
pore volumes, large adsorption capacities, fast adsorption
kinetics, and relative ease of regeneration.

In this study, a heavy-metal adsorbent was derived from
EVA/C20A composites that had been synthesised via the
melt-blending method. The melt-blending method has been
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gaining significant attention in the fabrication of polymeric
composites with improved mechanical properties, relative to
those produced by alternative composite fabrication strate-
gies (solution blending and in situ polymerisation). Polymer/
clay composites have been the centre of research over the past
decade because of their potentially large application area. To
ensure environmental safety, the materials should be discarded
safely after use. Experiments in our laboratory have shown
that EVA/C20A composites synthesised via the melt-blending
method are hydrophobic and non-biodegradable in garden soil
and compost. Therefore, we have derived a heavy-metal adsor-
bent from the EVA/C20A composite through acid and heat
treatments of the non-biodegradable composites. The treatment
methods were compared. Both procedures were kept as simple
as possible to minimise costs. Bench-scale experiments on the
removal of Pb*" from aqueous solution were undertaken to test
the potential application of the novel adsorbent in heavy-metal
removal from water. Equilibrium and kinetic models were
extensively applied on the adsorption results in order to estab-
lish whether the adsorbent is suitable for heavy-metal removal.
The results indicate that composites used for different purposes
may still be reused in adsorption technology after acid or heat
treatment.

Experimental
Materials

Ethylene vinyl acetate (EVA) with 9% vinyl acetate (VA) was
supplied by Plastamid, South Africa. The density of EVA was
0.930 g-cm™ and the melting point was 95°C. Cloisite® 20A
(C20A), a natural montmorillonite clay modified with dimethyl
dihydrogenated to allow quaternary ammonium salt — CEC =
95 meq-100 g!, was obtained from Southern Clay Products,
Texas, USA. Concentrated acids (HCIl and H,SO,) and KOH
were sourced from Aldrich Chemicals, South Africa.

Preparation of adsorbent

The EVA/C20A was fabricated and characterised for ther-
mal and morphological properties as discussed in our work
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previously published (Dlamini et al., 2011a; b). The adsorbent
was derived through acid and heat treatments. To prepare the
acid-treated adsorbent, a composite strip was oxidised with con-
centrated H,SO, at a ratio of 1:2 (weight) and heated at 130°C in
an oven for 24 h. The dry curing was meant to catalyse the oxi-
dation process. The acidified composite was allowed to cool and
thereafter the free acid was removed by rinsing the composite
material with deionised water until the filtrate reached a pH of
between 6.5 and 7.5, after which it was then dried in an oven at
100°C for 24 h. Heat-treated composite adsorbents were derived
from the EVA/C20A composite strip at different temperatures:
400°C, 500°C, 600°C, 700°C, 800°C, 900°C, and 1 000°C, for a
period of 15 min in air and N, atmospheres.

Characterisation of adsorbent

Thermogravimetric analysis (TGA)

Thermogravimetric analyses were performed to approximate
the EVA residue after heating. The analyses were done in a
Perkin Elmer TGA 4000 Analyzer equipped with Pyris™
Software. The sample mass was 8-10 mg and the temperature
ranged from 100 °C to 600°C at a heating rate of 15°C-min".
The analyses were performed under nitrogen atmosphere at a
flow rate of 15 m€'min.

Contact angle measurements

The hydrophilic/hydrophobic nature of the composite strips,
before and after acid treatment, was examined by using contact
angle (CA) measurements using the sessile-drop method. The
measurements were done on a Dataphysics Optical Contact
Angle SCA20 at a dosing volume of 12 pl. The values are
given from an average of 6 measurements made at different
locations on the specimen surface.

Zetasizer analysis

Zeta potential and particle size were investigated using a
Zetasizer Nano ZS from Malvern Instruments. The dispersant
was water with a pH of 5.5.

ATR-FT-IR analysis

The functional properties were measured directly by Bruker
Tensor 27 FT-IR spectrometer and analysed with OPUS soft-
ware. With this ATR-FT-IR model (attenuated total reflectance
(ATR) Fourier transform infrared (FT-IR) model) the samples
were analysed as they were. A small piece of sample was sliced
from the polymeric composite material and was analysed. Prior
to analysis, the samples were dried in an oven overnight.

Batch adsorption studies

The batch experiment technique was adopted for bench-scale
adsorption experiments to study the heavy-metal adsorption
capabilities of the composites using Pb?" as an analyte. The
experiments were carried out in 25 m{ stopper reagent bottles.
A stock solution of Pb? solution (200 mg-0™") was prepared

by dissolving 0.319 g of lead nitrate salt in deionised water.
Batch adsorption experiments were conducted to establish the
optimum pH, contact time and adsorbent dose, and the effect
of temperature and initial concentration on Pb? adsorption.
The adsorbent weight was 20 mg and the volume of the analyte
solutions was 20 m{, unless otherwise specified. Initial pH

of the solution was adjusted using 0.1M KOH or HCI. After
adsorption the solutions were analysed for the remaining Pb?
concentration using atomic adsorption spectroscopy (AAS).
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Figure 1
TGA curves of neat EVA and the EVA/C20A
heat-treated composites

Adsorption isotherms and kinetic models

Methods and supporting information used for the analysis of
adsorption isotherms and kinetics are described in Appendix
1 (Langmuir, Freundlich, pseudo-first-order, pseudo-second-
order, Natarajan and Khalaf, and Elovich models).

Results and discussion
TGA

The thermal degradation mechanism in char-forming polymers
like EVA may be described as a generalised chemical bond
scission process consisting of primary and secondary decom-
position events (Bahramian et al., 2008). Generally, the degra-
dation of EVA occurs via a 2-step mechanism with the loss of
acetic acid during the first step (300°C to 400°C) and random
chain scission of the remaining material in the second step, to
form unsaturated vapour species (= 430°C), such as butene and
ethylene (Hull et al., 2003). The thermographs of the composite
and neat EVA are shown in Fig. 1.

The catalytic effect of layered silicates on crosslinking/
charring reactions derives mainly from the acid sites formed
on silicates due to the degradation of the organic treatment of
the clay (Kiliaris and Papaspyrides, 2010). The degradation of
C20A is discussed in our previous work published on EVA/
C20A composites (Dlamini et al., 2011a; b).

The percentage weight loss in each TGA curve clearly
suggests that the clay residue after thermal degradation cor-
responds to the 5% clay dosage. Of most interest to this study
was the residue at 500°C marked with the horizontal arrows in
each TGA curve. It can be seen that about 35.5% (weight) EVA
residue remains at 500°C. The EVA residue is essential in the
sense that it suggests that we still have a composite.

FT-IR analysis

The FT-IR results of the EVA/C20A composite and the func-
tionalised EVA/C20A composite are shown in Fig. 2. The peaks
located at 2 917 cm* and 2 849 cm™ were attributed to v(CH)
and v(CH2) groups, respectively, (Dlamini et al., 2011a) and
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Figure 2
FT-IR spectra: EVA/C20A and acid-treated EVA/C20A
composites

Figure 3
FT-IR spectra of heat-treated composite

the broad peak located at 3 351 cm* was assigned to the v(OH)
group.

In the carbonyl region (1 600 to 1 800 cm™) there is a peak
at 1 704 cm*attributed to v(C=0). Noteworthy, the v(C=0)
peak in the un-functionalised composite is shifted about
35 cmthigher indicating that the carbonyl bond is shorter in
C=0, most likely because it belongs to the COOC component
whereas in the oxidised composite it belongs to the COOH
component, which may have resulted from the elimination
of the acetate group in EVA. The band at 1 439 cm* resulted
from the C-O stretching of the carboxylate anion in carbox-
ylic groups and the band at 1 654 cm was attributed to C=0
stretching vibration modes in carbonyl groups (Han et al., 2011;
Wang et al., 2011; Wei et al., 2011). The spectra show a broad
and strong peak at 1 020 cm™* which was confidently assigned
to Si-O adsorption.

The FT-IR results of the heat-treated composites are shown
in Fig. 3. The heat-treated composites were obtained by heating
the acid-functionalised composites at different temperatures
ranging from 400°C to 1 000°C.

The results indicate that the heating at higher temperatures
resulted in the degradadation of the functional groups intro-
duced during the heat treatment.
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Contact angle

Contact angles provide useful information regarding surface
hydrophilicity. The rate at which water wets the composite
determines how easily the water can penetrate the composite
assemblage. Mixing EVA with the clay increased the contact
angle from 95.60° to 99.73° and the polar component conse-
quently decreased from 19.18 mJ'-m~ to 10.31 mJ-m™2. This is
understandable because both materials are hydrophobic. After
oxidation, the contact angle of the composite substantially
decreased from 99.73° to 30.40° with a polar component of
44.86 mJ-m2. The reductions in the polar components suggest a
decrease in the hydrophobic character (Bessadok et al., 2007).

Zetasizer analysis
The zeta potential results are summarised in Table 1. For the

heat-treated composites, the composites derived at 500°C
were used.

Table 1
Particle size and zeta potential
Material Zeta potential
Air N,
C20A —38.7 —40.5
EVA —25.7 -
EVA/C20A -33.1 —37.6

Visual comparison of the composite produced under the differ-
ent atmospheres showed that the composite derived in air was
more like ash. The argument that the heat-treated composite
was composed of EVA residue was justified by heating pure
EVA as a reference experiment. Zeta potential results show
that all the materials are negatively charged. The nucleophilic
nature of the adsorbents suggests that the composites will inter-
act chemically with Pb?.

Heavy-metal adsorption

Effect of heating temperature

The purpose of acid/heat treatment of the composites was to
improve the surface area and provide physicochemical altera-
tions in the structure of the clay. The effect of heating tem-
perature (in air) on the modified composite and its adsorption
capacity for Pb?* was investigated. The uptake of Pb?" was
calculated by using the following equation:

R(%) = 100x% @

where:
C,and C (mg-t™") are the highest initial Pb** concentration
and remaining concentration at time (t), respectively.

The temperatures selected were 400°C, 500°C, 600°C, 700°C,
800°C, 900°C and 1 000°C. The results, given in Fig. 4, show a
sharp increase from 400°C to 500°C and thereafter a substan-
tial decrease from 500°C to 900°C in per cent Pb?* uptake.
Koyuncu (2008) activated bentonite at 600°C. In the
present work, 500°C was found to be the optimum temperature
for heat treatment of carbonised EVA/C20A composites for the
adsorption of Pb?". This can be attributed to the destruction of
the adsorption active sites (-COOH) as shown in FT-IR
at temperatures higher than 500°C leaving only silica and
alumina behind.
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Figure 4
Effect of heating temperature on the adsorption of Pb?*at an
initial concentration of 200 mg-¢" at pH 5.5
Figure 6
Effect of pH on the adsorption of Pb?* by the heat-treated (in air)
composite at an initial concentration of 200 mg-¢"in 3 h

Effect of heating atmosphere
The atmospheres used were air and N,. The results are shown
in Fig. 5. The effect of heating atmosphere on the adsorption
properties of the adsorbents was tested on EVA (Fig. 5A), C20A
(Fig. 5B), and on the EVA/C20A composite (Fig. 5C). Under N,
atmosphere, EVA formed a gel which solidified after cooling.
Apparently, there is little change in the adsorption proper-
ties of the adsorbent thermally treated in either air or N,. The
EVA residue had the lowest adsorption capacity, probably
because of the absence of silicates. The results are consistent
B with the data obtained from Zetasizer analyses. Based on these
results, the composite derived under air conditions was used
forthwith for all adsorptions with heat-treated composites.

Effect of pH

Optimisation of pH for sorption medium plays an important
role in sorption studies (Hosseini-Bandegharaei et al., 2011).
This is because the hydronium ions are strong competing
adsorbate ions and partly due to the fact that the pH of a solu-
tion influences the chemical speciation of the metal ions in
solution. The amount of Pb?* adsorbed to the heat-treated (in
air) composite, expressed in terms of adsorption efficiency as a
function of pH, is shown in Fig. 6.

The adsorption increased with increase in the pH of the
solution until pH 5.5. The low uptakes at low pH were attrib-
uted to a competitive adsorption as a result of high concentra-
tions of hydronium ions (H,0%) which compete for adsorp-
tion sites with Pb?*. The observed adsorption increased with
increasing pH and this was attributed to an increase in the con-
centration of Pb(OH)* resulting in the decline in the hydronium
ion concentration. For pH values >7.0, a new increase in Pb?
uptake is observed as a result of the chemical precipitation of
the metal in the form of hydroxide. Therefore, the Pb?* adsorp-
tion phenomenon in aqueous solution at 100 mg-¢™' occurs at
pH below 6.0.

Adsorption time profile: Acid vs. heat treatment

The adsorbents prepared by acid treatment were compared to
Figure 5 the adsorbents prepared via heat treatment in terms of adsorp-
Effect of heating atmosphere on the adsorption capacity of the tion Capacity (qt) The Sorption capacity is one of the most
adsorbents at pH 5.5 and initial concentration of 100 mg-¢™ important parameters of the sorbent characteristics in the sense

A: EVA heated in air; B: C20A; ; ; .
C: heat-treated EVA/C20A composites that it determines how much of the heavy-metal pollutant can
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Figure 7
Adsorption of Pb?" on EVA/C20A composite at an initial
concentration of 100 mg-¢-" and pH 5.5

Figure 8
Adsorption time profiles for the uptake of Pb** at pH 5.5:
Acid-treated vs. heat-treated (in air) composites

be removed from the aqueous solution by a unit mass of the
sorbent (Bystrzejewski et al., 2011). The adsorption capacity
(q,) was calculated using the following equation:

_(Co-Cy )y

W @

N

q:
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Figure 9
Effect of dosage of adsorbent (composite heat-treated in air) at
an initial concentration of 100 mg-¢-" and pH 5.5

where:
C,and C, represent the initial concentration and the remain-
ing concentration at different time intervals
v is the volume of the solution
w, is the weight of the composite

Figure 7 depicts the adsorption capacity of untreated EVA/
C20A composite. The plots given in Fig. 8 show the adsorption
kinetics of Pb?* adsorbed onto the acid-treated (A) and heat-
treated in air (B) composite. It can be seen that the adsorption
of Pb?* on the composite increased steadily until equilibrium
was attained, i.e, after about 6 h for acid-treated and 4 h for
heat-treated composites, respectively. The maximum adsorp-
tion capacities were 153 mg-g ™! for heat-treated and 49 mg-g!
for acid-treated composites, respectively, from an initial con-
centration of 200 mg-¢'. At an initial Pb? concentration of
100 mg-¢!, the heat-treated (in air) composite had an adsorp-
tion capacity of 80 mg-0". This is a significant increase from
the 6 mg-g ! recorded with untreated EVA/C20A (Fig. 7).

The steep increase in the adsorption capacity during the
early stages of the adsorption may be attributed to the abun-
dance of adsorption sites available for binding. The increase
in adsorption capacity with an increase in initial concentration
can be attributed to the higher concentration of Pb? ions vying
for adsorption sites, resulting in a higher driving mass force.
This effect can be attributed to adsorbate-adsorbent ratios at
low initial concentrations which imply that metal ion adsorp-
tion involves higher energy sites (Naiya et al., 2009).

Effect of adsorbent dose and temperature

The effect of adsorbent quantity and temperature on the
adsorption of Pb?* on the composites heat-treated in air was
investigated. Fig. 9 shows how the adsorption capacity changed
with an increase in composite dose.

The adsorption capacity of Pb? decreased as the dosage
of the composite increased from 0.5 to 2.0 g-C". This may
be attributed to the heavy metal ions competing for limited
adsorption sites at lower composite dosage. At higher compos-
ite dosage, there would be more sites available for adsorption
meaning that there would be not competition for by the Pb?* for
active sites. A similar observation was reported by Zhi-rong et
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Figure 10
Effect of temperature on the adsorption capacity of the
heat-treated composite at an initial concentration of
100 mg-¢" and pH 5.5

Figure 11
Adsorption isotherms A: Langmuir; B: Freundlich isotherm
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al. (2010) on the removal of Cu?* and Ni?* using bentonite clay.

The results showing the effect of temperature on the extent
of Pb?" adsorption onto the heat-treated composite are shown in
Fig. 10. The temperatures used here are 303, 313 and 323 K.

The results indicate that in the temperature range used in
this work the adsorption of Pb* onto the composites increased
with an increase in temperature. The observed increase in
adsorption efficiency can be attributed to an increase in the
movement of the ions with an increase in temperature as the
density of the solution becomes lower. Adsorption is based on
the collision between the adsorbate and the adsorbent.

Adsorption isotherms

The Langmuir and Freundlich mathematical models were
applied to define and analyse the adsorption isotherm and equi-
librium properties of the adsorption of Pb?* onto the composites
(Han et al., 2011). The equilibrium adsorption capacity (q,) was
calculated from the equilibrium concentration (C ) using the
following equation:
(Co-Cov

e W ©)]
The results are shown in Fig. 11. The correlation coefficients
appear to suggest that both models may be suitable to describe
the adsorption behaviour of Pb?* onto the composites under
conditions used in this study.

The dimensionless constant R, was calculated from the
Langmuir isotherm parameters and was found to be 0.1016.
It has been widely reported that an R _value between 0 and 1
indicates favourable adsorption (Bello et al., 2010; Hosseini-
Bandegharaei et al., 2011; Tofighy and Mohammadi, 2011). The
constant, 1/n from the Freundlich isotherm is the heterogeneity
coefficient and the heavy-metal removal is usually associated
with chemical adsorption in cases where n<1. In this work,
n was found to be 0.9757, suggesting a chemical interaction
between Pb?" and the composite. Chemical binding was hypoth-
esised considering the nucleophilic nature of the composite and
the protic strength and electrophonic nature of the Pb?.

Adsorption kinetics

The adsorption process occurs in at least 4 stages that can have
different Kinetic rates (Bystrzejewski et al., 2011). Firstly, the
transport of the analyte will involve the migration of Pb?* from
the bulk liquid to the composite particles. Since the composite
particles would be enveloped by liquid film, the second stage
of the adsorption process for Pb?* involves penetration through
the film to gain contact with the composite particles. In the next
step, there will be intraparticle diffusion of the Pb?* to reach the
active sites of the composite. Lastly, adsorption will occur. It is
imperative to identify the dominant (the slowest) step because it
may control the kinetics of the adsorption process and therefore
determine the removal rate of Pb?* from the aqueous solution.
However, since the adsorption experiments were done
under vigorous shaking, the migration of the Pb? from the
liquid phase to the surface of the composite particles cannot
be the rate-determining step. The interaction (binding) of Pb?
with the composite may not be the rate-limiting step because
the adsorbate and adsorbent are hypothesised to bind instantly
due to the opposite charges. Therefore, the rate-determining
step could either be the migration of Pb?* through the ash pores
(intraparticle diffusion) or the liquid-film-diffusion process.
According to Alemayehua et al. (2011) the following equation,
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Figure 12
Transport models for the removal of Pb?* with the heat-treated (in
air) composite. A: liquid film diffusion; B: intraparticle diffusion

known as the liquid-film model, can be applied to predict
whether liquid-film diffusion is the rate-determining step in an
adsorption process:

ll’l(l-F): -kfdt (4)

where:
F is a constant (F = q/q,)
k., is the adsorption rate constant
tistime (h)

A linear plot of —In(1—F) against t passing through the ori-
gin (0,0) indicates that the liquid film diffusion is the rate-
determining step of the Kinetics of the adsorption process.
According to Wang et al. (2011) and Li et al. (2011) the

following equation can be applied to predict whether intrapar-
ticle diffusion is the rate-limiting step in an adsorption process:

q =Kpt'’?+cC 6)

where:
K, is the intraparticle diffusion rate constant, in mg-g -h'?

When the plot g, against t“2is linear and passes through the ori-
gin (0, 0) then the intraparticle diffusion process is the primary
limiting mechanism (Tofighy and Mohammadi, 2011). Figures
12A and 12B illustrate the results for liquid-film diffusion and
intraparticle diffusion transport models, respectively.

Figure 12B shows that intraparticle diffusion was the rate-
limiting stage. It is not surprising that intraparticle diffusion
can be the primary rate-determining step in adsorption on the
ash particle. The powder adsorbents may agglomerate signifi-
cantly to larger particles when in contact with polar solvents
like aquatic solutions of Pb?* (Bystrzejewski and Pyrzyn’Ska,
2011).

A study on adsorption kinetics does not rest only on the
determination of the rate-limiting step, but also encompasses
investigations of how different experimental conditions may
influence the speed of an adsorption process, which can be
understood by monitoring Kinetic parameters. In the present
work, batch adsorption kinetics of Pb? with the composite
particles derived from the EVA/C20A (in air) were investigated
in terms of pseudo-first-order kinetics, pseudo-second-order
Kinetics, and as Natarajan, Khalaf and Elovich models. These
models are described in the supporting information provided.
The linear plots (shown in Fig. 13, next page) with good cor-
relation coefficients (>0.900) imply that the adsorption of Pb?*
under conditions used in this study conforms to the selected
kinetic models.

Adsorption is expected to follow either pseudo-first-
order or pseudo-second-order models. The correlation
coefficients of the linear plots of these models may be used
to predict the applicability of the models to fit the adsorp-
tion data. However, it is possible to obtain good correla-
tion coefficients (>0.900) for both models as shown in the
present work. Therefore, to identify the suitable model to
describe the adsorption of the adsorbate onto the adsorbent,
the kinetic constants (k, i=1 or 2) and, more importantly,
the calculated equilibrium adsorption capacity (q, ) are
compared. The k,, k, and g, ,, for the adsorption of Pb** onto
the ash were calculated and are given in Table 2. The results
show lower kinetic constant values for the pseudo-first-order
model compared to the pseudo-second-order model. The g,
.., values for the pseudo-second-order model were closer
to the experimental values (mean qu) when compared to
those of the pseudo-first-order model at the initial concentra-
tions studied.

The validity of the pseudo first-order model and pseudo
second-order model was tested by a normalised standard devia-
tion, Aq (%), which was calculated using the following equation
(Hosseini-Bandegharaei, 2011):

Table 2
Summarised kinetic constants
C, Meangq,,, Pseudo-first-order Pseudo-second-order Elovich N&K?
(g€ U K, Qow |k, X10° a B Ky
200 152.3 90.02 1177 192.3 5.556 142.2 0.0159 0.3399
100 81.69 54.60 1.748 115.1 3.025 100.6 0.0301 0.4242
50 43.08 24.53 1.620 61.94 4.102 43.10 0.0511 0.5122

2Natarajan and Khalaf
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A B
c D
Figure 13

Kinetic modelling for the adsorption of Pb?* onto the heat-treated (in air) composite.
A: pseudo-first-order; B: pseudo-second-order; C: Elovich; D: Natarajan and Khalaf

Z[(qe’exp - qe,cal)/ qe,eprZ ©)
N-1

Aq(%) = 100\/

where:
0, . and g, ., are experimental and calculated amounts
of Pb?* adsorbed onto the composites at time t; N is the
number of measurements made.

It was established that the pseudo-second-order model gave
better standard deviations than the pseudo-first-order model.
The calculated values from the pseudo-first-order model were
found to be 29.72%, 25.66% and 32.23%, corresponding to
200 mg-C', 100 mg-" and 50 mg-¢!, respectively. On the
other hand, the normalised standard deviations calculated
from the pseudo-second-order model were as follows: 16.85%
(200 mg-£™), 24.27% (100 mg-¢") and 26.44% (50 mg-¢").
These values confirm that the adsorption of Pb? onto the heat-
treated (in air) composites may best be described by pseudo-
second-order kinetics.

The results presented in Table 2 show that reliable conclu-
sions can be drawn from the Elovich parameters. The higher
values of o compared to f indicate that there was more adsorp-
tion than desorption during the experiment. This confirms that
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the adsorption of Pb?* was through chemical adsorption. It

is widely accepted that chemical adsorption is an irreversible
process. It can be deduced from a values that Pb? removal is
faster at the higher initial concentrations during the early stages
of adsorption. This observation can be explained by the fact
that there are more Pb?* competing for the active sites in the
composites. This was further confirmed by the Natarajan and
Khalaf model kinetic constants (K, ), which are seen to increase
with a decrease in initial concentration.

The effectiveness of the composites in removing heavy
metals from water, especially in terms of adsorption capacity,
can be shown by comparing the experimental values obtained
with a few values for sorption capacities reported in the
literature, as shown in Table 3. The sorbents summarised in
Table 3 have been described as good adsorbents elsewhere.

The heat-treated composites showed superior adsorption capa-
bilities compared to EVA/C20A and acid-treated EVA/C20A
composites.

Conclusion

The results presented in this study demonstrate that the non-
biodegradable and hydrophobic EVA/C20A composites could
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Table 3
Sorption capacity of different powder sorbents
Source of adsorbent Sorption|Reference

capacity

(mg-g™)
Sugarcane bagasse 38 Mohan et al., 2002
EVA/C20A composite (acidified) |49 Current study
Scrap rubber 100 McKay et al., 1998
EVA/C20A composite (in air) 153 Current study
Fly ash 198 Apak et al., 1998

be suitable heavy-metal adsorbents after acid- and heat-
treatments. With an adsorption capacity of 153 mg-g™, the
heat-treated composite was found to be more effective in the
removal of Pb?" from an initial concentration of 200 mg-¢ ",
when compared to 49 mg-g™' observed for the acid-treated com-
posite. The adsorption data for heat-treated composites were
fitted to isotherm and kinetic models. Equilibrium isotherms
and Elovich models revealed that the removal of Pb?* was
mostly a result of chemisorption.
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Appendix 1: Data treatment

Adsorption isotherms

Langmuir isotherm: A linear form of the Langmuir isotherm
was given by the following equation:

Ce_ I G
de bQy Qg
The constant Q, signified the adsorption capacity (mg-g™") and
b is related to the energy of adsorption ((:mg™). If the data fits
a Langmuir isotherm a plot of C /g, vs. C_should give a linear
plot. Energy of adsorption (b) and the initial concentration (C )
are related to the constant R, as follows:

1

R =75 e, )

@

Freundlich isotherm: The well-known logarithmic form of the
Freundlich model is given by the following equation:

1
logq, =logKg +;log Ce 3
where:
g, is the amount adsorbed at equilibrium (mg-g™")
C, is the equilibrium concentration of the adsorbate
K, and n are the Freundlich constants

Kinetic models

The pseudo-first-order model (this equation is also called the
Lagergren equation):

dgq
T;=k1(qe -qyp) @)
where:
q, and g, refer to the amounts of Pb** (mg-™') adsorbed on
the composites at equilibrium time and time t (h) and k; as

the Lagergren rate constant (min-?), respectively.

Integrating the above equation with the boundary conditions,
t=0tot=tand from g, = 0to g, = g gives a linear version of

Eq. (4):

k;
“2.303" ©)

log(qe -q¢) = log(q,)

The kinetic parameter k;, and the amount absorbed at equilib-
rium can be experimentally determined from the plot of log
(9,-9,) vs. t which gives a linear graph where the y-intercept
is log (g,) and k, is calculated from the slope. The results are
shown in Fig. 13A.

The pseudo-second-order model: The pseudo-second-order
equation is expressed as Eq. (6) and the linear form is shown in

Eq. (7).

% =k(de -q)’ ®)

t_ 1t

qt kzqg de )
where:

k, is the second-order rate constant. If the second-order
Kinetics is applicable, the plot of t/q, against t should show a
linear relationship.

The Elovich model: The Elovich model equation is generally
expressed as:

;= 1 1n(0) + 1 (1) ©
p p
where:
a is the initial adsorption rate (mg-g™'-min), and f is the
desorption constant (grmg™') during any one experiment.

If Pb?** adsorption fits the Elovich model, a plot of g, vs. In (t)
should yield a linear relationship with a slope of f* and an
intercept of B In (af).

Natarajan and Khalaf model: This model was used to
develop a relation between the initial concentration and the
concentration at any time t. The Natarajan and Khalaf equation
is expressed as follows:

Co _ Kn ©

K, is a constant obtained from the slope of log (C /C) vs. t
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