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The aim of this research work is to investigate the exploitation of the nano zinc oxide composite was
used as an adsorbent for the removal of Pb(Il), Hg(II), Cd(II) and Bi(III) heavy metal ions from aqueous
solution. The resulting adsorbent n-ZPFR was characterized by SEM with EDS, BET, TEM, FT-IR,
XRD, DTA and TGA analyses and tested for metal adsorption. The maximum adsorption performance
was achieved for Pb(II), Hg(II), Cd(Il) and Bi(Ill) ions from aqueous solution by n-ZPFR was
investigated as a function of some parameters such as initial metal ion concentration (0.01M), contact
time (60min), dose (0.250g) and temperature (328K). Langmuir, Freundlich, Dubinin Kaganer-
Radushkevich, Temkin and Jovanoic isotherm models were used to interpret the experimental data. The
data obeyed both D-R and Jovanoic models (R2=0.999) indicating a monolayer adsorption of heavy
metal ions onto the homogeneous surface. The linear plot of Temkin isotherm showed adsorbent
adsorbate interactions. Moreover, the energy obtained from D-R isotherm (2579.8-426.9 KJ/mol)
indicated a physical adsorption of the metal ions onto the adsorbent surface. Kinetic studies indicated
that Pb(IT),Hg(II),Cd(II) and Bi(IIl) ions adsorption followed the pseudo-second-order model. Kinetics;
controlled by both liquid-film and intra-particle diffusion mechanisms. The thermodynamics parameters
(AGO, AHO and AS0) of adsorption systems indicated spontaneous and endothermic process. The results
suggested that n-ZPFR composite is economical, eco-friendly and capable to remove Pb(Il), Hg(II),
Cd(IT) and Bi(III) from natural water resources.

Copyright © 2015 Beaulah Angelin et al. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted

use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

Environmental Pollution today has far-reaching negative
consequences on human lives. Water pollution is increasing
worldwide due to rapid growth of industry, increase the human
population, domestic and agricultural activities which leads to
the life time threatening diseases (Schwarzenbach et al.,
2010). Degradation of organic pollutants that have deleterious
effects on human well-being has become a focus of current
scientific research effort. Heavy metal ions are dangerous
constituents of waste waters because of their toxicity to living
systems even at low concentrations (Fujita et al., 2014). The
pollution of the environment with heavy metals is a result of
human activities, and the effects of these toxic metals on the
ecosystems are of public health significance. Toxic metals can
be distinguished from other pollutants, since they are not
biodegradable and can be accumulated in living tissues,
causing various diseases and disorders. The increasing levels
of toxic heavy metal ions discharged into the environment
have received considerable attention due to the adverse effects
on receiving waters.
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These include metal ions such as lead (Pb), Chromium (Cr),
Copper (Cu),Cadmium (Cd), Nickel (Ni), Silver (Ag),
Mercury (Hg) and Zinc(Zn).The potential sources of heavy
metal ions in wastewaters include fertilizers, fungicides,
metals used in manufacturing paints, pigments and batteries.
Although few natural sources are concerned for lead existence
such as soil-erosion, volcanic emissions, mining,but industrial
activities delivered about 90% of lead into environment, where
lead-containing dust particles are significantly polluted the air
as well as soils. (Inglezakis et al., 2003; Barakat, 2011).
Because of their high solubility in the aquatic environments,
heavy metals can be absorbed by living organisms. Once they
enter the food chain, large concentrations of heavy metals may
accumulate in the human body. The accumulation of lead in
the human body causes chronic poisoning which include
mental retardation to infants and kidney problem to adults
(Kawasaki et al., 2006). Mercury has very tendency of binding
with proteins and it mainly affects the renal and nervous
systems. This metal ion is a hazard to public health and the
environment when discharged inappropriately. (Denizli et al.,
2003) In recent years the new promises that nanotechnology
offers have spurred the industry to focus their research and
investments on developing new applications such as
purification of air, water and hazardous waste. In order to
detoxify heavy metals various techniques have been employed.
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Among these nano-based adsorbents are the more effective
technologies for the removal of heavy metal ions from the
aqueous system. Application of zinc oxide based nano material
composite polymer-resin are more effective for removal of
heavy metals contamination from the water because of their
important features like high surface area, small size etc. So
Nanoparticulates have much larger surface areas than bulk
materials and exhibit novel properties due to their small size
(Dlarmendra et al., 2008).

In recent years,variety of nanomaterials such as carbon nanotu
bes (Mohamed Abdel Salam and Robert C.Burk, 2010), TiO,,
(Senthilnathan and Ligy Philip,
2010), magnetic chitosan Nanocomposite (Xiaowang Liu et
al., 2009), magnetic Fe;O4 (Jing-Fu Liu et al., 2007), surface
modified MnFe,O, (Jing Hu et al., 2005), alumina (Rahmani et
al., 2010) etc., have been investigated for their tendency
towards the removal of toxic metals. Nanosized zinc oxides as
an environmental friendly material, ZnO can be used in
catalyst industry, gas sensors, solar cells and so on. As an
adsorbent ZnO was mostly applied to eliminate H,S. Recently,
people have found that nanostructured ZnO could efficiently
remove heavy metals. Thus, the main objectives of this paper
are; 1) To determine the physic-chemical characteristics of
nanocomposities, ii) To identify the various parameters like
pH, initial concentration, contact time and temperature on
adsorption capacity of ZnO have been investigated. The
adsorption potential of synthesized ZnO nanoparticles in the
removal of Pb(II), Hg(IT), Cd(II) and Bi(III) ions from aqueous
solutions has been studied. Based on these adsorption studies,
to analyze the equilibrium uptake capacity of the adsorption
process from various adsorption isotherms models like
Langmuir, Jovanoic isotherm equation. Finally the adsorption
kinetics and thermodynamics of these ions were evaluated.

MATERIALS AND METHODS

Materials

The chemicals used in the present study were Conc. Sulfuric
acid (Specific gravity = 1.82), Formaldehyde (37-40%
solution) and Phenol (Density=1.057gm-1), Zinc Oxide (30
nm, molecular weight,81.38) was supplied by SRL chemicals,
Mumbai, India. The Mercury(IT) Chloride
(HgCl,,M.W.271.50) and lead Nitrate
(Pb(NO3),,M.W.331.21), Cadmium Nitrate tetra hydrate
(Cd(NOs),.4H,0M.W.308.47), Bismuth(III) Nitrate
pentahydrate (Bi(NO);.5H,OM.W.485.07) was obtained from
RANKEM chemicals New Delhi, India. All the chemicals
used were analytical grade. The double distilled (DD) water
was used throughout the investigation.

Preparation of nano ZPFR composites

Phenol and Conc. Sulfuric acid (1:1) and 0.5 mg of nano Zinc
oxide were mixed slowly with constant stirring in an ice bath.
The mixture was then, heated to 70°C for six hours, cooled
and kept overnight. The product was polymerized with
formaldehyde solution (12.5 ml) in an ice bath, and then
heated to 80°C for three hours and the product was cured, then
ground washed with DD water, to remove the free acid. Then
the sample was dried at 70°C for 16 h. Then the composite

resin were sieved and preserved for characterization and
further studies (Kannan and Seenivasan, 2007).

Adsorption experiments

Batch adsorption experiments were carried out by adding
certain amount of adsorbent in a set of 250ml conical flasks
containing 40ml of metal ion solutions with various initial
concentrations, dose, contact time and temperatures in a
thermo stated water bath shaker and shaking speed of 200rpm
for 1hr. After above treatments the samples were centrifuged
to separate the solutions from the adsorbent at 4000rpm for
Smts. Then 1ml of the supernatants was diluted to a suitable
concentration and the absorbance of the supernatants solution
was measured before and after treatment using atomic
absorption (Elico SL-173) spectrometry at wavelength of
283.3,253.7,458,253nm for Pb(II), Hg(Il),Cd(II) andBi(III).
Each experiments was carried out in twice under identical
conditions and an average value was employed. The P" of the
metal ion solution was adjusted by using NaOH or HCI
solution and a P" meter. The different temperature was carried
out in adsorption studies. This thermodynamic parameter was
used to determine the effect of temperature in adsorption
studies. The adsorption efficiency and amount of adsorption in
batch experiments were calculated as follows:

q=(Ci-C9)V/m
Efficiency (%) = (C,~C.) / C, x100

Where, C, is the initial concentration (mg/L)
C. is the equilibrium concentration (mg/L)
V is the volume of solution (mL)

m is the mass of adsorbent (g)

q is the amount of adsorbed (mg/g)

Desorption experiments

The desorption studies of the adsorbed metal ions from ZnO
nanocomposities were carried out by HCI eluent solutions of
different concentration and stirred at 200rpm for 12h at room
temperature. For regeneration the adsorbent was removed from
the solution and rinsed with DD water. The adsorption-
desorption cycles were repeated for 3 times to establish the
reusability of the adsorbent, the desorption percentage (E) was
calculated as follows:

E (%) =C4V4/ (C,-C) X100
Where, E is the desorption ratio,
Cq is the concentration of the solutes in the desorption
solutions,

V4 is the volume of the desorption solution and
C,, C. and V are the same as defined above

RESULTS AND DISCUSSION

Effect of adsorbent activity

The sorption of Pb, Hg, Cd, and Bi by ZnO nanomaterials was
studied. ZnO nanomaterials have good sorption capacities for
toxic heavy metals.
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The activity of adsorbent for the adsorption of Pb (II),Hg (II),
Cd(IT) and Bi(III) was studied with an initial concentration of
0.01M,adsorbent dose of 0.250 g and contact time of 60 min
and the results were shown in (Fig.1) the order of adsorption
activity for the removal of all the metal ions was n-ZPFR >
PFR > n-ZnO.n-ZPFR composite resin exhibited higher
adsorption activity (97.1% ,86.8%,80.9% and 61.2%) than
compare to other resin .n-ZPFR composite resin had high
removal efficiency than PFR and n-ZnO due to more exposed
active sites resulted in high removal of metal ion adsorption
and high surface area.
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Figure 1. Adsorption activity of PFR, n-ZnO, and n-ZPFR
Characterization of the adsorbent

B.E.T: Specific surface area and pore volume analysis

The surface area was calculated by the Brunauer- Emmert-
Teller (BET) equation. The
BET specific surface area was measured on the thermal analysi
s instrument through the adsorption of Nitrogen. The surface
area of n-ZPFR was 26.4111 m?/g with R?>=0.999. The average
pore radius of n-ZPFR was 10.90 A and total pore volume
was 0.11962 cm?/g. As shown in (Fig.2) the isotherm could be
classified as IV type isotherm which is characteristics of the
mesoporous materials (Chang et al., 2012).

The porosity and the specific surface area of n-ZPFR nano co
mposites were investigated through the nitrogen adsorption/de
sorption isotherms.The relative adsorption performance of
different adsorbent is highly dependent on the internal pore
structure of each material. With the increase of pore radius,
more adsorbate is easier to be adsorbed. It is not only able to
increase the surface area and average pore radius but also
reinforce the chemical strength of adsorbents in acidic
medium. It is interesting to note that n-ZPFR composites
showed higher surface area compared to other nanocomposites
(Zhao et al., 2011; Zhang et al., 2013; Oh et al., 2013; Liu et
al., 2013; Cheng et al., 2012). Therefore, carbon activation
offered some attractive advantages.

FTIR

The FT-IR technique was used to monitor changes on the
surface of the ordered mesoporous carbon. The FT-IR spectra
were performed in the range of 400 — 4000cm™ .The infrared
spectra of the nanoparticles were taken in KBr pressed pellets

on a NEXUS670 infra fourier transform spectrometer Nico-let
Thermo, Waltham. MAI
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Figure 2. Adsorption-desorption isotherms of nitrogen at 77 K on
n-ZPFR

The spectra of the n-ZnO, n-ZPFR, n-ZPFR-Pb(II),n-ZPFR-
Hg(I).n-ZPFR-Cd(II) and n-ZPFR-Bi(Ill) were shown in
(Fig.3). In (Fig.3a). The FT-IR spectra of pure n-ZnO displays
sharp peak absorption band observed at 1383.9cm’
corresponding to stretching vibration. Moreover the broad
peaks obtained between 3434.0cm™ are due vibration mode of
intermolecular H bonds present in sample.(Fig.3b) showed the
FTIR spectrum of n-ZPFR the broad peak at 3412.0 cm-1
indicated the presence of OH groups on the surface of n-
ZPFR.

The two characteristic bands at 1642.1 cm-' and 1029.7 cm-'
due to the corresponding C=C and C-O-C stretching
vibrations. The another two bands occurred at 1469.8 and
882.2 cm-' were observed due to the presence of C=C and C-H
stretching in the aromatic ring.(Fig.3¢) FTIR data of n-ZPFR-
Pb showed that characteristic band at 3436.3, 1645.4, 1464.8
and 1207.2 cm-1 correspond to the OH groups, C=C
stretching, C-H bending vibrations and C-O-C stretching
vibrations. The sharp peak at 1032.4 cm™ corresponds to the
C-O stretching vibrations were involved in Pb(II) ion
adsorption respectively. (Fig.3d). FTIR data of n-ZPFR-Hg(II)
showed that characteristic bands at 3394.2, 2923.2, 1642.6 and
1033.4 cm-1 corresponding to OH, =C-H, C=0,C=C
stretching vibrations respectively whereas one sharp peak
observed at 1471.0cm™ corresponding to C-H bending
vibrations were involved in Hg(II) ion adsorption. (Fig:3e) FT-
IR data of n-

ZPFR Cd showed that characteristic band at 3429.6,1465.8,10

35.8 cm’ correspond to the OH groups, C-H bending
vibration, C=C stretching vibrations.

There was a sharp band at 1645.4cm™ which was the feature of
the presence of C=O stretching vibrations were involved in
Cd(Il) ion adsorption.(Fig.3f) FT-IR data of n-ZPFR-Bi(Ill)
observed the broad peak at 3435.9cm™were attributed the
presence of intermolecular H bonds. FT-IR data of n-ZPFR-
Bi(III) showed that characteristic band at
1644.9,1464.5,1032.7cm™ correspond to the C=O stretching
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vibrations, C-H bending vibrations and C=C stretching
vibrations were involved in Bi(IIl) ion adsorption respectively
(Zagorodni et al., 2002).
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Figure 3.FTIR spectra of;(a) n-ZnO (b) n-ZPFR (c) n-ZPFR-
Pb(I) (d) n-ZPFR-Hg(II) (e) n-ZPFR-Cd(II) (f) n-ZPFR-Bi(III)

XRD

In order to confirm the crystalline nature of ZnO nanoparticles
on n-ZPFR composite, XRD pattern has been studied. The
characteristic 10°-60° peaks of n-ZPFR were discernible in
carbon, the diffraction spectrum of n-ZPFR Pb(II) shows
crystalline peak at the scan range 20-50° thereby indicating the
crystalline phase of n-ZPFR. The XRD pattern was collected
in the 2 theta range from 10° to 80°. In (Fig 4a) shows the no
peaks of any other phases are detected from the XRD pattern,
which are attributed to the n-ZPFR showed amorphous
carbon.In (Fig.4b) shows the XRD pattern of n-ZPFR-Pb(II)
the characteristic diffraction peaks at 2e = 20.8° , 24.5° ,26.6°,
29.6°, 33.1°, 43.7° represent the corresponding indices (120)
(002) (030) (221) (310) (400), respectively (Nata ef al., 2010;
Zhang et al., 2011). The peak positions and relative intensities
of the n-ZPFR composite are in good agreement with those
from the JCPDS card no PDF # 231496, which reveals the
well-known ortho rhombic structure of Zn,PbO,.The average
crystalline size of n-ZPFR was 8nm.
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Figure 4. XRD pattern of free (a) and Pb (II) loaded (b) n-ZPFR
SEM

SEM (Scanning Electron Microscopy) studies provide useful
information regarding the surface morphology of the materials

which their records are shown in (Fig.5a) the SEMs of n-
ZPFR, n-ZPFR-Pb(1I), n-ZPFR-Hg(II), n-ZPFR-Cd(II) and n-
ZPFR-Bi(III) ions. As can be seen the synthesized ZPFR had
an approximate spherical shape with a mean diameter of about
1um.This images illustrate that the ZnO nanoparticles have
holes and some small openings on the surface, which increases
the contact area and can improve metal ion adsorption.

(Fig.5b,5¢ 5d and S5e) showed micrographs of the n-ZPFR
surface after adsorbed Pb (II) ions, Hg (II) ions, Cd(II) and
Bi(III) the surface of n-ZPFR was relatively smoother and less
porous because of the formation of a layer over the adsorbent
surface after adsorption of metal ions. Decreasing size of the
nanoparticles with mole fraction of dopant ions can be
attributed to internal strain of the lattice (24) (Sankar et al;
2013).

Fy X15,000 i

Figure 5. SEM images of (a) n-ZPFR (b) n- ZPFR-Pb (II) (¢) n-
ZPFR-Hg (1I) d) n- ZPFR-Cd (II) e) n- ZPFR- Bi (III).

EDX

Further confirmation of the adsorption of Pb(II),Hg(II),Cd(II)
and Bi(III) on n-ZPFR composite was done by energy
dispersive X-ray analysis (EDS). (Fig.6a) for the unloaded n-
ZPFR, did not show any characteristic signal for metal ions,
but only showed for the four major constituents, i.e., C, O, Zn
and S. Whereas for Pb (II), Hg(Il), Cd(II) and Bi(III) loaded
(Fig.6b 6¢ 6d and 6e) signals of presence of Pb(Il), Hg(Il),
Cd(II) and Bi(III) were observed. This showed the diffusion or
accumulation of metal ions onto the surface of n-ZPFR (25)
(Kannan et al; 2011).
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TGA/DTA Analysis

The TGA thermo grams for the n-ZPFR samples were shown
in (Fig.7a). The thermo gravimetric profile revealed that the
mass loss occurs in three stages (26).
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Figure 6. Energy dispersive spectra of a) n-ZPFR b) n-ZPFR-
Pb(I) c¢) n-ZPFR-Hg(I) d) n- ZPFR-Cd(II)

The first weight loss about 95.4% in that temperature range
100-110°C, which may be the combined water existed in n-
ZPFR composite. The second weight loss occurred in the
temperature range 300-350°C, a typically high enough
temperature to induce thermal degradation of ordinary carbon
polymers which about 75.6%. The final weight loss was
determined above 600-700°C, which about 56.9%. Finally, no
mass loss was detected when the temperature was increased to
750°C. This result indicated that the n-ZPFR are stable at
higher temperature. The char residue of n-ZPFR content was
33.6%.The characterization results confirmed that the
formation of the adsorbent n-ZPFR occurred successfully.In
(Fig.7b) shows the loss of water and n-ZPFR composite was
evidenced by endothermic peak was obtained. Two sharp peak
indicates the chemical changes occurring due to thermal
degradation of the n-ZPFR composite.At 560°c , the presence
of one broad peak indicate the dehydration of n-ZPFR (27)
(Thongnopkum et al., 2012).
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Figure 7. TGA (a) and DTA curve (b) of n-ZPFR

TEM

The morphology and size of nanoparticles were studied by
transmission electron microscopy (TEM). The image revealed
that the particle size of the composite was 10nm (Fig.8a and
Fig8b).

Figure.8 TEM images of free (a) and Pb (II) loaded n-ZPFR.
Electron diffraction analysis

The electron diffraction patterns of ZnO nanoparticles and n-
ZPFR composite (Fig.9a and Fig 9b) were studied. The fringe
ring pattern clearly indicated the amorphous nature of the zinc
oxide nanoparticles. The fused ring pattern revealed the
crystalline nature of the n-ZPFR composite.

10 1/nm

Figure 9. Electron diffraction of a) n-ZPFR b) n-ZPFR-Pb(II)
Effect of initial concentrations of heavy metal ions

The adsorption capacity is dependent on the initial metal ion
concentration. The dependence of adsorption capacity of ZnO
nanoparticles was studied at different initial metal ion
concentrations in the range of 20-60 mg/L at 298 K with 0.250
g n-ZPFR at 60 min. The percentage of Pb (II), Hg (II), Cd(II)
and Bi(Ill)ions adsorption at different metal concentrations
using n-ZPFR, decreased with increase in metal ion
concentration. This may be due to saturation of active
adsorption sites onto n-ZPFR. The effect of initial
concentration on the removal of Pb (II), Hg (II), Cd(IT) and
Bi(II) by the adsorbent was indicated in (Fig.10) (28)

Effect of contact time on adsorption

The effect of contact time on metal ion adsorption is shown in
(Fig.11). The adsorption capacity of Pb(Il), Hg(Il), Cd(II) and
Bi(III) adsorption increased with increasing the contact time,
the maximum removal of all the metal ions occurred at 60
min, after which there were no significant changes. Hence in
the present study 60min was chosen as the equilibrium time.
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Figure.10.Effect of initial concentration on the removal
of Pb(II), Hg(1I), Cd(II) and Bi(III) from aqueous solution

The adsorption rate was fast and the maximum adsorption was
achieved almost within 60min for all the metal ions. Because
of the availability of more active sites and more functional
groups which participate in the metal ions uptake till
equilibrium is attained and thereafter, there was no further
adsorption. The contact time is one of the important parameter
s for economical wastewater treatment application. (Smiciklas
et al.,2008).
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Figure.11. Effect of contact time on the removal of Pb(II), Hg(II),
Cd(I) and Bi(III) from aqueous solution.

Effect of adsorbent mass

The effect of adsorbent dosage on Pb(Il), Hg(Il), Cd(Il) and
Bi(III) removal was studied by varying the amount n-ZPFR
between 0.050-0.250g. The increased metal ion removal
percentage at increasing adsorbent dosage is due to increased
active sites and surface area for adsorption at higher adsorbent
dosage. That is, the percentage removal increased from 45.9%
to 97.1% for lead, mercury was increased from 37.9% to
86.8%, Cadmium increased from 35.1% to 80.9% and Bismuth

increased from 21.4% to 61.2% as the n-ZPFR adsorbent were
shown in (Fig:12).The optimum adsorbent dosage was found
to be 0.250 g for Pb(II),Hg(Il),Cd(Il) and Bi(Ill). The
adsorption efficiency of Pb(II),Hg(II),Cd(II) and Bi(Ill) was
observed at 97.1% ,86.8%,80.9% and 61.2% respectively (30).
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Figure.12.Effect of adsorbent dosage on percentage removal of
Pb(I), Hg(I), Cd(II) and Bi(III) onto n-ZPFR

Adsorption isotherms

Adsorption isotherms is the most important design can be used
to explained the interactions between adsorbents
and adsorbates, as well as the adsorption capacity of
adsorbents. The adsorption isotherm shows how the adsorbate
molecules are distributed between the liquid phase and solid
phase. The analysis of the isotherm data by fitting them to
different isotherm model is an important step to find the
suitable model that can be used for design purposes. The
correlation of equilibrium data is essential for practical design
and operation of adsorption systems.

The Langmuir isotherm which has been successfully applied to
many sorption processes can be used to explain the sorption of
metal ions. Langmuir model (31) assumes that the uptake of
Pb (1), Hg(l), Cd(II) and Bi(Ill) ions occurs on a
homogeneous surface by monolayer adsorption without any
interaction between adsorbed ions. Isotherms are the
equilibrium relations between the concentration of adsorbate
on the solid phase and its concentration in the liquid phase.
From the isotherms the maximum adsorption capacity can be
obtained. These data provide information on the capacity of
the sorbent or the amount required to remove a unit mass of
pollutant under the system conditions. Data has been subjected
to different adsorption isotherms. The Langmuir (32)
parameters can be used to predict affinity between the
adsorbate and the adsorbent using the dimensionless constant
separation factor (Rr) given by equation

RL =1/ 1+bC0
Where Ry is the dimensionless separation factor,C, is the

initial concentration of the adsorbate (mg L'),and b is the
Langmuir constant (L mg™) .
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The Ry can be used to verify that the adsorption in the system
studied is unfavorable (Rp less than 1), linear (R =1).
Favorable (0 less than Rp less than 1),or irreversible
(R{=0).The value of Ry decreased with an increase in the
initial concentration, says that the adsorption is more favorable
at high concentration shows the equilibrium isotherms data as
points for the adsorption of Pb(I), Hg(Il), Cd(Il) and Bi(III)
ions by ZnO nanoparticles. These isotherm data have been
analyzed for the Langmuir and Freundlich isotherms by linear
method of analysis.

The linear form of Langmuir isotherm is given by:
Ce/qe = 1/I(L X qm + Ce/qm

Where, q, is the maximum adsorption capacity, K; is the
Langmuir bonding energy coefficient. The K; and q,, can be
calculated from the intercept and slope of the linear plot of
C./q. against C, shown in (Fig.13).

The Freundlich model is the earliest known empirical equation
and is shown to be consistent with exponential distribution of
active centers, characteristic of heterogeneous surfaces. The
linear form as follows:

logge =log KF + 1/n log Ce

Where, ‘Kr > and ‘n’ are the Freundlich isotherm constants
indicating the adsorption capacity and adsorption
intensity,(33,34) respectively. The K¢ and n can be calculated
from the intercept and slope of the linear plot of log qe against
log Ce. The value of n >1 is favorable and heterogeneous
adsorption for all metal ions (35). All the metals did not
follow the Freundlich isotherm as closely as the Langmuir
isotherm. Temkin isotherm models assume that the heat of
adsorption for all the molecules in the layer decreases linearly
with coverage due to adsorbent-adsorbate interactions. The
data were analyzed according tothe linear form of the Temkin
model.

qe=B11nKT+B11nCe

The isotherm constants B; and K are related to the maximum
binding energy and heat of adsorption. The Bjand Kt can be
calculated from the intercept and slope of the linear plot of ge
against In Ce. The Freundlich and Langmuir isotherm models
could not elucidate clearly the type of biosorption behavior
(physical or chemical).

Dubinin-Kaganer- Radushkevich (DKR) isotherm model DKR
model (36,37) is significant for calculating the apparent energy
of adsorption, which predicts the type of adsorption i.e.
physisorption or chemisorption. The model can be represented
as (Dubinin and Radushkevich, 1947) :

In qe= lnqm - ﬁsz

Where, B a constant related to the adsorption energy
(mol2/kJ2), qm is a constant that indicates the sorption degree
characterizing the sorbent (mg/g) and ¢ is the Polanyi potential
shown in Eq.8:

0.02s - T . T . T - T -
PR v
: glll
1]
0.020 S w y
D015 4
-3
" 0010
0.00% <
o
0.000 < T
0 5 10 15 o % 30

Figure 13. Langmuir isotherm plots for the adsorption of Pb (II),
Hg (II), Cd (II) and Bi (III) onto n-ZPFR

€=RT In (1+1/Ce)

where € = RT In (1+1/C,) is polanyi potential. The plot of In q,
vs € vyielded a straight line, thereby confirming the
applicability of the model (Fig.14). The value of B was
calculated from the slope of the plot which was used to
calculate the adsorption energy, E (= 1/(2p)"?).
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Figure 14. DKR adsorption isotherm models for adsorption of Pb
(ID), Hg (I1), Cd (II) and Bi (III) onto n-ZPFR composite

The biosorption type based on the D-R model can be
expressed by the mean free energy (kJ/mol) employing Eq.10:

E=1/QB) %

E values are useful in estimating the type of adsorption. The
mean free energy of adsorption for the present study was
found to be energy values for the adsorption of Pb(II), Hg(II),
Cd(II), and Bi(IIl) in the range 0.08002 KJ/mol to 0.42697
KJ/mol indicate a physical adsorption.
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Table 1. Different adsorption isotherm model parameters for the adsorption of Pb(II), Hg(II), Cd(II) and Bi(III) on n-ZPFR

Mathematical Models ~ Parameters  Pb(II) Hg(II) Cd(1l) Bi(Ill)
Langmuir isotherm R? 0.955 0.949 0.944 0.91
Ky 3.4772 9.7033 5.1228 0.00118
qm(mg/g) 0.2875 0.1030 0.1952 847.457
Freundlich isotherm R? 0.786 0.889 0.916 0.941
Kr 6362 2172 9772 3.9810
N 4.6511 2.1231 1.5649 0.6540
Temkin isotherm R? 0.860 0.946 0.969 0.991
B; 963.1 851.61 2401 3849.7
Kr 6393.3 3389.6 1051.6 1470.1
D-R isotherm R? 0.915 0.952 0.953 0.996
B 1.93813E-5 7.76598E-5  8.38598E-5 1.17103E-4
qm(mg/g) 4988.7 1710.2 3790.6 3455.7
E ky/mol 2579.8 643.8 596.2 426.9
Jovanoic isotherm R? 0.989 0.986 0.986 0.977
Ky(L/mg) 0.035 0.084 0.042 0.069
qm(mg/g) 8.768 8.074 8.957 9.438

Table 2. Kinetics parameters for the adsorption of Pb(II), Hg(II), Cd(Il) and Bi(III) on n-ZPFR

Mathematical models Parameters Pb(1) Hg(1l) Cd(II) Bi(IIl)
First-order kinetics R? 0.963 0.849 0.969 0.968
K, (min™) 5.2874 0.00251 0.00291 0.00672
q. (mg/g) 14482 109.95 135.8 120.69
Second-order kinetics R? 0.999 0.998 0.995 0.987
K, g/mg/min 0.1682 3519.51 0.31295 1254.85
q(mg/g) 0.6156  0.2706 0.5775 05012
Intra-particle diffusion ~ R? 0.993 0.976 0.941 0.936
Kig g/mg/min'?  0.021 0.012 0.005 0.003
C (mg/g) 124.03 25.44 22.61 6.99
The Jovanoic isotherm (Jovanoic, 1969), which is based on the 88 : ’ ' y
same assumptions of the Langmuir isotherm, also considers 87 [ Vi
the possibility of some mechanical contacts between the LS = M
adsorbing and desorbing molecules on the homogeneous ::" il | |
surface and can be represented in a linear form as follows: 8 33
8 2-3
Inq.=Inq,+KJCe an 814 ]
8.0
Where, qis the maximum amount adsorbed (in mg/g) and KJ = ::E #
(in L/mg) is the constant related to the energy of adsorption. = a2 - |
The qm and KJ can be calculated from the intercept and slope 76 ™
of the linear plot of In qe against Ce (Fig.15). To understand 7.5 * Y
the adsorption equilibrium behavior, five isotherms, namely ;"1‘4' = W
Langmuir, Freundlich, Temkin, D-R and Jovanoic isotherm ”E =
models were tested and the Table 1 summarized the isotherm 4]
parameter values. The best fitted models were selected on the 7.0 =
basis of coefficient Jovanoic isotherm and D-R isotherm 0 5 0 15 0 25 30

model. The Jovanoic isotherms were best fit model for the
adsorption of Pb(Il), Hg(II), Cd(II) and Bi(III) onto n-ZPFR.

Kinetic modeling

In order to explain the mechanism and to determine the rate
controlling step of adsorption for Pb(II), Hg(Il), Cd(I) and
Bi(Ill) onto n-ZPFR, kinetic models were used. The rate
constants were calculated by using pseudo-first-order and
pseudo-second-order kinetic models and the rate controlling
step was described by intra-particle diffusion model and the
Table 2 summarized the kinetic parameter values.

Pseudo-first-order model

The pseudo-first-order kinetic model (Lagergren, 1898;
Smiciklas et al., 2008) has been widely used to predict
sorption kinetics. The equation of the model was represented
as follows:

Figure 15. Jovanoic Isotherm plots for the adsorption of Pb (II),
Hg (II), Cd (II) and Bi (III) onto n-ZPFR

In(q.-q¢) = Inq-k;t

where q. is the amount of metal ions adsorbed per unit weight
of adsorbent at equilibrium ie; adsorption capacity (mg/g) ,q is
the amount of adsorbent adsorbed (mg/g) at any time t and k;
is the rate constant. The value of k; was calculated from the
slope of the linear plot of In (qe-q;) versus t.

Pseudo-second-order rate model

The linear form of pseudo-order kinetic model (41) was
expressed by equation
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tq =1/kXq’ +t/qe
Where k, (g/mg/min) is the second-order rate constant of
adsorption. The plot of t/q, versus t shows a linear form. The
equilibrium adsorption capacity g. and the values of k, were
calculated from the intercept and slope of the plot represented
in (Fig.16)
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Figure 16. Pseudo-second order Kinetic plots for adsorption of Pb
1I), Hg (II), Cd (II) and Bi (III) onto n-ZPFR

Intra-particle diffusion model

The overall reaction kinetics for the adsorption of Pb(II),
Hg(II), Cd(II) and Bi(IIl) is a pseudo-second order process.
However this could not highlight on the rate-limiting step.The
rate-limiting step (slowest step of the reaction) may be either
the boundary layer (film) or the intra-particle (pore) diffusion
of solute on the solid surface from bulk of the solution in a
batch process (Fig.17). The intra-particle diffusion model
proposed by Weber and Morris (Weber and Morris, 1964;
Weber and Morrism, 1964; Weber and Morris, 1963; Sairam
Sundaram et al., 2008) was used to identify the mechanism
involved in the adsorption process:

1. 05
q¢ =kt~ + ¢

where q; is adsorption capacity at any time t and ki is the
intra-particle diffusion rate constant (mg g min *°) and C
(mg/g) reflects the boundary layer effect. Greater the value of
C greater is the effect of boundary layer on adsorption process.
If the rate limiting step be the intra-particle diffusion, the plot
of q; against the square root of time should be a straight line
and pass through the origin. The deviation of the plot from the
linearity indicates the rate-limiting step should be boundary
layer (film) diffusion controlled.

The k;q and C can be determined from the slope and intercept
of the linear plot of q, against t"*The pseudo-first order.
pseudo-second order and intra-particle diffusion models were
used to understand the kinetic nature of Pb(II), Hg(Il), Cd(II)
and Bi(Ill) onto n-ZPFR adsorption system. All the
experimental data showed better agreement with pseudo-
second order model in terms of higher correlation coefficient

value (R*>1), which suggested the adsorption rate of Pb(II),
Hg(II), Cd(II) and Bi(IIT) onto n-ZPFR might be controlled by
chemisorptions mechanism. The rate controlling step consisted
valence forces through sharing or exchange of electrons
between the adsorbent surface and adsorbate ions and no
involvement of mass transfer in solution (46). The value of
pseudo-second-order rate constant ,k,,was 0.168 g/mg/min for
Pb(Il), 3519.51 g/mg/min for Hg(Il), 0.31295g/mg/min for
Cd(II) and 1254.85g/mg/min for Bi(III).
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Figure 17. Intra-particle diffusion
Effect of temperature and Thermodynamics Data

The adsorption of metal ions were studied at three different
temperatures at 308k,318k and 328k,respectively.For kinetic
studies, a series of 250ml flask were used and each flask was
filled with n-ZPFR at mass loadings 0.250g for all the metal
ions solution at 0.01M.The percentage removal of all the metal
ions are shown in (Fig.18).

This indicates that the adsorption of metal ions on n-ZPFR is
endothermic in nature. The increase in the rate of adsorption
with the increase in temperature may be attributed to the
strong adsorptive forces between the active sites of the
adsorbents and adsorbate species and also between the
adjacent molecules of the adsorbed phases. Thermodynamic
parameters, such as change in enthalpy (AH"), change in
entropy (AS”) and change in free energy (AG"),were
determined using the following equations (Biswas et al., 2007;
Ahmet Sari et al., 2007).

KL= qe/ Ce

Where Ky is the Langmuir constants; C, is the concentration of
solute adsorbed on the resin at equilibrium, mg/L.

AG" = -RTInK,,

The AH” and AS° were obtained from the slope and intercept of
van’t Hoff plot of In K; versus 1/T plot shown in (Fig.19),
according to the following equation:

In K; = AS"/R -AH"/RT
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Figure 18. Effect of Temperature

Where, R is the gas constant (8.314 J/mol K),T is the
temperature in Kelvin. The values of these parameters thus
calculated are recorded in Table 3.The correlation coefficient
for the linear plot for Pb(Il), Hg(Il), Cd(Il) and Bi(Ill) was
R?=0.999, R? =0.999, R* =0.999 and R* =0.812.The positive
values of standard enthalpy change (AH") for the intervals of
temperatures showed the endothermic in nature of the
adsorption process. The low enthalpy values of AH’ less than
20kJ/mol indicates that the physisorption is involved in the
process of adsorption. The positive value of entropy change
AS" corresponds to a increase in degree of freedom of the
adsorbed species and thereby increase in concentration of
adsorbate in solid-solution interface which takes place through
ion exchange interactions (Malkoc and Nuhoglu, 2007).

The negative values of AG’ at all temperatures indicated the
spontaneous nature of the adsorption of Pb(II), Hg(Il), Cd(Il)
and Bi(IIl).It indicated that the adsorption efficiency of all
metal ions onto ZnO nanoparticles increases with increases in
temperature, this trend to be assigned to the dissolution of ZnO
nanoparticles at higher temperatures (Mustafa et al., 2002).
The negative values of AG” confirm the feasibility of the
process at all temperatures and the spontaneous nature of
adsorption with a high preference for Pb(II) compared to
Hg(II),Cd(1I) and Bi(III) onto n- ZPFR.

Table 3. Thermodynamic parameters for the adsorption of
Pb(II), Hg(II), Cd(II) and Bi(III) onto n-ZPFR

Metal ions R’ AH®  AS° -AG® (KJ/mol)

308K 318K 328K
Pb(ID) 0999 4233 197.13 -65.88 -81.90  -97.65
Hg(II) 0.999 5242 21811 -29.57 -47.64 -65.53
Cd(Im) 0.999 5333 22022 -2695 -4546  -63.32
Bi(I1I) 0.812 28.85 13829 -21.06 -26.10  -41.27

Desorption Studies
Desorption studies of the adsorbed metal ions from n-ZPFR
composites was carried out by HCI solution at room

temperature. Desorption percentage was calculated as follow;

Desorption (%) = C.' V/qm x 100 %

Figure 19. van’t Hoff plots of InK; versus 1/T for the adsorption
of Pb (II),Hg (II), Cd (II)and Bi (III)

Where q is the adsorption capacity (mg/g), m is the mass of
the adsorbent (mg), V is the volume of the aqueous solution
(ml), C.' is the concentration of metal ions aqueous solution
after desorbed from the adsorbent. For regeneration, the
adsorbent was removed from the solution and rinsed with DD
water. The adsorption—desorption cycles were repeated for 5
times, and desorption percentage was calculated. The results
showed that the elution ratio is different under various eluent
concentrations. Maximum recovery of Pb (II), Hg(Il), Cd(II)
and Bi(IIT) at 100%, was achieved with 2 and 3M HCI eluent
solutions, respectively. Recovery and recyclability of
adsorbents in aqueous reaction system are regarded as a crucial
property in the purification systems of wastewater.

Conclusion

The main objectives of this paper are to identify the various
parameters that affect the adsorption, such as adsorbent dose,
initial concentration, contact time, temperature and P" To
analyze the equilibrium uptake capacity of the adsorption
process from various adsorption isotherms models like D-R,
Jovanoic isotherm equation. Present study reported the
mechanism of adsorption of Pb (II), Hg(IT), Cd(IT) and Bi(IIT)
onto nano ZPFR prepared via polymerization method. The D-
R and Jovanoic model provided the best fit for the Pb(II), Hg
(II) ion, Cd(II) and Bi(IIl) revealing the maximum adsorption
capacity of Pb(Il) 8.768 mg/g and Hg(ll) 8.074 mg/g
respectively.

The lower values of Ry and n < 1 indicated that the adsorption
process was favored for nano ZPFR. Kinetic studies
demonstrated that the mechanism for adsorption of metal ions
followed the pseudo-second order rate model, which provided
the best fit for all the metal ions. The thermodynamic studies
revealed that the adsorption is spontaneous and endothermic in
nature for Pb (II), Hg(I), Cd(IT) and Bi(IIl) ions onto nano
ZPFR. The positive entropy indicated increase in the degree of
freedom for the adsorbed species and suggests that there is an
increase in the concentration of adsorbate in solid-liquid
interface.
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