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ABSTRACT. Fe-Al-Zr ternary mixed oxides composite was synthesized via co-precipitation method for the
removal Pb(IT), Cd(Il) and Cr(VI) ions from aqueous solutions. The as-synthesized materials were characterized
by X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), scanning electron microscope hyphenated with
energy dispersive X-ray diffraction (SEM-EDX) and Fourier transform infrared (FTIR) techniques. The pH at the
point of zero charge (pH,.) of the sorbent and effect of ionic strength on sorption were also determined. The batch
tests were conducted to optimize the various sorption parameters such as pH, adsorbent dose, contact time, speed
of agitation and initial metal concentration. The experimental results showed that the adsorbed amounts of Pb(II),
Cd(II) and Cr(VI) tend to decrease with increase in pH. Freundlich isotherm model fits better the equilibrium data
for the adsorbent. Kinetic data correlated better with both pseudo first order and pseudo second order kinetic
models. The spontaneous nature of the adsorption process was also confirmed from thermodynamic grounds. The
nanosized adsorbent exhibited an adsorption efficiency of 96.65%, 96.55% and 97.2% for Cd(II), Cr(VI) and
Pb(II), respectively, at optimum condition. Experimental results showed that the nanocomposite was effective for
the removal of the title heavy metals from aqueous solution.
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INTRODUCTION

Heavy metals pollution to the environment is a consequence of several activities like chemical
manufacturing, painting and coating, tanning, mining, extractive metallurgy, nuclear and other
industries [1]. These metals exert a deleterious effect on fauna and flora of lakes and streams
[2]. Most of the heavy metals are toxic and due to their non-biodegradability and persistence,
they tend to accumulate in living organisms causing various diseases and disorders. Nickel,
cadmium, mercury, zinc, lead and chromium are examples of toxic heavy metals that are
produced by industries which pose a risk of contaminating groundwater and other water
resources [3].

Various treatment techniques are practiced for removal of toxic heavy metals from water
and wastewaters. These methods are biological methods, ion exchange [4], combined chemical
and biochemical methods [5], chemical oxidation and photo-catalysis [6-8], adsorption [9],
coagulation and membrane treatments [10]; each of these has its own specific advantages and
disadvantages. Adsorption could be a very good alternative technology for removal of heavy
metal, especially at low concentration. The efficiency of adsorption depends on the adsorbent
high surface area to volume ratio, morphology, pore size distribution, polarity, and functional
groups attached to the adsorbent surface [11]. The principal types of adsorbents include
activated carbon [12], synthetic polymers [13] and silica-based adsorbents [14]. However, these
adsorbents are not often used for wastewater adsorption because of their high cost. Hence, there
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is a recent need for the development of a method that is highly selective, more efficient, easy to
operate and hence cost effective.

Nanocomposite adsorbents are one class of nanomaterials synthesized for applications in
sorption processes to remove ions and various contaminants from environment and water.
Transition metal oxides are one of the most important compounds for synthesis of
nanocomposite sorbents. For example iron oxides are used to synthesize nanocomposite
adsorbent either in pure form or with other transition metal oxides [15]. Although iron oxides
alone have several applications, some of their adsorptive properties can be improved when
prepared in mixture with other metal oxides such as Al(III), Cr(IlI), Cu(Il), Mn(1V), Ti(IV) and
Zr(IV) [16]. Recently, the development of nanoscience and nanotechnology has shown
remarkable potential for the remediation of environmental problems [17]. Compared with
traditional materials, nanostructure adsorbents have exhibited much higher efficiency and faster
rates in water treatment.

Several heavy metals removing adsorbents have been proposed including nanosized ferric
oxides, zirconium oxides, aluminum oxides and application of mixed ferrous/ferric iron
hydroxides. Many researchers reported the effective use of nanocomposite such as Glauconite,
Amino-modified Fe;0, MNPs [18], m-PAA-Na-coated MNPs [19] and Fe;04-GS [20] on heavy
metal removal from wastewater. The magnetic nanoparticle (MNP) adsorption has attracted
much interest and is an effective and widely used process because of its simplicity and easy
operation [21]. The magnetic nanoparticles exhibit amphoteric surface activity, easy dispersion
ability and, to their very small dimensions, a high surface-to-volume ratio, resulting in a high
metal adsorption capacity [22], small size and magnetic property.

To the best of the researchers’ knowledge, little work has been done using ternary composite
as adsorbents to remove toxic heavy metals from aqueous solutions. Hence, the main objective
of this paper was to evaluate cadmium, chromium and lead removal efficiency of
Fe;04/A1,0,/ZrO, composite sorbent from aqueous solution.

EXPERIMNTAL
Synthesis of the adsorbent

The ternary oxide nanocomposite adsorbent with percentage composition Fe:Al:Zr 70:25:5 was
prepared by chemical co-precipitation method as reported by [23]. In the first step,
stochiometric amount of the precursors for magnetite namely, FeCl,-4H,0 and FeCl;.6H,0O
were accurately weighed and the calculated amounts were dissolved in 100 mL of 0.3 M HCI
solution. Then, the solution was added drop wise from separatory funnel into the solution of 120
mL of 3 M NaOH over a period of 2 h, under vigorous stirring at 80 °C in N, atmosphere.
During this process, the pH of mixture was kept at 12.0 using 0.1, 0.01 and 0.001 M NaOH or
HNO; solutions. The suspension was left undisturbed for 4 h and then the settled phase was
separated from the liquor and washed with deionized water several times to obtain a suspension
of Fe;0, ferrofluid. The magnetite-alumina—zirconia oxide nanocomposite was prepared by
adding 100 mL of AI(NO;);.9H,0 and ZrOCl,.8H,0O (obtained by dissolving stoichiometric
amounts of both salt in 100 mL of deionized water) into the obtained Fe;O, suspension and
ultrasonicated for 10 min prior to use. The pH of the mixtures was adjusted to 8.0 using 0.1,
0.01 and 0.001 M NaOH and HCI. Then mixture was magnetically stirred under N, atmosphere
for 1.5 h at 70 °C. Finally the resulting magnetic compound was separated by permanent
magnet, washed with deionized water several times to remove impurities such as CI', NO; and
excess OH ions and then dried at 60 °C for 24 h to obtain the desired product.
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Characterization of the nanosorbent

The structure of the as-synthesized sorbent was examined by powder X-ray diffraction
(XRD) using X’Pert Pro PANalytical equipped with an X-ray source of a CuKa
radiation (wavelength of 0.15406 nm) at step scan rate of 0.02 (step time: 1 s; 20 range:
5.0-90.4). The morphology and particle size distribution of the solids were determined by
scanning electron microscopy (SEM) using a Hitachi TM1000 with EDX detector.
Specific surface areas were estimated by the Brunauer, Emmett and Teller (BET) method. The
FTIR spectrum of the as-synthesized nanosorbent was determined using the KBr disc
method. The IR absorption pattern was recorded between 400 and 4000 cm™ using
Shimadzu (1730, Japan) spectrometer. The percentages of iron as iron oxide in all the as-
synthesized powder was determined using standard procedure by flame atomic absorption
spectrophotometer.

Batch adsorption studies

Batch mode adsorption studies for Cr(VI), Pb(Il) and Cd(II) were carried out in 50 mL
Erlenmeyer flask. The batch adsorption process was optimized with respect to pH, adsorbent
dose, speed of agitation, contact time and initial concentration. For each run, the resulting
suspension of each ion was filtered using Whatman No. 41 filter paper and the filtrate was
analyzed by FAAS. Removal efficiency of the adsorbent was finally determined by using the
relationship given below.

(Ci=Ce)

L

Adsorption % = x 100 )]
where C; = the initial concentrations (mg/L) and C. = final concentrations (mg/L) of the Cr
(VD)/Pb (II)/Cd (II) ions. The adsorption capacity of Cr(VI)/Pb(II)/Cd(Il) ions were the
concentration of the Cr(VI)/Pb(II)/Cd(II) ion on the adsorbent mass and were calculated based
on the mass balance principle,

Qe @

where Q. = adsorption capacity of adsorbent (mg/g), V = the volume of reaction mixture (L), m
= the mass of adsorbent used (g), C; = the initial concentrations (mg/L) and C= final
concentrations (mg/L) of the Cr(VI)/Pb(1l)/Cd(II) ion [3].
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m

Optimization of parameters

In this work the effect of various adsorption parameters such as adsorbent dose, time, agitation
speed, initial concentration, pH,,., and ionic strength have been determined.

Effect of solution pH

To study the influence of pH on the present adsorption process, experiments were catried out by
adding 0.1 g of the adsorbent into 50 mL Erlenmeyer flask containing 25 mL of 30 mg/L of the
respective metal ions. Then the pH of the solutions was varied to 2, 3, 4, 7 and 9 before
adsorption experiments were carried out while keeping other parameters constant (agitation
speed at 120 rpm and contact time at 24 h). Each time the pH of the solutions was adjusted with
dilute HCl and/or NaOH solutions. Then equilibrium Cr(VI), Pb(Il) and Cd(II)) ions
concentrations were measured after the solutions were filtered. Then the pH at which maximum
adsorption was obtained was taken as the optimum value for subsequent experiments [24].
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Point of zero charge determination

The determination of point of zero charge (pzc) of the synthesized Fe-Al-Zr adsorbent was
assessed. To this effect 50 mL of 0.001 M NaNO; solution was added to 0.1 g of Fe-Al-Zr
ternary mixed oxide nanocomposite and adjusted to various pH values ranging from 2-12 by
using dilute HNO; or NaOH solutions in a 250 mL beaker. After equilibrating the mixed
solution for 60 min in a mechanical shaker the initial pH was determined. Then 1 g of NaNOj;
was added to the above and further equilibrated for another 60 min and the final pH was
measured. The graph of pH g iniia (yY-axis) versus pHgp, (x-axis) was plotted from which the
point of zero charge was determined as the point where the graph intersects the x-axis [28].

Effect of ionic strength

The effect of ionic strength (0.02 to 0.1 M NaNOs) on the adsorption capacity of Fe-Al-Zr in the
removal of Cd(Il), Cr(VI) and Pb(Il) was investigated. About 1 g, 0.1 g and 0.5 g of Fe-Al-Zr
were placed in a 125 mL Erlenmeyer flask at an initial concentration of 20 mg L' and initial pH
of 6, 4 and 6. The samples were agitated using a shaker bath at 120 rpm and 100 rpm for 12 h
and 6 h, respectively [32].

Adsorption isotherms

The adsorption isotherms were used to characterize the interaction of each analyte ions with
adsorbent. Equilibrium data are usually described by various adsorption isotherms. Two
isotherm equations were used in the present study, Langmuir and Freundlich [28]. The
Langmuir isotherm model assumes a monolayer adsorption of solutes onto a surface comprised
of a finite number of identical sites with homogeneous adsorption energy, meaning once a lead
molecule occupies a binding site, no further adsorption can happen at that site. The Freundlich
isotherm model is valid for multilayer adsorption on a heterogeneous adsorbent surface with no
uniform distribution of heat of adsorption [29]. The Langmuir equation is:

Ce/ge = 1/( b Gunax) *+ (Ce / Q) 3)
The Freundlich equation is:
Log g.=Log K¢+ (1/n) Log C, @)

where . is the amount of adsorbed material at equilibrium (mg/g), C. is the equilibrium metal
ions concentration of the adsorbate (mg/L), qu. (mg/g) and b (L/mg) are the Langmuir
constants, and K;and n are Freundlich constants.

Adsorption kinetics

The adsorption kinetics of Pb(II), Cr(VI) and Cd(II) ions were determined by varying the
contact time as, 3, 6, 12, 16, 24 and 48 h by keeping all parameters (pH, adsorbent dose, contact
time, agitation speed and initial concentration) at optimized values. For all the above
parameters, percent of adsorption (%) was calculated using the following equation [25].

Ce

Percent of adsorption (%) = C"C; x 100 (5)

where C, and C, are the initial and final (equilibrium) concentrations of metal ion in
solution (mg/L).
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Thermodynamic study

In order to determine the effect of temperature on sorption phenomenon, all predetermined and
optimized values of the parameters were used and the temperature was established at 30, 40, 50
and 60 °C. The thermodynamic parameters such as change in standard free energy (AG),
enthalpy (AH) and entropy (AS) can be calculated by using the following equation [30].

AG = -nRTInK, (6)
AG = AH-TAS (N
InK = AS/R-AH/RT, where InK, = q./C, ®)

where R (8.314 J/molK) is the gas constant, T (K) is the absolute temperature and K. (cm3g'1) is
the standard thermodynamic equilibrium constant defined by q./C..

Desorption study

The powder was immersed in the regenerating solution and placed in a shaker at 25 °C for 12 h.
To this, 0.1 M NaOH solution was added for desorption to take effect. The desorbed adsorbate
in the solution was finally recovered by filtration and analyzed for the corresponding metal ion
concentration. The recovery percentage was obtained from the following relation:

Desorbed
Adsorbed

Desorption efficiency % = X 100 ©)

where, desorbed = the concentration and/or the mass of the metal ion after the desorption
process. Adsorbed = (C, — C,) for each recovery process.

Recyclability study

To investigate the extent of regeneration and reusability of the adsorbent, metal ion solutions of
constant feed concentration (20 mg/L) was run through the optimum dose (0.1, 0.5 and 1 mg) of
the adsorbent for 6 and 4 h. After the completion of each run, the adsorbent were washed
thoroughly with 0.1 M NaOH solutions, for 15 min in continuous recycle modes. Desorption of
metal ion by 0.1 M NaOH solution was reported. Next, the systems were washed with distilled
water for 3 min, until the permeate would have the same pH as cleaning water. After washing,
permeability value was checked [31].

RESULTS AND DISCUSSION
Characterization of as-synthesized adsorbent

X-ray diffraction (XRD) is one of the most important non-destructive tools to analyze all kinds
of matter-ranging from fluids, to powders and crystals. From research to production and
engineering, it is an indispensable method for materials characterization and quality control
[33]. The XRD patterns of Fe-Al-Zr ternary oxide nanocomposite before (upper) and after
(lower) adsorption experiments were demonstrated in Figure 1. The broad background suggests
the amorphous nature of the composite. However, the presence of very weak intensity peaks at
20 values 35.25, 43.32, 43.42, 53.69 and 63.33° showed the formation of some crystal at very
small scale up on formation of nanocomposite structure [34]. These 20 values could be assigned
to a face centered cubic spinel structure of magnetite (Fe;O,4). This result agrees with previous
reports made by [23]. The relatively similar peak intensities before and after sorption indicates
the potential for repeated usage of the sorbet. No peak attributable to alumina and zirconia was
observed in this composite. This could due to absence of calcinations making the material
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predominantly amorphous. For example, crystallized alumina such as y-Al,Os and a-Al,O; could
be expected under thermal treatment with temperature at 800 °C and 1000 °C respectively [30],
where as monoclinic or tetragonal phases are expected in the temperature range from 600— 800
°C [45].

ntensity
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Figure 1. XRD pattern of Fe-Al-Zr before adsorption (upper) and XRD pattern of Fe-Al-Zr after
adsorption of Pb (II), Cr (VI) and Cd (II) (lower).

The FT-IR spectra of ternary nanocomposite display a number of peaks before and after
adsorption (Figure 2). The peaks observed in all cases were more or less similar. The absorption
bands observed from (3500-3000 cmﬁl) centered at 3424, 3414 and 3412 cm ' represent O-H
stretching vibrations of adsorbed water molecules. The peaks at 2923 and 2853 cm’ represent
anti-symmetrical and symmetrical H-O-H stretching vibrational modes [46]. The absorption
bands observed at 1626-1628 and 1375 cm™ could be attributed to H-O-H bending vibration and
Al-O stretching respectively and the strong Fe-O absorption bands around 583.5-591.48 cm'
corroborates that the main phase of as-prepared particles is magnetite. Another important
adsorption band can be observed at 441.45 cm ', which corresponds to the vibration of the Zr-O
bond in the Fe-Al-Zr powders [36].
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Figure 3. SEM- EDX micrographs of Fe-Al-Zr composite.

The SEM image of the ternary composite showed plate like structures with less consistency
(Figure 3). A closer look of the image (FT008) displayed at (FT0014) revealed presence of
porous structures, and brighter deposits on the surface of the host magnetite possibly indicated
the presence of ZrO,. The EDX spectra exhibited the presence of Fe, Al and Zr components.
The percentage compositions of Fe, Al and Zr from all the EDX spectra (data not shown) in the
as synthesized sorbent was found to be 72.3, 23.9 and 3.8%, respectively, not far from the
expected values of the oxides; 70% for iron, 25% for aluminum and 5% for zirconium. The
difference between the experimental and expected values could be due to insufficient
dissolution, vaporization and lack of atomization.

The specific surface area of the Fe-Al-Zr based sorbent was found to be 205 ng'l
indicating the moderately large specific surface area of the as-synthesized powder compared
with similar ternary oxide systems such as Mn-Al-Fe (41 m’g"), Cu-Fe-Al (82.61 m’g"") and Ni-
Al-Fe (111 ng'l) [35, 42]. Nonthless, higher BET results have also been reported for the
ternary systems such as Fe-Al-Mn (303 ng") [43], and Y-Zr-Al trimetalic oxides (256.6 ng")
[ 44].
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Optimum conditions

Batch mode of adsorption was conducted to optimize parameters such as adsorbent dose, speed
of agitation, contact time and initial metal concentration. The respective optimum values were
found to be pH 6, 6 and 4; adsorbent dose 0.5, 1 and 0.1 g; agitation speed 100, 100 and 120
rpm; contact time 6,6 and 12 h and initial metal concentration of 20 mg/L for Pb(II), Cd(II) and
Cr(VI), respectively.
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Figure 4. Effect of pH on the removal Pb, Cd and Cr at initial concentration ions (Co = 30 mg/L
dose = 0.1 g, agitation speed = 120 rpm and contact time = 24 h) (upper) and pH point
zero charge (pH,,.) for Fe;0,/AL, 0,/ ZrO, (lower).

The as-synthesized Fe-Al-Zr sorbent displayed a maximum Pb(II), Cd(Il) and Cr(VI)
removal efficiencies of 97.8%, 99.8% and 96.3% at the optimized pH values. The effect of pH
on the extent of adsorption of Pb(Il), Cd(II) and Cr(VI) ions onto the nanocomposite adsorbent
was investigated by varying the pH from 2 to 9 keeping other parameters constant. Maximum
sorption was registered for Cd(II) and Pb(Il) ions at pH 6. At this pH, the surface of the sorbent
is anticipated to be negative given the 5.71 pH,,. (Figure 4) making the sorbent amenable for
cation sorption mainly as the result of electrostatic attraction. Beyond this optimum pH, the
sorption of the cations drops due to electrostatic repulsion between the cations and hydronium
ions at lower pH or due to precipitation when the pH is higher. Unlike Cd and Pb cations,
Cr(VI) is an anion. That is why its sorption is greatest at pH 4. At this pH, the surface exhibits
positive charge having greater affinity for anions. The sorption of Cr(VI) is found to be lower at
extreme cases possibly due to repulsion at alkaline condition and dissolution of the sorbent at
strongly acidic condition.
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Adsorption isotherm

The Langmuir isotherm model describes the adsorption of an adsorbent on a homogeneous,
smooth surface of an adsorbent, and each adsorptive site can be occupied only once [29]. The
empirical Freundlich model is based on the sorption on reversible heterogeneous surfaces [37].
Langmuir and Freundlich adsorption constants and coefficients of determination (R”) are
presented in Table 1. To find the most appropriate model for the metal ions adsorption; data
were fitted to Freundlich isotherm models. Results revealed that Freundlich adsorption isotherm
was the best model for the metal ions adsorption onto Fe-Al-Zr with R® of 0.9846, 0.9737 and
0.9239 for Cd(1l), Cr(VI) and Pb(II), respectively.

Table 1. Langmuir and Freundlich isotherm constants for Cd(II), Cr(VI) and Pb(Il) ions adsorption by Fe-
Al-Zr ternary mixed oxide.

Ton Langmuir isotherm model Freundlich isotherm model
Parameter Qumax b Ry R’ Ky n R’
Cd 4.38 0.11 0.3 0.8760 0.54 1.74 0.9846
Cr 26.8 0.21 0.19 0.8865 4.77 1.80 0.9737
Pb 9.44 0.036 0.58 0.8057 0.56 1.67 0.9239

Kinetics of adsorption

The kinetics of Cd(II), Cr(VI) and Pb(II) adsorption on the Fe-Al-Zr ternary composite were
analyzed using pseudo first-order and pseudo second-order kinetics models (Figure 5). The
conformity between experimental data and the model predicted values was expressed by the
coefficient of determination (R*). As seen in Table 2, the value of R* calculated from pseudo-
second order kinetics was a little higher than pseudo first order; however, it appeared that both
The values of rate constant (k) and coefficient determination (R?) are as reported in Table 2 for
the two models.

Table 2. The values of parameters and correlation coefficients of kinetic models.

Cd Cr Pb
k |q(mgg| R k |g(mgg)| R® | k [q(mg/g)| R’
Pseudo first order 0.065 0.043 0.9946 | 0.079 | 0.0575 |0.9956| 0.075| 0.04 | 0.9995
Pseudo second order 1.73 0.646 0.9958 | 1.37 6.57 10.9967| 3.7 1.3 0.9998

Thermodynamics of adsorption

The thermodynamic parameters such as change in standard free energy (AG), enthalpy (AH) and
entropy (AS) can be calculated by using the following equation:

AG = -RT InKec (10)
_as_an
InK, == — 22 (11)

where R (8.314J/mol K) is the gas constant, T(K) is the absolute temperature and K, is the
standard thermodynamic equilibrium constant defined by q./C.. By plotting the graph of InK,
versus T™, the value of AH and AS can be estimated from the slopes and intercept. The result of
AG’, AH? and AS® are shown in Figure 6. All the thermodynamic parameters are listed in Table
3. The negative values of Gibbs free energy for all the metal ions demonstrated that the
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adsorption process was spontaneous. Furthermore, it was also verified by the fact that the
enthalpy values of the adsorption (AH) were positive, characterizing the process as endothermic
[6]. Additionally the positive entropy (AS®) observed for all the metal ions indicated the
increased randomness at the solid-liquid interface during the adsorption of Cd(Il), Cr(VI) and
Pb(1I) [38] and the affinity of the adsorbents for Cd(II), Cr(VI) and Pb(II) ions [39].
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Figure 5. Plot of the pseudo-first order (a, ¢, and e) and pseudo-second order (b, d and f) onto
Fe-Al-Zr nano sorbent, respectively.
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Figure 6. Plot of InK, vs T"'for Pb(I), Cd(II) and Cr(VI) ions adsorption in Fe-Al-Zr sorbents.
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Table 3. Thermodynamic parameters for Pb(Il), Cd(Il) and Cr(VI) ions adsorption onto Al,O3/Fe;04/ZrO,

adsorbent.

Ton Temp. (K) AG (kJ/mol) AH (kJ/mol) AS (J/molK)

Cd 303 -129.5 +365.8 +2.3
313 -132.3
323 -135.1
333 -137.9

Cr 303 -3445 +13053 +51.45
313 -3507
323 -3569
333 -3631

Pb 303 -383.9 +1330 +6.144
313 -391.3
323 -398.7
333 -406.1

Effect of ionic strength

Ionic strength is an important parameter especially when solute removal is affected by slight
changes in the supporting electrolyte solution. The concentration of NaNO; was varied from 0.0
to 0.1 M, where % removal of sorbent in removing Cd(II), Cr(VI) and Pb(II) were calculated.
The results showed the % removal of the heavy metals in the absence of NaNO;, removal
Cd(II), Cr(VI) and Pb(Il) were 99.8, 93 and 94%, respectively and in the presence of 0.1 M
NaNO;, the % removal were observed to decrease to 96, 87 and 82% for Cd(II), Cr(VI) and
Pb(II), respectively. As the concentration of NaNO; increases, the % removal was decreased due
to the accumulation of charge in the vicinity of the Fe-Al-Zr surfaces. Upon addition of NaNOs,
the cation Na' would be distributed in the outer layer surrounding the Fe-Al-Zr ternary
nanocomposite sorbent. The removal of Cr(VI) decreased by 6% on the basis of stated ionic
strength. This is presumed to be due to competition of NO; with HCrO, or CrO,* with the
surface of Fe-Al-Zr, and with increasing ionic strengths 0-0.1 mol L', the electrostatic
repulsions would be reduced lowering the available active sites on Fe-Al-Zr surface [40].

In other words, the adsorption process was hindered in part by excess Na' in the solution.
Metal ions usually form electric double layer (EDL) complexes with Fe-Al-Zr ternary
nanocomposite sorbent. It has been reported [41] that the presence of a cation, such as Na’,
decreases heavy metal ion interaction constants due to the accumulation of charge in the vicinity
of the Fe-Al-Zr surfaces. The presence of these cations creates a localized potential that repels
other cations, thus reducing the adsorption potentials of the Fe-Al-Zr. Additionally, the ionic
strength affected the activity coefficients of Cd (II), Cr (VI) and Pb (II) ions, which limited their
transfer to the Fe-Al-Zr ternary nanocomposite sorbent surfaces. Moreover, an increase in ionic
strength supplies more positive ions that compete with the heavy metal ions for adsorption sites
on the Fe-Al-Zr ternary nanocomposite sorbent so that the adsorption decreased as ion strength
increase. It is well known that ions adsorbed by outer-sphere association are strongly
sensitive to ionic strength where as ions adsorbed by inner sphere association either
show little sensitivity to ionic strength or greater  adsorption with increasing ionic
strength [30]. Based on this finding, it can be concluded that the metal anions are
adsorbed by outer-sphere mechanism as the sorption of all the three ions declined with increase
in ionic strength. This result could be corroborated by the absence of any peak related to these
metal ions in the XRD analysis done after sorption (Figure 1).
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Desorption study

The lead, chromium and cadmium desorbability can be defined as the ratio of the desorbed
Cd(II), Cr(VI) and Pb(Il) ions over the total adsorbed Cd(Il), Cr(VI) and Pb(Il) ions by the
adsorbent. Therefore, the desorbability can be used to indicate the degree of Cd(II), Cr(VI) and
Pb(Il) ions desorption from the adsorptive materials. As Figure 7 showed that the desorption of
metal ion increases from 9.71 to 32.1% for Cd(II), 16.4-60% for Cr(VI) and from 28.5 to 39.3%
for Pb(Il) as pH of the solution increases from 2 to 9. These result indicated that desorption was
more favorable at higher pH in case of adsorbate ions. Up to pH 6 the desorption of adsorbate
ions take place slightly, then after that increased highly. When compared to Pb(II) and Cr(VI)
desorption of Cd(II) was more difficult than Pb(Il) and Cr(VI) at low pH. For Cd(II), Cr(VI) and
Pb(Il) ions maximum desorption was obtained at pH 9 (32.1%, 60% and 39.3%) for Cd(Il),
Cr(VI) and Pb(Il), respectively.

70
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Figure 7. Effect of pH on desorption of Cd(Il), Cr(VI) and Pb(II) ions in, nanoparticle mixed
oxide of Al-Fe-Zr, respectively at varied pH.

Recycling of Fe-Al-Zr

The recycling and regeneration ability is significant for the practical application of adsorbents.
Such adsorbents with excellent adsorption capacity as well as high desorption property will
reduce secondary pollution and the overall cost. Thus, the desorption experiments of Fe-Al-Zr
were performed to evaluate the recyclability of the sorbent. The used adsorbents were washed
by base sodium hydroxide as eluent, and the adsorbed Cd(1I), Pb(Il) and Cr(VI) ions molecules
were efficiently desorbed. It was seen that the adsorption capacity of Cd(Il), Pb(I) and Cr(VI)
ions adsorbed on as-prepared adsorbent slightly decreased after every cycle of adsorption-
desorption process. Therefore, the prepared magnetic nanocomposites are expected to be
employed repeatedly and cost-effective in metal ion wastewater treatment.

CONCLUSIONS
In this work, Fe;04-Al,0;-ZrO, composite was prepared by co-precipitation method. The as-

synthesized sorbent was characterized by XRD, SEM-EDX, BET and FTIR techniques. The
material appeared amorphous nature with crystalline domains and exhibits relatively better
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specific surface area (205 ngfl). The removal of Cd(II), Cr(VI) and Pb II) ions by the sorbent
was found to be pH dependent, with a maximum retention of Cd(II), Cr(VI) and Pb(Il) ions
occurred at pH 6, 4 and 6, respectively. Pseudo second-order reaction rate model adequately
described the kinetics of sorption of Cd(II), Cr(VI) and Pb(Il) ions with high coefficient of
determination (R* = 0.9958, 0.9998 and 0.9967). Freundlich equations were fitted more for the
adsorption process relative to Langmuir. The sorption property of the mixed oxide adsorbent has
also been treated with respect to thermodynamic parameters and the sorption process was found
to be spontaneous and endothermic. Cd(Il), Cr(VI) and Pb(II) ions desorbability was observed
to increase with increasing pH indicating that relatively favorable conditions for recycling of the
sorbent at higher pH values.
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