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ABSTRACT

In continuation to our recent study on the synthesis and characterization of metal oxide nanoparticles, in the present
study the ZnO-Ni O nanocomposites (ZNOs) has been evaluated for the removal of Hg(l1) from the aqueous sol ution.
The conditions for the sorption have been optimized. Kinetic and thermodynamic studies were performed to
understand the adsorption behavior of the composite. The adsorption equilibrium data were modeled using the
Langmuir and Freundlich isotherms, the data fitted more satisfactorily to Langmuir isotherms model when compare
to Freundlich isotherm model. Based on Langmuir model, gy Was calculated to be 1474.9 mgg™. The adsorption
showed pseudo second order kinetics indicating chemisorptions. The nanocomposites wer e successfully regenerated,
regenerated ZNOs shows nearly one by third of the original adsorption capacity. The results indicate that the
synthesi zed ZNOs could be employed as a low cost adsorbent for the removal of Hg(l1) from aqueous sol ution.

Keywords. Adsorption; DPASV; Mercury; Nanocomposites; Préeijion method.

INTRODUCTION

With the rapid development of modern industrieg, ¢éhvironment has faced more and more contamingtamin
the past. It is well known that heavy metals presenvater are extremely dangerous to environmeatal human
health [1]. Mercury is a heavy metal that is enditte the atmosphere from natural processes sugbleanic and
geothermal activity and via erosion from soils, etgion and surface waters. However total inputsig(l) to the
atmosphere have increased in the past two centasea result of emissions of mercury from anthremig
activities such as mercury mining, fossil fuel carsition and waste incineration [2].

The main toxicological effects of mercury includeunological damage, paralysis, blindness, and cbsomes
breakage [3]. The heavy metals are stable andspensienvironmental contaminants since they cabeategraded
and destroyed. In this context, the recovery ofvhigaetals from wastewater has become a major wipiesearch
in water treatment [4].

A plethora of methods for heavy metal removal haeen reported, e.g. chemical precipitation, menwfdétnation,
ion exchange, liquid extraction and electro-diady{&]. However, none of these methods has beealyvigsed due
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to the relatively high cost and low feasibility femall-scale industries. In contrast, the adsonptechnique has
become one of the most preferred methods for rehwfeeavy metals due to its high efficiency and lcost [6].

Among several materials used as adsorbents, aadivarbons have been used for the removal of diifdypes of
emerging compounds in general but their use is some restricted due to high cost [7]. This hawltes in
attempts by various workers to prepare low cosriadttive adsorbents which may replace activatetdocar in
pollution control through adsorption process andwercome their economic disadvantages [8, 9].

Recently more attention was paid on mixed oxideoparticles as adsorbents due to its lower costaglder

adsorption capacity towards heavy metals [10]. $tuely of composite material i.e mixture consistofgat least
two phases of different chemical compositions heenbof great interest from both fundamental andtwa point

of view [11]. The physical properties of such mitisrcan be combined to produce material of desiesgonse.
Composites have good potential for various indakfiields because of their excellent propertieshsas high
hardness, high melting point, low density, low dioént of thermal expansion, high thermal conduitfi good

chemical stability and improved mechanical progsrsuch as higher specific strength, better wesastesnce and
specific modulus [12].

The objective of this study is to investigate tlosgible use of the ZNOs as alternate adsorbenthdoremoval of
Hg(ll) from wastewater. The ZNOs are characteribgdXRD, SEM and EDX. Batch experiments are caroed
for the study on Hg(ll) removal from agueous sansi. The effects of pH, initial concentration, amtttime and
temperature on adsorption capacity of ZNOs is itigated. The Langmuir and Freundlich isotherm medek
used to fit the experimental data. Pseudo-firsepahd pseudo-second-order kinetic models aretosedaluate the
kinetics of adsorption. Regeneration study is penfed and adsorption mechanism is then discussed.

EXPERIMENTAL SECTION

Materials

All the reagents used in the experiments were afyéical grade and used as received without furtheification.
The stock solution (1000 mdh of Hg(ll) was prepared by dissolving stoichion@tamount of corresponding
mercuric chloride (HgG) in deionized water and further diluted to theisk concentrations for the experiments.
Zinc nitrate (Zn(NQ),.6H,0), nickel nitrate ((NiN@),.6H,0), triton X-100 (G4H,,0(CH40),), sodium hydroxide
(NaOH) were purchased from SD Fine chemicals, Mupnibdia.

Instruments

The metal ion concentration was analyzed by DPASNgian electrochemical work station (CHI 660D)thtee
electrode system consisting of a glassy carbon @wBas working electrode, saturated calomel asrepfe
electrode and platinum wire as auxillary electrodeay diffraction (XRD) patterns were obtained amruker D2
Phaser XRD system. Surface morphology (SEM) wadietuusing scanning electron microscope (JEOL JSM
840A), coupled with energy dispersive X-ray anaty&DX).

Preparation of ZNOs

ZNOs were prepared through the co-precipitation methoda typical synthetic procedure, Zn(j@6H,O and
Ni(NO3),.6H,0 were used as the starting materials and NaOHeagrecipitant. Both the metal salts (0.1 mblin

a molar ratio of 1:1 were dissolved in 100 ml ofosized water, about 50 mifitriton X-100 was added as capping
agent which inhibits the anomalous growth of métgdroxide crystals during the course of precipitati The
NaOH was added drop wise to the vigorously stirmeged solution. Then the resulting solution wastkatproom
temperature for about 3 hrs under constant stirfiing obtained slurry was centrifuged at 1000 rjpwh precipitate
was washed several times with water and alcohi@ddn an air oven for a period of 1-2 hrs af 60 Then powder
is further heated in silica crucible for a periddéohrs at 600 C. Finally, the resulting adsorbent was storediin
tight container for further use to adsorption expents.

Adsor ption experiments

To study the effect of parameters such as init@lcentration, contact time, adsorbent dose, solypd and

temperature for the removal of Hg(ll) on ZNOs westtedied by batch adsorption techniques in a 2500l
stoppered flasks (Erlenmeyer flasks) that contag@finde volume (100 ml in each flask) of fixed iait

concentration of adsorbates. The experiments wemged out in thermostated shaker at 200 rpm. Tdsk$ were
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then removed from the shaker and sample was witlhdeand analyzed by DPASV method, using electrocbalmi
workstation. The amount of adsorbate adsorbeduliteium condition, g (mgg?) was calculated by the following
equation:

_ (G, -C.)
e~ W \% (1)

where G and G are the initial and equilibrium concentrations (iiyjrespectively. V is the volume of solution (L)
and W is the mass of adsorbent used (g).

Effect of pH on the adsorption capacity of metal isas evaluated by agitating 200 miginetal ion solution with
250 mgL* of ZNOs for predetermined equilibrium time at pkhging from 2.0 to 8.0. The pH of metal ion solatio
was adjusted by using 0.5 M HCI or 0.5 M NaOH. $anty, the effect of adsorbent dosage (250, 500, 200
mgL™?) was also studied in batch experimentsile keeping metal ion concentration constant (20§L™7). To
evaluate the capacities of ZNOs to remove Hg(IBicb equilibrium experiments were performed witked
adsorbent dosage of 250 mbat various initial concentrations (100-400 L. The amount of metal ion adsorbed
at equilibrium g(mgg?) and the metal ion removal efficiency R(%) werenpaited by Eq. (2) and (3) respectively.

q = (Co _Ct) x\/ @
w
_ ()
R(%) = Co=C) 100

0

RESULTSAND DISCUSSION

Char acterization of adsor bent

Fig. 1 shows the XRD pattern of ZNOs. Some of ttiieatttion peaks like 31.7, 34.4, 36.2, 47.4 canrimexed to
ZnO as per the JCPDS file 80-0075 but some otlfradiion peaks like 43.2, 62.8, 75.1 are indexe@®iO as per
the JCPDS file 78-0429. The dominance of ZnO o€ N clearly seen. XRD also shows that ZNOs isixume

of two phases: a ZnO-based wurtzite phase and abd&d cubic phase with the rock salt structurd.[13
Furthermore the average crystallite size (D in @hXNOs particles can be estimated according todiffeaction
reflection by using Debye-Scherrer equation

KA

cosd

=) = (4)
Bia

D

where K is a constant equal to 0.89s the X-ray wave length equal to 1.54, 8 is the full width at half maximum
and 6 is the half diffraction angleThe phase compositions of ZNOs calculated accorthnRD quantitative
analysis from profile-fitting peaks were listed irable 1.

Fig. 2 shows the typical SEM micrographs of ZNOslemdifferent magnification, it is clear from th&4 that
single-phase primary particles, nearly of spherste@ped nanocrystallites were observed. Furtlwamitbe observed
that each particle becomes distinguishable.

The chemical composition of ZNOs was investigatgdEDX analysis. Fig. 3lepicts the typical EDX spectrum
taken from ZNOs. The chemical analysis of the preghananocomposites measured by EDX analysis shioats t
only Zn, Ni and O signals have been detected, winditated that the nanocomposites are indeed mpd# Zn,
Ni and O. No signal of secondary phase or impwigs detected, thus suggested the high purity of-Ki®
nanocomposites.
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Adsor ption studies

Effect of initial concentration

The effect of the initial Hg(ll) concentration dmetadsorption and adsorptivity (percentage of mgradsorbed) is
shown in Fig. 4. The adsorptivity decreases wittreasing Hg(ll) concentrations, whereas the adgormapacity
increases. Further it alsodicates that sorbents active sites are satumatddfurther increase of the concentration
will have no effect on the uptake. The maximal lesfeuptake adsorption reached BNOs was 83% witbtHg(I1)
concentratiorof 100 mgl™. In these conditions, the efficiency increasesdigand over than 40% of the adsorbed
Hg(ll) occurred within 10 min usingNOs. We noticed in the present study that 90 min va&ert as adequate time
for equilibrium.

Effect of adsorbent dose

Adsorbent dose is an important parameter in therg@bation of adsorption capacity. As the adsorlgage
increases, the adsorbent sites available for Hgg#)al ions are also increased and consequentigrtatsorption
takes place. In the present study, the adsorbessgés were varied from 250 to 1000 rigin 200 mgl-* Hg(l1)
solutions, while all the other variables such astact time, pH and temperature were kept constdris. method is
also known as optimization based on one factor tana where one parameter is varied, and the otwerskept
constant [14]. The results are shown in Fig. 5.

Effect of pH

The effect of pH on the surface species is respts$or the adsorption of the ions from the solntidhe effect of
pH on adsorption percentages of Hg(ll) was inveséid over the range of pH values from 2 to 8. Aswshin Fig.

6 higher the pH, the higher is the sorption of mhetal ions. At pH 2, the maximum amount sorbedbigua 27%
while by increasing the pH to 8, the adsorbed armean reach 99%. As an explanation of sorption biehaat
high pH the surface charge of ZNOs is more negalive to presence of OHjroups that leads to formation of
hydroxyl complexes. Formation of such hydroxyl ceampds at higher pH is responsible for the uptakinefmnetal
ions from the solution. In contrast, the low degodesorption at low pH can be attributed to the petition of
cations (mercury ions) and protons'{Hbr the same sites, as well as the repulsion betiaes of the same surface
charge [15].

Adsor ption isotherms

Analysis of isotherm data is important for predigtithe adsorption capacity of the adsorbent, wisobne of the
main parameters required for the design of an atisor system. Hg(ll) sorption isotherms were fitted both
Langmuir and Freundlich equations. Fig. 7 argh8ws the sorption isotherms for Hg(ll) using ZNi3ssorbet. All
the isotherm model parameters for the adsorptiedisted in Table 2.

Langmuir isotherm
The Langmuir isotherm can be derived by assumirg ¢mly monolayer coverage of the adsorbent surface
possible.The non-linear equation of Langmuir isotherm madelxpressed as follows:

K L C e
e = | ————— >

| 17rac. ©)
where gis the solid phase equilibrium concentration (fgd. the liquid phase equilibrium concentration (g
K. the Langmuir constant ([, g the Langmuir constant (Lriiy, therefore a plot of g, versus G (Fig. 7) gives
a straight line of slope A< and intercepts 1/K The theoretical maximum adsorption capacity,ggcorresponding
to Langmuir constants is numerically equal tp/a According to Langmuir model, adsorption was ocedrr
uniformly on the active sites of the adsorbent. ©acsorbate occupied the site, no further adsorminld take

place at this site. Thus experimental data wetedfito Langmuir adsorption isotherm model as showhable 2.
The adsorption process of Hg(ll) onto ZNOs couldctbesidered the monolayer adsorption [16].

For predicting the favorability of an adsorptiorsm, the Langmuir equation can also be expressestms of a
dimensionless separation factqr R

1 (6)
1+aC,

R_:
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where, R indicates the favorability and the capacity of @msorbent/adsorbate system. When & << 1, it
represents good adsorption. The low values,ofhRicate that high and favorable adsorption asd aidicated that
the ZNOss a suitable adsorbent for the adsorption of Hd{dm aqueous solutions.

Freundlich isotherm
The Freundlich isotherm equation, the most impadrtanltilayer adsorption isotherm for heterogenesugaces is
described by the following equation

qe = Kfci/n 0

where K (mgg"), 1/nis the Freundlich adsorption constant and i$/a measure of the adsorption intensity. The
equation may be linearized by taking the logarittmrboth sides:

logq, :%Iogce +logK; ®)

The linear plot between loggersus logg (Fig. 8) gives a straight line with;kand 1/n determined from the slope
and intercept respectively. The magnitude of exppmeindicates the favorability of adsorbent/adstebsystem
where values of n>1 represents favorable adsorptighn

Adsor ption kinetics

Sorption kinetics which is associated with solupealee rate and determines the residence time oadserption
reaction is an important property defining the sorpefficiency. Hence experiments were perfornetdve a clear
insight into the kinetics of Hg(ll) removal by tA&Os. Inorder to reveal the adsorption mechanite kinetic data
were fitted to Lagergren first-order, second-oraled intraparticular diffusion model.

Pseudo-first-order kinetic model
The linear equation for pseudo-first-order equaisoshown below:

k 9
2302

Where @ and q are the amounts of adsorbate adsorbed {ngg equilibrium and at contact time t (min),
respectively, and kis the pseudo-first-order rate constant (H)inThe first-order-rate constant kan be obtained
from the slope of the plot In{gq) versus t (Fig .9). The®Ralues obtained are relatively small and the expenial
ge Values do not agree with the calculated valueaingd from the linear plots. Which show that thedelds not
appropriate to describe the adsorption process.

logf.—q) =log. -

Pseudo-second-order kinetic model
The pseudo-second-order equation based on equitibadsorption is expressed as follows [18]:

t_ 1 1
qt kzqe qe (10)

where k is the rate constant of pseudo-second-order atisorfy (mg min)). The linear plot of t/gqversus t is
shown in Fig. 1@Gnd the obtained Rralues are greater than 0.97 for the entire rafigelsorption. It also shows a
good agreement between the experimental and tbalatdd g values indicating the applicability of this model
describe the adsorption process of Hg(ll) ontoZN©s. Kinetic parameters for the adsorption of Hydn ZNOs
is shown in Table 3.

Intraparticle diffusion model
The probability of intra-particle diffusion was d&ped by using the intra-particle diffusion model.

Q :KdtJJZ +C (12)
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where gis adsorption capacity at any time (t) i& the intra-particle diffusion rate constgmgg*min ™) and C
(mgg?) is a constant proportional to the thickness eftibundary layer. Plotting gersus ¥?a “Weber-Morris plot”
can give an indication of the dependency of adsmmpin the intra-particle diffusion. If the plotvgis a straight line,
then the adsorption process is controlled by iptagticle diffusion only and if it exhibits multidear plots, then
there are two or more steps affecting the adsorgrocess [19]. Fig. 11 shows the Weber-Morris pfahe Hg(ll)
adsorption on t&@NOs It is clear from the graph that the adsorptiorthef Hg(Il) on toZNOs gives three different
straight lines with good 3R(0.99). The first sharper portion was attributed to thiéugion of mercury through the
solution to the external surface of adsorbent. $&eond portion described the gradual adsorptiogestahere
intraparticle diffusion was rate limiting. The thiportion was attributed to the final equilibriutage for which the
intraparticle diffusion started to slow down duehe extremely low concentration left in the saduti

Thermodynamic studies

The thermodynamic parameters such as enthalpy, entropy AS) and Gibbs free energf@) were examined in
the range 303, 313 and 323K for the sorption systemHg(ll) removal using the synthesized ZNOsdem
optimized conditions mentioned earlier. Thermodyitaparameters were calculated by using the follgwin
equations:

_Q\ (12)

G

g M
| == (13)
nK: R RT

where k is the distribution coefficient for the adsorptiarH’ is the enthalpy changaS® is the entropy change,
AG' is the Gibb's free energy change, R is the gastant T is the absolute temperaturgisGhe Hg(ll) adsorbed
per unit mass of the adsorbent and<the equilibrium adsorbate concentration ingdhaeous phas@he values of

AH® andAS were determined from the slopes and intercepte®ptot of In K versus 1/T (Fig. 12).

While the Gibbs free energy changes{) was calculated using the following equation

AGO =-RTIn KC (14)

Table 4 illustrates the Gibbs free energy chamdg®®) for the studied range of solution temperaturevads noticed
from this table that the value &H°is positive, indicating adsorption of Hg(ll) on ENOs is endothermic in
nature. The positive value &S’ suggests that the process of adsorption is spemtsnand thermodynamically
favorable. The positive entropy change also ilatsts the increased randomness at the solid/solumtierface. The
negative values oAG’ indicate the spontaneous nature of the process.nidre negative values of free energy
change with increase of temperature shows thaih@ease in temperature favors the adsorption ggoé heavy
metal ions on ZNOs nanopatrticles.

Regeneration studies

Regeneration of adsorbents is an important pradticenvironmental remediation. In regeneration teaNOs
saturated with Hg(ll) was added into 100 ml of 0.H@I solution. In a typical procedure; the solutiwas shaken
on a rotary shaker at 200 rpm for 2 hrs at roomptyature. The suspension was filtered and reusedhéo
adsorption studies. For regeneration studies, @rpets were carried out by taking 250 nigtf adsorbent in 200
mgL™* aqueous solution containing Hg(ll) until equililom is reached. The removal percentage for firsgeisaas
found to be 80.36 and 53.17, 21.63 for first andoed regenerations respectively (Fig. 13). As thenlper of
regeneration increases, the poor efficiency of meggted adsorbent in further adsorption studiesayg be due to
the strong interaction between the adsorbate asdrlbent, the number of active sites available ensiirface of
adsorbent decreases as the number of regenenati@ases [20].
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Fig. 1. Typical XRD pattern of ZNOs.
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Fig. 2. Low (a) and High (b) magnification SEM micrographs of ZNOs.
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Fig. 4. Effect of contact time on adsor ption of Hg(l1) by ZNOs at different initial concentrations.
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Fig. 5. Effect of adsorbent dosage on adsor ption of Hg(I1) by ZNOs.

90 -
- ./
80

70

60

40

Removal efficiency in %

30

204+—r—+—F—+—F—+—1r—+—7—1+

Variation of pH

Fig. 6. Variation in removal efficiency of Pb(I1) and Cd(I1) on ZNOsasa function of pH.
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Fig. 7. Langmuir adsor ption isotherm model for Hg(l1) adsor ption on ZNOs.
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Fig. 8. Freundlich adsor ption isotherm model for Hg(l1) adsor ption on ZNOs.
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Fig. 9. Pseudo-first-order kinetic plot for the adsor ption Hg(l1) on ZNOsfor different initial concentrations.
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Fig. 10. Pseudo-second-or der kinetic plot for the adsorption Hg(I1) on ZNOsfor different initial concentrations.
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Fig. 11. Intraparticle diffusion kinetic model for adsorption Hg(l1) on ZNOs.
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Fig. 12. Effect of temperature on adsor ption of Hg(I1) on ZNOs.
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Fig. 13. Effect of ZNOsregeneration on removal efficiency of Hg(l1) adsor ption

Table1

Adsorbent| Phase 62 | hki Size
ZnO | 31.7| (100)| 13.4

ZnO | 34.4] (002)] 19.4
ZnO | 36.2| (1o1)| 13.9
NiO | 43.2| (200)] 11.1
NiO | 62.8| (220)] 121

Parameters derived from XRD of ZNOs.

ZNOs

Table 2 Adsor ption isotherm model parameters of adsor ption of Hg(l1) on ZNOs.

Metal ion Langmuir Freundlich
Qo(mg ) | Ki(Lmg?) Ke(mggh) | ne | R
Hg(ll) 1474.9 0.01 0.99 107.1 2P 090
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Table 3 Kinetic parametersfor the adsorption of Hg (11) on ZNOs.

Hg (Il) concentration (mgk)
100 | 200 300 400
Gecal (mgg?) | 439 | 1058| 1146 1592
ki (min™) 0.05| 0.05| 0.04] 0.05
First order kinetics R’ 0.9€ | 0.87 | 0.8¢ | 0.8¢
geexp (mgg) | 334 | 642 898 | 1054
gecal (mgg?) | 396 | 806 | 1077] 1284
Ko(min™®) 0.07| 0.04] 0.05] 0.05
Second order kinetics R? 0.99| 0.97| 0.97] 0.99
geexp (mgg) | 334 | 642 | 898| 1054

Kinetic models Parameters

Table 4 Thermodynamics parametersfor the adsor ption of Hg(I1)on ZNOs.

Temperature’C) | Metal ion | AG(kJmol™) | AH® (kJmorl?) | AS’(IK™mol™)

30 -7.03
40 Hg(ll) 7.70 -10.39 56.57
50 -8.16

CONCLUSION

ZNOs were prepared by homogeneous precipitati@gireous solution with excess of sodium hydroxidsktaton
X-100 as capping agent. The pH of the solution gdag significant role in the adsorption capacitgBOs powder.
The maximum uptake was observed at the initial hietaconcentration (100 mgt). The R values indicated that
the adsorption of Hg(ll) onto ZNOs gives bettertéit Langmuir isotherm model when compare to #&déah
isotherm model. The adsorption capacities of ZN@sewound to be 1474.9 mggFrom the kinetic studies it was
determined that the interactions could best exptiimn the basis of the second-order kinetic modiake
thermodynamics studies revealed that the adsorpfidgig(ll) on ZNOs is endothermic and spontaneaugdture.
The above results confirmed the potential of ZN®am effective adsorbent for Hg(ll) as well as othetal ions.
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