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ABSTRACT

The prepared YVO,:Eu®* nanoparticle was successfully used for the removal of highly toxic
Cd*" metal ion. Batch experiments were performed as a function of various experimental
parameters such as effect of pH (2-8), contact time (5-120 min), initial Cd** concentration
(25-200mg L"), and temperature (25-40°C). The equilibrium was established within 90 min
where 82% Cd*" was adsorbed using YVO,Eu®" nanoparticles. Kinetic studies showed bet-
ter applicability for pseudo-second-order model. Langmuir and Freundlich isotherm models
were employed for fitting the equilibrium data, and it was found that the Langmuir model
fitted the data better than the Freundlich model.
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1. Introduction

Heavy metal ions such as lead, nickel, copper, zinc,
mercury, arsenic, chromium, and cadmium have a sig-
nificant impact on our aqueous environments. Con-
tamination of aquatic media by these heavy metals is
a serious environmental problem, mainly entered into
water bodies in the form of effluents from various
industries [1-6]. Heavy metals are poisonous contami-
nants which can accumulate in living tissues causing
various disorders and diseases. Cadmium is one of
the most toxic metal ions because cadmium tends to
accumulate in the kidneys and is associated with renal
damage [7], lower bone mineral density, and increase
risk of fractures [8]. The removal of heavy metals has
always been a major environmental issue. Therefore,
how to treat wastewater and make them reusable is
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not only an important task, but also a serious problem
to be solved. The most widely used methods for the
removal of heavy metals from wastewaters are chemi-
cal precipitation, coagulation, ion exchange, adsorp-
tion, solvent extraction, reverse osmosis, electrolysis,
and membrane filtration [9]. However, these tech-
niques have certain disadvantages such as operational
cost, incomplete removal, high energy requirement,
and generation of toxic sludge or other waste products
that again require disposal. But, adsorption is one of
the most attractive and effective techniques due to its
high efficiency, low cost, and easy design [10-14]. Sev-
eral types of nanoparticles have been used for the
removal of Cd** metal ions from aqueous medium
[15,16]. But, to the best of our knowledge, nobody
used YVO4Eu®" nanoparticles for the removal of Cd**
metal ion. In this study, YVO,:Eu®* nanoparticles were
found to be selective for Cd** metal ion. The physico-
chemical properties of YVO4Eu®* nanoparticles were
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determined using some instrumental analyses viz
X-ray diffraction (XRD), field emission transmission
electron microscope (FETEM), and UV-visible spectro-
photometer. The effects of several operating parame-
ters such as contact time, pH, initial Cd** ion
concentration, and temperature were investigated to
achieve the optimum conditions for the adsorption of
Cd** metal ions using YVO,:Eu’* nanoparticles. Vari-
ous kinetic models as well as isotherm models have
been studied for their usefulness in correlating the
experimental data.

2. Experimental
2.1. Reagents and instruments

Yttrium oxide (99%, BDH, England), europium
oxide (99.99%, Alfa Aesar, Germany), NH,VO; (Alfa
Aesar, USA), citric acid (E Merck Germany), NaOH,
HNO;, and NH,OH were used as starting materials
without any further purification. Y(NO3);-6H,O and
Eu(NOj3);:6H,O were prepared by dissolving the cor-
responding oxides in dilute nitric acid. All other
reagents and chemicals were of analytical reagent
grade. The standard stock solutions of Cd** metal ion
were prepared by dissolving appropriate amounts of
cadmium nitrate salts in demineralized water (DMW).

The XRD of the powder samples was examined at
room temperature with the use of PANalytical X'Pert
X-ray diffractometer equipped with a Ni filtered using
Cu K, (A=1.54056 A) radiations as X-ray source. The
size and morphology of the samples were inspected
using a FETEM (JEM-2100F, JEOL, Japan) by operating
at an accelerating voltage of 200kV. The UV/vis
absorption spectra were measured a PerkinElmer
Lambda-40 spectrophotometer, with the sample con-
tained in 1-cm® stoppered quartz cell of 1-cm path
length, in the range of 190-600 nm. Single electrode
pH meter (Orion 2 star, Thermo Scientific, USA) was
used for the pH study. The concentration of Cd**
metal ion was determined by atomic absorption spec-
trometer (AAS, PerkinElmer, USA). All measurements
were performed at room temperature.

2.2. Synthesis of luminescent YVO.Eu>* nanoparticles

In a typical synthesis, NaOH (120 mg), citric acid
(0.5g), and NH4VO; (0.1 mmol) were dissolved into
50mL of deionized water under stirring. Then, an
aqueous solution of Y(NO;);6H,O and Eu
(NO3)3-6H,O (1 mmol total, of which 5 mmol% was of
the luminescent ion) in 10mL DMW was slowly
added into the mixture solution, and stirring was
maintained at 80°C for another 3h. Subsequently,
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aqueous ammonia (NH4OH) solution was added drop
wise into the solution and the pH value was carefully
adjusted to 8-9 [17]. After naturally cooling to room
temperature, the resultant solid products were centrif-
ugally separated from the suspension, washed with
DMW and absolute ethanol several times, and dried
at 60°C in air for 6 h.

2.3. Batch adsorption studies

The adsorption of Cd** onto YVO,:Eu’* nanoparti-
cles were carried out by batch method. The adsorption
experiments were carried out in 100-mL glass conical
flasks covered with Teflon sheets to prevent the intro-
duction of any foreign particle contamination. A fixed
amount of YVOgEu®" nanoparticles (30mg) was
added to 50 mL of Cd** solution of known concentra-
tion in conical flask which was placed in thermostat-
cum-shaking assembly. The solution was stirred con-
tinuously at constant temperature for 2h to achieve
the equilibration time. After equilibration time, the
solid part was filtered off using Whatman filter No. 41
and equilibrium concentration of Cd*" was deter-
mined by AAS. A number of parameters such as con-
tact time, pH, initial concentration of Cd?**, and
temperature were changed in order to optimize the
adsorption process.

The amount of Cd** per unit weight of adsorbent,
ge (mg g™ "), was calculated by the following equation:

V(G- C)
e = W% 1,000 W

where V is the volume of Cd*" solution in liter, C,
and C, are the initial and final concentrations (mg LY
of Cd** in solution, respectively, W is the weight (g)
of YVO4Eu** nanoparticles.

Kinetics studies were performed by varying the
Cd** ion initial concentration (C,, 25-75mgL™"). The
samples were collected at specified time intervals until
equilibrium attained. Isotherm studies were performed
by varying the reaction temperature (25-40°C) and ini-
tial concentration of Cd** solution (25-200 mg L™).

3. Results and discussion
3.1. Characterization

The YVO4Eu®" nanoparticles were characterized by
XRD, FETEM, and UV-visible spectrophotometer.
Wide-angle XRD pattern was utilized to investigate the
crystalline nature and phase purity of the synthesized
product. The XRD pattern exhibited all characteristic
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diffraction peaks of pure crystalline tetragonal zircon-
type structure YVO, with a space group of I /amd.
The peak positions and intensities were in accord with
the literature values for the pure tetragonal phase of
the corresponding bulk materials (JCPDS No. 17-0341)
[17-19]. No trace of impurity peaks was observed
within the detection limit of our XRD, which indicated
the phase purity of the synthesized nanoparticles
(Fig. 1). Average crystallite size of 5% FEu’*-doped
YVO, nanoparticles was found to be 30nm, as
estimated using the Debye-Scherer equation:

D = (a4)/(Bcos0) )

where D is the mean particle size, 1 is X-ray wave-
length (1.541 A), 6 is the Bragg angle, and f is half-
width at full maxima of diffraction peak.

FETEM micrographs were used to examine the
morphology and size of the synthesized YVOjEu®*
nanoparticles as shown in Fig. 2. The micrograph
showed that the prepared nanocrystals were irregular
in shape and size and were highly aggregated with a
narrow size distribution. The TEM image is given in
Fig. 2(inset) displayed the lattice fringes for nanoparti-
cles, indicated that these YVO4Eu’" nanoparticles pos-
sessed high crystallinity. The calculated interplanar
distance between the adjacent lattice fringes was in
good agreement with the (200) spacing of the standard
value (0.352 nm) and lattice planes of tetragonal YVO,
(JCPDS No. 17-0341), which further confirmed that the
high-crystallinity and single crystal feature of as-pre-
pared sample [19]. UV/vis spectrum of YVO Eu®*
nanoparticles showed a broad absorption band located
at 290 nm, charge-transfer absorption from the oxygen
to the central vanadium atoms inside the VO, which
agreed with the spectra of previous observations
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(Fig. 3) [12]. The absorption was caused by a charge-
transfer transition from the oxygen ligands to the cen-
tral vanadium atom inside the VO, ion, and the
energy was subsequently transferred to the Eu®" ion,
as expected. This absorption peak could be assigned
to 'A; — 'T; (y — 2e) transition of the VOZ’ ion.
Generally, the 'A; — T, (t; — 2e) transition is forbid-
den, as the size of the particles decreases and the
deformation of the structure increases, 'A; — 'T; tran-
sition could be partly allowed [20].

The adsorption of Cd** onto YVO,Eu®* nanoparti-
cles was carried out at different time interval
(5-120 min). It is apparent from Fig. 4(a) that the
adsorption was fast at the initial stages and equilib-
rium was attained at 90 min where 82% Cd*" metal
was adsorbed. The difference in the rate of adsorption
may be due to the fact that initially, all adsorbent sites
were vacant so the adsorption was high. Later, due to
the decrease in number of adsorption sites as well as
Cd** concentration, the Cd** uptake rate by YVO,:
Eu’" nanoparticles became slow [21]. The effect of pH
for the adsorption of Cd** onto YVO,Eu®* nanoparti-
cles was testified in the pH range 2-8. The optimum
pH for the maximum removal of Cd** was found to
be 7 (Fig. 4(b)). After pH 7, the adsorption became
constant because at pH>7.0, the Cd** gets precipi-
tated due to the hydroxide anions formed cadmium
hydroxide precipitate. The effect of temperature on
the adsorption of Cd** metal ion was studied by vary-
ing the temperature from 25 to 40°C at pH 7 for 90
min (Fig. 4(c)). It was observed that the adsorption of
Cd** was increased from 47.8 to 84% as the tempera-
ture was increased 25-40°C which demonstrated the
endothermic nature of Cd** adsorption onto YVOyg:
Eu’* nanoparticles. The adsorption of Cd** metal onto
YVO,:Eu’" nanoparticles was also studied by varying
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Fig. 1. XRD pattern of the YVO,:Eu®>" nanoparticles.
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Fig. 2. FE-TEM image of the YVO,:Eu>* nanoparticles and inset shows selected area electron diffraction.
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Fig. 3. UV/vis absorption spectrum of the YVOEu®*
nanoparticles in ethanol.

initial cadmium  concentration  (25-200mg L")
(Fig. 4(d)). It was found that the percentage removal
of Pb** was decreased from 83 to 62% as the concen-
tration of Cd** was increased from 25 to 200 mgL™"
which may be due to the less availability of adsorp-
tion sites at higher dose of Cd**.

3.2. Adsorption kinetics

3.2.1. The pseudo-first-order equation

The rate constant k; for the adsorption of Cd** was
studied by Lagergren rate equation for initial Cd**
concentration of 25, 50, and 75 mg L™" [22].

kat

2.303 ®

log(qe — q:) = logqe —

where ¢, and g. are the amounts of Cd** adsorbed at
time ¢ and at equilibrium, respectively, and k; is the
rate constant for pseudo-first-order adsorption
(min~"). The values of rate constant were determined
from the slope of the plot log (ge—gs) vs. t.

3.2.2. The pseudo-second-order equation

The pseudo-second-order kinetic rate equation was
given by Ho and McKay [23]:

t 1 t
=—>+— )
ge koge™  Ge

where k, is the pseudo-second-order rate constant.
The values of k, for all studied concentrations were
determined from the intercepts of the plot t/g; vs.
time. Fig. 5((a) and (b)) presents the plots for pseudo-
first-order and pseudo-second-order kinetic models,
respectively. The parameters obtained for two models
are presented in Table 1. It is apparent from Table 1
that the values of correlation coefficients (R?) for
pseudo-second-order model were higher than pseudo-
first-order model which indicated that the adsorption
system studied belongs to the second-order kinetic
model.
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Fig. 4. Percentage removal of Cd?* metal ion using YVO4:Eu3+ nanoparticles at different (a) time, (b) pH, (c) temperature,

and (d) initial Cd** metal ion concentration.

3.3. Adsorption isotherms
3.3.1. Langmuir isotherm model

The Langmuir model assumes that the uptake of
adsorbate molecules occurs on a homogenous surface
with a finite number of adsorption sites by monolayer
adsorption without any interaction between adsorbed
molecules. Once a site is occupied by adsorbate
molecules, no further adsorption can occur at that site.
The surface will reach the saturation point, and the
maximum adsorption of the surface will be achieved.
The Langmuir isotherm [24] model can be expressed
as:

Table 1

1 1 1
a B @ * bQOCc (5)

where g, is the amount of Cd** adsorbed (mgg™"), C.
is the equilibrium concentration of Cd** (mgL™), Q,
and b are the Langmuir constants related to maximum
monolayer adsorption capacity and energy of adsorp-
tion, respectively. The values of Qp and b were evalu-
ated from the intercept and slope of linear plots of 1/
ge vs. 1/Ce, respectively (Fig. 6(a) and (b)).

In order to predict the adsorption efficiency of the
adsorption process, the dimensionless equilibrium

Kinetic constant parameters for the adsorption of Cd** metal ion using YVO4:Eu®" nanoparticles

Pseudo-first order

Pseudo-second order

Initial concentration (mgL™")  Slope Intercept k; (min™') R? Slope Intercept k, (gmg 'min') R?

25 —0.0134 1.60 3.08x107> 0.928 0.0192 0.603 6.11x107* 0.989
50 —0.0133  1.89 3.06x107> 0.921 0.0098 0.315 3.04x107* 0.987
75 —0.0131  2.07 3.01x1072  0.926 0.0065 0.223 1.9x107* 0.985
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Adsorption isotherm constants for the adsorption of Cd** metal ion using YVO4:Eu®* nanoparticles

Langmuir constants

Freundlich constants

Temperature (°C)

Qo (mg g_l) b(L mg_l) R? 1/n n K; R?
25 99.01 8.21x107° 0.986 0.943 1.06 2.36 0.940
30 149.25 7.83x107° 0.986 0.935 1.07 3.05 0.940
35 156.25 8.56 x 1072 0.988 0.934 1.07 1.76 0.941
40 86.20 17.9x107° 0.985 0.998 1.03 1.27 0.936

parameter (Ry) known as separation factor was deter-
mined using the following equation [25]:

1
Ri—— 6
L=1TK.C, (6)

where C, (mgL™") is the lowest initial concentration of
Cd** and Ky is the Langmuir adsorption constant (L
mg ). The Ry value confirms the adsorption to be
unfavorable (Ry > 1), linear (R; =1), favorable (0 < Ry <
1), or irreversible (R =0). The values of R; for each
initial concentration used were greater than zero and
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Fig. 5. Kinetic models for the adsorption of Cd** metal ion
using YVO4Eu*" nanoparticles (a) pseudo-first-order and
(b) pseudo-second-order.

less than unity which indicated the favorable adsorp-
tion of Cd** onto YVO,:Eu®* nanoparticles.

3.3.2. Freundlich isotherm model

The linearized form of Freundlich isotherm is
expressed by the following equation:

1
log g. = log K¢ + Elog Ce (7)
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Fig. 6. Adsorption isotherm models for the adsorption of
Cd** metal ion using YVO,Eu®" nanoparticles (a) Lang-
muir and (b) Freundlich.



M. Naushad et al. | Desalination and Water Treatment 57 (2016) 2081-2088

where K¢ and n are the Freundlich isotherm constants
related to adsorption capacity (mgg ') and adsorption
intensity of YVO,:Eu®" nanoparticles, respectively. The
values of n and K¢ were obtained from the slope (1/n)
and intercept (log Ky) of the plot of log g. vs. log C,,
respectively. The value of n is an indication of the
favorability of adsorption. Values of n>1 represent
favorable nature of adsorption. The value of n>1 for
Cd** indicated the favorable adsorption by YVO,Eu®*
nanoparticles at different concentrations. The parame-
ters derived by fitting these two isotherm models are
presented in Table 2. The Langmuir model showed
the better correlation coefficient values (R*>0.985)
which indicated the better applicability of Langmuir
model.

4. Conclusion

In this study, YVO,Eu®" nanoparticles were syn-
thesized and used for the removal of highly toxic
Cd** metal ion. The highest adsorption of Cd** metal
ion was observed at pH 7 and 40°C. The kinetics data
were best fitted in pseudo-second-order rate equation
as apparent from the values of regression coefficients.
The adsorption isotherm studies showed that
Langmuir model was the best fit model.
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