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This study demonstrated the feasibility of using zirconium dioxide nanoparticles (ZrO, NPs) synthesixed using a hydrothermal technique
for the removal of lead in aqueous solution. The physico-chemical characterization illustrated that the synthesized ZrO, NPs have a non-
uniform shape with an average size of 15 nm, surface area of 41.56 m” g and adsorption pore width of 3.06 nm. These findings revealed
the potential use of ZrO, NPs for chelating lead ions. The maximum lead adsorption capacity of ZrO, NPs was obtained around 4.12 mg

including an efficient and cost-effective method for the removal of lead using ZrO, NPs.

| |
| |
| |
| ¢! at adsorption conditions i.e., stirring speed of 200 rpm and contact time of 120 min. Thus, this method provides a number of advantages, |
| |
| |
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INTRODUCTION

In order to eliminate the heavy metal ions such Zn**, Cd*",
Hg*, Cu*, Pb’* and Fe*, several absorptive materials have been
developed extensively over the past few decades [1-5]. Lead(II)
ions, more so than any of the other heavy metals described [6-10],
are present in both groundwater and surface water and consti-
tute a significant risk to human health. Lead poisoning might
create numerous health issues for humans if the water people
drink or the crops they eat were tainted with lead [11]. Long-
term drinking water containing the high level of Pb** ions could
be caused cancer, Alzheimer’s disease, neurodegen-erative
disease along with metabolism disorders [12-16]. Until now,
most of researches has been developed utilizing various techni-
ques for removing of Pb** ions i.e. chemical precipitation coag-
ulation, membrane technology, electrochemical reduction,
fication and cementation and ion exchange [17-20]. However,
it should be noted that those methods have several drawbacks
including low capacity for removal, long time for operation,
low mechanical and thermal stability [17,19,20].

Among various treatment techniques, the adsorption is a
promising technique due to its easy operation and cost-effective
process for removal of Pb** ions from aqueous environment.
Therefore, several adsorbents for removal of Pb** ions has been
studied i.e.,iron slag, steel slag, fly ash, saw dust activated
carbon and agricultural-byproducts [21-28]. Zirconium dioxide

(Zr0O,) exhibits unique features, which make it a suitable adsor-
bent for Pb** ion removal, such as being chemically stable during
manufacturing, storage and application. This suggests that it
could be a desirable adsorbent for use in water purification
applications. Few studies have been reported the efficacy of
zirconium-based oxides in removing Pb** ions. Most of the
researchers focused on Zr modified polystyrene, Zr combined
activated carbon [29,30]. Few reports are reported for the removal
of lead from water based on zirconia nanoparticles [31] and
the adsorption mechanism of Pb** by ZrO still remains.

In this study, ZrO, nanoparticles (ZrO, NPs) was prepared
by utilizing a simple hydrothermal process under certain contr-
olled conditions liked concentration of NaOH, stirring speed,
stirring time and heating time. The physico-chemical properties
of ZrO, NPs were investigated for applications of removal of
Pb** ions. In addition, the adsorption conditions were optimized
based on several factors i.e. stirring speed, adsorptiom time
and concentration of adsorbate. The adsorption equilibrium
isotherms were fitted using different models (Langmuir and
Freundlich) were best described at different concentrations of
Pb* ions.

EXPERIMENTAL

Chemical agents including zirconium oxychloride octa-
hydrate (ZrOCL- 8H,0, 99%), sodium hydroxide, nitric acid
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(98%), lead (98%) were purchased from Sigma-Aldrich, USA.
Diionized water was used throughout the work.

Preparation of ZrO; nanoparticles: The ZrO, NPs were
synthesized using the conventional hydrothermal method. In
this work, the synthesized process could be briefly described
with four steps. In the first step, ZrOCL-8H,O (4 g) was soaked
with 500 mL of NaOH at room temperature and then the
mixture was stirred with vigorous stirring in order to initiate
the hydrolysis-condensation reaction. The mixture was then
filtrated, and the resulting gel was dispersed in ethanol, rinsed
three times with diionized water and dried to eliminate any
leftover surfactants. The synthesized ZrO, NPs was stored in
desiccator for future work. In this work, the effect of NaOH
concentration, stirring time, stirring speed and heating time
were also studied.

Physico-chemical and morphological characterization:
Several analytical approaches were used to get the physico-
chemical characterization of ZrO, NPs and the lead ions adsor-
ption. The transmission electron microscopy (TEM, Keyence
VKX-1000) was used for the ultrastructural analysis, while
the atomic absorption spectroscopy (AAS, Agilent 240 AAS)
was used to estimate the concentration of lead solution. The
pore size distribution was obtained by BJH (Micrometrics
ASAP 2010), whereas the surface area was measured by the
BET method.

Adsorption process: At room temperature, the lead ion
adsorption capacity of ZrO, NPs was investigated using various
parameters. The lead concentration was varied from 2 to 10 mg
L' and measured using atomic absorption spectroscopy. By
regulating an increase of 100 rpm, the effect of stirring speed
was explored in the range of 100 to 500 rpm. The contact
duration was increased from 60 to 180 min. All the adsorption
experiments were carried out at room temperature. The lead
adsorption capacity (qac) was estimated by using eqn. 1 [32,33]:
— Co—Cu
- M (M

ZrO,NPs

qAC
m

where Cj, is the concentration of Pb* ions at the initial state;
Cr is the concentration of Pb* ions at the equilibrium state.
The mz:o,nps is the mass of adsorbent and V is the volume of
adsorbate.

RESULTS AND DISCUSSION

In this work, ZrOCl,-8H,0 (4 g) was used for the conven-
tional hydrothermal synthesis of ZrO, nanoparticles. To optimize
the conditions for ZrO, NPs synthesis, the effect of NaOH con-
centration, stirring time, stirring speed and heating time were
investigated. The heating temperature of 600 °C was main-
tained during all the process.

Effect of NaOH: The efficiency of ZrO, NPs synthesized
using different concentrations of NaOH for neutralization is
shown in Fig. 1a. The experiments were carried out with different
NaOH concentrations of 0.01, 0.05, 0.10, 0.15, 0.20, 0.25 M,
and the stirring time, stirring speed, and heating time were set
to 240 min, 400 rpm and 300 min, respectively. The results
revealed that the concentration of NaOH was proportional to
the efficiency. At a NaOH concentration of 0.1 M, the efficiency

of ZrO, NPs synthesised was roughly 55%. Thus, it is concluded
that by regulating the other parameters, the removal efficiency
can be improved.

Effect of stirring time: The stirring time of ZrOCl,-8H,O
in NaOH solution was set as a series of 120, 180, 240, 300 and
360 min. Fig. 1b showed that the amount of synthesized ZrO,
NPs was gradually increased, which results an increase in the
removal efficiency from 45%, 48% and 52% for 120 min, 180
min and 240 min, respectively. The results showed that amount
of ZrO, synthesis was saturated at 240 min.

Effect of stirring speed: In order to optimize the condition
for the synthesized ZrO, NPs, stirring speed was investigated.
The experiments were performed with stirring speed series of
200, 300, 400, 500, 600 rpm and the stirring time, concentration
of NaOH and heating time were fixed at 240 min, 0.1 M, 300
min, respectively. The results represented that stirring speed
was associated to the efficiency. And the efficiency of ZrO, NPs
synthesized was obtained around 52% at the striring speed of
400 rpm as seen in Fig. lc.

Effect of heating time: Heating time of synthesized ZrO,
NPs was set as a series of 180, 240, 300, 360 and 420 min.
Fig. 1d showed that the amount of ZrO, NPs synthesized was
gradually decreased. However, the size of synthesized ZrO,
NPs was measured by particle size analyer. The results showed
that the size of ZrO, NPs synthesized was obtained around 90
nm with heating time of 300 min as shown in Table-1. The
surface area of synthesized ZrO, NPs increases with decreasing
size, hence smaller NPs have greater adsorption properties.

TABLE-1
PARTICLE SIZE ANALYZER FOR ZrO, NPs
SYNTHESIZED BY CONTROLLING HEATING TIME
Time (min) 180 240 300 360 420
168.9 134.7 90.6 96.3 109.3

Size (nm)

Characterization of ZrO, NPs: The EDX spectrum (Fig.
2a) indicates presence of Zr and O elements only which comp-
rised with the weight percent of 50.82% and 28.22%, respec-
tively. A TEM image of synthesized ZrO, NPs (Fig. 2b and
Fig. 2d) illustrated that the synthesized ZrO, NPs were aggre-
gated and the size ranged from few nanometers to around 30
nm with the average size of around 15 nm (Fig. 2c¢). Moreover,
the BET and BJH analysis showed that ZrO, NPs proposed a
specific surface area of 41.56 m* ¢! with an average pore size
of 3.06 nm, leading to provide promising adsorbent for the
removal of lead ions.

Effective removal of lead ions

Effect of stirring speed: All the adsorption experiments
were conducted using a batchwise approach to examine the
impact of stirring speed, contact time and lead ion concentra-
tion on lead ion adsorption behaviour. To investigate the impact
of stirring rate, 0.025 g of adsorbent was added to 100 mL of
aqueous solution containing lead concentraion of 2 mg L' and
then the mixture solution was stirred at 300 K. The relationship
between stirring rate and lead adsorption capacity is depicted
in Fig. 3. Upon increasing the stirring speed from 100 to 200
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Fig. 1. Experimental results of ZrO, NPs synthesized process, (a) effect of sodium hydroxide; (b) effect of stirring time; (c) effect of stirring

speed; (d) effect of heating time

rpm enhanced the adsorption capacity. At a stirring speed of
200 rpm, the maximum adsoprtion value was found to be 8.1
mg g When the stirring speed was increased to over 200 rpm,
the lead adsorption capacity decreased. The pores formed during
the synthesis of ZrO, NPs are a strong contender for under-
standing the adsorption phenomenon. It should be observed
that the smaller the pore size, the more difficult the adsorption.
In this case, the pore size of ZrO, NPs was achieved around
3.06 nm.

Effect of contact time: A parabolic shape curve with a
quadratic second order equation [q = q, + Ax + Bx*] was used
to fit to the experimental data presented [32]. This is to find an
ideal characteristic shape curve for removal of lead ions with
various parameters i.e. stirring speed and contact time. The
estimated results showed that the minimum adsorption capacity
of lead (qo) utilizing ZrO, NPs was around 2.38 mg g for
stirring speed change (Fig. 3) and 3.06 mg g for contact time
change (Fig. 4), respectively. The fitting results also illustrated
that the minimum possible adsorption capacity is approximate
for both adsoption cases. In addition, all of the correlation co-
efficients (R?) for two different cases including effect of contact
time and effect of stirring speed were higher than 0.80, as

shown in Table-2. Thus the aforementioned model, a parabolic
form curve, adequately described the observed phenomena.

TABLE-2
KINETIC COEFFICIENTS FOR REMOVING LEAD

Minimum capacity of Fitting parameters

adsorptionq, (mgg") A (au) B(aw) R
Time 3.06 0.23 001 097
Stirring speed 2.38 0.04  -0.0008 0.84

Adsorption isotherms: As can be seen in Fig. 5, the ZrO,
NPs adsorbed lead ions at a steady rate, reaching a plateau value
after 120 min. According to the results of the experiments, an
initial adsorption rate of 0.03 mg g min™ was also attained. It
is important to observe that the peak time increases with
decreasing adsorption rate. The tiny pore size of 3.06 nm in
ZrO, NPs is primarily responsible for the weak diffusion of
lead ions from the surface adsorption sites to the bulk ZrO,
NPs pore, which contributes to the relatively low adsorption
rate of SiO, NPs. The pseudo-first-order kinetic model (eqn.
2) and pseudo-second-order kinetic model (eqn. 3) were also
used to investigate the adsorption kinetics [34,35]:
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Fig. 2. Characterization of ZrO, NPs synthesized, (a) EDS elemental composition analysis of ZrO, NPs; (b) TEM image of ZrO, NPs; (c) size
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t—
T4 du
where q.q and q; are the adsorption capacity of lead ions at the
plateau time and t, respectively, while T, and T, are the pseudo
first and the pseudo second-order rate constants, respectively.
Two pseudo-kinetic models, one for mononuclear and one for
binuclear adsorption in the solid-liquid system, were presented.
The adsorption coefficients that were obtained based on those
above equations are shown in Table-3. In addition, Fig. 5 repre-
sented a comparison between the parabolic model and both of
the pseudo-kinetic models. The adsorption capacity of lead
ions was achieved around 8.0 mg g, which gives strong agree-
ment with the experimental results. Moreover, the correlation
coefficient (R?) were obtained around 0.97, 0.97 and 0.92 for
the case of the parabolic model, the first-pseudo kinetic model
and the second-pseudo kinetic model, respectively. These
results indicated that both of the adsorption model investigated
are suitable to study the kinetic adsorption of lead ions.

The adsorption isotherm models are widely used for the
optimization of the adsorption process to design the adsorption
model. In this work, the lead ions concentration was set in the
range of 2 to 10 mg L. Then the experiment was performed

based on the optimizing parameters i.e., stirring speed of 200
rpm and contact time of 120 min at room temperature. The
Langmuir (eqn. 4) and Freundlich (eqn. 5) models were used
to analyze the experimental data [34,35].

_ eq
B, (A — ) @
logq,, =TlogC, +logA; 3

where Ceq, qeq, qmax are the concentration of lead ions, the lead
ions adsorption capacity at the equilibrium state and the
maximum adsorption capacity of lead ions, respectively; E, is
the adsorption energy; I is the adsorption intensity and Ag is
the adsorption affinity.

All of the fitting parameters, such as the adsorption factors
and correlation coefficients are listed in Table-4. These values
were calculated using the Langmuir model (Fig. 6a) and the
Freundlich model (Fig. 6b). A low adsorption intensity (I) of
0.31 was found using the Freundlich model, reflecting the slow
adsorption rate of the lead ions. This causes an adsorption
time that is 120 min longer than it would be without the salt,
as seen in Fig. 5. In addition, the affinity between ZrO, NPs
and lead ions was obtained around 0.95 mg g offered low
interaction between ZrO, NPs surface and lead ions. It is impor-
tant to take into account that the adsorption of Pb** ions
increased approximately linearly with the increasing E, values.
These calculated values are consistent with the modest initial
adsorption rate of 0.03 mg g"' min"'. The Langmuir model, in
contrast to the theoretically-based Freundlich model, was
provided with a maximum lead the adsorption capacity. A
probable adsorption capacity of 4.12 mg g was predicted
using the Langmuir isotherm model (Fig. 6a), which is a better
result when compared to the study reported in the literature
(Table-5). Furthermore, as compared to the Freundlich isotherm,
the model based on the Langmuir isotherm demonstrated a
higher correlation coefficient (R?). This suggests that ZrO, NPs
may be a useful tool for removing lead ions from the aqueous
solution collected from the industrial manufacturing unit.

Comparison of ZrO, NPs with other absorbents: Table-
5 represented the lead ions adsoprtion capacity of ZrO, NPs
and other adsorbents i.e. fly ash, coir and sludge. It can be seen
that the possible adsorption capacity of ZrO, NPs is better
than that of other adsorbents under the similar experimental

TABLE-3
ADSORPTION COEFFICIENTS FOR KINETIC MODELS

Possible adsorption

Kinetic coefficients

capacity q,q (mg g") T, (min™) T, (g mg' min™) R?
Pseudo-first-order model 8.25 0.04 - 0.97
Pseudo-second-order model 7.46 — 0.01 0.92
TABLE-4

PARAMETERS OF ADSORPTION ISOTHERM FOR REMOVAL OF LEAD

Maximum adsorption

Isotherm coefficients

capacity gy, (mg g') A (mg g) I E. (L mg") R?
Freundlich isotherm - 0.95 0.31 - 0.76
Langmuir isotherm 4.12 — — 0.04 0.84
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Fig. 6. Langmuir isotherm model (a) and Freundlich isotherm model (b) for removal of lead utilizing ZrO, NPs

TABLE-5
COMPARISON OF LEAD ION ADSORPTION
BETWEEN ZrO, NPs AND ANOTHER ADSORBENTS

Adsorbents Concentratiqln Ad§orpti0n ; Ref.
range (mg L") capacity (mg g)
ZrO, 2-10 4.12 This study
Fly ash 5-7 2.50 [22]
Coir 116 0.127 [36]

conditions. In addition, the adsorption capacity of ZrO, NPs
may enhance based on conjugation with various functional
groups for specific detection of heavy metal ions (Cr®, Cu™,
Pb*) for the environmental applications.

Conclusion

In conclusion, this work represented the synthesis process
of zirconium dioxide nanoparticles (ZrO, NPs) under different
conditions including NaOH concentration, stirring time, stirring
speed and heating time. The physico-chemcial charaterization
showed that ZrO, NPs was successfully synthesized with a
average size of 15 nm; efficiency of around 50%; purity of
100% and surface area of 41.56 m” g, leading to efficient
removal of lead ions. Consequently, lead ions adsorption capa-
city of ZrO, NPs was investigated under different conditions
i.e., stirring speed, contact time and adsorbate concentration.
The experimental results illustrated that the maximum adsor-
ption capacity of 4.12 mg g™ was obtanied at stirring speed of
200 rpm, contact time of 120 min for Pb? ions. In addition,
the adsorption capacity could be enhanced by utilizing surface
functionalization of ZrO, NPs with the functional groups.
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