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Abstract

In this work, copper oxide nano sorbent (CONS) with an average diameter of 30 nm is synthesized by polyvinyl
alcohol-based sol-gel method to remove heavy metal ions from an aqueous solution. The produced nanopowder
is fully characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-
ray diffraction (XRD), and dynamic light scattering (DLS). Various physicochemical parameters such as
solution pH, nano-sorbent dosage, solution temperature, contact (mixing) time, initial concentration of lead
ion, and the initial volume of lead ion sample are investigated and optimized by the "one at a time" method.
Based on the experimental data, the optimum conditions for the full removal of lead ions with an initial
concentration of 30 ppm, include pH 6, a sorbent dosage of 1.6 mg ml-, a solution temperature of 25 °C, and
a contact time of 13 min. The experimental results showed that the adsorption of lead ions by copper oxide
nanoparticles has a good fit with Langmuir isotherm and follows the pseudo-second-order kinetics model. The
experimental data shows the synthesized CuO nanoparticles are an effective sorbent for the removal of Pb(11),
Fe(I1), and Cu(ll) from water with maximum capacities of 33.7, 20.2, and 18.8 mg g*, respectively.
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1.INTRODUCTION

Water pollution caused by heavy metal ions has
become a serious environmental problem,
especially due to their toxicity and tendency to
bioaccumulate [1]. Lead is a common toxic heavy
metal and it is polluted by some industries and
mineral resources also lead comes from burning
leaded gasoline is one of the major sources of lead
entry into the atmosphere, water, and soil. Lime-
stone lead can lead to waterlogging of natural
origin [2]. In higher doses, they can detrimentally
affect the health of most living organisms [3].
Various techniques of oxidation-reduction,
coagulation, ion exchange, re-verse osmosis, and
adsorption methods have been de-veloped for the
removal of heavy metal ions from wa-ter [4-6].
Recent research has shown that nanostruc-tured
materials as adsorbents afforded remarkable ad-
vantages in the environmental application for
water decontamination, owing to their large
surface areas, high available surface adsorption
site density, special functionality, and well-defined
morphology. Compared with traditional materials
and their bulk counterparts, nanostructured
materials  usually  have  advantages in
environmental applications for water
decontamination such as exhibiting much higher
adsorption capacity and faster rates for pollutant
removal [7]. Many types of sorbents, including
activated carbon, oxide minerals, polymer fibers,
resins, low-cost materials, and bio-sorbents, have
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been used to adsorb or remove Pb(Il) ions from
various aqueous solutions [8-13]. Particularly at
the nanoscale, metal oxides are one of the
precondi-tions for the recent developments in
decontamination of water. Recently, the
application of nanoparticles for the removal of
pollutants has come up as an interesting area of
research [14]. Nanoparticles exhibit good
adsorption efficiency, especially due to higher
surface area and greater active sites for interaction
with metallic species.

Furthermore, adsorbents with specific functional
groups have been developed to improve the
adsorption  capacity [15]. Metal  oxide
nanoparticles such as CuO [14], NiO [16], TiO;
[17], and Fe304 [18] are the most commonly used
materials that have been applied as adsorbents.
Among metal oxides, Recently, CONS have been
extensively studied as a suitable absorbent, for the
removal of heavy metals because of their sim-
plicity, high efficiency, and its high-speed
operation in adsorption of heavy cations from
aqueous solutions. One reason could be because of
the interesting proper-ties of copper oxide as a p-
type semiconductor with low bandwidth (1.2 eV),
high-temperature superconductor alone, and doped
with high magnetic resistance metals [19]. Copper
oxide nanoparticles have been applied to the
removal of arsenic [20], acid blue 129 [21], Hg (1)
[22], ethidium bromide and ethidium mono azide
[23], Cd (1), Cu (11), Ni (1), and Pb (I1) [24]. In
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this work, we used the poly vinyl alcohol (PVA) -
based sol-gel method to synthesize copper oxide
nano sorbent (CONS) for the fullest study of the
removal of heavy metal ions from water.

2. EXPERIMENTAL

2.1. Materials
HNO3, CU(NO3)2.3H20, CUSO4.5H20,
Zn(N03)2.6H20, Fe2(SO%)?3.7H20,

Mn(NO3)2.4H20, MgSO* Pb(NO?%)?, NaNO? and
PVA (Kvalue= 72000) were purchased from
Merck and used without any puri-fication. Double-
distilled water was used in all experi-ments.

2.2. Instruments

The morphology and the particle sizes of the CuO
sam-ple were studied by scanning electron
microscopy (SEM: VEGA TS 5136M model). A
transmission elec-tron microscope (TEM, Zeiss
EM900, 80 keV) was used to measure the size and
shape of particles accurate-ly. The dynamic light
scattering (DLS) manufactured by Malvern
Zetasizer (Nano ZS3600) was used to iden-tify the
size distribution range. XRD spectroscopy (Philips
Xpert model) was used for phase analysis of the
sample. Fourier transform infrared spectroscopy
(FT-IR) was used to confirm the chemical
mechanism of lead ion interaction with copper
oxide nanoparticles (FT-IR: Thermo Scientific,
Nicolet 1S10 model). A flame Atomic Absorption
spectrometer (FAAS; Sens AA model, GBC Co.)
was applied for the determina-tion of residual
concentrations of metal ions. The pH values were
controlled with a pH meter (Metrohm-827). A
circulating device (PE 26 1NF model, Grant Co.,
England) was used to adjust the solution tempera-
ture. The centrifuge (K240 model, Wagtech Co.)
and cellulose acetate membranes (0.45 y, 47 mm,
Empore Co.) were used to separate the
nanoparticle from the solution in adsorption and
desorption  experiments, re-spectively. The
vacuum pump (DV-42N-2501, Plati-num Co.,
USA) was used to flow the solution through the
membrane in the separation of CONS from heavy
metal ion solutions.

2.3. Synthesis procedure

Copper oxide nanoparticles are prepared by pol-
yvinyl alcohol-based sol-gel method [25]. First, 5
g Cu(NO3)2 was dissolved in 94.5 g water-ethanol
(50:50) mixed solution while the stirring speed was
550 rpm. After the complete dissolu-tion of salt,
0.5 g PVA was added gradually while the solution
was mixed with a stirring speed of 550 rpm and
heated up to 70°C to form a dark blue sol. After
obtaining a homogeneous sol, the temperature was
raised slowly (not more than 90°C) to evaporate the

solvent and form a stiff gel. With the loss of solvent
and pores in the gel network, copper salt molecules
are trapped in the pores. The final gel was
pyrolyzed in an elec-trical furnace temperature of
500 °C for 2 h. During the pyrrolysis of PVA gel,
copper salt is also calcined to copper oxide
nanoparticles.

2.4. Adsorption experiments Cation selection
Before optimization of adsorption experiments,
Fe2+, Pb2+, Zn2+, Mg2+, Mn2+, and Cu2+
solutions with the same concentration and same pH
(20 ppm, pH 4) were separately mixed with 100 mg
CONS for 30 min at room temperature. In all
experiments, the pH adjust-ments were done by
adding HNO3 or KOH. The mix-tures were
centrifuged at 2500 rpm and the residual
concentration of heavy metal ions was determined
by FAAS. These experiments can determine which
heavy metal ions can be removed from water by
CONS.

2.5. Adsorption isotherm studies

Adsorption isotherms were obtained for Pb2+,
Fe2+, and Cu2+ ions at three different
temperatures (25, 35, and 45 °C). For this purpose,
for Pb2+ ion, five solu-tions with initial
concentrations of 40, 50, 80, 100, and 150 ppm, for
Fe2+, six solutions with concentrations of 20, 30,
50, 80, 100, and 150 ppm and about Cu2+, 20, 30,
50, 80, 100 and 130 ppm were prepared. pH of all
solutions was 6. Each sample was mixed with 100
mg CONS and the other experimental steps were
conducted according to section 2.4. Based on the
residual concen-trations (Ce), the parameters of
Langmuir, Freundlich, and Temkin were
calculated and all isotherms were drawn.

2.6. Effect of sample dilution

To evaluate the effect of sample dilution on the
remov-al efficiency, the adsorption efficiencies of
CONS for lead ions for different consecutive
dilutions were meas-ured. In practice, seven 50 ml
lead ion solutions with pH 6 and an initial
concentration of 20 ppm were pre-pared (samples
1 to 7). Different volumes of 0, 50, 100, 150, 200,
250, and 300 ml blank solution (pH= 6) were added
to the samples 1 to 7 to reach the final vol-umes of
50, 100, 150, 200, 250, 300 and 350 ml, re-
spectively. The adsorption experiments were
performed on all the samples in the previous
sections.

3. RESULTS AND DISCUSSION

3.1. Characterization of the prepared CONS

The morphology, particle size, and phase
composition of the synthesized CONS were
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characterized by SEM, TEM, DLS, and XRD. Fig.
1 shows the SEM and TEM images of the
synthesized CONS.

d)
Fig. 1. SEM images (a, b) and TEM images (c, d) of the
synthesized copper oxide nanoparticles.

The microstructure measurement software was
used to estimate the particle size on SEM and TEM
images. As is seen in Fig. 1, the sample consists of
uniform nanoparticles with an average diameter of
30 nm. For more clarification about the particle
size of the sample, the synthesized CONS were
analyzed by DLS (Fig. 2).

20 -
18 -
16 -
14
12
10 +

% Number

o N & O

1 10 100 1000
Paticle size(nm)

Fig. 2. Size distribution of the synthesized copper oxide

nanoparticles.

As the DLS diagram shows, there are two size
distribution ranges. The first distribution in the
range of 50 to 100 nm is related to isolated
nanoparticles and the second in the range of 150 to
600 nm is due to agglomeration of the
nanoparticles.

X-ray diffraction spectroscopy is a powerful
technique for phase analysis of inorganic
crystalline compounds. Therefore, XRD was used
for the determination of the composition of the
synthesized CONS (Fig. 3). The XRD patterns
were matched with those of single-phase
monoclinic CuO with broad peaks at 20 = 32.5°,
35.5°, 38.7°, 48.7°, 53.54° and 58.4° which were
matched with JCPDS file number 801268. XRD
patterns in Fig.3 show the synthesized sample

consists only of copper oxide and there is not any
impurity in the sample. Debye-Scherrer equation
(D = KMpcosB) is commonly used for the
calculation of the average particle size of the
crystalline materials based on the base pattern (the
biggest peak) in XRD patterns. By using this
method, the average size of the CONS particles is
calculated at 40 nm based on the peak in 26 =38.55
(o)

BO00

(1)
(1

7000 "m)(m(l]
G000 l ‘

Intensity

S000 I I
o
4000
3000 (I (202)
| (202)
2000 Wi 20 4
aw |1 A /

JUL S
..

4 i1 ] 20 3 o 54

1000

Fig. 3. XRD patterns of the copper oxide nanopowder.

3.2. Cation selection

The synthesized CONS were used for the removal of
some heavy metal ions from water. The removal
efficiencies were calculated by the following equation

(Eq. 1): _
Removal efficiency (%) = ‘C—f x 100 1)
13

Where, C; and C; are the initial and the residual
concentrations of heavy metal ion (mg L) before and
after contact with CONS, respectively. The obtained
efficiencies for the investigated ions are shown in Fig. 4.
Based on the presented results, lead ions can be
quantitatively removed from the polluted water
(Removal efficiency was more than 95%). Iron and zinc
ions also can be removed from water with efficiencies of
about 62%.
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Fig. 4. Removal efficiencies of some heavy metal ions
on CONS.

3.3. Adsorption mechanism

FT-IR analysis was performed to characterize the
surface nature of the resulting CuO nanoparticles
(Fig. 5).

The presence of a band at 590.85 cm™ before lead
ion adsorption (Fig. 5a) is due to the stretching
vibration of the Cu-O bond. After lead ion
adsorption, because of bond formation between
lead and oxygen on CONS (Pb-O), the Cu-O
vibration bands at 590.85 and 1384.01 cm™ (Fig.
5a) are shifted to 593.90 and 1363.01 cm™ (Fig.

DOI: 10.30473/1JAC.2025.72395.1308




Iranian Journal of Analytical Chemistry 11 (2024) 143-155

5b). After lead ion adsorption, the presence of new
bands at 712.81 and 873.40 cm* indicates different
modes of bending vibration of the M—-O-M (M =
Pb) [26]. The vibration band at 1799.45 cm™ (M-O
rocks out of plane) indicates the formation of the
Pb-O bond [27] or may be due to the bending
vibrations of H-O-H. In Fig. 5b, the vibration band
at 2514 cm? indicates the presence of the
symmetric stretching vibration of the O-H bond or
indicates the interaction of lead ions with the
hydroxyl functional group.

 — - — e W
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Fig. 5. FT-IR spectrums of CuO nanoparticles:(a) before
and (b) after contact with lead ion solutions.

3.4. Adsorption Kinetics

Adsorption kinetics studies of Pb?*, Fe?*, and Cu?*
on the CuO nanoparticles were carried out as a
function of contact time. The kinetics of Pb?*, Fe?*,
and Cu?* adsorption on CuO nanoparticles were
obtained by batch studies for initial concentrations
of 20 mg L%, 40 mg %, and 60 mg L at pH 6.0. In
all of these experiments, 100 mg adsorbent was
mixed with 50 ml of each metal ion solution. To
investigate the time dependency of ion removal,
the removal of lead ions was determined at
different contact times of 2, 7, 9, 13, 20, 25, 35, 60,
75, and 255 min. Fig. 6 shows the time dependency
of lead ion sorption on CONS.
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Fig. 6. Effect of contact time on the sorption of Pb?* on
CONS.

The lead ion removal increases from 60 to 100%
during contact time of 2 to 13. The results indicate
the fast sorption of lead ions on CONS. The contact
time of 13 min is much shorter than those of the
previous reports such as Table 1. In the following,
the adsorption data was fitted to pseudo-first-order
kinetic model, which is given by Eq. (3). The

equilibrium adsorption capacity, Qe (mg g?) of
heavy metal ions was calculated using the mass
balance equation (Eq. 2):
(€, —CHV
ge = % (2)
Where, V (ml) is the sample volume, and m (mg)
is the mass of the CuO nanoasorbent.
ky

log(qe — q¢) = logq. — 2303" (3)
Where g. and q; are the amounts of adsorbed ions
(mg g1 at equilibrium time and at contact times t
(min), respectively. K is the pseudo-first-order
rate constant (min). Second, the pseudo-second-
order kinetic model was studied (Eq. 4):
t 1 N t @)
q k.42 qe
Table 1. Comparison of contact time of some CuO
nanostructures for adsorption Pb(I1) from aqueous

solution.
Adsorbents contact Ref.
time(min)
CuO nanoparticle-modified
activated carbon 25 [21]
CuO nanoparticles 30 [20]
CuO nanorods 90 [28]
CuO nanostructures 240 [14]
CuO nanoparticles 300 [29]
CuO nanoparticles 13 This
study

The rate constant ko can be obtained from the
intercept of the linearized pseudo-second-order
rate equation. If the pseudo-second-order equation
can fit the adsorption data, there should be good
linearity between t/q: and t. The pseudo-second
order equation assumes that the adsorption process
involves a chemisorption mechanism and the rate
of site occupation is proportional to the square of
the number of unoccupied sites [30]. The pseudo-
first-order and pseudo-second-order kinetics plots
for the adsorption of Pb?*, Fe?*, and Cu?* ions on
CONS are shown in Fig. 7.

The presented data in Table 2 show obviously that
the adsorption kinetics of the studied metal ions on
CONS well fitted with the second-order kinetics
plot. Therefore, it can be concluded that the
adsorptions of heavy metal ions on CONS are
chemisorption.
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Fig. 7. Regressions of kinetic plots for CuO
nanostructures: (a) pseudo-first-order model for Pb?*, (b)
pseudo-second- order model for Pb?*, (c) pseudo-first-
order model for Cu?*, (d) pseudo-second-order model for
Cu?*, (e) pseudo-first-order model for Fe?*, (f) pseudo-

second-order model for FeZ*,

The Kinetics parameters were calculated based on
the kinetics plots of Fig. 7 and summarized in

Table 1.

Table 2. Kinetic parameters of the adsorption of three

heavy metal ions on CONS.

Metal Co First order Second order
ions (ppm)  Kinetics kinetics
Ky(mint) K2(gmgtmin-t)
R? R?
Pb(I) 1.165 3.063
0.4384 0.9362
0 0.896 21.691
0.4557 0.9994
60 0.818 36.101
0.5316 0.9997
cu(in 1.198 4.355
0.7947 0.9968
20 1.076 8.488
0.9047 0.9969
60 1.004 9.090
0.9164 0.9961
Fe(l) 1.478 3.818
0.7294 0.9907
40 1.046 7.369
0.7173 0.9920
60 0.859 11.098
0.6157 0.9916

DOI: 10.30473/1JAC.2025.72395.1308




Iranian Journal of Analytical Chemistry 11 (2024) 143-155

3.5. Isothermal sorption studies

The initial concentration of the analyte is an
important parameter that could affect the sorption
efficiency. To evaluate this factor, seven solutions
with concentrations of 20, 30, 40, 50, 80, 100, and
150 ppm lead ions were prepared by adjusting the
pH at 6. The sorption process and the
determination of the residual concentration of lead
ions were performed according to section 2.4. Fig.
8 shows the effect of initial analyte concentration
on the removal efficiency.

120
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60

“oRemoval

40
20

0
0 20 40 60 80 00 120 140 160

Initial concentration (ppm)
Fig. 8. Effects of initial Pbh?* concentration on the
removal efficiency. In all of these experiments, 100 mg
CONS were mixed with 50 ml lead ion solution with
different initial concentrations.

As can be seen in Fig. 8, 100 mg CONS can
quantitatively adsorb lead ions from 50 ml solution
with an initial concentration of 30 ppm. At
concentrations higher than 30 ppm, the removal
amount is decreased because the adsorption sites
on CuO nanoparticles are saturated. The
relationship between the amount of a substance
adsorbed per unit mass of adsorbents and its
concentration in the equilibrium solution at
constant temperature is called the adsorption
isotherm. Adsorption isotherm is important to
describe how solutes interact with the sorbent.
Developing an appropriate isotherm model for
adsorption is essential to the design and
optimization of adsorption processes. Several
isotherm models have been developed for
evaluating the equilibrium adsorption of
compounds on adsorbents, such as Langmuir,

25 -
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g_ 15 -
T
o 1 y=0.204x+0.1074 *25°C
05 y=0.1869x +0.1162 = 35°C
' y=0.1844x +0.1197 , 45°C
0 : .
(@ o 5 ce 10 15

Freundlich, and Temkin [14]. Langmuir,
Freundlich, and Temkin isotherm models were
applied for the sorption of Pb?*, Cu?*, and Fe?* ions
on cons. In these experiments, adsorptions were
carried out three at temperatures 25, 35, and 45C
at pH 6 (Optimum pH) and over an initial
concentration range from 20 to 150 ppm. In the
Langmuir model, it is assumed that all the
adsorption sites of the adsorbent have an identical
binding energy and each site binds to only a single
adsorbent [31]. The Langmuir isotherm in linear
form is given as:
¢, 1 aC,
de ki " k. )
Where ¢ is the equilibrium adsorption capacity of
adsorbent for metal ions in mg g?, C. is the
equilibrium concentration of metal ions in mg L,
Kv (L/mg), and a_ are Langmuir constants.

On the contrary, the Freundlich model is based on
reversible heterogeneous adsorption;
heterogeneity of binding energies of adsorption
sites [31]. The linearized Freundlich isotherm can
be given as follows:

1
logq, = logk; + ElogCe (6)

Where Kt is the constant related to the adsorption
capacity of the adsorbent in mg L™, and n is the
constant related to the adsorption intensity.

The Temkin model contains a factor that clearly
shows the interactions between the sorbent
particles and adsorbed ions. Linearized Temkin
isotherm can be presented as follows:

qe = BInA + BInC (7

In this equation, B=R—bT is the constant

proportional to the heat of sorption, b is the
constant in j mol™? and A is the binding constant
related to the maximum binding energy in L mg™.
The adsorption isotherms of three metal ions on the
CONS are shown in Fig. 9. All parameters of the
studied isotherm models are summarized in Table
2. The presented data in Fig. 9 as well as Table 2
shows that the sorption data for Pb?*, Cu®*, and
Fe?* are better fit with the Langmuir isotherm
model than the others in all temperatures.
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Fig. 9. Langmuir (a), Freundlich (b) and Temkin (c) isotherm models for Pb?* adsorption, Langmuir (d), Freundlich (e)
and Temkin (f) isotherm models for Cu?* adsorption, Langmuir (g), Freundlich (h) and Temkin (i) isotherm models for

Fe?* adsorption.
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Table 3. Isotherm parameters of metal ions sorption onto the synthesized CuO nanoparticles.

Metal Isotherm model Parameters 45°C 35°C 25°C
Langmuir max (Mgg™) 32.237 38.012 33.697
. ki (Lmg%) 9.310 8.605 8.354
§5 R? 0.993 0.989 0.998
(S Freundlich Kr (mg g1)(Lmg1)vn 27.207 20.336 3.464
s n 9.319 5.133 5.515
5 R2 0.880 0.963 0.953
< Temkin A 0.088 0.090 0.032
B B 2.134 1.809 1.276
R? 0.841 0.797 0.954
Langmuir qmax (Mg g0 17.928 18.454 18.835
~ ki(Lmg) 303.030  19.801 106.382
:3) R? 0.993 0.998 0.997
= Freundlich Kr (mg gt)(Lmg1)¥n 2.690 2.842 3.166
=} n 4.823 4.089 4,312
g)_ R? 0.938 0.963 0.970
= Temkin A 0.061 0.051 0.035
o B 1.628 1.432 1.360
R? 0.979 0.965 0.987
Langmuir gmax (Mg g% 20.311 19.951 20.188
ki(Lmg?) 21.598 3.670 40.983
g: R2 0.998 0.999 0.999
1y Freundlich Kr (mg gt)(Lmg1¥n 3.795 4.109 4.245
5 n 3.969 4,923 4.344
= R? 0.972 0.799 0.913
e Temkin A 0.019 0.013 0.010
B B 1.189 1.098 1.072
R? 0.942 0.896 0.932

The maximum sorption capacities (gmax) of Pb?*,
Cu?*, and Fe?* ions were calculated based on the
slopes of Langmuir isotherm plots. The results
(Table 3) show that the heavy metal ions (Pb?*,
Cu?*, and Fe?* ions) can be adsorped with the
highest capacities of 33.7, 18.8, and 20.2 mg g,
respectively.

The obtained adsorption capacity was compared
with those of previous reports (Table 4). The
presented data shows CONS revealed a big
adsorption capacity for the removal of lead ions.

Table 4. Comparison of monolayer maximum
adsorption capacities of some adsorbents for Pb (I1)
from aqueous solution.

Adsorbents Maximum References
adsorption
capacities
(mgg™)
Pb (II) -imprinted 22.7 [32]
polymer
MWCNTSs/iron 12 [33]
oxide
ZnO Nanosheets 6.7 [34]
CeO2 Nanocrystals 9.2 [35]
CuO nanoparticles 33.7 This study

3.6. Effect of pH
The heavy metal ions adsorption is strongly pH
dependent, and so the pH of the aqueous solution

is an important controlling parameter in the heavy
metal ions adsorption process [36]. Among the
cations used in this work, Cations Pb?*, Cu?*, Zn?*
and Fe?* to a greater extent By the CONS from
aqueous solutions were absorbed. So the influence
of initial pH on the adsorption percentage of the
cations mentioned was studied in the range of 2—7
(Fig. 10). For this purpose, solutions of 50 ml of
each metal ion with initial concentrations of 20 mg
L"'was prepared. The removal efficiencies of Pb?*,
Cu?*, Zn?*,and Fe?* metal ions as a function of
equilibrium pH is shown in Fig. 10a. At pHs lower
than 4, adsorption of metal ions is less because H*
concentration is higher than those of metal ions.
Therefore, some sorption sites of CONS are
occupied by hydrogen ions and so, the metal ion
adsorption is decreased. Lead ion adsorption is
completed at pHs higher than 4. The zinc ion
removal decreases at pHs higher than 4 because of
Zn(OH)* formation. The removal of Fe?* and Cu?*
is increased up to pH 6. Therefore, in a mixed
sample, pH 6 can be used for the simultaneous
removal of Pb?, Fe?*, and Cu?. For further
discussion on how the effect of pH on the ion
removal efficiency, the point of zero charge
(pHezc) of copper (1) oxide was conducted at
different pH values. It was observed that the pHpzc
value of copper (Il) oxide nanoparticles is at
pH=5.8 which concluded that the sorbent surface
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had a negative charge at pHs higher than 5.8 (Fig.
10b).

120

100 |
80
60
40

% Removal

0 1 1 J
01 2 3 45 6 7 8 9
(b) pH,
Fig. 10. Effect of pH on the sorption of Pb2*, Cu?*, Zn?*,
and Fe?* ions on CONS (50 ml, 20 ppm, 30 min) (a) and
the results of pH experiments to determine the point of
pHpzc (b).

3.7. Effect of The adsorbent dose

The effect of CONS dosage on the removal
percentage of Pb?* at 7 different initial
concentrations of 0.4, 0.8, 1.2, 1.6, 1.8, 2, and 2.4
mg ml* for 50 ml lead ion solutions with the same
initial concentrations of 30 mg Lt was shown in
Fig. 11. Itis obvious in Fig. 11 that the 1.6 mg ml-
! sorbent dosage is enough to remove quite lead
ions. Using sorbent in amounts greater than 1.6 g
does not affect the amount of lead ions that will be
removed. A large reduction is observed in the
amount of lead ion removal from 100 to 35% when
the CONS dosage is decreased from 1.6 to 0.4 mg
mlL. The observed removal decrease is due to the
lack of adequate sites.

120
100 ~
80 -

60 -

% Removal

40 -

20 -

0 0.5 1 15 2 25 3
Sorbent dosage(mg ml?)

Fig. 11. Dependency of lead ion removal on the CONS
dosage.

3.8. Temperature dependency of lead ion removal
To investigate the temperature dependency of ion
removal, the sorption experiments of lead ions by

CONS were repeated in several solution
temperatures (50 ml, 20 ppm, 30 min) (Fig. 12). As
Fig. 12 shows, the removal efficiency increases
from 50 to 100% when the solution temperature
increases from 5 to 25 °C. In the temperature range
of 5 to 25 C, the positive temperature dependency
of lead ion removal shows endothermic sorption of
lead ions. At temperatures, more than 25 C, the
removal efficiencies are near 100% therefore, at a
constant initial concentration of lead ions, the
removal efficiencies are constant up to 75 C. The
complete adsorption of lead ions up to 75°C
indicates the stability of the nanosorbent surface
and the stability of lead ions in solution.
Adsorption study at a temperature of 80°C shows
that the lead ion removal efficiency decreases.
Adsorption studies at temperatures higher than
75°C have many problems, including water
evaporation and rapid reduction in solution
volume. Therefore, higher temperatures were not
studied.

Lead Ion Removal Efficiency (%)

5 15 25 35 45 55 65 75
Solution Temperature (°C)

Fig. 12. Effect of solution temperature on the removal of
Pb(ll) ions by CONS.

3.9. Effect of sample volume

To investigate the effect of the initial volume of the
sample while other parameters are kept constant,
seven lead ion samples with different initial
volumes in the range of 50 to 350 ml were
examined (Fig. 13). In all of the samples, the
absolute amount of lead ions was same (1.5 mg).
Volume As illustrated in Figl3, the lead ion
removal is independent from the sample volume in
the range of 50 to 200 ml but, it decreases when the
initial volume increases from 200 to 350 ml. The
observed results of lead ion removal in the last
range imply that the sorption of lead ions on CONS
is an equilibrium process. For more clarification,
the lead ion sorption can be shown in the following
equations:

PbZ} + Siteons € Pb**.Siteons (8)
_ [Pb**.Site ons] 9
[Pbg;][suecons]

Where, Pbj¢ is lead ion in solution, Sitecons is the
active site on CONS, Pb?*.Site,,s is the
occupied site via lead ions on CONS and K is the
equilibrium constant. In more diluted solutions
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(initial volume bigger than 200 ml), the residual
concentration (mol L) is decreased. Therefore, to
keep constant the equilibrium, much more lead
ions should be free in the solution.

150 -
100 +

50

% Removal

0 J
0 100 200 300 400
Sample volume (ml)

Fig. 13. Effect of initial sample volume on lead ion
removal.

3.10. Application of CONS for the removal of some
other heavy metal ions

For evaluation of the sorption ability of some other
heavy metal ions on CONSs, many experiments
were performed as Table 3. In these experiments,
300 mg CONS were added to a 50 ml mixed
solution containing Pb?*, Mn?*, Cu?*, Zn?*, Mg?*,
and Fe?* ions with initial concentrations of 30 mg
L at pH 6. The mixture was stirred and then, the
residual concentrations of the mentioned ions were
determined. As can be seen in Table 5, the presence
of other ions can not affect the lead ion removal.
On the other hand, the presented data shows that
CONS not only can quantitatively remove the lead
ions in the mixed solution but also can
considerably adsorb the other heavy metal ions.
Therefore, the synthesized CONS can act as a
highly efficient sorbent for the water purification
process.

Table 5. Removal efficiencies of some heavy metal
ions by CONS in a mixed solution.

Cations Pb?> Mn?> Cu®> Zn? Mg> Fe?
+ + + +

+ +

Remova 98 85% 75 35 76% 90
1 (%) % % % %

3.11. Thermodynamic study

The effect of temperature on an adsorption process
depends on its mechanism. Temperature has two
major effects on these processes. The first is the
direct dependency of the diffusion rate of the
sorbate across the external boundary layer and in
the internal pores of the adsorbents. The variation
of equilibrium capacity of the sorbent towards
sorbate is the second temperature effect in such
processes[37-38].

To investigate the influence of temperature on the
uptake of lead ions by the studied adsorbents, the
removal of these ions (20 mg L) from aqueous
solution, adjusted at pH 6, by 100 mg of CONS

sorbent was performed as a function of
temperature in the range 278-338 K. The
corresponding distribution coefficient(Kq) was
calculated by( Eq. 10):
(CO - Ce) |4
a= . X m (10)
Where Co and C. are initial and equilibrium
concentrations of lead ions (mg L1), respectively,
V is the volume of the aqueous phase solution (L)
and m is the amount of adsorbent (g).
The Van't Hoff equation (Eq. 11):
] AH®  AS°
Tle = — ﬁ + T (11)
Conducts calculating enthalpy (AH®) and entropy

changes (AS°), by analysis of the InKq versus T
plot. The values of AH° and AS® were calculated
from the slope and intercept of the linear plot of
InKg versus T2, respectively [37]:

12
10
g -
= 41 y = -14506x + 55.504 * Ink
2 - R*=0.8461 .
0 T T T ]

0.003 0.0032 0.0034 0.0036 0.0038
1/T

Fig. 14. Variation of equilibrium constant (Kd) as a
function oftemperature (1/T).

The Gibbs free energy changes (AG®), thus can be
determined by (Eq. 12):

AG°=AH°-TAS® (12)
The calculated thermodynamic parameters for the
adsorption process of lead ions on the adsorbent
are given in Table 6.

Table 6. Values of various thermodynamic parameters
for adsorption of Pb(ll) on Cuo adsorbent.
Adsorbent  AHC(kJ AS°(JmoltK1)

mol?)
CONS 120.602 461.460
AG° (kJ molD
278K 288K 298K 310K 338K
-7.683 -12.298 -16.95 - -
2245 35419

The positive value of enthalpy changes reveals the
adsorption of lead ions by CONS is controlled by
entropy changes. In our study, the positive values
of AH® confirmed the endothermic nature of the
process. The negative AG° value indicated a
spontaneous process.

4. CONCLUSIONS
Polyvinyl alcohol-based sol-gel pyrolysis method
is a fast, environmentally friendly, and low-cost
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procedure to synthesis metal oxide nanoparticles.
The current research confirm that the CuO
nanoparticles with average particle diameter of 30
nm can easily prepared by the introduced sol-gel
method. The prepared CuO nanoparticles exhibited
predominant adsorption ability to heavy metal ions
which may be attributed to large specific surface
areas and the existence of nanoporous structure.
The lead ions can quantitatively removed from
polluted waters by the presented CuO nanosorbent.
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