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ABSTRACT
The present study aimed to synthesize copper oxide (CuO) nanoparticles (NPs), which were used as an
adsorbent for the sequestration of Iron (Fe) (Ill) ions from an aqueous solution. The synthesized NPs

have been characterized with the help of X-ray diffraction (XRD) spectroscopy, Field Emission scanning
electron microscopy (FESEM), and Energy-dispersive X-ray spectroscopy (EDS). The SEM and XRD analyses
indicated the average size of CuO NPs was ~25 nm with a rod-like shape. Based on the batch experiments
the maximum adsorption was observed at pH 9 with a removal efficiency of 98.38%, initial metal ion
concentration of 10 ppm, and contact time 60 min. This study also revealed that adsorption capacity
increases when the concentration of adsorbents decreases. To specify the adsorption characteristics of
CuO NPs, the adsorption equilibrium data were treated with Langmuir and Freundlich models, which
demonstrated that the removal of Fe (Ill) ions was mostly favored by the physical process followed by the
multilayer adsorption on the heterogeneous surface of the adsorbents. Finally, this study concludes that

CuO NPs could be used as a promising material for the removal of Fe(lll) ion from agueous solution.
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INTRODUCTION

Every year a large number of industries are
being established to accelerate the economic
growth of developing countries. Due to the rapid
industrialization and improper waste management
systems, different types of harmful substances are
drastically entering the food chain and causing
ecological imbalance [1-4]. For several decades,
water pollution has become a major environmental
issue worldwide, and it is increasing day by day.
Clean and fresh water is safe for drinking and other
household activities. On the other hand, impure
water is the prominent carrier of many types of
pollutants. As a developing country, Bangladesh
is facing a great threat to public health due to
groundwater contamination. Among the several
types of water contaminants, heavy metals are
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responsible for causing environmental problems.
Sometimes, only a small amount of heavy metals
(especially Fe, Mn, Ni, Cu, Zn, etc.) is responsible for
initiating several physiological functions. Contrarily,
the intake of elevated levels of these metals may
cause serious health implications [3, 5, 6].

Iron (Fe) is recognized as a well-known
groundwater pollutant, which imposes Alzheimer’s
disease, Parkinson’s disease, type (II) diabetes,
and injuries to vital organs like the heart, liver,
pancreas, thyroid, and the nervous system [7-
10]. Generally, groundwater contains lower levels
of iron and is safe for drinking. When it exceeds
the recommended level, it creates an unshrinking
damaging impact on human physiology and
different biological systems [11, 12]. Long-term
or excessive uptake of iron may increase the
probability of developing cancer, which is a matter
of concern [7, 13, 14]. For a long time, many
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Table 1. Entire test performed in this study

Objectives

Methods, instruments and test performed

Synthesis of CuQ NPs
Characterization

Batch cxperiment studics
[sotherm studies
Removal efficiency

Precipitation method

XRD, FESEM, EDS

Effect of pH, Contact time, Concentration of Fe(11l) and Cu() NPs
Langmuir and Freundlich isotherm

UV-Visible spectrophotemeter

scientists are trying to develop new methods for the
sequestration of toxic substances from wastewater
in a convenient way. Still now, membrane filtration,
chemical precipitation, and adsorption methods
are widely used for the complete eradication of
heavy metals [15-19]. Among these methods, the
adsorption process is considered very suitable due
to its cost-viability and adaptability in structure
and activity [1, 20-22]. In this method, activated
carbon, biomass, polymeric materials, zeolite, and
clay minerals are used as adsorbents, which adsorb
toxic metals from wastewater and generate clean
water [23-25].

Although the mentioned technologies are
applicable for the removal of heavy metals,
they have some limitations such as secondary
waste formation and low adsorption capacities.
Therefore, there is an urgency to fabricate novel
adsorbents, which are associated with their high
adsorption capacity, simplicity of operation,
and advanced separation rate. In recent years,
nanomaterials, including nanotubes (carbon
nanotubes, titanium nanotubes), metal oxide,
and nanomaterials have gained much attention as
efficient adsorbents [26-31]. Due to their unique
adsorption capacity, surface effect, small size effect,
and binding capabilities, these nanomaterials could
be effectively used in wastewater treatment [2].
Numerous literature reported that CuO NPs act
as an excellent adsorbent for the removal of heavy
metals from aqueous solutions with high removal
efficiency [32-34]. To the best of our knowledge,
sequestration of Fe (III) from aqueous solutions
has not been carried out using CuO NPs. In this
study we selected CuO NPs due to the following
special features:

- The starting materials (CuCl,) were used to
synthesize CuO NPs, which are comparatively
cheaper and easily available.

- CuO NPs could easily be synthesized using a
simple and eco-friendly method

- In comparison to other adsorbents, CuO
exhibits higher efficiency and accuracy towards the

removal of iron ions at lower concentrations [35-40].

Therefore, the specific objectives of this
study were to synthesize CuO NPs based on the
precipitation method; to assess their feasibility and
suitability as adsorptive material for the removal of
Iron (III) ions from an aqueous solution. Besides,
the effect of pH, contact time, and concentration of
Fe (III) and adsorbents have also been extensively
investigated.

MATERIALS AND METHODS
Reagent and Materials

Ammonium iron (II) sulfate, copper chloride
(CuCl,), Sulphuric acid (H,SO,), and Ethanol
(CH,OH) were purchased from Merck, Mumbai.
Hydrochloric acid (HCI) was obtained from Sigma
-Aldrich. Sodium Hydroxide (NaOH) pellets
were purchased from Loba Chemie Pvt Ltd. The
chemicals used in this experiment were of analytical
grade and did not undergo any further treatment.

Equipment

The surface morphology and size of CuO NPs
were investigated with the help of FESEM (model: JSM
7600F, JEOL-Japan) attached with EDS. Moreover,
the crystal structure of the NPs was analyzed
using X-ray diffraction (XRD) (model: Empyrean,
PAnalytical-Netherlands). The concentration of the
Iron (III) solution was determined using a UV-Visible
Spectrophotometer (model UVD-3200, Labomed,
USA). The pH of the solution was determined using
a pH meter (model HI96107, Hanna Instruments,
USA). The entire test performed in this study has
been summarized in Table 1.

Synthesis of CuO NPs

CuO nanostructures were synthesized based on
the precipitation method [41]. To prepare a 0.1 M
solution of CuO NPs, CuCl, (1.524g) was taken into
a 250 mL round bottom (RB) flask containing 100
mL deionized water. Separately, 0.5 g NaOH was
dissolved into 100 mL deionized water and added
drop-wise into the freshly prepared CuCl, solution.
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The mixture was stirred at room temperature until
the pH reached 14 and a black precipitated was
obtained. It is noted that when the pH increases,
the concentration of OH- ions also increases. An
excess amount of OH- ion forces the Cu(OH),
molecules to be converted into more stable CuO
NPs through the dehydration process [42]. The
precipitate was filtered and washed with ethanol
and distilled water. After that, the precipitate was
subjected to oven-dry at 80 °C for 16 hours, and
finally, the obtained solid mass was calcined at 500
°C for 4 hours to get black colored CuO NPs

Batch Adsorption Experiment

For batch adsorption studies, 0.01 g synthesized
CuO NPs were added to 50 mL of experimental
iron (III) solution. The mixture was shaken at 25 °C
and a rotation speed of 220 rpm. At that point, the
solution was pulled back at a standard time interval,
and the nano-adsorbents were separated through a
centrifuge machine. Finally, the concentration of
the iron ions was determined by using a UV-Visible
spectrophotometer. The removal percentage of iron
(II) ion in spent was calculated using the following
equation (1).

%R=Ci;_icfx100 1)

Here, C. and C, are initial and final
concentrations of iron respectively in the solution.
The adsorption capacity of CuO NPs (mg/g) was
calculated by using the following equation (2).
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Fig. 1. (a) XRD pattern (b) EDS mapping (c)&(d) FESEM image of CuO NPs.
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Here, W, are the metal adsorbed capacity
(mg/g), V is the volume of the metal solution (L)
and M is the amount of adsorbent (g).

Isotherm Studies

To assess the adsorption characteristics of
CuO NPs, the Langmuir (equation 3), Freundlich
(equation. 4) isotherm was adopted [43, 44].

Ce o
Q  Qm

e
m

3)

log Qe = log K¢ + %log Ce (4)
Where Q_= Langmuir constant, which denotes
the adsorption capability, and b = adsorption energy.
C, = the equilibrium concentration of Fe (III) in
mgL"’, Q, =the amount of metal adsorbed per unit
weight of adsorbent in mg/g. K, expresses the relative
adsorption capacity of adsorbent and n represents a
deviation for the adsorption system under study.

RESULTS AND DISCUSSION
Characterization of Nanoparticles

The CuO NPs were prepared by using the
precipitation method. Fig. 1(a) shows the XRD
patterns of CuO NPs. The obtained diffraction
peaks with 20 of 32.49, 35.45, 38.71, 46.09, 48.68,
53.36, 58.22, 61.44, 66.15, and 67.94° which are
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Fig. 2. Effect of pH for the percentage removal of iron (III) ions by CuO NPs.
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Fig. 3. Effect of initial metal ion concentration for the percentage removal of iron (IIT) by CuO NPs.

ascribed to crystal planes of CuO NPs (110), (111),
(111), ((112), (202), (020), (202), (113), (311) and
(220), respectively. The obtained result confirmed
the formation of CuO nanoparticles and showed
great regularity with the same former pattern of
CuO nanoparticles (JCPDS card no. 80-0076) [45].
Also, no other peaks were detected in this spectrum,
which indicated the synthesized NPs were highly
pure. The size of the CuO NPs was determined by
using the Debye-Scherrer equation [1, 46] based
on the line-broadening of the magnetite (111)
reflection and the calculated average crystallite size
was found to be ~18 nm.

According to the EDS results [Fig. 1(b)], the
average content of Copper (Cu) and Oxygen (O) in
the CuO sample was 73.82% (atomic percentage)
and 26.18%, respectively, which confirmed the
stoichiometry of Cu (II) oxide (Cu:O = 3:1) phase.
Furthermore, the structure and morphology of the
NPs were inspected by FESEM (Fig. 1c-d) which
suggested that the average particle size of CuO
nanoparticles was ~25 nm, having a rod-like shape.

Influence of pH
The initial pH of the metallic solution is

considered as one of the fundamental controlling
parameters that affect the degree of ionization, the
surface charge of adsorbents, and the specification
of adsorbate during the adsorption process [47]. In
this study, the influence of pH on the sequestration
capacity of Fe (III) was studied at a wide range
of pH (3 to 12). During this study, the following
conditions were maintained: concentration of
Fe (III) ions = 2 mg/L; contact time =30 min,
concentration of CuO NPs = 0.01 g.

According to Fig. 2, the irregular removal
efficiency of CuO NPs was noticed. The maximum
removal efficiency (98.38%) was attained at pH
9. This phenomenon could be explained by the
fact that at higher pH levels, only fewer protons
are available to compete with the Fe (III) ions in
solution at the active sites of CuO NPs [3]. On
the other hand, the removal efficiency of NPs was
decreased from pH (10 to 12) because the iron (III)
ions started to precipitate at these pH levels [7].

Influence of Initial Metal Ion concentration

Fig. 3 represents the effect of metal ions on the
percentage of the removal capacity. In this study,
the effect of metal ion was investigated by varying
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Table 2. Comparison of Iron removal capacity of CuO NPs with other adsorbents.

Concentration range

Maximum Iron Removal

Adsorbent Refi
sorben (mg/L) Bificiency (%) eferences
Palm fruit bunch and maize _
1-10 5780 (35]
cob
Activated carbon prepared from
- N 1-6 95 [36]
Chemical activation of sawdust
Coir fibers 73-444 36.71 [137]
Pinc bark waste 55-111 54.68 [38]
Activated carbon derived from wooden
Parts of Mungifera Indica by chemical 2-40 82+2.21 139]
activation with ZnClz
Alkali Treated Coir Fibers 50-300 59.16 [40]
CuQ 2-10 98.38 "I'his work
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Fig. 4. Effect of contact time for the percentage removal of iron (IIT) ions by CuO NPs.

the concentration of Fe (II) (2, 4, 6, 8, and 10 ppm).

Increasing the initial concentration of metal
ions leads to an increase in the percentage of
Fe removal. This phenomenon arises due to the
noncompetitive diffusion of heavy metals through
the structure of the NPs [48]. Moreover, it is
assumed that the concentration gradient acts as a
driving force, which enables mass transfer between
the adsorbate and adsorbent species by overcoming
the resistance [49]. The findings of the present
study have been compared with other similar
studies, where different types of sportive materials
were used for the sequestration of heavy metals by
varying doses (Table 2). From this table, it could
be seen that the maximum removal efficiency
(98.38%) of CuO NPs was comparatively better
than the previously reported adsorbents.

Influence of contact time

Fig. 4 indicates the effect of contact time on
the removal capacity of iron (III) ions using 0.1 g
of the Cu NPs at room temperature and 20 min
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of interval. The result revealed that the removal
capacity of CuO NPs was remarkably increased
with the increasing of time. This is due to the
elongated interaction between the Fe(III) ions
and the surface of CuO NPs [50, 51]. However,
the maximum removal efficiency (98.37%) was
observed at 60 min and the percentage removal of
metal ions reached equilibrium within 120 minutes.
This is principally due to the large surface area of
the adsorbent, after which further increase in time
resulted in desorption until 120 min. As time is
passed, the exhaustion of the adsorbents active
sites will be achieved, thus achieving equilibrium.
Furthermore, the rate at which the adsorbate is
shipped from the outside to the inside places of the
adsorbent particles is responsible for controlling
the uptake rate [52].

Influence of dose

The effect of the adsorbent concentration on the
removal of iron (III) ions is shown in Fig. 5. When
the amount of nano-adsorbent was increased (0.01
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Fig. 5. Effect of adsorbent dose for the percentage removal of iron (IIT) ions by CuO NPs.

Table 3. mathematical parameters obtained from the isotherm models.

Heavy metal  Adsorbent Langmuir censtant Freundlich constant
. B g R? k R?
Fot CuO) NPs Qu n
0.19 3.43 009 001 1.70 0.14
-09 -0.7 -0.5 -0.3
13 0
&
13 . . (b}
- -0.2
17
16 e . 0.4
= i
=15 & e 0.6
14 i = —
13 - - a -08
12 | y=02813:+15278 " a = 05853203157 -1
B == 00091 (a) " T OR=01442
01 @15 02 025 ©3 035 04 loe C 12
Ca og e
Fig. 6. (a) Langmuir and (b) Freundlich isotherm for adsorption of Iron (III) ions onto CuO NPs.
to 0.04g), the removal capacity started to decrease. regression  correlation  coefficient  (R*=0.09)

This is due to fact that a reduction in the total
surface area of the adsorbent available for the metal
ion to bind because of aggregation or overlapping
of adsorption places [53]. Therefore, the increase
of the nano-adsorbent weight is responsible for
decreasing the metal removal capacity.

Isotherm Studies

The adsorption equilibrium data of this study
were treated with the Langmuir and Freundlich
models, which are shown in Table 3 and Fig. 6 (a-
b).

The linear regression correlation coefficient
(R?=0.14) for all the adsorbents revealed that
the adsorption data were partially fitted in the
Freundlich model. On the other hand, the linear

suggested that the Langmuir model is not supported
for this adsorption mechanism. However, the
isotherms fit here very little because the adsorption
capacity may have been slightly inhibited at the
low concentrations range. The value of “n” for the
adsorbents was greater than unity (1.0), which
revealed that the adsorption of Fe(III) ion onto
the surface of CuO NPs was mostly favored by the
physical process [42]. This result also suggested
that the uptake of metal ions was taken place by
the multilayer adsorption on the heterogeneous

surface of the adsorbents [54].

CONCLUSIONS
In the present work, CuO NPs were synthesized
by the precipitation method, and the obtained
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NPs were used to remove iron (III) ions from
the aqueous solution. Overall examination of
the structure of CuO NPs, it was found that the
average particle size was about ~25 nm with a rod-
like shape. The optimum conditions for removing
iron (III) ions were attained at pH 9, contact
time 60 min, and initial metal ion concentration
10 ppm. Also, the maximum removal efliciency
(98.38%) was observed at a very low concentration
of adsorbents and when the concentration was
increased the percentage removal was decreased.
Analysis of Langmuir and Freundlich isotherms
suggested that the adsorption of Fe (III) ions was
partially supported by the Freundlich isotherm. In
summary, this study introduces a novel platform
for removing iron (III) ions using CuO NPs.
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