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The research was conducted with an aim to assess the efficiency of copper oxide nanoparticles as an
Fax: +98 5632254066 adsorbent to remove Ni and Cr. The effect of pH, adsorbent dosage, contact time, initial concentration
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ac.ir of metals (Ni and Cr) on the adsorption rate was evaluated and removal of these elements from
aqueous solutions was measured using Atomic Absorption Spectrum System (Conter AA700).
Moreover, the kinetic and isotherm besides thermodynamic adsorption models were assessed. The
highest Ni and Cr removal rate occurred at an optimal pH of 7, and an initial concentration of 30
mg/L, a time period of 30 minutes, and 1 g/L of copper oxide nanoparticles. In fact, with the increase
of adsorbent dosage and contact time, the removal efficiency increased and with initial concentration
increase of Ni and Cr ions, the removal efficiency reduced. The correlation coefficient of isotherm
models viz. Langmuir, Freundlich, Temkin, Redlich-Peterson, and Koble-Corrigan showed that Ni
and Cr adsorption via copper oxide nanoparticles better follows the Langmuir model in relation to
other models. The results showed that kinetic adsorption of Ni and Cr via copper oxide nanoparticles
follows the second order pseudo model with correlation coefficients above 0.99. In addition, the
achieved thermodynamic constants revealed that the adsorption process of metals (i.e., Ni and
Cr) via copper oxide nanoparticles was endothermic and spontaneous and the reaction enthalpy
values for these metals were 17.727 and 11.862 k)/mol, respectively. In conclusion, copper oxide
nanoparticles can be used as effective and environmentally compatible adsorbents to remove Ni and
Cr ions from the aqueous solutions.
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1. Introduction

The access to safe, reliable and non-contaminated
drinking water resources is the prime need of mankind
to have a dynamic and stable society. The urbanization
development and expansion of agricultural and industrial
activities besides indiscriminate use of resources have led
to the expansion of environmental pollution. The high
toxicity of heavy metals has caused serious issues at low
concentrations for natural ecosystems (1). Heavy metals
are reported to be involved in neurological disorders
(Parkinson, Alzheimer, depression, and schizophrenia),
varied cancer types, nutrient deficiency, disruption
of hormone balance, respiratory and cardiovascular
disorders, hair loss, osteoporosis, damage to the liver,
kidneys and brain besides abortion, anorexia, joint

inflammation and in severe cases death in human
beings (2). In fact, the entry of harmful materials into
the environmental cycle threatens the viability of life
on Earth; therefore, identification and elimination of
toxic contaminants are essential for the protection of an
environment (3). Contamination of water resources via
contaminants is a rising issue worldwide; therefore, in the
context of pollution control, the removal of these heavy
metals from aqueous solutions is of special importance (4).
Among the most important nano-technology applications
in an environment, its use to reduce the emission of
contaminants, filter water and wastewater, eliminate
pollutants and environment monitor can be addressed
(5). Considering the dangers arising from heavy metals,
it is imperative that in line with environmental standards
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and regulations, these contaminants are eliminated
before draining and entering an environment. This
context has always been considered by the environmental
researchers and specialists; therefore, for this purpose,
several researches have been carried out for application
and use of the methods that are simply applicable, cost-
effective and environment-friendly. Different methods
exist to eliminate the heavy metals from aqueous
environments which include coagulation, oxidation,
chemical sequestration, ion-exchange, reverse osmosis,
and electrodialysis; these methods are time-consuming
and costly (6). However, it can be said that an alternative
method is adsorption that in addition to simplicity and
cost-effectiveness has a high efficiency. The adsorption
via metal nanoparticles is a technology compatible with
the environment that can be used as an effective method
to eliminate heavy metals and organic contaminants
from water and wastewater (7). The isotherm is the most
important parameter in the design of adsorption systems
and describes the relationship between the concentration
of adsorbent and the adsorption capacity of an adsorbent;
in fact, isotherms are the basis for describing the adsorbent
and adsorbent behaviors as well as presenting the most
important type of adsorption type (8). In nanometre scales,
the particles with unique electronic, magnetic, optic and
catalytic properties are adsorbed. The vast application of
nanoparticles in adsorption can be considered due to high
adsorption efficiency, high reactivity, more active sites
and the ability of nanoparticles to disperse in the aqueous
solutions. In addition, the nanoparticles due to their tiny
size and high surface to mass ratio provide a suitable
condition to adsorb metal ions from aqueous solutions
(9). The results of a study by Shekari et al showed that
FeNi /TiO, magnetic nanocomposite can remove 82.67%
of hexavalent chromium with an initial concentration of
0.5 mg/L (10). Therefore, the aim of this research was to
use copper oxide nanoparticles as an adsorbent to remove
Ni and Cr from aqueous solutions.

2. Materials and Methods

In this study, copper oxide (CuO) nanoparticles with
99% purity produced by US Research Nanomaterials
Company (Houston, TX 77084, USA) and Sodium
hydroxide (NaOH), Nitric acid (HNO3) with 65%
purity from Merck (German) have been used. Moreover,
pH-meter (Istek, 915PDC, Korea), digital scale (Kern,
ABJ220-4M, Japan), shaker (Eyela, MMS-210, Japan),
and Atomic Adsorption Spectrometry (Analytikjena,
ContrAA700, Germany) were used.

2.1. Adsorption Experiments

Initially, 50 mL of Ni and Cr ions with specified and
equal concentrations was prepared from nickel chloride
and potassium dichromate salts for the conduction of
the adsorption process using copper oxide nanoparticles.
The parameters including pH, adsorbent dosage, contact

time and initial concentration of Ni and Cr were assessed.
The solution pH was evaluated and adjusted to the range
of 2-8 (2, 3, 4, 5, 7, 8), with 0.IM NaOH and HNO,
solutions. To determine the effect of adsorbent dosage on
Ni and Cr adsorption, different adsorbent values in the
range of 0.25-2 g/L were studied. The equilibrium time
and adsorption kinetics were determined at the time span
of 5-120 minutes. The effect of the initial concentration
of Ni and Cr on their adsorption rate at the range of 10-
50 mg/L was evaluated at an optimal pH, adsorption
dosage and contact time of the previous stage (9,10).
After the adsorption experiments were carried out for a
specified time, the samples were centrifuged to separate
the copper oxide nanoparticles. Finally, the analysis of
samples containing heavy metals (Ni and Cr) was carried
out using the Atomic Adsorption System (Contr AA700).

To calculate Ni and Cr removal efficiency, the Equation
(1) was used

%R = ﬁ x100
C, (1)

Besides, the adsorbent equilibrium capacity was calculated
using the equation (2).

¢ = CuCOV o

m
Where q, is the quality of adsorbed metal ions per
adsorbent mass unit, C_ is initial concentration of metal
ions present in the solution mg/L, C_ is the equilibrium
concentration of metal ions in the solution mg/L, V is the
solution volume in L, and m is adsorbent weight in g (11).

2.2. Adsorption Isotherms

To assess the performance of adsorbent, different
equations and isotherms exist, out of which the Langmuir,
Freundlich, Temkin, Redlich-Peterson and Koble-
Corrigan isotherms were used that have been presented
in Table 1. Besides, the isotherm models were applied at
optimal conditions of the parameters.

2.3. Kinetic Adsorption

To study the kinetic adsorption of Ni and Cr by CuO
nanoparticles, the adsorption experiments with an
initial concentration of 30 mg/L of Ni and Cr, 1 g/L of
an adsorbent, pH=7 at a speed of 150 rpm in the shaker
at contact times of 5, 15, 30. 60. 90 and 120 minutes
respectively were carried out. The kinetic data were
analyzed using some of the known kinetic models that
have been stated in Table 2.

2.4. Studies of Thermodynamic Adsorption Process
The results of thermodynamic studies can provide
valuable information about the adsorption process
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Table 1. Adsorption Isotherm Models

Isotherms Equations

Linear expression Plot

Parameters

Langmuir (12) q, =(q,K,C,) (1+K,C,)

1/n

Freundlich (13) q, =LogK,. (Ce)

Temkin (14) q,= BTln(KTCe)

q, = ARPC% <
1+ B,,C!

g = At

¢ 1+B,.C’

Redlich-Peterson (15)

Koble-Corrigan (16)

C C (C j
Ze_| 1 +| “e e vs. C
q, ( KLqm) ( qm) q. ¢

Logq, = LogK . + %logCe logg, vs.logC,

q, =B, InK, + B,InC,

q,, =(slope)”’!
K =slope/intercept

K. =exp(intercept)
n=(slope)”!

K, =exp (intercept/slope)
B, =slope

q,vs.InC,

4 g=slope
ln[( RP%)*} =ghnC, +InBy, In ((ARP% j - lj vs.InC, B, =exp (intercept)

ST

B
A

RP

A.._(slope)!
% Vs. /CP B:Z; intsrcept/slope
e e p*

Table 2. Kinetic Models and Their Linearized Expressions

Kinetic Model Equations

Linear Expression Plot

Parameters

Pseudo-first order (17) q,=q,(1- exp(-k,,t))

Pseudo-second order (18) q=k,.qe’t/(1+q k,,)

Log(q,-q)=Logq, (k,/2.303)t

t/q,=1/k,,q,+1/q,

) q,=explintercept)
Log(q.-q,) vs. t k,=-(slope)
q,= (slope)?

v, vs-t k,=(slope)* /intercept

and preparations for higher adsorption efficiency. The
thermodynamic parameters included variations of
the Gibbs free energy (AG®) besides Enthalpy (AH°)
and Entropy (AH°) which are the most important
specifications of an adsorption process in the scientific
applications are calculated using equations 3-5.

AGO = —RTLI’IKC (3)
K =2 (4)

Where R is the universal gas constant equivalent to
8314.3 J/mol.K, g, is metal dosage adsorbed on the
unit of adsorbent mass in mg/g, C, is the equilibrium
concentration of metal ions in the solution in mg/L and T
is the temperature in Kelvin degrees (19).

The average enthalpy changes AH° are calculated using
Van't Hoff equation:

o o o

Lan—AG :AS :_AH 5)

RT R RT
To assess thermodynamic adsorption, the experiments
were carried out at an optimal condition of pH=7,
adsorbent dosage of 1 g/L, initial concentration of 30
mg/L Ni and Cr, at a speed of 150 rpm in a shaker at 25,
30, 40, 50, and 60°C, respectively, during a period of 30
minutes.

3. Results and Discussion
3.1. Characteristics of CuO Nanoparticles

CuO nanoparticles have a purity of 99% with particle
size of 40 nm, specific surface area (SSA) of 20 m?/g, bulk
density of 0.79 g/cm’, true density of 6.4 g/m?, black color
and nearly spherical morphology.

3.2. Assessing the Effect of Solution pH on Ni and Cr
Adsorption Rate

Fig. 1 illustrates the effect of pH on Ni and Cr removal
efficiency via copper oxide nanoparticles. As it is
observed, the maximum Cr and Ni adsorption rates were
observed at pH 3 and 8, respectively. However, since Ni
shows chemical deposition at pH>9, the pH values over
8 were not subjected to experimentation. In general, it
can be said that Ni and Cr adsorption were approximately
equivalent at pH 7. Considering this, the adsorption rate
of metals was compared without consideration of optimal
pH for each of them, and the other experiments were
conducted at pH 7.

The pH is one of the most effective parameters in
the adsorption process; therefore, its adjustment has a
considerable effect on the removal rate of heavy metals
in the aqueous environments. At acidic pH values, the
protons present on the adsorbent surface easily separate
and the adsorbent surface gains negative charge; therefore,
the adsorption rate of Cr increases due to the formation
of electrostatic attraction force (20). With the increase of
pH, the rate of Cr adsorption reduces via adsorbent since
OH- ions concentration in the solution increases and this
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Fig. 1. The Effect of Solution pH on Adsorption Rate of Ni and Cr
lons.

causes competition between these ions and Cr ions to get
adsorbed on the active sites of the surface of the adsorbent
21).

In alkaline solution, sedimentation plays a phenomenal
role in the removal of Ni ions; likewise, the sedimentation
probability of metal hydroxides in the cavities and in
the spaces surrounding the particles is very low since
the adsorption process is faster than the sedimentation
process from the kinetic viewpoint (22). Therefore, it
can be said that Ni removal at pH values lower than 9 is
predominantly controlled via adsorption process and at
pH values higher than 9, it can be expected that this value
increases with Ni hydroxide sedimentation. The results
of a study by Wang et al showed that Cr adsorption rate
increases with the reduction of pH (23). Furthermore, the
results of a study by Xin et al on nickel removal are in
concurrence with the results of the present study (24).

3.3. Assessing the Effect of Contact Time on Ni and

Cr Adsorption Efficiency
As observed in Fig. 2, adsorption speed in the first

100 -
80 -
60 -

uCr
40 - = Ni

% Removal
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Adsorbent dosage (g/L)

Fig. 3. The Effect of Adsorbent Dosage on Removal Efficiency of
Ni and Cr lons.
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Fig. 2. The Effect of Contact Time on Adsorption Rate of Ni and Cr.

minutes was high and with the lapse of time, the adsorption
efficiency was almost constant. The highest Ni and Cr
adsorption rate was achieved with the lapse of time. This
was due to an increase in interaction between metal ions
and active sites of the adsorbent surface. The experiments
were continued for half an hour and the results showed
that with the increase of contact time, the adsorption rate
did not indicate a considerable change, which was due to
the saturation of adsorbent surface.

As observed in Fig. 3, the removal efficiency reached
its highest level in the initial 30 minutes, showing the
high speed and ability of copper oxide nanoparticles to
remove Ni and Cr ions. In fact, as contact time increases,
the possibility of higher contact of ions with functional
groups existing on the adsorbent surface (adsorbent sites)
is provided and adsorption rate increases, but these empty
spaces are occupied by Ni and Cr with the lapse of time,
leading to the reduction in adsorption capacity (25). The
reason for constant adsorption rate is its relationship
with the adsorption capacity since with saturation of
adsorbent surface, the adsorption rate of Ni and Cr

uCr
ENi

% Removal

10 20 30 40 50
Metal Concentration (mg/L)

Fig. 4. Effect of Initial Concentration of Ni and Cr on their
Adsorption Rate .
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reduces; therefore, it can be said that the two phases (solid
and liquid) have reached an equilibrium state (26). The
findings of a study by Altun and Pehlivan on chromium
removal are in concurrence with the results of the present
study (27). Moreover, Pashai Gatabi et al achieved results
similar to the results of this stage of the present study
using the tiny magnetic multiwalled carbon nanotube
nanoadsorbents. They reported that the reaction was
initially fast and reached an equilibrium state with the
lapse of time (28).

3.4. Assessing the Effect of Adsorbent Dosage on the
Removal Efficiency of Ni and Cr ions

The results of the effect of adsorbent dosage (copper
oxide nanoparticles) on adsorption rate of metals (Ni
and Cr) are depicted in Fig. 3. As it is observed in the
tigure, with the increase of adsorbent dosage, Ni and
Cr adsorption rate increases. The number of accessible
adsorption sites and the adsorption rate of the metals
used in this study increase with increase of adsorbent
dosage; however, this trend continued up to the specified
adsorbent dosage against a specified concentration of
Ni and Cr and after that a considerable change was not
observed in the adsorption rate with the increase of
adsorbent dosage (copper oxide nanoparticles).

In this research, with the increase of adsorbent dosage,
Ni and Cr removal rate increased, and the increasing
trend of removal of these metals was due to increase of
the number of active adsorption sites or increase of the
surface of special adsorbent. In fact, with the increase of
adsorbent dosage, the efficiency of adsorption process
increased, but adsorption capacity reduced which was
due to non-saturation of sites in the adsorptive reactions
(29). The results of this stage in the present study are
in concurrence with the results of a study by Hong et al
(30). Furthermore, Feng et al, who used hydroxyapatite
magnetic particles in their study, reported that the removal
efficiency increases with the increase of adsorbent dosage
(31).

3.5. The Effect of Initial Concentration of Ni and Cr
on Their Adsorption Rate

The results of Fig. 4 revealed that with the increase
of Ni and Cr ions concentration, the removal efficiency
reduced in a manner that it reached its lowest rate at 50
mg/L concentration. This reduction was due to surface
constant of copper oxide nanoparticles. Therefore, the
increase of Ni and Cr concentration leads to the reduction
of adsorption rate and removal efficiency.

With the increase of initial concentration of Ni and
Cr ions, their adsorption rate reduces. In fact, the results
stated that the removal efficiency of Ni and Cr has an
inverse relationship with its initial concentration. This
finding signifies that adsorbents have a limited number of
active sites that are saturated at high concentration since
with the increase of the initial concentration of metal

ions, the number of ions competing for reaction with the
functional groups on the surface of adsorbent increases
and the adsorption sites are saturated; likewise, the
increase of metal ions concentration leads to an increase
in the interaction between these ions and the adsorbent,
speeding up the adsorption process (32). The results of a
study by Gupta and Babu on the removal of hexavalent
chromium using sawdust are in concurrence with the
results of the present study (33). A study conducted by
Mahdavi et al on the removal of heavy metals showed
that with the increase of metal ions concentration, the
removal efficiency reduces, which is in concurrence with
the results of the present study (34).

3.6. Determination of Adsorption Isotherm Model
Different experiments were carried out to assess
adsorption isotherms based on basic pH conditions,
contact time and optimal adsorbent rate with varied initial
concentrations of Ni and Cr. The isotherm curves were
constructed using the results of adsorption experiment
(Figs. 5 t0 9). Constant and correlation coefficients of the
adsorption isotherm models are depicted in Table 3.
The correlation coefficient achieved from isotherms
assessment can be used as a suitable criterion. The results
of isotherm models including Langmuir, Freundlich,
Tembkin, Redlich-Peterson and Koble-Corrigan showed
a high correlation coefficient. The achieved correlation

Table 3. Adsorption Modeling of Ni and Cr through Different
Isotherms and Their Respective Parameters

Isotherms Parameters R?
o q,= 30.48 (mg/g)
Langmuir Ni K= 137 (Limg) 0.9982
. q,=27.32 (mg/g)
Langmuir Cr K'=1.07 (Limg) 0.992
— 1/
Freundlich Ni K= 14.76 (mg/g (L/mg)"™) 0.8929
n=3.52
— -1y 1/n
Freundlich Cr Ke= 12.003 (mg/g) (L mg")'™) 0.7887
n=3.22
o B,=5.213 (mg/g)
Temkin Ni K =22.37 (Limg) 0.929
) B,=5.314 (mg/g)
Temkin Cr K'=10.91 (Lmg) 0.8198
g=1.413
Redlich-Peterson Ni B, ,= 26.49 (L/mg) 0.9713
A= 1.6 (mg/g (Lmg))
g=1.375
Redlich-Peterson Cr B ,= 14.75 (L/mg) 0.9485
A= 1.8 (mg/g (Umg))
A=0.081 (mg/g (L/mg))
Koble-Corrigan Ni B, .= 0.0086 (L/mg)” 0.9403
P=0.3
A =0.1044 (mg/g (L/mg))
Koble-Corrigan Cr B .= 0.0058 (L/mg)” 0.8853

P=0.4
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Fig. 9. The Plot of Koble-Corrigan Isotherm of Ni and Cr
Adsorption.

coefficient for Langmuir model for both of the metals (Ni
and Cr) was over 0.99, therefore, Ni and Cr adsorption
via copper oxide nanoparticles follows Langmuir
model. The Langmuir isotherm is based on monolayer
adsorption of uniformly adsorbed material on all surfaces
of the adsorbent and assumes that the adsorbent surface
has equal energy sites where each adsorbed molecule is
assigned to a single site (12).

In the studies conducted by Onundi et al and Malarvizhi
& Santhi on Ni removal, the adsorption data indicated
a high conformity with the Langmuir isotherm that is
in concurrence with the present study results (26,35).
Likewise, the results of the present study at this stage are
in line with the results of Gupta and Rastogi on the Cr
removal that follows Langmuir model (36).

3.7. Evaluation of Adsorption Kinetics

Adsorption kinetics study of Ni and Cr was conducted
using two kinetic models including pseudo first order
and second order kinetic models. The kinetic adsorption
curves have been shown in Figs. 10 and 11. The coefficients
related to kinetic models are tabulated in Table 4.

Based on the results of kinetic models and correlation
coefficient of these models, it can be safely said that
Ni and Cr adsorption on copper oxide nanoparticles
was described better with pseudo second order kinetic
model and their correlation coefficient values were
over 0.99. In the pseudo-quadratic form, it is assumed
that the chemical adsorption controls the adsorption
phenomenon and the rate of occupation of the adsorption
sites is proportional to the square of the number of sites
not occupied. The results of a study entitled “removal of
toxic hexavalent chromium from aqueous solutions by
nickel ferrite-polyethylene nanocomposite” by Agrawal
and Singh showed that pseudo second order kinetic
model was suitable for Ni removal and the correlation
coefficient value of this kinetic model was 0.998 which is
in concurrence with the results of the present study (37).
A study by Malkoc et al on the removal of Ni ions from
aqueous solutions reported that the experimental data
were fitted by the pseudo second order kinetic model (38).
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Table 4. Parameters of Adsorption Kinetic Models of Ni and Cr

Kinetic Parameters R?

K,=0.018 (1/h)

ge=10.08 (mg/g) 0-6128

Pseudo-first order Ni

K,=0.015 (1/h)

Pseudo-first order Cr de= 11.85 (Mg/g) 0.6052
. K,=0.0044 (g/mg.h)

Pseudo-second order Ni de= 28.57 (mg/g) 0.9953

Pseudo-second order Cr K,= 0.0034 (g/mg-h) 0.9912

ge= 28.24 (mg/g)

3.8. Determination of Thermodynamic Parameters
of Adsorption

The results of the effect of solution temperature on Ni
and Cr removal efficiency are demonstrated in Fig. 12. In
addition, the values of thermodynamic parameters of Ni
and Cr removal have been tabulated in Table 5. Regarding
the effect of solution temperature variations on Ni and Cr
adsorption process, the results signified that the adsorption
process was more favorable at higher temperatures, and
this finding confirms that Ni and Cr adsorption process
was endothermic. The positivity of AH values validates
this fact and based on it, the increase in temperature
causes an increase in maximum adsorption capacity. The
positivity of AS values signifies an increase in the disorder
on the solid-liquid surface during the adsorption process
that causes a little change in the adsorbent structure
and adsorbate, and as a result, the adsorption becomes
irreversible (39). The negativity of AG values signifies
that Niand Cr ion adsorption is possible for the adsorbent
such as copper oxide nanoparticles. The results of a study
by Hubicki et a. are in concurrence with the result of the
present study at this stage (40).

4. Conclusion

In this research, the effect of various parameters
on Ni and Cr adsorption from aqueous solutions via
copper oxide nanoparticles was assessed. Based on the
results of this study, it can be safely stated that copper
oxide nanoparticles under optimal conditions could
highly remove Ni and Cr with an initial concentration
of 30 mg/L from aqueous solutions. The assessment

Table 5. The Calculated Thermodynamic Parameters for Ni and Cr ions Adsorption

oCr
ENi

Log (qe-qt)

y=-0.0068x + 1.074
R?=0.6052

02 T y=00079x+ 10036
T R-0618

0 20 40 60 80 100 120 140
Time (min)

Fig. 10. The Plot of Pseudo First Order Adsorption Kinetics of Ni
and Cr.

of isotherm models revealed that the Langmuir model
in comparison with the other adsorption models had
a better conformity with the data. The evaluation of
kinetic adsorption signified that the kinetic adsorption
of Ni and Cr via iron oxide nanoparticles followed the
pseudo second order model. Meanwhile, considering the
achieved thermodynamic constants, it was clear that the
adsorption process of metals viz. Ni and Cr via iron oxide
nanoparticles was endothermic and spontaneous. In
conclusion, the results of this study signified that copper
oxide nanoparticles have a high ability in removing
heavy ions viz Ni and Cr from the aqueous solutions.
The research was conducted with an aim to assess the
efficiency of copper oxide nanoparticles as an adsorbent
to remove Ni and Cr. The effect of pH, adsorbent dosage,
contact time, initial concentration of metals (Ni and Cr)
on the adsorption rate was evaluated and removal of
these elements from aqueous solutions was measured
using Atomic Absorption Spectrum System (Conter
AA700). Moreover, the kinetic and isotherm besides
thermodynamic adsorption models were assessed. The
highest Ni and Cr removal rate occurred at an optimal
pH of 7, and an initial concentration of 30 mg/L, a
time period of 30 minutes, and 1 g/L of copper oxide
nanoparticles. In fact, with the increase of adsorbent
dosage and contact time, the removal efficiency increased
and with initial concentration increase of Ni and Cr
ions, the removal efficiency reduced. The correlation
coefficient of isotherm models viz. Langmuir, Freundlich,

Thermodynamic

Temperature (°K)

Metal lons Parameters =
298 303 313 323 333

AH (kJ/mol) 17.727

Ni AS (J/mol.k) 0.075 0.9807
AG (k)/mol) -4.65673 -4.8935 -5.92578 -6.41717 -7.26074
AH (k)/mol) 11.862

Cr AS (J/mol.k) 0.053 0.9739
AG (k)/mol) -4.00998 -4.34935 -4.73544 -5.2346 -5.97493
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Fig. 11. The Plot of Pseudo Second Order Adsorption Kinetics of
Ni and Cr.

Temkin, Redlich-Peterson, and Koble-Corrigan showed
that Ni and Cr adsorption via copper oxide nanoparticles
better follows the Langmuir model in relation to other
models. The results showed that kinetic adsorption of Ni
and Cr via copper oxide nanoparticles follows the second
order pseudo model with correlation coefficients above
0.99. In addition, the achieved thermodynamic constants
revealed that the adsorption process of metals (i.e., Niand
Cr) via copper oxide nanoparticles was endothermic and
spontaneous and the reaction enthalpy values for these
metals were 17.727 and 11.862 kJ/mol, respectively. In
conclusion, copper oxide nanoparticles can be used as
effective and environmentally compatible adsorbents to
remove Ni and Cr ions from the aqueous solutions.
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