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a b s t r a c t
Nanoparticles of copper oxide (CuO) were achieved via thermal treatment for Cu(II) organome-
tallic complex at calcination temperature up to 650°C. CuO nanoparticles that synthesized were 
elucidated by different spectroscopic techniques such as X-ray diffraction, energy-dispersive 
X-ray spectroscopy. CuO nanoparticles were accepted by scanning electron microscopy analysis 
as its average diameter was from 15 to 20 nm nanoparticles, and N2 adsorption–desorption as the 
Brunauer–Emmett–Teller surface area was originated to be 42.674 m2 g–1. Studying the adsorption 
of acid red 57 (AR57) onto CuO nanoparticles from aqueous, to evaluate the influence of pH, initial 
dye concentration, dosage, temperature, and contact time. Practical results clarified that the adsorp-
tion potential of CuO for AR57 was improved in acidic instead of basic solutions. The kinetics and 
equilibrium adsorption data were analyzed using the common adsorption models. These outcomes 
detect that Langmuir isotherm fits with the practical data obtained by a good level. The dye uptake 
process followed the pseudo-second-order rate expression. The activation energy of adsorption 
was also evaluated and found to be 30.94 kJ mol−1, indicating that the adsorption is chemisorption. 
Various thermodynamic limits, such as ΔG, ΔH, and ΔS were determined at various temperatures 
using adsorption equilibrium constants obtained from the Langmuir isotherm. Thermodynamics of 
adsorption detect the endothermic and spontaneous nature of such process.
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1. Introduction

Rivers, oceans, and lakes are getting more and more 
water disposed of due to a major problem which is water 
pollution. One of the water pollutants that has gained a great 
deal of attention is organic dye because of its toxic nature 
and adverse effects on all life forms [1]. The industry of 
dyes is one of the significant causes for environmental pol-
lution due to greatly colored waste discharge [2]. Colorants 
are immune to light, other chemicals, oxidizing agents, and 
are biologically non-degradable due to its chemical struc-
ture, and hence once released into the aquatic environment 
it is hard to remove [3]. Aquatic life can be affected by the 
removal of this colored water into receiving waters. 

Conventional wastewater treatment methods are very 
difficult to use in treating dyes from the textile industry 
due to economic considerations, such as ultrafiltration, 
coagulation, oxidation, ozonation, reverse osmosis, sed-
imentation, flotation, precipitation, etc. Removal of con-
taminants by adsorption has gaining in popularity in 
recent years because of the proven efficiency of changing 
wastes to stable forms than the above conventional treat-
ment methods [4]. Copper oxide, has taken great consid-
eration as a result of its attractive potential applications as 
its uses in an interesting class of crystalline materials [5,6]. 
The catalytic behavior and selectivity of the nano copper 
oxide are superior to that of the bulk copper oxide mate-
rial. Nanoparticle surface modification leads to high sur-
face functionality that increases the exposed surface area, 
and more significantly, helps to monitor particle agglom-
eration across time. These could give the nanoparticles 
excellent adsorption activity of colorants and pesticides 
[7,8]. Copper oxide (CuO) nanoparticles have been widely 
considered for many years due to their important roles 
in catalysis, metallurgy, and high-temperature supercon-
ductors. Several preparation methods of CuO nanoparti-
cles have been reported [9,10]. The chemical and physical 
properties of these materials depend on its composition, 
structure, phase, shape, and size distribution. Several 
efforts were excreted to explore the possible implementa-
tion of such metal oxide nanoparticles for socio-economic  
development [11,12].

In this research, we planned to investigate the efficiency 
of CuO nanoparticles as an adsorbent to eliminate hazard-
ous dye (AR57) from an aqueous solution. As AR57 was 
anionic dye (acid dye), the treatment of industrial waste-
water to remove color from it has become environmen-
tally important. The anionic dyes in the aqueous solution 
carry a net negative charge due to the sulfonate groups. 
Therefore, a great demand is to treat these effluent dyes 
before releasing into an aqueous environment. Also, they 
have an aromatic structure which makes them more stable 
and difficult to biodegrade. Systematic characterization of 
materials as the prepared nanoparticles of CuO was con-
firmed by means of various techniques. Indexes effect on 
adsorption process such as adsorbent dosage, initial adsor-
bate concentration, solution, contact time, pH, and tempera-
ture were studied experimentally. The experimental equi-
librium adsorption data was analyzed by kinetic and iso-
therm models. To describe the mechanism of the operation, 
the thermodynamic parameters were evaluated.

2. Experimental

2.1. Materials and devises

All handled reagents were obtained and used without 
any further purification from Sigma Aldrich (Germany) 
and Merck (Germany). A commercial textile dye Acid Red 
57 was obtained from Cromatos Società a resposabilità 
limitata (Italian), a dyes company located in Italy, and was 
used as received without further purification. Automatic 
Analyzer CHNS Vario ELIII, Germany, obtained micro-
analytical data (C, H, and N). The copper content was 
estimated using a flame atomic absorption spectrophotom-
eter (model Varian AA240FS) for each stoichiometric mea-
surement. Spectroscopic data of the chelate was obtained 
using Fourier transform infrared (FTIR) spectrum (KBr 
discs, 4,000–400 cm−1) by Jasco FTIR-4100 spectrophotometer 
(Japan). Structural deviations of the as-prepared CuO sam-
ple was investigated by X-ray diffraction (XRD) system by a 
Shimadzu XRD-6000 diffract meter (Shimadzu Corporation, 
Tokyo, Japan) equipped with Cu Kα radiation (λ = 1.54 Å). 
At a scanning rate of 0.02°, the 2θ range ranged between 5° 
and 80°. The values of the crystal structure, space group, and 
lattice parameters were calculated and optimized using the 
computer databases CRYSFIRE and CHEKCELL [13]. The 
HACH LANGE DR5000 (UV-visible spectrophotometer) 
was used for sample maximum absorbance using 1.0 cm 
quartz cells. N2 sorption isotherms were recorded at the 
boiling temperature of liquid nitrogen (–196°C) on ASAP 
2020 (Micrometrics, USA). Before analysis, the particles 
were exposed to a vacuum (5 × 10−3 torr) at 200°C in order 
to ensure a clean surface. Brunauer–Emmett–Teller (BET) 
method was utilized and from which BET surface area 
and Barrett–Joyner–Halenda (BJH) pore volume were esti-
mated. Scanning electron microscopy (SEM) was utilized 
to investigate the surface morphology of CuO at accel-
erating voltages of 20 kV (JEOL-JSM-6510 LV) by using a 
gold coating examination. The distribution of CuO ele-
ments was configured by using energy-dispersive X-ray 
spectroscopy (EDX) and taken on a Leo1430VP microscope 
with an operating voltage 5 kV. HANNA instrument pH 
meter (Romania) (model 211) was used for pH modification.

2.2. Preparation of [Cu(L)(CH3COO)]2H2O chelate

The azo compound of (E)-2-(5-phenyl-4,5-dihydro-1H-
pyrazol-3-yl)-4-(phenyldiazenyl)phenol (HL) and its [Cu(L)
(CH3COO)]2H2O chelate (Fig. 1) were prepared previously 
[14] and its purity was checked by elemental analyses and 
FTIR spectroscopy.

For (HL): yield, 78%, FW: 342.40 g mol–1. Analysis: 
found: C 73.57%, H 5.28%, and N 16.45%. Calculated for 
C21H18N4O: C 73.66%, H 5.28%, and N 16.45%. FTIR (ν cm−1) 
in KBr: 3,418 (OH); 3,325 (NH)pyr; 1,720 (C=O); 1,595 (C=N)pyr; 
and 1,496 (N=N).

For [Cu(L)(CH3COO)]2H2O: yield, 75%, FW: 500.0 
g mol–1. Analysis: found: C 55.25%, H 4.84%, N 11.21%, 
and Cu 12.71%. Estimated for C23H24CuN4O5: C 55.40%, H 
4.74%, N 11.09%, and Cu 12.68%. FTIR (ν cm−1) in KBr: 1,580 
(C=N)pyr; 1,558 (COO−)asym; 1,450 (COO−)sym; 690 (Cu–O); 
and 520 (Cu–N).
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2.3. Preparation of CuO nanoparticles

[Cu(L)(CH3COO)]2H2O chelate was treated thermally 
at a calcination temperature of 650°C for 4 h to obtain 
CuO. In addition, a 200 μm mesh was used to sieve the 
dried CuO sample in order to obtain small uniform par-
ticles. CuO nanoparticles can be produced by this quick 
and simple method without costly and toxic solvents or 
complicated equipment.

2.4. Batch adsorption technique

Batch adsorption techniques were performed to study 
the consequence of limitations such as adsorbent dose, 
initial dye concentration, contact time, solution pH, and 
temperature for the removal of AR57 by CuO nanopar-
ticles. Stock solutions of AR57 (1 × 10−3 M) were prepared 
by dissolving an accurate quantity of AR57. Deionized 
water was used in preparing the stock solutions and also 
throughout the experimental analysis [15]. Then shak-
ing of 50 mL conical flasks that contain 0.02 g of CuO and 
25 mL of dye solutions of anticipated concentration with 
attuned pH was carried out by using a shaker water bath 
under a constant speed of 200 rpm. To observe the effect 
of adsorbent dose on dyes adsorption, different amounts 
of CuO (varying from 0.01 to 0.10 g) were, respectively, 
added into the initial concentration of AR57 (1.22 × 10−4 M) 
at 25°C and the desired pH until the equilibrium time was 
reached. Changing pH values from 2 to 12, to investigate 
the effect of pH on AR57 adsorption and modified to the 
desired value using 0.1 mol L–1 HCl and 0.1 mol L–1 NaOH 
solutions. Using centrifuge at 3,000 rpm for 5 min at the 
end of the adsorption cycle, the supernatant solution was 
isolated from the adsorbent. Therefore, the residual con-
centration of dye was spectrophotometrically evaluated 
by UV-vis spectrophotometer at 512 nm for AR57. Eq. (1) 
was used to measure the percentage of dye removal (R):

R
C C
C

e=
−( )

100 0

0

 (1)

where C0 (mmol g−1) is the initial dye concentration 
and Ce (mmol g−1) is the equilibrium dye concentration after 
time t.

For the adsorption isotherm process, dye solutions 
of different concentrations (8.85 × 10−5 – 3.63 × 10−4 M) for 
AR57 were agitated with 0.02 g of adsorbent until achiev-
ing equilibrium. Equilibrium adsorption capacity, qe 
(mmol dye per g adsorbent) was designed from Eq. (2):

q V
C C
me

e=
−( )0  (2)

where Ce (mmol g−1) is the dye concentration at equilib-
rium, V (L) is the volume of solution, and m (mg) is the 
weight of adsorbent.

The kinetic experiment at constant temperature was 
similar to that of the equilibrium experiments. Available 
aqueous samples (5 mL) were obtained from solution at 
predetermined moments, the liquid was extracted by cen-
trifuge from the adsorbent and the dye concentration in 
solution was measured spectrophotometrically. Applying 
Eq. (3), the adsorbed dye quantity at time t, qt (mmol g−1) 
was obtained.

q V
C C
mt

t=
−( )0  (3)

where C0 (ppm) is the initial concentration of dye, Ct (ppm) 
is the dye concentration at any time t, V (L) is the volume 
of the solution, and m (mg) is the mass of the adsorbent.

Then, thermodynamics of the adsorption process indi-
cate that the AR57 adsorption behavior was investigated at 
20°C, 25°C, 30°C, 35°C, 40°C, and 45°C with an initial dye 
concentration 1.22 × 10−4 M and adsorbent dosage of 0.02 g 
CuO. The solution was shaken for 30 min at 200 rpm using 
a shaker water bath, then the absorption was measured 
spectrophotometrically [16] and qt (mmol g−1) was estimated.

The point of zero charge (pHPZC) was calculated using 
the method of solid addition. A series of 0.1 M KNO3 solu-
tions (50 ML each) were prepared and their pH values were 
adjusted in the range 1–12 by adding 0.1 mol L−1 HCl or 
0.1 mol L−1 NaOH. To each solution, 0.1 g of CuO nanopar-
ticles were added and the suspensions and then shacked 
manually, and the solution was kept for a period of 48 h 
with intermittent manual shaking. The final pH of the solu-
tion was recorded and the difference between initial and 
final pH (ΔpH) (Y-axis) was plotted against the initial pH 
(X-axis).

3. Results and discussion

3.1. Characterization of CuO nanoparticles

3.1.1. XRD patterns

The chemical composition of the CuO nanoparticles 
was analyzed using XRD analysis. The results of XRD 

R

N
N

O
Cu

N

NH

O

O

CH3

2H2O

Fig. 1. Structure of Cu(II) chelate (R=H).
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show a number of peaks in the 2θ range of 20°–80° (Fig. 2). 
In diffraction pattern, all peaks are well indexed to the 
monoclinic phase of CuO with space group C2/c, which 
was confirmed by JCPDS card No. 00-045-0937 [12]. The 
characteristic peaks located at 2θ = 32.17°, 35.16°, 38.38°, 
38.88°, 48.40°, 53.13°, 58.94°, 61.18°, 65.40°, 66.28°, 67.70°, 
68.10°, 72.38°, 74.81°, and 76.77° are assigned to (110), (002), 
(111), (200), (202), (020), (202), (113), (022), (311), (113), (220), 
(311), (044), and (222) plane orientation of CuO. The main 
peaks at 2θ = 35.16° and 38.88° of nearly equal intensities 
corresponding to (002) and (111) planes are the characteris-
tic peaks for the monoclinic phase of pure CuO nanoparti-
cles. The average crystallite size (D, Å) has been estimated 
from the XRD pattern using the Scherrer’s equation (Eq. 
(4)) [17]. There are no peaks observed for any impurity, 
indicating the high purity of the sample.

D K
B

=
λ

β θcos
 (4)

where λ is the X-ray wavelength (1.54 Å), β is the angular 
width of the peak at half its maximum intensity (full width 
at half-maximum) corrected for instrumental broaden-
ing, B is the maximum of the Bragg diffraction peak, and 
K is the Scherrer constant (0.9 Å). The crystallite size of 
CuO calculated from the high-intensity (002) peak was 
17.13 nm (Fig. 2).

3.1.2. BET surface area

BET surface area and BJH pore size of CuO nanoparti-
cles were investigated using N2 adsorption/desorption mea-
surements at 77 K (Fig. 3). The N2 adsorption–desorption 
isotherm of CUO nanoparticles is classified as type III 
that referred to non-porous solid at P/P0 = 0.991. BET sur-
face area of CuO was created to be 42.674 m2 g–1, assuming 
a value of 16.2 Å for N2 molecule cross-sectional area [12]. 
The total volume of pore taken at a saturation pressure 
and expressed as liquid volume, however, is 0.1178 cm3 g–1 
and 14.5068 nm in average pore diameter. BJH had a sur-
face area of 61.139 m2 g–1, a pore volume of 0.125 cm3 g–1 
and a pore diameter of Dv(d) 1.656 nm. The external sur-
face area 42.674 m2 g–1 were (calculated on t-plot method), 
which is advantageous for adsorption application.

3.1.3. SEM analysis

SEM technique was utilized to examine the morphol-
ogy of the surface for CuO nanoparticles. Fig. 4 clarifies 
a uniform development of metal oxide. Higher magnifi-
cation SEM images show that the cultivated nanostruc-
tures have appeared in nanoparticle features that have 
been interconnected then produced pores and crevices, 
which creating wide surface areas for fast dye diffusion on 
the surface of metal oxides [18]. CuO nanoparticles were 
accepted by SEM analysis as its average diameter was 
from 15 to 20 nm nanoparticles.

3.1.4. EDX spectroscopy

Energy dispersive X-ray analysis is based on the idea that 
a particular atomic structure provides each element with a 
unique collection of peaks on the X-ray spectrum. The ele-
mental composition of CuO nanoparticles was determined 
by EDX analysis coupled with SEM. Peaks assigned to Cu 
and O were identified, but no impurity peaks were found, 
which further identified that the CuO was pure for a long 
time (Fig. 5) [18].

3.1.5. Optical properties

The energy gap quantity of CuO nanoparticles was eval-
uated from UV-visible spectroscopy to study the optical 
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Fig. 2. X-ray diffraction spectra of CuO nanoparticles.
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properties of these particles. Depending on the absorption 
spectrum of the sample, the bandgap energy of CuO 
nanoparticles was measured based on Eq. (5):

Eg
g

=
1 240,

λ
 (5)

where Eg is the energy value of the optical band gap of 
photocatalyst, λg is the wavelength in nm used as the 
absorption edge. In addition, the bandgap energy was cal-
culated using Tauc’s formula [19,20] which clarifies the 
absorption coefficient relationship as follows (Eq. (6)) [20]:

α ν νh B h E
n

g( ) = −( )1/  (6)

where α is the absorption coefficient, h is Planck’s constant, 
and ν is the frequency (ν = c/λ, λ is the wavelength, c is 
the light speed). For the allowed direct bandgap the value 
of n equal to 1/2. Exponent n is dependent on the form of 
transformation and may have values of 1/2, 2, 3/2, and 3 
correspondings to the permitted direct, permitted indirect, 
prohibited direct, and prohibited indirect transitions [21]. 
B is a constant and generally called band tailing parameter. 
Thus, the band gap energy was found 1.10 eV and obtained 

graphically from (αhν)2 vs. hν for direct transition, extrap-
olating the linear part on the abscissa according to Eq. (6).

3.1.6. Identification for point of zero charge (pHPZC)

The zero charge point (pHPZC) was calculated by means 
of a solid addition process. A series of 0.1 M KNO3 solu-
tions (50 ML each) were prepared and their pH values 
were adjusted in the range of 1.0–12.0 by addition of 
(0.1 or 0.01 mol L–1 HCl), or (0.1 or 0.01 mol L–1 NaOH). 
0.1 g of CuO was applied to each solution and the sus-
pensions were shackled manually, and the solution was 
held at 25°C for a duration of 48 h with occasional manual 
shaking. The overall pH of the solution was reported and 
the difference was plotted against the initial pH (X-axis) 
between the initial and final pH (ΔpH) (Y-axis).

One of the most important parameters for AR57 sorp-
tion was pH, as it determined which ionic species in the 
adsorbate solution were present and the sorbent surface 
charge. PZC, which is definite as the pH (pHPZC) at which 
the positive charges on the surface are equal to the neg-
ative charges, was used to determine the surface charge 
of CuO nanoparticles. CuO’s pHPZC was originated to be 
7.88. This shows that below this pH, the CuO nanopar-
ticles acquire a positive charge due to the protonation of 
functional groups and above this pH, a negative charge 
occurs on the surface of CuO. At pH < pHPZC, adsorption 

Fig. 4. SEM image of CuO nanoparticles.

Fig. 5. EDX pattern of CuO nanoparticles.
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of anionic dyes is preferred where the surface becomes 
positively charged (Fig. 6) [22].

3.2. Batch experiments

3.2.1. Effect of pH

The pH value of the aqueous solution is a significant 
limitation in the study of anionic dye adsorption because 
of its effect on both the ionization of dye molecules and 
the surface binding sites. The removal of the tested dye 
AR57 by CuO nanoparticles at altered pH values (2–12) 
was studied at an initial concentration of 1.22 × 10−4 M for 
AR57 at 25°C with 0.02 g CuO. The CuO nanoparticles 
have proved to be an effective adsorbent for the elimina-
tion of this dye and the most actual pH was 3 for AR57 
(Fig. 7). The positive charge on the oxide or solution inter-
face decreases as the pH of the solution is elevated, and 
the adsorbent surface becomes negatively charged. On 
the other hand, the concentration of OH− ions and ionic 
repulsion between the negatively charged surface and the 
anionic dye molecules may be due to lower adsorption at 
elevated pH values [23]. Consequently and at such pH val-
ues, there are also no exchangeable anions on the outer 
surface of the adsorbent then the adsorption decreases. 
Thus, at pH < pHPZC, where the surface is positively 
charged, the adsorption of anionic dyes is favorable.

3.2.2. Effect of adsorbent dosage

The adsorption of AR57 to CuO nanoparticles sorbent 
was studied by altering the adsorbent range 0.01–0.1 g 
per 25 mL, 1.22 × 10−4 M, and pH 3 for AR57 at adsorbate 
concentrations. Outcomes in Fig. 8a show the adsorption 
potential of AR57 as a purpose of the quantity of adsorbent. 
Adsorption potential was found to decrease from 1.06 to 
0.28 mmol g–1 for AR57 and increases from 0.01 to 0.1 g per 
25 mL as the dose of CuO increases. The dosage effect on 
the equilibrium concentration (C/C0) of AR57 by the cop-
per oxide sorbent is shown in Fig. 8b. The balance concen-
tration of AR57 is reduced as the dosage increases, due to 
the rise in the adsorbent surface area of the adsorbent.

3.2.3. Effect initial concentration (C0)

The effect of the initial AR57 concentration on CuO 
nanoparticles was investigated with a dye concentra-
tion of 8.85 × 10−5 – 3.63 × 10−4 M and an adsorbent dose of 
0.02 g. With an increase in the initial dye concentration 
of AR57, the removal percentage decreased. The percent-
age decrease in adsorption is due to saturation at higher 
concentrations of AR57 of the active binding sites of CuO.
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3.2.4. Adsorption isotherms

The experiments were performed at pH 3 and 1.22 × 
10−4 M for AR57, with an adsorbent dose of 0.02 g at 25°C. 
Isotherm studies provide valuable insights by clarifying 
the distribution of adsorbate during the adsorption equi-
librium between solid and solution level, and adsorption 
isotherms show the actions of adsorbate how to commu-
nicate with the adsorbent. Adsorption isotherms describe 
equilibrium studies that give the ability of the adsorbent 
and adsorbate, which is typically the ratio amongst the 
amount adsorbed and that remained in solution at equi-
librium at fixed temperature [24,25]. To consider the equi-
librium adsorption of compounds from solutions such as 
Langmuir [26], Freundlich [27], Dubinin–Radushkevich [28], 
and Temkin [29], various isothermal models have been used.

The linear and nonlinear forms of Langmuir, Freund-
lich, Dubinin–Radushkevich, and Temkin isotherm mod-
els and their limitations are shown in Table 1. Where qe 
the adsorbed amount of dye at equilibrium concentration 
(mmol g−1), qmL is the maximum sorption capacity (corre-
sponding to the saturation of the monolayer, mmol g−1) 
and KL is the Langmuir binding constant which is related 
to the energy of sorption (L mmol−1), Ce is the equilib-
rium concentration of dyes in solution (M). KF (mmol g−1) 
(L mmol−1)1/n and n are the Freundlich constants related to 
sorption capability and intensity, respectively. KDR (J2 mol−2) 
is a constant belongs to sorption energy, qDR (mmol g−1) 
is the theoretical saturation capability, ε (J2 mol−2) is the 
Polanyi potential. R (8.314 J mol−1 K−1) is the gas con-
stant, T is the temperature where the adsorption occurs, 
AT (L mg−1) is the Temkin isotherm constant, bT (J mol−1) is 
Temkin constant in relation to heat of adsorption.

The isotherm model of Langmuir was found to be the 
most effective model for defining the isotherm for AR57 dye 
adsorption onto the CuO sorbent (Figs. 9 and 10). However, 
the Freundlich lines departed from the experimental data 
points from the isothermal fitting. The isotherm fitting 
was plotted on the basis of the nonlinear equations using 

the model constant parameters obtained from the linear 
equation plot analysis. The Langmuir model provided the 
high coefficient of determination R2 = 0.9999 for AR57.

In addition, the qm determined from the Langmuir iso-
therm was similar to the experimental qmax. Analysis of 
isotherm parameters proposed by Dubinin–Radushkevich 
was determined (Table 1). Concerning the effect of the 
porous structure of sorbent and the energy involved 
in the sorption process, this isotherm was created. The 
results of Dubinin–Radushkevich isotherm are reported 
in Table 1 and Fig. 10. The mean sorption energy value is 
30.94 kJ mol−1. This is reliable in relation to the proposed 
chemisorption process. Indeed, 8 kJ mol−1 is commonly 
accepted as the limit energy for separation, physical 
(below 8 kJ mol−1), and chemical sorption (up to 8 kJ mol−1).

3.2.5. Adsorption kinetics and mechanism studies

The analysis of adsorption kinetics explains the sol-
ute uptake rate and obviously this rate influences the 
residence time of adsorbate uptake at the solid–solution 
interface. The rate of removal of tested dye by adsorption 
was rapid initially with time increased and then slowed 
progressively until it reached an equilibrium above which 
there was a substantial increase in the rate of removal. 
At 100 min, the maximum adsorption was observed and 
is thus set as the time of equilibrium [11].

In order to determine the adsorption kinetics of AR57 
dye on CuO, according to the below kinetic model equations, 
the pseudo-first-order and pseudo-second-order kinetic 
models were used to match the experimental results.

The pseudo-first-order rate expression of Lagergren [30] 
is given as Eq. (7):

log logq q q k te t e−( ) −= 1  (7)

The pseudo-second-order kinetic model [31] is expressed 
as Eq. (8):

Table 1
Isotherms and their linear forms for the adsorption of AR57 onto CuO nanoparticles

Isotherm Equation Value of parameters

Langmuir
C
q q K

C
q

e

e m L

e

m

= +
1

The constants qm and KL are calculated 
by the plot of Ce/qe vs. Ce with slope 
1/qm and intercept 1/(qmKL)

qm,exp (mmol g−1) 1.2459
qm (mmol g−1) 1.256
KL (L mmol−1) 248,387.968
R2 0.9999

Freundlich ln ln lnq K C
ne F e= +
1

KF and n can be calculated from a linear 
plot of lnqe vs. lnCe

n 22.9357
KF (mmol g−1) (L mmol−1)1/n 0.5014
R2 0.539

Dubinin–
Radushkevich

ln lnq Q Ke = −DR DRε2

The slope of the plot of lnqe vs. e2 gives 
KDR (mol2 kJ–2) and the intercept 
yields the adsorption capacity, 
QDR (mmol g–1)

QDR 0.346
KDR (J2 mol−2) –4.9E-10
Ea (kJ mol–1) 31.94
R2 0.74

Temkin q K Ce T T T e= +β βln ln
The parameters β and KT are the Temkin 

constants that can be determined by 
the plot of qe vs. lnCe

bT (L mol−1) 49,413.08
AT (kJ mol−1) 31.29
R2 0.7139
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t
q k q q tt

= +
1 1

2 2
2

2

 (8)

where qt is the amount of dye adsorbed (mmol g−1) at various 
times t, qe is the maximum adsorption capacity (mmol g−1) for 
pseudo-first-order adsorption, k1 is the pseudo-first- order 
rate constant for the adsorption process (min−1), q2 is the 
maximum adsorption capacity (mmol g−1) for the pseudo- 
second-order adsorption, k2 is pseudo-second-order adsorp-
tion (g mol−1 min−1) rate constant. The straight-line plots of 
log(qe − qt) vs. t for pseudo-first-order reaction and t/qt vs. t for 
pseudo-second-order reaction (Figs. 11 and 12). The adsorp-
tion of AR57 dye onto CuO have also been tested to obtain 
the rate parameters. The k1, k2, qe, q2, and correlation coeffi-
cients, r1

2 and r2
2 for the dye under different temperatures 

were evaluated from these plots and tabulated in Table 2.
So, neither pseudo-first-order nor pseudo-second-or-

der model can classify the diffusion mechanism; then the 
kinetic results were further analyzed for diffusion mecha-
nism by using intra-particle diffusion model. The effect on 
adsorption of intra-particle diffusion constant (internal sur-
face and pore diffusion) can be calculated by Eq. (9):

q k t It = +id
1 2/  (9)

where I is the intercept and kid is the rate constant of 
intra-particle diffusion (mg g−1 min0.5) which is determined 
from the linear plot of qt vs. t1/2 (Figs. 11 and 12) and it is 
usually used to compare mass transfer rates. Accordingly, 
if intra-particle diffusion is involved in the adsorption pro-
cess, the plot of uptake, qt vs. the square root of time, t1/2 
should be linear and if these lines move through the origin, 
then the rate-control stage is intra-particle diffusion. The 
intra-particle diffusion rate constant and intercept values 
are displayed in Table 2 [24,25].

The Elovich equation is used for general application 
to chemical adsorption. For certain chemical adsorption 
processes, the equation has been applied satisfactorily 
and has been found to cover a wide range of slow adsorp-
tion speeds. Systems having heterogeneous nature of the 
adsorbing surface, Eq. (10) as the same equation is also valid 
and expressed as:

q tt = +








 ( ) 









1 1
β

αβ
β

ln ln  (10)
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Fig. 9. Linearized isothermal sorption plots for AR57: (a) Langmuir equation and (b) Freundlich equation.
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Fig. 10. Linearized isothermal sorption plots for AR57: (a) Dubbin–Radushkevich equation and (b) Temkin model.
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Table 2
Kinetic parameters and their correlation coefficients for the adsorption of AR57 onto CuO nanoparticles.

Model Equation Value of parameters

Pseudo-first- order 
kinetic

log log
.

q q q
K

te t e−( ) = −








1

2 303

The plot of ln(qe – qt) against t gives a 
straight line with the slope –K1 and 
intercept lnqe

K1 (min−1) 0.0145
qe (mmol g−1) –0.0145
R2 0.95476

Pseudo-second- 
order kinetic

t
q K q

t
qt e e

= +
1

2
2

Values of K2 and qe for different initial 
concentrations of dye were calculated 
from the slope and intercept of the 
linear plot of t/qt vs. t

K2 (g mg−1 min−1) 0.536
qe (mmol g−1) 1.27
R2 0.99987

Intraparticle 
diffusion q K t Xt i= +

1
2

The parameters Kdif and C were determined 
from the linear plot of qt vs. t1/2

Ki (mg g–1 min1/2) –0.0574
X (mg g−1) 0.438
R2 0.2287

Elovich q tt = ( ) +
1 1
β

αβ
β

ln ln
The constants α and β were obtained from 

the slope and intercept of a line plot of 
qt vs. lnt

β (g mg–1) –5.26
α (mg g−1 min−1) 2.187
R2 0.395

Experimental data qe,exp (mmol g−1) 1.268
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Fig. 11. Modeling for uptake kinetics of AR57 with: (a) pseudo-first-order rate expression and (b) pseudo-second-order rate 
expression.
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equation) and (b) Elovich equation.
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where α is the chemical adsorption rate (mg mg–1 min–1) 
and β is a coefficient in relation with the extension of cov-
ered surface and activation energy of chemical adsorption 
(g mg–1). Plot of qt vs. lnt gave a linear relationship with a 
slope of (1/β) and an intercept of (1/β) ln(αβ). The 1/β value 
the 1/β value reflects the number of sites available for 
adsorption whereas the value of (1/β) ln(αβ) indicates the 
adsorption quantity when lnt equal to zero.

Upon comparison among the kinetic models, the R2 
values of the pseudo-second-order kinetic model (0.99987) 
is much higher than those of pseudo-first-order kinetic 
model (0.95476) for AR57, implying that the kinetics of 
dye adsorption follows the pseudo-second-order kinetic 
model. The coefficient of determination supports this 
consideration, and the qe,calc value from the kinetic pseudo- 
second-order model is in good agreement with the practical 
outcomes. The rate-limiting step in this adsorption process 
may be chemisorption involving strong forces through the 
sharing or exchanging of electrons between sorbent and 
sorbate. The intra-particle diffusion curve gives multi-lin-
earity, it does not pass through the origin. The intra-par-
ticle diffusion kinetic model (R2 = 0.2287) for AR57 was 
considered from the slope of the corresponding second 
linear region Figs. 11 and 12. Only in the initial stages of 
adsorption (initial sharp increase) is the external resistance 
to mass transfer surrounding the particles substantial [32]. 
The second linear component is the process of gradual 
adsorption with intra-particle diffusion regulation. If the 
plots do not pass through the origin, it means that the dif-
fusion of the pore is not the sole rate-limiting stage, but 
the adsorption rate can also be regulated by other kinetic 
models, both of which can operate simultaneously. The 
Elovich equation assumes that the adsorbent’s active sites 
are heterogeneous and, thus, show different chemisorption 
activation energies. When increasing the concentration of 
dye, it was observed that the constant α (related to the rate 
of chemisorption) increased and the constant β (related to 
the surface coverage) decreased (Table 2), which is owing 
to the decrease in the available adsorption surface for the 
adsorbates. Therefore, by increasing the concentration, 
within the range studied, the rate of chemisorption can 
be increased [33]. Therefore, by the pseudo-second-order 
kinetic model, the adsorption kinetics can be satisfactorily 
approximated, based on the assumption that chemisorp-
tion involving electrostatic forces may be the rate-limiting 
stage through the sharing or exchange of electrons between 
the adsorbent and the adsorbate [34].

3.2.6. Effect of temperature

With a view to practical application, the impact of tem-
perature on adsorption should be investigated. It can be 

seen from Fig. 13 that with the rise in temperature from 
293 to 318 K, the adsorption potential of AR57 increases 
marginally from 1.06 to 1.22 mmol g−1. This activity con-
firms that it is endothermic to the adsorption mechanism 
of AR57 on CuO nanoparticles. This finding can be due to 
an increase in the mobility of dye molecules and the rate of 
diffusion of adsorbent molecules at increasing temperatures 
across the surface of the adsorbent, leading to an increase in 
the ability of the adsorbent.

Thermodynamic parameters were calculated to eval-
uate the thermodynamic feasibility of the process using 
the following equations (Eqs. (11) and (12)) [35,36]:

lnK S
R

H
RTC = −

∆ ∆  (11)

∆G RT KC= − ln  (12)

where KC is the distribution coefficient for the adsorp-
tion, ΔH is the enthalpy change, ΔS is the entropy change, 
ΔG is the Gibb’s free energy change, R is the gas constant, 
T is the absolute temperature. ΔH and ΔS were calculated 
from the slope and intercept of the linear plot of lnKC vs. 
1/T (Fig. 13). Once these two parameters were obtained, ΔG 
was determined. The negative value of ΔH confirmed the 
endothermic nature of AR57 adsorption by CuO nanopar-
ticles [10]. The values of ΔG were negative at all tempera-
tures, demonstrating the thermodynamic feasibility and 
the spontaneity of the adsorption process. The adsorption 
was associated with a positive value of ΔS (Table 3).

3.2.7. Effect of ionic strength (addition of NaCl)

The effect of chloride ions on Acid Red 57 removal was 
examined, by the addition of increasing concentrations 
of NaCl (from 10 to 40 g L−1, C0: 1.22 × 10−4 M, and sorbent 
dosage: 0.02 g, 25 mL) for AR57. Concerning the current 
adsorbents, increasing the amount of NaCl leads to slight 
decreases in sorption capability: the sorption capacity 
decreases by about 20%, when NaCl concentration reaches 
20 g L−1 (Fig. 14). This is possibly due to the competitive 
effect of chloride anions in contact with the sorption sites 
against AR57 anions. It is interesting that even when the 
NaCl concentration exceeds 40 g L−1, the decrease in the 
adsorption capacity decreases by 1.5%, suggesting that a 
high adsorption capacity is retained even under these dras-
tic conditions.

3.2.8. Desorption studies

The ability for regeneration and stability of adsorbent 
are the two influential factors affecting on the practical 

Table 3
Standard enthalpy, entropy, and free energy changes for AR57 adsorption on CuO nanoparticles

R2 ∆H ∆S
T0 (K)

−∆G (kJ mol−1)

(kJ mol−1) (J mol−1 K−1) 293 K 298 K 303 K 308 K 318 K

0.999 17.34 65.92 262.49 36.69 37.02 37.35 37.68 38.5
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application of the adsorbent [37]. We have now compared 
the adsorption capacity of CuO for three-consecutive adsorp-
tion-desorption cycles. The investigated sorbent CuO was 
washed with ethanol several times till colorless and then 
with distilled water [38]. The colorless product of CuO was 
dried at 60°C for 24 h to a constant weight. After regenera-
tion the adsorbent ready for the second run of uptake. The 
regeneration efficiency for each adsorption/desorption 
cycle was found to be 97.6%, 92.5%, and 68.6% for AR57. 
This can be due to blocking of adsorption sites of CuO. We 
have also characterized by XRD of the CuO material after 
three cycle test and found that the crystallinity and struc-
ture remain intact (Fig. 15). This result shows that the CuO 
nanoparticles are having good reusability characteristic [39]. 
The efficiency of regeneration was calculated using Eq. (13):

Regeneration efficiency

Total adsorption capacity
in the seco%( ) =

nnd run
Total adsorption capacity
in the first run

×100
 

 (13)

3.2.9. Comparison with other adsorbents

Comparison of the maximum AR57 adsorption capaci-
ties using CuO as an adsorbent with that of the other pre-
viously reported adsorbents has been done and presented 
in Table 4. It shows that CuO possesses a high adsorption 
capacity for AR57.

4. Conclusions

The adsorption activity of CuO nanoparticles was 
examined for the elimination of dye solutions such as 
AR57. CuO nanoparticles were synthesized by calcination 
of Cu(II) chelate at 650°C. Various techniques have char-
acterized the synthesized CuO nanoparticles, for example, 
XRD, SEM, and EDX measurements. Under different con-
ditions, the adsorption of AR57 was systematically inves-
tigated. Anionic dye (AR57) adsorption was found to be 
highly dependent on pH, temperature, and contact time. 
At pH 3 for AR57, complete removal could be achieved. 
The adsorption of AR57 dye was endothermic as the dye 
removal capacity increase with an increase in the tem-
perature due to the increase of mobility of dye molecules. 
The Langmuir isotherm model was found to be the most 
suitable model for describing the isotherm for adsorp-
tion of both AR57 dyes on CuO sorbent. In addition, the 
qm calculated from the Langmuir isotherm was close to the 
experimental qmax. The kinetic model of the pseudo- second-
order corresponds very well with the complex behavior of 
the AR57 adsorption to CuO. In addition, thermodynamic 
parameters such as ΔG, ΔH, and ΔS during the adsorption 

Table 4
Adsorption capacity (qm) of various adsorbents for the AR57 dye

Adsorbent qm (mg g−1) Reference

Surfactant-modified sepiolite 425 [40]
Sepiolite 134.6 [41]
HTAB-modified sepiolite 307.4 [33]
Acid activated bentonite 416.3 [42]
CuO 691.2 This work
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Fig. 14. Influence of NaCl on AR57 adsorption onto CuO 
nanoparticles (C0: 1.2 × 10−4 M, initial pH 3, T: 25°C, and sorbent 
dosage: 0.02 g, 25 mL).
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process are suggested that the adsorption of AR57 dye 
on CuO nanoparticles is of a spontaneous and endother-
mic nature which is favored at a higher temperature and 
occurs by physical adsorption. Further studies would 
also be needed to excavate the full potential of CuO for 
extracting AR57 from real industrial wastewater samples.
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