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a b s t r a c t

Nanoparticles (NPs) of copper oxide (CuO) were produced. Some physical properties of the pre-
pared CuO NPs were investigated using XRD, TEM and BET surface analyzer techniques. pH at zero 
point charge (pHZPC) of the synthesized CuO NPs was also determined. The specific surface area, 
total pore volume, average pore diameter and pHZPC were found to be 6.188 mg/g, 0.0128 cm3/g, 
116.134 Å and 7.6, respectively. Adsorption of bromophenol blue (BB) on CuO NPs as adsorbent was 
conducted at various temperatures. The impacts of experimental conditions such as the primary 
concentration of BB solution, solution pH, agitation time and temperature were investigated. The 
adsorbate concentration of 300 mg/L, temperature of 60°C, 4h and pH of 1 were observed to be the 
ideal experimental conditions. Adsorption isotherm constants were investigated using the isotherm 
models of Langmuir and Freundlich. The data of this adsorption fits greatest to the isotherm model 
of Langmuir. The equilibrium amounts of BB uptake onto the surface of CuO NPs were found to be 
20.19, 30.32 and 49.85 mg/g at 303, 318 and 333 K, in that order. The data of experimental kinetic were 
examined by the kinetic models of pseudo-first-order, second-order and intra-particle diffusion. The 
results of kinetic studies designate that the obtained data can be expressed well by the first-order 
kinetic model. Parameters of the thermodynamic were determined and their values indicate that the 
adsorption of BB by CuO NPs is un-spontaneous and endothermic processes.
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 Thermodynamics 

1. Introduction

Metal oxides nanoparticles have attractive aspects in 
recent years because of their unique properties such as a 
large surface area, increased activity, electronic properties 
[1–3]. Among these transition metal oxides, nanoparticles of 
copper (II) oxide (CuO NPs) currently have significant inter-
est due to their attractive properties [4]. It is superconductor 
for the temperature at critical and higher degrees, a semicon-
ducting material and gas sensing metal oxide [4]. Therefore, 
various methods have been applied for production and char-
acterization of CuO NPs. For example, wet chemical pre-

cipitation technique by maxing polyvinylpyrrolidone and 
copper nitrate in distilled water [5], microwave irradiation 
method [6], novel sol-gel method by adding copper chlo-
ride hex hydrates to acetic acid [7], chemical route method 
by calcination at a higher temperature [8], sol-gel method 
via maxing copper sulphate with sodium hydroxide [9] and 
inexpensive sol-gel route technique using various solvents 
[10] have been used for synthesis of CuO NPs. Due to rarely 
chemical and physical properties of CuO, it has an extensive 
range of applications in various technological areas such as 
a sensor for relative humidity [11], electrochemical measure-
ments of dopamine [12] and extremely promising electrode 
[13]. Moreover, CuO NPs has been used as antimicrobial 
agent anti hydrophila of Aeromonas [14]. 
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In wastewater treatment, metal oxide NPs as gen-
eral was employed as photocatalytic for degradation of 
methyl red [15] and methyl orange [16,17]. Photocata-
lytic degradation of dyes and formation reaction of C–N 
bond using Cu2O and CuO nanoparticles were examined 
by Bhosale et al. [18]. Furthermore, CuO-nano-clinopti-
lolite has been applied for photodecolorization of meth-
ylene blue and bromophenol blue mixture [19]. All of 
these photocatalytic degradation studies designated that 
CuO NPs has significant catalytic effects towards the 
dyes photodegradation. In addition, methylene blue [20] 
and methyl orange [21] was removed from solutions by 
adsorption onto CuO NPs. 

Dye of Bromophenol blue (BB) as a phenolic material 
has toxic, carcinogenic and teratogenic effects [22]. There-
fore, the industrial wastewater related to the production 
and usages of BB are contaminated by this hazard dye. 
Thus many techniques have been used for elimination of 
BB from industrial wastewaters before their discharge into 
the environment. For example, solvent sublation method 
[23,24], photocatalytic degradation using K2Cr2O7 [25] and 
TiO2 nanoparticles [26] were employed to minimize this 
dye from wastewater. Moreover, various adsorbents such 
as chitosan composite [27], polymeric gels [28], mesoporous 
hybrid gel [29] and novel supported ionic liquids [30] were 
applied for removal of BB from polluted wastewater. CuO 
NPs was used to adsorb methylene blue and methyl orange 
from solutions [20,21] and for methylene blue [19]. Despite 
superior adsorptive-properties of CuO NPs towards meth-
ylene blue and methyl orange, there are no any attempt has 
been carried out to study BB adsorption from solution onto 
CuO NPs. 

Thus the present work aims to study the adsorption per-
formance of CuO NPs towards BB. Preparation and char-
acterization of CuO NPs were performed. Consequently, 
isotherm, kinetics and thermodynamic parameters of BB 
adsorption on CuO NPs have been determined in a system 
of batch adsorption. Moreover, study the effect of some 
experimental conditions such as initial dye concentration, 
pH of solution, both temperature and agitation time on the 
adsorption capacity for the CuO NPs as an adsorbent.

2. Methodology

2.1. Synthesis and characterization of CuO NPs 

For preparation CuO NPs, 0.2 M Cu(NO3)2⋅6H2O was 
mixed with water solution containing 0.2 M CO(NH2)2. 
Then transfer to a microwave oven with 650 W power for 
20 min [31,32]. The precipitated powder was centrifuged 
then washed using distilled water. The final products were 
collected for characterizations. X-Ray diffraction (XRD) 
measurements of Shimadzu XD-3A X-ray diffractome-
ter at the 2θ range from 30 to 60, with monochromatized 
CuKα radiation (λ = 0.15418 nm) were used. Transmission 
electron microscopy (TEM) images were recorded on a 
JEOL-JEM 200CX model. The method of batch equilibrium 
[33] is used for measure the pH at the point of zero charge 
(pHZPC). The surface area and porosity of CuO NPs were 
analyzed by adsorption-desorption of N2 at 758.58 mm Hg 
and 77.40 deg K using BET surface analyzer (NOVA-3200 
Ver.6.09).

2.2. Adsorption procedures

Experiments related to the adsorption of BB dye onto 
CuO NPs were conducted by batch system. A 1000 mL of BB 
solution (1000 mg/L) was prepared then diluted to a fixed 
concentration of the working solutions. A 10 mL of solution 
was added to 25 mL amber bottle which has a fixed amount 
of CuO NPs (0.02 g). The bottles were then agitated at a 
constant rotation speed (150 rpm) and desired experimental 
conditions. 

After the required shaking time, the adsorbent in 
each bottle was separated by Whattman filter paper. The 
remained concentrations of BB in the filtrate were quanti-
fied by 6800UV-spectrophotometer (Jenway) at λmax of 590 
nm. The masses of BB adsorbed per unit of CuO NPs (q in 
mg/g) at any time and equilibrium were computed from 
Eqs. (1) and (2), respectively [34]. 

q C C
V
Wt i t= −( )  (1)

q C C
V
We i e= −( )  (2)

qt: BB quantities adsorbed at time (t) (mg/g), qe: equilibrium 
BB quantities adsorbed (mg/g), Ci BB solution initial con-
centration (mg/L), Ct: adsorbate concentrations at time (t) 
(mg/L), Ce: equilibrium adsorbate concentrations (mg/L), 
V: adsorbate solution volume (L), W: adsorbent mass (g). 
Adsorptions of 45, 75 and 150 mg/L of this dye solution 
onto CuO NPs at various interval time periods were con-
ducted to optimize agitation time, determine equilibrium 
contact time and to investigate the aspects of adsorption 
kinetics. The kinetic experimental data were also analyzed 
by pseudo-first order [Eq. (3)], pseudo second-order [Eq. 
(4)] and intraparticle diffusion [Eq. (5)] kinetic models [34].
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K1: pseudo-first order constants (min–1), K2: pseudo-sec-
ond order constants (g/mg·min), Kdif intraparticle diffu-
sion kinetic model (mg/g·min)1/2. C is a kinetic parameter 
constant which provides an idea of the boundary-layer 
thickness [35]. To study the impacts of adsorbate initial con-
centration, solution temperature and to analysis parameters 
of the isotherms along with thermodynamics, adsorption 
of BB solutions with concentrations in the range of 35–600 
mg/L were carried out for 72 h at three different tempera-
tures (303, 318 and 333 K). The equilibrium experimental 
data were explored by the Langmuir [Eq. (6)] linear forms 
and adsorption isotherm of Freundlich models [Eq. (7)]. 
The fundamental characteristics of Langmuir isotherm 
model were examined by the factor (RL). The values of RL 
were calculated using Eq. (6) [34]. 
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qmax: maximum adsorption capacity (mg/g), KL: Langmuir 
constant, KF: Freundlich constant correlated to capacity of 
the adsorption, 1/n: Freundlich constant corresponded to 
the favorability of adsorption. The adsorption is favorable 
when the value of 1/n lies between 0 and 1 [36]. KL: Lang-
muir constant and Ci: maximum concentration of adsorbate. 
RL value suggests the nature of isotherm, either favorable 
(0< RL < 1), unfavorable (RL >1), linear (RL = 1), or irrevers-
ible (RL = 0).

Thermodynamic parameters (∆H°, ∆S° and ∆G°) were 
computed using Eqs. (9) and (10) [34].

ln K
H

RT
S
Rc

o o

= − +
∆ ∆

 (9)

∆ ∆ ∆G H T So o o= −  (10)

T: temperature of solution (K), R: universal gas constant 
(8.314 J/K mol).

To understand the effect of pH solution on the adsorp-
tion of BB on CuO NPs, 0.1 N HCl and 0.1 N NaOH solu-
tions were used to adjust solution pH. Adsorptions of 10 
mL of 200 mg/L BB solutions with various initial pH values 
(1–7) were performed at room temperature and equilib-
rium contact time. The maximum wavelength of BB will be 
changed at pH over 7. Therefore, the impact of pH solution 
has been only investigated in this range (1–7). 

3. Results and discussion

3.1. CuO NPs characterization 

Fig. 1 presents XRD for CuO NPs. The intensities and 
angular peak positions are in good agreement with cor-
responding values [31]. In order to understand the phase 

symmetry of the prepared CuO NPs, a systematic study 
on the XRD was performed. Sharp peaks were obtained at 
angles corresponding to the planes (100), (002), (111), (202

–
), 

(020) and (202). This indicates the structure of CuO nano-
crystals [32] which was found to be highly crystalline. The 
average size of the both nanocrystals is estimated according 
to the following Debye-Scherer formula [37]:

D
K
cos

=
λ

β θ
 (11)

K = 0.94, λ: X-ray wavelength. β: diffraction peak full width 
at half maximum corresponding to 2θ. Using Eq. (11), the cal-
culated crystallite sizes equal to 14 ± 1 nm for CuO NPs. Both 
size and internal morphology of the resultant CuO NPs are 
illustrated using transmission electron microscopy (TEM). 
Fig. 2 shows the TEM image of the prepared CuO NPs. TEM 
image presents that CuO NPs are spherical shapes with a 
narrow size distribution. It is obtained that the 10 ± 2 nm 
CuO particle size. Moreover, the, total pore volume, average 
pore diameter, surface area and pHZPC of this adsorbent are 
0.0128 cm3/g, 116.134 Å 6.188 m2/g and 7.6, respectively. 

3.2. Impact of agitation time 

Dependence the adsorption capacity of CuO NPs 
towards BB dye on the adsorption agitation time is illus-
trated in Fig. 3. This figure exhibits increment in the amount 
of BB adsorbed onto the surface of CuO NPs when adsorp-
tion shaking time is raised from 10 to 360 min and the 
adsorption quantity almost be constant over 360 min. More-
over, Fig. 3 shows increment in the adsorption capacity as 
the dye initial concentration is enhanced. Similar trends 
were detected by Al-Aoh et al. [38].

Fig. 1. XRD spectrum of as-prepared CuO NPs. Fig. 2. TEM image of as-prepared CuO NPs.
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3.3. Kinetic results analysis 

The experimental data of BB adsorption kinetic onto the 
surface of CuO NPs were analyzed using pseudo-first order 
[Eq. (3)], pseudo second-order [Eq. (4)] and intraparticle dif-
fusion [Eq. (5)] kinetic models. 

The plots derived from Eqs. (3), (4) and (5) are demon-
strated in Figs. 4, 5 and 6, respectively. The kinetic param-
eters values were calculated. These values along with the 
values of experimental qmax and association coefficients (R2) 
values are listed in Tables 1 and 2. 

As shown in Table 1, in case of the values pseudo sec-
ond-order kinetic model, the correlation coefficients equal 
to the unit. It is obtained that, correlation coefficients are 
less than 0.93 in case of pseudo-first order kinetic model. 
Furthermore, the qe values calculated using pseudo sec-
ond-order model are almost similar to values of experi-
mental qe. The results obtained in this work indicate that 
second-order kinetic model is more applicable to describe 
adsorption of BB onto CuO NPs than first-order model. This 
means that adsorption of this dye by CuO NPs is second 
order and chemisorptions process. From these results, it is 
obtained an agreement of these results with these which 
reported in the literature [39,40]. 

In the case of intraparticle diffusion model (Table 2), 
each plot has correlation coefficients (R2) value less than 
0.84 and C value higher than zero. Furthermore, Fig. 6 illus-
trates that each plot over the full-time range is not linear 

and separated into two linear regions. This designates that 
the adsorption of BB on CuO NPs has been conducted by 
multiple steps. Similar results have been obtained by Lafi 
and Hafiane [41].

3.4. Impacts of initial concentration and solution temperature 

Fig. 7 demonstrates the relationship between qe (mg/g) 
Ci at three different temperatures (303 K, 318 K and 333 K). 
This figure illustrates that adsorption quantity of BB onto the 
surface of CuO NPs is increased with increasing initial con-
centration of this dye. This is because of the mass movement 
resistances of BB particles between solution (liquid phase) 
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Fig. 3. Adsorption capacity of BB versus contact time on the CuO 
NPs.
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Fig. 4. Pseudo-first-order kinetic model for BB adsorption on 
CuO NPs.

Table 1
Pseudo-first and pseudo-second order parameters and experimental qe values for the BB adsorption on CuO NPs at different initial 
concentrations and 303 K

Co (mg/ L) qe,exp (mg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe,cal  

(mg/g)
K1  
(h– 1)

R2 qe,cal 

(mg/g )
K2 

(g/mg·min)
R2 Rate

45 5.807 2.17 0.003 0.876 5.82 0.0060 0.998 0.035
75 6.684 2.71 0.006 0.917 6.76 0.0085 0.999 0.057

150 8.403 3.05 0.004 0.837 8.46 0.0051 0.999 0.044

Table 2
Parameter values of intra-particle diffusion model for BB 
adsorption on CuO NPs at different initial concentrations and 
303 K

Intra-particle diffusion kinetic model 

Ci  

(mg/L)
qe,exp  

(mg/g)
Kdif  
(mg/h1/2g)

C R2

45 5.807 0.079 3.286 0.830
75 6.684 0.090 4.066 0.634
150 8.403 0.126 4.641 0.640
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and adsorbent surface (solid phase) with increment the ini-
tial concentration of adsorbate [42,43]. Fig. 7 also shows that 
the amounts of this dye adsorbed almost become constant 
over 300 mg/L at each temperature. This could be due to 
adsorption active saturation sites when the concentration of 
BB increased above 300 mg/L [42,43]. Similar trends were 
observed in the literature [40]. Furthermore, Fig. 7 illustrates 
that increasing solution temperature from 303 K to 333 K 
leads to increment the amount of BB adsorbed onto this 
adsorbent surface which indicates an endothermic process. 
Increasing the adsorption uptake of BB by raising tempera-
ture resulted from the rising in the mobility of BB molecules 
[44]. Enough energy is also needed for other BB particles to 
uptake onto adsorption active sites [44]. It was reported in 
the literature that methylene blue adsorption by granular 
activated carbon is an endothermic process in nature [45].

3.5. Determination of isotherm parameters

The plots of Langmuir and Freundlich isotherm mod-
els in linear form are demonstrated in Figs. 8 and 9, respec-
tively. 

The calculated values of RL were computed from values 
of Langmuir constant (KL) using Eq. (8). Isotherm constants 
along with Values of RL and equivalent R2 are registered in 
Table 3. As seen from Table 3, values of the constant n are 
higher than unity and 0 < RL < 1. 

This unity value of n indicates that adsorption of BB 
on CuO NPs is favorable under these experimental condi-
tions. Figs. 8 and 9 along with values of R2 associated with 
Langmuir isotherm model which is greater than that of 
Freundlich designate that the experimental data gives an 
excellent fit of the Langmuir isotherm. This means that BB 
adsorption on the surface of CuO NPs is a monolayer and 
homogeneous. It was concluded by Al-Aoh et al. [38] that 
adsorption data of phenolic compounds such as 4-nitophe-
nol on commercial and fiber activated carbons provides the 
suitable fit of Langmuir isotherm. Moreover, Table 3 shows 
that adsorption capacity elevated from 20.19 to 49.84 mg/L 
with increasing of temperature from 303 K to 333 K. This 
means that adsorption of BB onto CuO NPs is endothermic 
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Fig. 5. Pseudo-second-order kinetic model for BB adsorption on 
CuO NPs.
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Fig. 6. Intra-particle diffusion model for BB adsorption on CuO 
NPs.
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0 100 200 300 400 500 600
0

5

10

15

20

25

30

35

40

 

 

 303 K
 318 K
 333 K

C e/q
e

Ce (mg/L)

Fig. 8. Langmuir isotherm models for adsorption of BB on CuO 
NPs at different temperatures.



M. Rashad, H.A. Al-Aoh / Desalination and Water Treatment 139 (2019) 360–368 365

processes in nature. It also be seen from Table 3 that CuO 
NPs have higher adsorption capacities towards BB This 
indicates that CuO NPs will be a promising material for the 
treatment of water dyestuff pollution. 

3.6. Thermodynamic analysis

The relationship between lnKc and 1/T [Eq. (9)] for 
adsorption 200, 300, 500 and 600 mg/L of BB by CuO NPs 
at three different temperatures is illustrated in Fig. 10. The 
calculated ∆H° and ∆S° values are respectively from slopes 
and intercepts of these plots. ∆G° values were determined 
from values of ∆H° and ∆S° using Eq. (10). All of the ther-
modynamics values are registered in Table 4. As shown in 
this table, the ∆H° parameter has positive values which con-
firm that the uptake of BB by CuO NPs is endothermic in 
nature. These results have the same opinion with the results 
observed in the section which is associated to the adsorp-
tion isotherms. In addition, it can be noted from Table 4 
that all of the ∆H° values are higher than the maximum val-
ues (20.9 KJ/mol) related to physisorption processes. This 
means that adsorption of BB by this adsorbent is chemisorp-
tions in nature [46]. The results observed in thermodynamic 
section confirm the results obtained in the part of kinetic 
studies in terms of this adsorption is either physisorption 
or chemisorption processes. 

Another kinetic parameter (∆S°) has also positive val-
ues (Table 4) indicating that the randomness on the inter-
face between solution and adsorbent is reduced by uptake 
of BB molecules on the adsorbent surface. Table 4 demon-

strates that all of the ∆G° values are positive revealing 
that this type of adsorption is non-spontaneous processes. 
Moreover, the ∆G° values are declined by increment tem-
perature which confirms that the main approving factor 
required for a significant adsorption capacity is an elevated 
temperature. 

3.7. Impact of pH

The dependence of BB adsorption on the surface of CuO 
NPs (pHZPC = 7.6) on the pH of the solution is illustrated 
in Fig. 11. As shown in this figure, adsorption of this dye 
(pKa = 3.85) decreases as solution pH is increased from 1 to 
7. This can be elucidated by the fact of BB as anionic dye 
adsorbed on the surface of CuO NPs by electrostatic attrac-
tive forces between this anionic dye and positively charged 
sites exist on the adsorbent surface [47]. Since the number of 
positive surface charges decrease with increasing pH from 
1 to 7 and then the attraction force will be reduced [47]. For 
this, the amount of BB adsorbed decreased with increasing 
pH in that range (1–7). It was reported by Iqbal and Ashiq 
[47] that adsorption of BB as an anionic dye on alumina is 
decreased when pH increased from 1 to 7. 

3.8. Comparison of performance of CuO NPs with reported 
adsorbents 

The maximum adsorption capacities of CuO NPs along 
with that of the other adsorbent have been used in the liter-
atures for removal of BB from aqueous solution were sum-

Table 3
Langmuir, Freundlich parameters and separation factors (RL) for BB adsorption dye onto CuO NPs at three different temperatures

Temperature (K) Langmuir isotherm Freundlich isotherm

qmax (mg/g) KL (L/mg) RL R2 KF (mg/g)(L/mg)1/n 1/n n R2

303 20.19 0.007 0.191 0.987 0.65 0.531 1.88 0.909
318 30.32 0.008 0.167 0.991 1.19 0.506 1.98 0.928
333 49.85 0.008 0.180 0.987 1.50 0.551 1.82 0.909
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Fig. 9. Frundlish isotherm model for BB adsorption on CuO NPs 
at different temperatures.
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marized in Table 5 to demonstrate the importance of CuO 
NPs used in this work comparing to others. This table indi-
cates that CuO NPs have adsorption performance higher 
than that of other which indicates that this type of NPs will 
met a significant interesting in the case of water purification 
activities.

4. Conclusions

Isotherms, kinetic and thermodynamic constants of 
BB adsorption onto CuO NPs along with the effects of 
experimental factors were examined. The obtained results 
demonstrate that BB initial concentration, agitation time 
and temperature have positive effects on the adsorption 
capacity but pH solution has a negative impact. Lang-
muir isotherm model was obtained to be the best model to 
describe the isotherm experimental data, designating that 
BB adsorption onto CuO NPs is a homogeneous and mono-
layer. The greatest-fit adsorption kinetic has been attained 
with the second-order kinetic model. The results of thermo-
dynamic suggest that BB adsorption onto this adsorbent is 
un-spontaneous and endothermic processes. Both of kinet-
ics and thermodynamic studies confirm that BB adsorption 
onto CuO NPs is chemisorption.
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