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a b s t r a c t

The functionalized-CuO nanoparticles were synthesized by following an eco-friendly, green route 
using Brassica leaf extract. The prepared monoclinic crystals of functionalized-CuO nanoparticles 
have size around 50 nm with point of zero charge at pH 7.7. The EDX investigation indicated that the 
functionalized-CuO NPs possessed C (18.50%), Cu (28.33%), and O (53.16%) elements by weight, the 
presence of content clearly indicated the formation and functionalization of CuO NPs. The prepared 
nanoparticles of smaller size have high surface area, the primary criteria for a good adsorbent, were 
used as an adsorbent for Amaranth, Congo red, and Bismarck brown dyes, however, the detailed 
studies were carried out for Amaranth dye only. The batch adsorption experiments were performed 
to optimize the pH, Amaranth dye concentration, reaction time, dose of functionalized-CuO NPs, 
and temperature, to get maximum adsorption and then performed actual experiments. The study 
has shown that more than 90% adsorption of Amaranth dye from its solution, having 10 mg L–1 

concentration, was achieved with 2.0 g L–1 of dosage of functionalized-CuO NPs. For determining 
the adsorption capacity of these nanoparticles for Amaranth dye, and to propose mechanism of the 
adsorption process the data adsorption was fitted into non-linearized Langmuir, Freundlich, and 
Dubinin-Radushkevich isotherms. The Langmuir capacity of CuO NPs decreased from 55.33 to 33.17 
mg g–1 when the temperature of the reaction mixture was raised from 27 to 45°C. The thermody-
namic study showed that the process was feasible and endothermic in nature. The reaction kinetics 
revealed that the Amaranth dye adsorption followed pseudo-second order. 
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1. Introduction

Wastewater “A mixture of harmful metal ions, dyes, 
bacteria, pathogens, fungi, solvents, and other toxic chemi-
cals” is found to be the major cause of water pollution which 
adversely affects the ecosystem. Dyes are colour producing 
organic compounds which are used in textile industries, 
that consume huge amount of water in dyeing process, 
and release effluents that is a major player for water pol-
lution [1,2]. Dyeing materials, particularly azo dyes, are 
non-biodegradable, and highly poisonous organic com-
pounds [3–6].Among various dyes, Amaranth {Trisodium 

(4E)-3-oxo-4-[(4-sulphanato-1-naphthyl)hydrazono]naph-
thalene-2,7-disulphonate}, AM, an anionic azo dye, synthe-
sized from petroleum products, is employed to colour both 
natural and synthetic fibers, paper, leather, and other resins, 
and thus found in industrial wastewater. When ingested, 
through contaminated water, it causes many harmful 
effects, including allergy, respiratory problems, and birth 
defects, and generation of cancerous tumours [7–9].

For providing safe drinking water, these pollutants 
should be removed, for which various approaches like 
ion-exchange, flocculation, electrolysis, coagulation, bio-
degradation, photocatalytic degradation, chemical oxida-
tion, precipitation, and adsorption, have been adopted. But, 
among them the adsorption i.e., adhesion of dye molecules 
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from water onto the solid surface is the most promising 
one because of the simplicity, inexpensiveness, sludge free, 
high efficiency, and good biocompatibility [10–14]. Nano-
materials, as adsorbent, can be employed effectively for 
the treatment of wastewater to remove the harmful dyes 
to make water suitable for human consumption. Various 
kinds of nanomaterials have been prepared and utilized for 
water treatment [15]. But the preparation of nanomaterials 
through conventional chemical routes involves application 
of various toxic chemicals which produce toxic waste. How-
ever, the synthesis of nanomaterials though green-route can 
overcome the generation of toxic waste which can take top 
position in nanotechnology over the physical and chemical 
routes. 

The environmentally benign, inexpensive synthesis 
of nanoparticles without using traditional chemicals and 
toxic solvent could be achieved by involving plant extract 
(leaves, flower, fruits, roots,and stems). In the past various 
metal oxide nanoparticles have been utilized for water treat-
ment [16–19]. In literature, copper oxide, CuO, an ampho-
teric oxide, have been prepared in conventional method 
and investigated for a wide range of applications including 
catalytic activity, antimicrobial activity, semiconductors, 
sensors and for water treatment to remove dyes and other 
pollutants [20]. However, the density of active sites on the 
surface of CuO NPs, for attracting pollutants, is usually 
low which can be enhanced to attract more pollutants by 
enhancing the presence of functional groups on their sur-
face. Therefore, for the better water treatment efficiency of 
CuO NPs can be enhanced by its surface functionalization. 
But the functionalization of adsorbing materials is usually 
carried out through traditional methods which create ulti-
mately water pollution [21].

The functionalization can be carried using plant extract 
that contains abundant phytochemicals and can also act as 
reducing, capping, and stabilizing agents for NPs. In the 
past CuO NPs have been synthesized by employing var-
ious plant extracts including Gloriosa superba leave, Aloe 
vera leave, Ixora coccinea leave, Olea europaea leave,tea leave, 
coffee powder, and Daphnia magna [22–27]. The objective of 
the present work, synthesis of functionalized copper oxide 
nanoparticles, functionalized-CuO NPs, was achieved by 
following a green pathway using Brassica rapa leave extract. 
Brassica rapa leave extract contains non-toxic health-pro-
moting phenolic flavonoids including quercetin, kaempferol, 
isorhamnetin, anthocyanins, and non-flavonoids such as 
derivatives of cinnamic acid which along with synthesis 
may functionalize the CuO NPs [28].

The prepared functionalized-CuO NPs were employed 
as an adsorbent for the elimination of toxic Amaranth, AM 
dye from aqueous solution. The adsorption process was stud-
ied in terms of contact time, dosage of functionalized-CuO 
NPs, pH of solution, solution temperature, and dye concen-
tration. For explaining the mechanism, involved during the 
adsorption, the data was fitted in different isotherm, kinetic, 
and thermodynamic parameters yielding relationships. The 
isotherm, kinetic, and thermodynamic variables were uti-
lized to determine the adsorption capacity, reaction speed, 
feasibility, and spontaneity of the process. Furthermore, the 
adsorption capacity of the functionalized-CuO NPs, for AM 
dye, was also compared with adsorption capacity for Congo 
red and Bismarck brown R dyes.

2. Experimental section

2.1. Materials and methods

The Brassicarapa leaves were collected from the local 
garden of Jamia Millia Islamia, New Delhi, India, during 
winter season. Urea and precursor copper acetate dihy-
drate, Cu(CH3COO)2·2H2O, used for the fabrication of 
functionalized-CuO NPs were purchased from Merck Ltd., 
Germany. HCl and NaOH required for changing of pH of 
reaction system were procured from Merck Ltd., Germany. 
Amaranth (Mw = 604.473 g mol–1, λmax = 520 nm), Congo red 
(Mw = 696.665 g mol–1, λmax = 497 nm), and Bismarck Brown 
R (Mw = 461.39 g mol–1, λmax = 468 nm) dyes, for the prepa-
ration of solution, were procured from the Merck India. All 
the chemicals used in this study were used as such without 
any purification. 

2.2. Preparation of plant extract 

To prepare aqueous extract, the leaves of Brassica rapa 
were washed several times with distilled water for remov-
ing dust and other adherents from the surface. The healthy 
and undamaged leaves were grinded into thick paste with 
the help of mixer and grinder. 10 g leaves were added to 100 
mL double distilled water and then heated to 50°C for 2 h 
and afterward filtered using Whatman filter paper.

2.3. Synthesis of functionalized CuO-NPs

The previously reported method was adopted for the 
green synthesis of functionalized-CuO NPs using Brassica 
rapa leave extract [29]. In brief, 25 mL aqueous extract was 
mixed with 20 mL of 0.2 mol L–1 copper(II) solution, and to 
this 0.1 mol L–1 urea solution was added, followed by addi-
tion of 10 mL of 1.0 mol L–1 NaOH solution. The mixture 
was kept in an oven at 50°C for 45 min and after that a blue 
colour precipitate was obtained that indicated the forma-
tion of CuONPs which has been shown schematically in 
Fig. 1. The coloured solution of CuO NPs was centrifuged at 
1500 rpm for 10 min, washed with distilled water, and dried 
at 60°C for 24 h. Further, the resultant biogenic CuO NPs 
were characterized and used for the adsorption studies.

2.4. Characterization of functionalized-CuO NPs

The synthesized NPs were characterized with several 
spectroscopic and microscopic techniques including UV-Vis 
spectroscopy, Fourier transform infrared spectroscopy 
(FT-IR), powder X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM) and with energy-dispersive X-ray 
spectroscopy (EDAX), and Tunnelling electron microscopy 
(TEM). The optical behaviour of the F-CuO NPs was char-
acterized using UV absorption spectra. The functionaliza-
tion of NPs was studied by FT-IR spectrum, in 4000–400 cm1 
range, recorded on VERTEX 70/70v (BRUKER) spectrome-
ter in KBr. The structural properties of functionalized-CuO 
NPs were investigated by XRD analysis recorded on a 
Philips PW-3710 diffractometer (having Cu-Kα radiation, 
λ = 1.54 Å, a Cu-filter, operated at 35 kV generator volt-
age, 30 mA current, and fitted with proportional counter 
detector). The morphology of the prepared NPs was inves-
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tigated on the scanning electron microscope (FESEM Nova 
Nano SEM 450, FE1) equipped with EDAX (Bruker 127 eV). 
EDAX spectrum was recorded to investigate the elemental 
composition. The size and microstructure of the function-
alized-CuO NPs were analyzed using high resolution TEM 
[Tecnai T-30 (300 kV FEGTEM)] operated at 80 kV.

2.5. Determination of pHzpc (point of zero charge)

Point of zero charge (pHZPC) is pH of solution at which 
the submerged solid exhibits zero net electrical charge on 
the surface. In order to find out pHZPC of the F-CuO NPs, 
salt addition method was adopted by using 0.1 M NaOH 
and 0.1 M HCl solutions [30]. In brief, 0.01 mol L–1 KNO3 
aqueous medium was placed in six different flasks and the 
pH of the solutions was adjusted in 2–10 range by using 
NaOH and HCl solution and measured by pH meter (APX 
175 E/C, Control Dynamics Instrumentation Pvt. Ltd., Ban-
galore, India). In each of them 20 mg functionalized-CuO 
NPs were added and then the flasks were agitated at 150 
rpm for 120 min in water bath shaker at room temperature. 
After that the pH of each solution was measured and the 
final pH values were used to calculate the ΔpH (pHi–pHf) 
and a graph between ΔpH and pHi was plotted. The point of 
intersection of the two graphs represents the pHZPC of func-
tionalized-CuO NPs [Fig. S1; Supplementary Information].

2.6. Adsorption studies 

The batch mode adsorption experiments were per-
formed to estimate the adsorption capacity of functional-
ized-CuO NPs for AM dye under the influence of adsorbent 
dosage, initial AM dye concentration, pH of the reac-
tion mixture, contact time, and reaction temperature by 
mechanically agitating a series of 50 mL Erlenmeyer flasks 
containing mixture of 10 mL of AM dye solution of certain 
concentration, 5–30 mg of functionalized-CuO NPs at cer-

tain pH (2–10) and temperature. Isotherm parameters were 
determined by varying the concentration of AM dye from 
10 to 60 mg L−1 at 27, 35, and 45°C. Contact time effect was 
investigated with 20 mg L–1 concentration of AM dye, 2.0 g 
L–1 functionalized-CuO NPs at room temperature to deter-
mine the kinetic parameters of the reaction as well as the 
optimum time required for maximum dye removal. After 
each set of adsorption experiments, the dye solutions were 
centrifuged to separate the sorbent from the solution and 
the remaining concentration of AM dye was analyzed using 
ultraviolet-visible (UV-Vis) spectrophotometer (T80-UV/
VIS, PG Instruments Ltd., Leicestershire, England) at 528 
nm. The removal percentage of AM dye as calculated using 
the relationship [31].
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where Co and Ce are initial and final concentrations of AM 
dye in the solution (calculated from calibration curve) 
[Fig. S2; Supplementary Information]. The equilibrium 
uptake capacity of functionalized-CuO NPs was estimated 
using the relationship:
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V
me o e= −( )  (2)

where Qe (mg g–1) is the amount of AM dye adsorbed onto 
the unit mass of functionalized-CuO NPs at equilibrium, m 
(g L–1) is mass of functionalized-CuO NPs and V (mL) the 
volume of AM dye solution.

2.7. Regeneration and reusability of exhausted adsorbents

Regeneration and reusability of a used adsorbent is an 
important step to achieve a reliable and inexpensive water 
treatment technique. The regeneration involves separation 
of an adsorbent from reaction solution followed by the 

Fig. 1. Proposed scheme of functionalization of CuO NPs by organic compounds present in Brassica rapa leave extract.
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detachment of loaded adsorbate from the surface though 
tuning the solutions pH. For this study, alkaline solution 
was used to desorb the AM dyes from loaded functional-
ized-CuO NPs. Briefly, AM dye loaded functionalized-CuO 
NPs was added to 50 mL Erlenmeyer flask containing 0.1 
M NaOH solution, shacked for 6 h in water bath incuba-
tor shaker at room temperature and 200 RPM, and then the 
regenerated functionalized-CuO NPs was washed with dis-
tilled water and dried, and then reutilized for three adsorp-
tion-desorption cycles.

3. Result and discussion 

3.1. Characterization of functionalized-CuO NPs

The FT-IR spectrum of biologically synthesized func-
tionalized-CuO NPs, shown in Fig. 1, ascribed the presence 
of –OH and C-O groups on the surface. The broad absorp-
tion band in the range 3050–3650 cm–1 was assigned to the 
-O-H stretching vibrational frequency. The bands around 
960 and 1456 cm–1 reflected the C-O stretching vibrations 
and that at 1610 cm−1 were assigned to the C=O stretching 
and N-H bending of amide group. The bands in the range 
750–450 cm−1 were assigned for the vibrational modes of 

functionalized-CuO NPs. The major M-O bands appeared 
at 480, 597, and 695 cm−1 indicated the formation of the 
monoclinic phase of CuO NPs [32]. This FT-IR spectrum 
of biologically synthesized CuO NPs using organic com-
pounds present in the Brassica rapa leave extract also sug-
gested the functionalization of CuO NPs (Fig. 3). The FT-IR 
spectrum of dye loaded-CuO NPs was used to indicate 
characteristics absorption band of AM dye present on CuO 
NPs. The spectrum indicated all the similar bands to those 
of unloaded functionalized-CuO NPs as well as new bands 
at 1497, 1195, and 1039 cm–1. The vibration band at 1497 cm–1 

was assigned for the azo groups (-N=N-) of AM dye, and 
the peaks around 1195 and 1039 cm–1 for the anti-symmetric 
stretching frequency of -SO3

− group of AM dye, and that due 
to coupling between benzene ring and the SO3 group. These 
peaks assigned in loaded adsorbent gave the evidence for 
adsorption of AM dye onto the functionalized-CuO NPs as 
shown in Fig. 3 [33]. The shifting of characteristics bands, 
corresponding to -OH and C-O groups, towards the lower 
wavenumbers were also observed in Fig. 3. The shifting of 
the characteristic bands of functionalized-CuO NPs sug-
gested the hydrogen bonding and electrostatic interaction 
between the functionalized-CuO NPs and dye molecules 
(Fig. 2). 

Fig. 2. Possible adsorptive interaction between the AM molecules and functionalized-CuO NPs.
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Powder XRD technique was employed to characterize 
biogenic CuO NPs by scanning in the angular range 10–80° 
(2θ) with a step size of 8.0º min–1. The XRD pattern of CuO 
NPs (Fig. 4) shows the peaks at 36°, 38°, 48°, 56°, and 64° 
(2θ) corresponding to the [002], [111], [202], [020] and [113] 
planes, respectively, of CuO NPs. All these reflection peaks 
of CuO NPs can be indexed to the monoclinic crystal sys-
tem of CuO NPs (JCPDS card no. 45-0937) [34,35]. The weak 
diffraction peaks indicated somehow amorphous nature 
of the prepared NPs. There were some impurities which 
appeared in the diffraction peaks due to Cu metallic NPs 
which appeared at 26.4° [111], 34.1° [200], 70.10° [220] [35].
The crystallite size of the functionalized-CuO NPs was 
estimated by using highest intensity XRD peak data in the 
Scherer’s equation [36]:

D
K

=
λ

β θCos
 (3)

where K = 0.9, and λ = 1.54A are shape factor, and X-ray 
wavelength of Cu-Kα radiation, respectively. Also α and β 
are Bragg diffraction angle, and FWHM of the respective 
diffraction peak. The crystallite size corresponding to the 
highest peak observed in XRD was found to be 15 nm. The 
presence of weak structural peaks in XRD pattern, and crys-
tallite size, suggested the amorphous nature of functional-
ized-CuO NPs. 

The morphology of the prepared functionalized-CuO 
NPs was investigated from SEM imaging (Fig. 5) which 
indicated irregular particles of various sizes. The func-
tionalized-CuO NPs appeared in as flower shapes. The 
aggregation of some particles occurred due to high surface 
energy and negative enthalpy due to van der Waal forces of 
attraction between particles.

The EDX analysis indicated the chemical composition 
of CuO NPs that possessed C (18.50%), Cu (28.33%), and O 
(53.16%) elements by weight (Fig. 6). The average diameter 
of the functionalized-CuO NPs range was observed in the 
50 nm range from TEM studies (Fig. 7).

UV-Visible spectroscopic technique was employed for 
the detection of surface plasmon resonance, SPR, which is 

the characteristic of NPs. The SPR band was observed at 231 
nm (Fig. 8) which indicated the preparation of CuO NPs. The 
characteristic peak for CuO NPs usually occurs at 240 nm but 
in this case shifted to 231 nm or towards higher energy which 
can be correlated to the reduction in particles size of func-
tionalized-CuO NPs formation that could also be confirmed 
from the peak tail. Moreover, in the UV-visible spectra only 

Fig. 3. FT-IR spectrum of functionalized-CuO NPs (black) and 
Amaranth dye loaded functionalized-CuO NPs (red).

Fig. 4. XRD pattern of functionalized-CuO NPs.

Fig. 5. SEM image of functionalized-CuO NPs.
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Fig. 6. SEM-EDX graph for elemental analysis of functional-
ized-CuO NPs.
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a single plasmonic peak was observed which indicated the 
formation of nearly spherical shaped CuO NPs [37].

3.2. Zeropoint charge of functionalized-CuO NPs surface 

The zero point charge of the functionalized-CuO NPs 
surface was investigated [Fig. S1; Supplementary Informa-
tion] and found at pH 7.7, means the pH point at which the 
CuO do not acquire any charge on the surface. The pH of 
the solution above and below pH 7.7 creates negative and 
positive charge at the surface of CuO NPs, respectively. 
These variations in the charges may govern the trends of 
adsorption of AM dye onto the functionalized-CuO NPs 
surface at various pHs. 

3.3. Adsorption studies

3.3.1. Effect of functionalized-CuO NPs dosage 

In order to investigate the influence of amount of func-
tionalized-CuO NPs on the adsorption of AM dye, five 50 

mL Erlenmeyer flasks having 10 mL dye solution (of 20 mg 
L–1 concentration) and 1, 1.5, 2.0, 2.5 and 3.0 g L–1amount 
of functionalized-CuO NPs were agitated at 150 rpm. The 
experiment showed that with the increase of amount of func-
tionalized-CuO NPs from 1.0 to 1.5 g L–1 the percentage of dye 
adsorbed increased from 35 to 72% which further increased 
up to 99% on increasing the amount to 3.0 g L–1 (Fig. 9a). This 
adsorption trend was due to the reason that with the increase 
in adsorbent dosage the number of adsorption sites also 
increased proportionally, thus adsorption capacity increased 
with the increase in amount of functionalized-CuO NPs. 2.0 
g L–1 dosage of functionalized-CuO NPs was sufficient for 20 
mg L–1 concentration of AM dye with which more than 92% 
of AM dye got removed from aqueous media,therefore, for 
further studies 2.0 g L–1 dose of CuO was used.

3.3.2. Effect of dye concentration

The effect of concentration on the adsorption phenom-
ena is investigated by varying the concentration of dye and 
then studying the adsorption capacity. The effect of AM dye 
concentration on the adsorption onto functionalized-CuO 
NPs was investigated by varying the concentration from 10 
to 60 mg L–1 at 30ºC with fixed dosage of 2.0 g L–1 of CuO 
NPs. The removal efficiency of functionalized-CuO NPs 
decreased from 92 to 87% when the concentration of AM 
dye was increased from 10 to 60 mg L–1 (Fig. 9b). This may 
be due to availability of limited surface area at optimum 
dosage and higher concentration gradient mass remained 
unadsorbed in aqueous phase. Moreover, results obtained 
revealed that 2.0 g L–1 functionalized-CuO was sufficient for 
the removal of AM dye from 10 to 60 mg L–1 concentration. 
At 20 mg L–1 of initial concentration of AM dye, more than 
90% of AM dye could be removed from aqueous solution, 
therefore, 20 mg L–1 of initial concentration of AM dye was 
chooses as optimum concentration for further studies.

3.3.3. Effect of solution pH 

The pH of water also affects the adsorption capacity of a 
material for a particular adsorbate by changing the charge on 
the adsorbent surface and/or adsorbate speciation. At alka-

Fig. 7. TEM image of functionalized-CuO NPs at different magnifications.
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line pH, deprotonation of surface may occur, which leads 
to the negative charge generation on the surface of solid. 
Therefore, at alkaline pH, the positively charged adsorbate 
ions gets easily attached to the negatively charged surface 
and negatively charged adsorbate ions are repelled by nega-
tively charged surface. Similar to this, the protonation of sur-
face occurs at acidic pH which leads to the positive charge 
on the surface. Therefore, the effect of variation of surface 
charge of an adsorbent on the change in the pH can easily 
be understood from the zero point charge, ZPC, of an adsor-
bent. At pH above the ZPC, deprotonation of surface occur 
groups and at pH below the ZPC protonation of groups at 
the surface occur which leads to the change in the overall 
charge of adsorbent surface and interaction behaviour. 

For this study, the variation of sorption of anionic AM 
dye onto functionalized-CuO surface with change in pH 
indicated that once pH was increased the adsorption of AM 
dye decreased which might be due to repulsion between 
negatively charged AM from the negatively charged depro-
tonated surface of CuO. When pH was lowered from 7.7 
(ZPC = 7.7 where surface is neutral) to 2.0 the adsorption 
of AM dye got increased due to the protonation of func-
tionalized-CuO surface. The CuO exists as Cu~OH and 
at pH below the ZPC of CuO, the surface of CuO became 
overall positive (Cu~OH2

+) and attraction of anionic AM 
dye and Cu~OH2

+ increased (Fig. 9c). When the pH was 
raised beyond the pH 7.7 the adsorption capacity of func-
tionalized-CuO NPs decreased which might be due to the 
deprotonation of functionalized-CuO (CuO~OH) surface, 
and thus surface of CuO became partially negative (Cu~O–) 
which decreased attractive forces for anionic AM dye ions 
towards the adsorption sites. Therefore, acidic pH of the 
environment was suitable for better adsorption of AM dye 
onto the functionalized-CuO NPs surface.

3.3.4. Effect of contact time 

Contact time for the reaction between adsorbate and 
adsorbent largely affects the adsorption capacity and is a 
major parameter to evaluate the speed of the process. The 
variation in adsorption percentage (of 2.0 g L–1 of CuO for 20 
mg L–1 concentration of AM dye) with the change in contact 
time is shown in Fig. 9d. The sorption of AM dye increased 
gradually with the increase in contact time, and attained 
maximum at 60 min a after which equilibrium was estab-
lished between AM dye molecules in the solution and on the 
surface of adsorbent, thus no net increase in adsorption was 
noticed. The reason behind this behaviour was that initially 
all the adsorptive sites on functionalized-CuO NPs were 
vacant and got readily occupied by AM dye molecules. That 
is why more than 85% of dye got adsorbed onto CuO surface 
within 15 min. When contact time was increased the chances 
of collision also increased which resulted increase in adsorp-
tion capacity. However, after certain period of time all the 
vacant sites on the CuO surface get occupied thus no more 
adsorption occurred and then reaction attained equilibrium.

3.3.5. Kinetic study

The adsorption data was applied to different kinetic 
models for understanding the kinetic behaviour of the 
adsorption of AM dye onto functionalized-CuO NPs. The 

kinetics of the adsorption generally depends on the intrinsic 
behaviour of the material as well as nature of pollutants, 
and also on the experimental conditions. In adsorption 
process, adsorbate molecules move to solid surface from 
solution through different steps which control the whole 
process. This phenomenon can be understood by the fitting 
adsorption data to different kinetic relationships. For this 
study, nonlinear forms of pseudo-first order [Fig. S3; Sup-
plementary Information], and pseudo-second order (Fig. 
10) were used to determine the kinetic parameters [38–40]. 
The best fit was obtained by comparing the correlation 
coefficients (R2) and the reduced chi square, χ2, as shown 
in Table 1. The non-linear forms of pseudo-first and second 
orders equation are:

dQ
dt

k Q Qt
e t= −( )1  (4)

dQ
dt

k Q Qt
e t= −2

2( )  (5)

where both Qe and Qt, in mg g−1, represent the adsorption 
capacity at equilibrium state and at any time t, respectively.
k1 (min–1), and k2 (g mg−1 min−1) are pseudo-first, and pseu-
do-second order rate constants, respectively. The results of 
these rate relationships are summarised in Table 1.

It was concluded from the R2 values of nonlinear plots 
that the adsorption of AM dye onto functionalized-CuO 
NPs could be more correlated to the pseudo-second order 
(R2 = 0.90, at 30ºC) than that for pseudo-first order kinetic 
relationship (R2 = 0.55, at 30ºC) used for fitting of the data. 
Moreover, the difference between the theoretical removal 
capacity, calculated from the pseudo-second order plot 
(9.104 mg g−1), and that obtained from the experiments 
(8.959 mg g−1) were closer than calculated from the pseu-
do-first order plot (8.155 mg g−1). Beside R2, the reduced chi 
square, χ2, was found to be lower for pseudo-second order 
plot which clearly suggested that PSO model best fitted to 
the applied experimental data for the tested AM dye. The 
result of fitting of the experimental adsorption data to the 
pseudo-second order relationship suggested that the sorp-
tion might be due to simple chemical interaction between 

Time (min)

Q
t

Fig. 10. Nonlinear pseudo-second order kinetic plot.
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AM ions and the functional groups on the CuO surface. The 
interaction could be further demonstrated from the FT-IR 
spectrum of AM loaded CuO surface. However, the interac-
tion between the AM and CuO NPs was weak which could 
be demonstrated by the desorption study of AM dye loaded 
CuO NPs. Also, as per pseudo-second order the adsorption 
rate depends on the concentration of solute molecules and 
density of adsorptive sites on material. Thus, the adsorp-
tion of AM dye on the functionalized-CuO NPs followed 
the pseudo-second order kinetics.

3.3.6. Temperature effect: Thermodynamics and isotherms

The temperature of the aqueous system affected the 
adsorption of AM dye from its solution (10–60 mg L–1 con-
centration range, and 2.0 g L–1 CuO dosage) which was 
investigated at 27, 35, and 45ºC. The adsorption of AM dye 
slightly decreased when the temperature of the solution 
was raised which suggested the existence of some weak 
bonds between AM dye and the functionalized-CuO NPs 
that might have broken down at higher temperature (35 
and 45ºC) [Fig. S4; Supplementary Information].

Thermodynamic parameters are evaluated by changing 
temperature of the reaction mixture to estimate the sponta-
neity, feasibility, and enthalpy of the overall adsorption pro-
cess. Change in Gibb’s free energy, ΔG°, entropy, ΔS°, and 
enthalpy, ΔH°, thermodynamic parameters which give infor-
mation related to the feasibility, spontaneity, and the enthalpy 
of the adsorption process, were calculated from Van’t Hoff 
equation [41,42] [Fig. S5; Supplementary Information]:

Δ Δ ΤΔG H So o o= −  (6)

ΔG RT bo = − ln  (7)

lnb
S
R

H
RT

o o
= −

Δ Δ
 (8)

For the present study, ΔGo, found to be –5.395, –4.256 and 
–1.256 kJ mol−1, in the range of 0–20 kJ mol−1 suggest that the 
sorption of AM dye onto the functionalized-CuO NPs was 
spontaneous and proceeded through the physical interac-
tion. Moreover, ΔH°, found to be +0.002 kJ mol−1, suggested 
that the process was endothermic, and the same was further 
confirmed from the D-R isotherm. The negative ΔS° (–0.628 
kJ K−1 mol−1) indicated the potent binding forces operating 
during the adsorption of AM dye toward CuO NPs [43].

The information about distribution of adsorbate 
between liquid and solid phases is studied to know mech-
anisms, surface properties, and affinities of the adsorbate 
molecules towards adsorbent surface can be estimated from 
isotherm studies. The nonlinear plots of three isotherms, 

namely, Langmuir, Freundlich, and Dubinin-Radushkev-
ich, were used to fit the experimental data obtained from 
this study to get the best fit isotherm.

Langmuir isotherm (Fig. 11a) is a well known model 
which assumes that one site on the surface of adsorbent is 
occupied only by one molecule/ion of adsorbate and the 
adsorption energy is constant. The nonlinear form of Lang-
muir isotherm is given below [44–46]:

Q
Q bC

bCe
o e

e
=

+1
 (9)

where Qo (mg g–1) is maximum adsorption capacity of an 
adsorbent, and b (L mg–1) is a Langmuir constant, both can 
be calculated from the above equation. The value of Qo, 
obtained from nonlinear Langmuir plot, decreased from 
55.33 to 33.17 mg g–1 when the temperature of the reaction 
mixture was increased from 27 to 45°C, respectively. The 
maximum adsorption capacity of the functionalized-CuO 
NPs was noted higher than previously reported adsorbents 
(Table 4). The values of the Langmuir constant, b, was found 
in the range 0–1 L mg–1 which indicated weak binding of 
AM dye onto the functionalized-CuO NPs surface at lower 
temperature and with the rise in temperature it increased 
(Table 2). The regression coefficients indicated good fitting 
of the adsorption data at higher temperature and slightly 
poor at lower temperature [46,47]. The separation factor RL, 
another parameter of Langmuir isotherm, is defined as: 

R
bCL

o
=

+
1

1( )
 (10)

The RL value, found in the range 0 < RL < 1,revealed that 
the sorption of AM dye onto functionalized-CuO NPs was 
energetically favourable at 27–45ºC temperature range.

Freundlich isotherm, based on the concept of non-uni-
form distribution of heat of adsorption over a heteroge-
neous surface and multilayer sorption, is given as [1,47]:

Q k Ce F e
n=
1

 (11)

where kF (mg(1–n) Lng–1) and n are Freundlich constants and 
represent the capacity of an adsorbent, and the intensity of 
the adsorption process, respectively. For the nonlinear plot 
(Fig. 11b), the kF value was found in range 5.662 to 10.436 
mg(1–n) Ln g–1. The values of n, found in the range 1–10, indi-
cated favourable adsorption process having good interac-
tions between AM dye and functionalized-CuO NPs and 
heterogeneity of the adsorbent surface (Table 2).

The nature of the adsorption process can also be evalu-
ated by the fitting of experimental adsorption data to Dubi-
nin-Radushkevich isotherm (D-R) (Fig. 11c) which also gives 
the relation between the porous structure and adsorption by 
the adsorbate. The nonlinear form of this model is [46]:

Table 1
Nonlinear kinetics parameter for adsorption of AM onto functionalized-CuO NPs 

Pseudo-first order Qe(Exp) = 8.96 mg g–1 Second order Qe(Exp) = 8.96 mg g–1

k1 (min–1) Qe(cal) (mg g–1) R2 χ2 k2 (g mg−1 min−1) Qe(cal) (mg g–1) R2 χ2

0.206 8.15 0.55 0.017 0.99 9.14 0.90 0.004
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For the present study, the values of ED-R was found to be 
less than 8.0 kJ mol–1 (in the range 0.652–1.453) in the tem-
perature range 27–45ºC, which suggested that the adsorp-
tion of AM dye onto functionalized-CuO NPs was a physical 
process [39]. From these nonlinear plots, the higher R2 value 
and lower χ2

error of Freundlich isotherm confirmed that the 
AM dye adsorption onto the functionalized-CuO NPs sur-
face followed the Freundlich isotherm which revealed the 
heterogeneity of adsorbent surface. 

3.3.7. Mechanism

The present adsorption process, as discussed above, 
was a physical process; therefore, the transfer of AM dye 
molecules from aqueous medium to the solid surface can 
be understood by intraparticle diffusion, and film diffusion 
action. The experimental kinetics data was applied to both 
the models and result are given in Table 3.

In brief, intra-particle diffusion model (IPD), based on 
the chemical interaction between the adsorbate and interior 
pores on the solid surface, is slowest step then according to 
Weber and Morris, the solute uptake varies proportionally 
with t0.5 and the following relationship will be applicable to 
the system [46] (Fig. 12):

Q k t Ct ipd= +0 5.  (15)

where kipd is rate constant for intraparticle diffusion process 
and equal to the slope of plot. The kipd was found to be 0.096 
mg g–1 min0.5, with 8.215 intercept of the straight line having 
nearly unit regression coefficient. Furthermore, if the adsor-
bate molecules have to pass the liquid film around the solid 
surface to get adsorbed then the liquid film diffusion model 
(LFD) is applied as [46] [Fig. S6; Supplementary Information]:

ln( )1 − = −F k tfd  (16)

where F = Qt/Qe, and kfd is the rate constant for diffusion 
of liquid film by the adsorbate whose value was found, as 

Q Qe D R= −− exp( )βε2  (12)

where QD-R, and β (mol2 kJ−2) are theoretical capacity, and 
mean free energy of adsorption, respectively. Moreover, the β 
is also related to the equilibrium concentration, ε, called Poly-
ani potential, and can be calculated from the relationship [46]:

RT
Ce

ln 1
1

+






= ε  (13)

As given in the Table 2, the calculated QD-R value was 
found in the range 25.479 to 23.312 mg g–1. The constant β 
is also related to the mean free energy of adsorption, E (kJ 
mol–1), asgiven below [46]:

ED R−
−= −( )2 0 5β .  (14)

Fig. 11a. Nonlinear Langmuir adsorption isotherm plot for AM 
adsorption.

Fig. 11c. Nonlinear Dubinin-Radushkevich isotherm plot for 
AM adsorption.

Fig. 11b. Nonlinear Freundlich adsorption isotherm plot for AM 
adsorption.
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media having concentration of 10 mg L–1, respectively, with 
2.0 g L–1 of functionalized-CuO NPs. Thus, the functional-
ized-CuO NPs is also efficient material for adsorption of CR 
and BBR. Although the capacity was inferior for CR and 
BBR than that for AM dye, therefore, biogenic functional-
ized-CuO NPs can be efficiently employed for treatment of 
water containing various types of organic dyes.

3.3.9. Reusability of exhausted functionalized CuO NPs

The regeneration of exhausted functionalized-CuO NPs 
was achieved by tuning pH of the solution using 0.1 M 
NaOH and then the reusability was checked by running the 
number of adsorption-desorption cycles. It was found that 
no significant reduction in the adsorption capacity of the 
functionalized-CuO NPs was noticed after three adsorp-
tion-desorption cycle.

4. Conclusion

The water pollution due to dyes, released through 
industrial wastewater, is associated with skin irritation, 
allergic, mutagenic, carcinogenic and others severe diseases. 
So, their removal from water is essential and the adsorption 
is promising method for that. CuO NPs has got so much 
attention as smart and advance material for the removal of 
many hazardous azo dyes that cause water pollution. 

But the conventional method creates more water pol-
lution, therefore, an eco-friendly green method was prepa-
ration and also for enhancing the capacity, these particles 
were functionalized using Brassica rapa leaves, an easily 
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Fig. 12. Intraparticle diffusion plot for AM adsorption.

slope, from the straight line plot between ln(1–F) and time t 
that passes through the origin. The film diffusion rate con-
stant, kfd, calculated to be 0.329 mg g–1min–1 with intercept of 
4.633 and 0.68 regression coefficient [Fig. S6; Supplementary 
Information]. However, the regression coefficient value sug-
gested the poor fitting of kinetic data to the LFD relation-
ship. Therefore, intraparticle diffusion might be controlling 
the rate of AM dye adsorption on to the CuO surface.

3.3.8. Removal of CR and BBR by functionalized-CuO NPs

Functionalized-CuO NPs were also used for the adsorp-
tion of two other toxic dyes, Congo red (CR), and Bismarck 
brown R (BBR). The obtained results showed that about 80% 
of CR and 47% of BBR could be adsorbed from the aqueous 

Table 2
The nonlinear isothermal parameters for the adsorption of AM onto functionalized-CuO NPs

Temp. (°C) Langmuir Freundlich Dubinin-Radushkevich

Qo  
(mg g–1)

b  
(L mg–1)

RL R2 χ2 kF  

(mg(1–n)

n  
Lng–1)

R2 χ2  QDR  

(mg g–1)
β  
(mol2 kJ–2)

E 
(kJ mol–1)

R2 χ2

27 55.33 0.207 0.039 0.91 78.54 5.663 1.403 0.99 0.317 25.479 1.173 0.652 0.86 8.297
35 45.54 0.069 0.012 0.92 79.33 6.902 1.564 0.99 0.572 24.438 0.711 0.838 0.87 8.178
45 33.17 0.446 0.100 0.99 0.485 10.436 2.125 0.98 1.042 23.312 0.236 1.453 0.86 8.956

Table 3
Film and intraparticle diffusion parameters for adsorption of 
AM onto functionalized-CuO NPs

Film diffusion model Intraparticle diffusion model

kfd  

(mg g–1 min–1)
Intercept R2 kipd  

(mg g–1 min0.5)
Intercept R2

0.329 4.633 0.68 0.096 8.215 0.99

Table 4
The comparative Amaranth adsorption study of functionalized-
CuO NPs to other adsorbents

Adsorbent name Amaranth removal 
capacity (mg g–1)

Ref.

Fe3O4/MgO 37.98 [48]
Iron oxide nanoparticles 
(IONPs) coated with 
cetyltrimethylammonium 
bromide (CTAB)

1.05 [49]

Alumina reinforced 
polystyrene composites

20.2 [50]

Bottom ash 7.80 [51]
E. Crassipes leaves 43.1 [52]
E. Crassipes roots 28.51
E. Crassipes stems 23.97
Potato peels 1.709 [53]
Guava leaves 1.028
Functionalized-CuO NPs 55.33 This Study
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available and possessing many active phytochemicals. 
The functionalized-CuO NPs showed high adsorbing 
capacity, in batch mode experiments, for Amaranth dye, 
studied in terms concentration, dosage, pH, temperature. 
CuO NPs showing the Langmuir adsorption capacity of 
55.33 mg g–1and data fitted better to Freundlich isotherm, 
and kinetics followed pseudo-second order relation-
ship indicating specific site interaction. Thus, function-
alized-CuO NPs proved to be a cost-effective and high 
adsorption capacity material for reducing the water con-
tamination caused by dyes.
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Fig. S1. Zero point charge of functionalized-CuO NPs.
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Fig. S4. Effect of temperature on AM adsorption onto function-
alized-CuO NPs surface.
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Fig. S2. Calibration curve for AM.
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Fig. S5. Thermodynamics plots, ∆G Vs T(K) of AM adsorption.
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Fig. S3. Nonlinear plot of pseudo first order kinetics for AM ad-
sorption.
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Fig. S6. Film diffusion plot for AM adsorption


