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Te goal of this research was to employ copper-doped zinc oxide nanoparticles (Cu/ZnONPs) as an adsorbent to remove the
potentially toxic azo dye Congo red (CR). Te Cu/ZnONPs were made using a chemical coprecipitation method, and their
characteristics were examined using XRD, SEM, EDS, and FTIR methods. Te response surface methodology (RSM) central
composite design (CCD) is used to optimize the operational parameters’ agitation time, adsorbent dosage, solution pH, and initial
concentration of CR solution during the adsorption process. Te agitation period of 29.48min, the Cu/ZnONP dosage of 0.301 g/L,
the solution pH of 6.96, and the CR initial concentration of 90mg/L resulted in a maximum CR adsorption of 94.14% and
a desirability of 0.976. Te kinetic fndings ft the pseudo-second-order kinetic equation, and the equilibrium data agreed with the
Langmuir isotherm (maximum uptake capacity qmax� 250mg/g). During the thermodynamic experiments, endothermic, spon-
taneous, and physical adsorptions were observed.

1. Introduction

Dyes are used in many diferent felds, such as textiles, paper,
leather, printing, food, plastics, and leather [1, 2]. Some of
these dyes are made with chemicals that, even in small
amounts, can be harmful to people and animals. Most of
these chemicals cause mutations, birth defects, and cancer,
which can lead to problems with the kidneys, reproductive
system, liver, brain, and central nervous system [3]. Congo
red is an example of an azo dye (CR). Te nondegradable
aromatic group of CR is made up of a biphenyl group in the
middle and two naphthalene groups on either side [1]. CR is
written as C32H22N6Na2O6S2 and has a molecular weight of
696.7 g/mol. Because CR does not break down and can cause
cancer, it is very important to fnd ways to get rid of it that
work and do not cost a lot of money. Adsorption, photo-
degradation, chemical oxidation, microbiological treatment,

and coagulation are some of the most common ways to
separate dyes from wastewater [4–9]. A thorough look at the
relevant research shows that adsorption is one of the most
researched ways to get rid of dyes quickly.Tis is because it is
simple, cheap, and works efectively. Researchers have
looked at many diferent types of adsorbents, both natural
and man-made, to see if they can remove dyes and other
contaminants from wastewater [10, 11]. Even though these
materials are good at getting rid of pollution, they cause
a number of problems. Poor adsorption performance and
high costs are the main problems.

Researchers all over the world are interested in nano-
materials because their particles are very small, they have
very large specifc surface areas, and the active places on their
surfaces are easily accessible [12]. Scientists are using a va-
riety of nanomaterials that are much better at absorbing dyes
and heavymetals. Zinc oxide (ZnO) is a good semiconductor
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that can be used inmany diferent ways, such as in solar cells,
optical coatings, photo catalysts, and nano-optoelectronic
devices [12–14]. It is a good semiconductor because it has
a band gap of 3.2 eV and a high excitation binding energy
(60MeV). Te ZnO have high electronic conduction, good
luminescence, is cheap, and nontoxic. Nanoadsorbents
made of zinc oxide have a lot of potential for treating efuent
because they are safe, can absorb more, are cheap to make,
and can be recycled. Transition metal-doped nanostructures
are an efective method for manipulating the energy level
surface states of ZnO, which may be further enhanced by
changing the doping concentrations of doped materials.
Hence, adding other metals to NPs is a great way to alter
their properties for the better. Customization is possible by
adding transition metals like Fe, Mn, Co, Ni, and Cu to
modifed ZnO nanostructures. Cu is an excellent doping
metal since it is a transition metal with high electrical
conductivity and ionic radii similar to ZnO. Researchers
discovered that adding Cu to the ZnO matrix alters the
microstructure of the ZnO, improving its physical, chemical,
and optical characteristics [15–20]. Chemical coprecipita-
tion, sol-gel preparation, thermal breakdown, pulse laser
deposition, and hydrothermal processes can all be used to
make nanoparticles [19, 20]. Te coprecipitation method is
especially important and useful because it has many benefts
and advantages, such as a low process temperature, low cost,
and no need for big equipment.

In recent years, the nanocomposites have attracted
substantial interest for a variety of applications, including
the adsorption process. Although ZnO nanoparticles are
exclusively responsible for excellent pollutant adsorption
from wastewater, additional modifcation of ZnONP with
active functional groups speeds up adsorption. Zinc oxide
(ZnO) nanoparticles and their doped equivalents have re-
ceived substantial research in a wide range of scientifc
domains. Its application in environmental waste treatment is
gaining traction due to the low cost and great productivity.
Te selective removal of nickel ions by diferent alkaline
metals (K+, Rb+, and Cs+)-doped zinc oxide nanoparticles
synthesized using various techniques [21]. Klett et al. [22]
investigated nickel-doped zinc oxide (Ni0.05Zn0.95O)
nanoparticles as a potential adsorbent for the removal of
methyl orange and tartrazine dyes from an aqueous solution.
Experiments revealed that Ni-doped ZnO nanoparticles
were extremely efective. A simple coprecipitation approach
was used by Saruchi et al. [23] to synthesize ZnO NPs and
Mg+2-doped ZnO NPs. Te maximal Eosin dye removal
values in ZnONPs andMg+2-doped ZnONPs were reported
to be 97.9 and 98.4%, respectively. Te regeneration ef-
ciencies in ZnO NPs andMg+2-doped ZnONPs were 93 and
96% in the frst cycle, respectively, and were preserved up to
71 and 81% after the ffth cycle. Tis proposed that doping
ZnO NPs with Mg+2 increase their stability and reusability.
Te removal of malachite green (MG) dye from aqueous
medium by vanadium-doped zinc oxide (ZnO :V3%)

nanopowder was examined and found to be highly
efcient [24].

With this background in mind, the purpose of the
present study was to investigate the efciency of copper-
doped zinc oxide nanoparticles (Cu/ZnONPs) towards CR
remediation. Te Cu/ZnONPs were synthesized by copre-
cipitating zinc oxide and copper. X-ray difraction (XRD),
scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), and Fourier transform infrared spec-
troscopy (FTIR) were used to analyze the Cu/ZnONPs that
were produced. In CR adsorption, the agitation time, the Cu/
ZnONP dosage, the pH of the solution, and the initial
concentration of CR were all investigated as potential
process optimization parameters utilizing central composite
design (CCD) of response surface methodology (RSM).
Furthermore, the kinetics, isotherms, and thermodynamics
were also investigated.

2. Materials and Methods

2.1. Synthesis of Cu-Doped ZnO Nanoparticles. A 25ml so-
lution of 0.5M ZnSO4 8H2O was combined with a 25ml
solution of 0.5M CuCl2 2H2O and agitated constantly until
a clear blue solution was observed. Te reaction mixture was
treated with 4M NaOH until the pH reached 11 and the
colour transitioned from light blue to dark blue. A blue
precipitate emerged after another 2 hrs of heating the re-
action mixture at 120°C. Te precipitate that formed was
allowed to cool at an ambient temperature. Te precipitate
that formed was fltered, rinsed with deionized water, and
dried in an 80°C hot air oven. Te resultant material was
calcined for 4 hrs in a 400°C furnace [9–11].

2.2. Adsorption Experiments. Adsorption experiments were
carried out by varying the agitation time (min), adsorbent
dosage (g/L), solution pH, and initial concentrations (mg/L).
Te contents were shaken for a period of time in a tem-
perature-controlled orbital shaker before being separated by
centrifugation for 15min at 4000 rpm. Te dye concentra-
tions were determined using a UV spectrophotometer with
a 1 cm quartz cell by detecting maximum absorbance at
wavelength 496 nm for CR dye. Te pH of the dye solution
was determined by a digital pH meter.

Te percentage removal of dye was obtained using the
following equation:

%Removal of dye �
Co − Ce( 􏼁

Ce

× 100. (1)

Te adsorption capacity of dye or amount of dye
adsorbed (qe) presented in mg/g was determined by using
the following mass balance equation:

qe �
Co−Ce( 􏼁

w
, (2)
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where Co and Ce are denoted as initial and equilibrium dye
concentrations (mg/L), respectively, and w is the mass of the
adsorbent used (g/L) [11].

2.3. Adsorption Isotherm, Kinetics, and Termodynamics.
Adsorption equilibrium studies ofer information regarding the
adsorbent’s capacity. Adsorption isotherms of CR on Cu/
ZnONPs were investigated using the Langmuir and Freundlich
adsorption models. Te Langmuir equation, which is valid for
monolayer sorption onto a surface with a limited number of
identical sites, is the most extensively used isotherm equation
for modelling adsorption data. Equation (3) describes the
nonlinear form of the Langmuir model:

Ce

qe

�
1

qmaxkL

+
Ce

qmax
, (3)

whereCe (in mg/L) denotes the concentration equilibrium of
the lead ions in the solution, qe (in mg/g) is the adsorption
capacity, qmax (in mg/g) is the maximum adsorption ca-
pacity, and kL (L/mg) is the Langmuir adsorption constant.

Te Freundlich isotherm describes the heterogeneous
character of adsorption sites with nonuniform energy level
distribution. Te linear form of the Freundlich isotherm can
be expressed as

log qe( 􏼁 � n log Ce( 􏼁 + logKF, (4)

where qe (mg/g) is the amount of adsorbate uptake at
equilibrium, Ce (mg/L) is the adsorbate concentration at
equilibrium, KF (mg/g)/(mg/L)n is the Freundlich constant,
and n (dimensionless) is the Freundlich intensity parameter,
which indicates the magnitude of the adsorption driving
force or the surface heterogeneity.

Kinetic models are used to investigate the rate of ad-
sorption and potential rate-controlling steps. Te kinetics of
adsorption was investigated using the pseudo-frst-order
and pseudo-second-order models [11–13]. Te pseudo-
frst-order (PFO) equation can be expressed as

In qe − qt( 􏼁 � −k1t + In qe( 􏼁, (5)

where t is the time of adsorption and k1 is the rate constant
for PFO.

Te pseudo-second-order (PSO) equation can be
expressed as

t

qt

�
t

qe

+
1

k2q
2
e

, (6)

where k2 is the rate constant for PSO.
Adsorption thermodynamic parameters, such as standard

free energy change (ΔG), standard enthalpy changes (ΔH), and
standard entropy change (ΔS) is characterized as follows: the
distribution coefcientKc of the sorption process, assuming the
sorption process, is given by equations (7) and (8):

∆G � −RT lnKc, (7)

Kc �
Cad,e

Ce

, (8)

where ΔG is the standard free energy change (kJ/mol), T is
the temperature in Kelvin, R is the universal gas constant
(8.314mol−1·K−1), Cad,e (mg/L) is the concentration of dye
on the adsorbent at equilibrium, and Ce (mg/L) is the
equilibrium concentration of dye.

2.4. Response Surface Methodology (RSM). RSM is a benef-
cial combination of mathematical and statistical methods for
assessing quantitative data and their interaction terms from
analytical experiments in order to create and solve multi-
variant equations simultaneously [25, 26]. A well-known
RSM design for design improvement is the central com-
posite design (CCD).Te CCD is made up of rotating lower-
dimensional designs that estimate all linear, quadratic, and
two-way interactions. It does not allow for design reduction.
Tey have no corners in the design space. Te axial points
extend outside the design space box defned by the design’s
rotatable factorial element. Tis allows the anticipated re-
sponse to be estimated with the same variance regardless of
direction from the centre of the design area. A preliminary
screening was conducted and appropriate ranges of in-
dependent process variables. As indicated in Table 1, four
independent variables, agitation time (A), Cu/ZnONP
dosage (B), solution pH (C), and CR initial concentration
(D), were explored using CCD. Stat-Ease Design Expert
Software ver.12 was used to predict the CR removal (re-
sponse) using a 2nd order polynomial equation.

3. Results and Discussion

3.1. Cu/ZnO NPs Characterization. Te XRD was used to
analyze the crystalline nature of the samples. Te XRD
pattern of Cu/ZnONPs is shown in Figure 1(a).Te sample’s
difraction peaks all correlate to the hexagonal wurtzite
structure of Cu/ZnONPs. Te sharpness of the peaks
revealed the material’s crystallinity. Te XRD of the com-
posite sample clearly shows that the ZnO lattice structure is
intact even after adding copper ions, which is consistent with
previous literature [27]. Te surface morphology of Cu/ZnO
NPs is depicted in the SEM image in Figure 1(b). Te SEM
reveals a rather homogenous grain distribution composed of
nanoscale particles. Te image show that the material’s
surface is porous and that the particles have agglomerated.
According to SEM examination, Cu/ZnO NPs have a sig-
nifcant surface area. Tis result is compatible with the XRD
analysis results. Te elemental mapping fndings from
EDAX (Figure 1(c)) show the presence of C, O, Cu, and Zn.
Cu/ZnONPs included 74.30% Zn and 15.516% O by weight,
with a Cu attachment of 6.80%. On the ZnO surface, Cu
adherence was discovered.

FTIR analysis is used to study the functional groups that
exist in the synthesized samples, and Figures 1(d) and 1(e)
show the FTIR spectra of Cu/ZnO NPs and Cu/ZnO NPs
with CR loaded. Te bands found between 3420 and
3800 cm−1 indicate the stretching vibration of the -OH
groups coupled with zinc ions or might be attributable to
water on the surface of the nanoparticles [14–17]. Te band
noticed at around 1638.6 cm−1 and 1423 cm−1 are mainly
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(a)

(b)

(c)
Figure 1: Continued.

Table 1: Factors and its levels used for the present study.

Factors Name Units Minimum Maximum
A Time min 10.00 50.00
B Dosage g/L 0.1000 0.5000
C pH 5.00 9.00
D Concentration mg/L 30.00 150.00
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due to C�O stretching [18–20].Te bands between 1050 and
700 cm−1 looked to be caused by ZnO bonding. Adsorption
at 511 cm−1 is the typical absorption peak of ZnO. Te FTIR
spectra analysis of Cu/ZnO NPs with CR loaded indicates
that all detected functional groups match to metal and that
the manufactured materials are in the required form. Te
interaction with CR caused several of the peaks in the Cu/
ZnO NPs FTIR spectra to shift locations or vanish totally.
Te functional groups of CRmight be responsible for the few
extra peaks observed in the Cu/ZnO NPs FTIR spectra
following loading with Cu/ZnO NPs. According to FTIR
analysis, the CR molecules in the aqueous solution were
clearly adsorbed by the produced Cu/ZnO NPs.

3.2. Adsorption Experiments. Experiments were carried out
in OFAT (one factor at a time) optimization methodology.
CR adsorption was carried out at diferent time intervals (5,

10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60min), while
holding all other variables constant, such as adsorbent
dosage 0.3 g/L, pH 6, and temperature 303K. Initially, the
adsorption was very fast, after 30min, the removal rate
remained constant. Te impact of adsorbent dose on CR dye
adsorption on Cu/ZnO NPs was investigated in the range of
0.1 to 0.8 g/L, with all other parameters such as agitation
period 30min, pH 6, and temperature 303K held constant.
Te maximum CR removal of 56.1%, when the adsorbent
dose increased, is 0.3 g/L. Te impact of pH on the removal
of CR dye by Cu/ZnO NPs was studied by altering the pH of
CR from 4.0 to 9.0. Te optimum pH is considered as 7.0 for
CR adsorption. Te infuence of initial concentration on the
adsorption of CR dye on the ZnONPs was investigated in the
range of initial concentrations from 10 to 100mg/L, keeping
all the remaining parameters, such as agitation time 30min,
pH 7, and temperature 303K as constants. At 100mg/L, the
maximum CR removal of 90.6% was recorded.
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Figure 1: Cu/ZnO NPs characterization: (a) XRD pattern, (b) SEM image, (c) EDS analysis, (d) FT-IR spectra of Cu/ZnO NPs before
adsorption, and (e) FT-IR spectra of Cu/ZnO NPs after adsorption of CR.
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3.3. Response Surface Methodology (RSM). Central com-
posite design (CCD) was applied based on 30 experimental
runs with four independent variables, agitation time (A),
Cu/ZnONP dosage (B), solution pH (C), and CR initial
concentration (D), and it was conducted to investigate their
main interaction contribution on CR adsorption. Replicates
were used to avoid experimental errors. Te analysis of
variance (ANOVA) was used to realize the diagnostics

checking test for adequacy of the proposed model based on
the Fishers F test. Te regression coefcient (R2) indicates
the amount of variation around the mean explained by the
model. Te coded and uncoded levels of independent factors
according to 30 experiments corresponding to CCD along
their responses are shown in Table 2. Te quadratic model in
terms of coded factors is expressed as the following equation:

CR removal � −126.57 − 1.40217 Time + 434.4Dosage + 40.69667pH + 0.770611Concentration + 0.64Time∗Dosage

+ 0.480250Time∗ pH + 0.006250Time∗Concentration − 12.575Dosage∗ pH − 0.31Dosage∗Concentration

− 0.015583pH∗Concentration − 0.045771Time2 − 560.95833Dosage2 − 3.56458pH2
− 0.004238Concentration2.

(9)

3.3.1. Analysis of Variance (ANOVA). Te Model F value of
71.69 indicates that the model is statistically signifcant
(Table 3). Tere is a 0.01% probability that such a large F
value occurs as a result of noise. P values less than 0.0500
indicate the existence of signifcant model terms. AC, AD,
BC, BD, A2, B2, C2, and D2 are the signifcant model terms in
this situation. Te F value for lack of ft is 0.2268, indicating
that the lack of ft is not signifcant in comparison to the pure
error. A negligible lack of ft is desirable. Te predicted R2 of
0.9278 is reasonably close to the adjusted R2 of 0.9715
(Table 4). Te signal-to-noise ratio is determined by Adeq
Precision. A ratio greater than 4 is preferred, so that the
design space can be navigated.

3.3.2. Response Surface Plots and Interaction between the
Parameters for CR Adsorption. To assess CR adsorption, 3D
response plots were used to fnd the experimental data, and
the infuence of factors such as agitation time, Cu/ZnONP
dose, solution pH, and initial CR concentration was seen. As
shown in Figures 2(a) and 2(b), increasing the contact time
had a positive efect on total CR adsorption. Tis might be
due to the fact that the adsorbent surface initially had
a signifcant number of active sites that were later occupied
by dye molecules. Furthermore, the plots showed that when
the contact period was extended beyond 30min, the CR
adsorption remained generally consistent. Solution pH has
a considerable infuence on CR adsorption, as seen in
Figures 2(a) and 2(c). Te CR adsorption increases from 4.0
to 7.0 and then falls at basic solutions. At decreasing pH,
-NH2 groups in CR are protonated and become -NH3+. Te
same positive charge causes a repulsive contact between the
surface of Cu/ZnONP and the CR molecule, resulting in
a reduction in the % removal of CR dye. Similarly, due to
electrostatic repulsion between negatively charged adsorbent
surfaces and negatively charged dye ions, alkaline solutions
are unfavourable for CR adsorption. Te initial CR con-
centration is another important factor infuencing adsorp-
tion. When the initial CR concentration was raised, a linear
impact was seen that was statistically signifcant. Tis sug-
gests that raising the initial CR concentration causes an
increase in adsorption, as illustrated in Figures 2(b) and 2(d).

3.3.3. Optimization. Te goal of this study is to optimize
responsiveness across a collection of factors. Te design
expert program chooses the variables required to get the best
results. As shown in Figure 3, optimal settings of agitation
time is 29.48min, Cu/ZnONP dose is 0.301 g/L, solution
pH is 6.96, and CR initial concentration is 90mg/L produced
in maximum CR adsorption of 94.14% with a desirability of
0.976. Te experimental response achieved under the pro-
vided ideal conditions confrmed the projected CR removal.

3.4. Adsorption Kinetics. In order to pattern difusion of
dyes into the adsorbent particles and providing some
more insights into the reaction pathways, it is essential to
choose an appropriate model for the analysis of data
[25, 26]. Te adsorption kinetics of CR dye onto the Cu/
ZnONP was investigated via pseudo-frst-order and
pseudo-second-order. Te ftted plots of these adsorption
kinetic models are shown in Figures 4(a) and 4(b) and
these kinetic parameters are summarized in Table 5. Te
validity of each model is checked by the corresponding
correlation coefcients (R2). In case of the pseudo-frst-
order kinetic model, the overall adsorption rate is directly
proportional to the driving force, which is the diference
between the initial and equilibrium concentrations of the
dye. Comparison of correlation coefcients of pseudo-
frst-order (R2 � 0.987) and pseudo-second-order
(R2 � 0.996) kinetic models show that pseudo-second-
order best describes the mechanism and the rate uptake of
CR dye on Cu/ZnO NPs. It can be concluded that the
adsorption system is a chemical process involving electron
sharing or electron transfer [13, 14].

3.5. Adsorption Isotherms. Adsorption isotherms aid in the
identifcation of the process mechanism, adsorbent char-
acteristics, and adsorbate-adsorbent interactions [28–30].
Tus, equilibrium data correlation is critical for adsorption
data interpretation and prediction. Figures 4(c) and 4(d)
illustrate the ftting charts for the Langmuir and Freundlich
isotherm models. Te Langmuir model assumes that the
number of adsorption sites is fxed, a monolayer surface
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forms, there is no interaction between adsorbate mole-
cules, and the adsorbent surface is homogeneous. Te
fgures show that the Langmuir model can better

represent the adsorption data. Te Langmuir model may
be used to compute the monolayer adsorption capacity
on the homogeneous surface, which is 250 mg/g for CR

Table 2: Designed variables and the response using CCD.

Run Time (min) Dosage (g/L) pH Initial concentration
(mg/L)

Response (%
CR removal)

1 10 0.3 7 90 77.5
2 30 0.3 7 90 94.8
3 20 0.2 6 60 81.56
4 20 0.2 8 60 74.4
5 20 0.4 8 120 66.8
6 40 0.2 6 120 71.6
7 30 0.3 9 90 79.6
8 40 0.4 8 120 79.7
9 20 0.2 6 120 80.6
10 30 0.3 7 90 94.8
11 30 0.3 7 90 94.8
12 30 0.3 7 90 93.4
13 30 0.3 7 30 79.5
14 20 0.4 8 60 73.48
15 20 0.4 6 60 85.2
16 20 0.2 8 120 73.06
17 40 0.2 8 60 80.5
18 30 0.1 7 90 70.5
19 40 0.4 8 60 80.8
20 30 0.5 7 90 73.24
21 20 0.4 6 120 77.6
22 40 0.4 6 60 70.24
23 30 0.3 7 90 94.8
24 30 0.3 7 150 78.6
25 50 0.3 7 90 74.5
26 30 0.3 5 90 80.5
27 30 0.3 7 90 92.2
28 40 0.4 6 120 76.6
29 40 0.2 6 60 67.24
30 40 0.2 8 120 84.3

Table 3: ANOVA for the quadratic model.

Source Sum of squares df Mean square F value p value
Model 2040.47 14 145.75 71.69 <0.0001 Signifcant
A-time 2.48 1 2.48 1.22 0.2865
B-dosage 0.2904 1 0.2904 0.1429 0.7108
C-pH 0.0150 1 0.0150 0.0074 0.9327
D-concentration 1.03 1 1.03 0.5042 0.4885
AB 6.55 1 6.55 3.22 0.0927
AC 369.02 1 369.02 181.53 <0.0001
AD 56.25 1 56.25 27.67 <0.0001
BC 25.30 1 25.30 12.45 0.0030
BD 13.84 1 13.84 6.81 0.0197
CD 3.50 1 3.50 1.72 0.2094
A2 574.62 1 574.62 282.66 <0.0001
B2 863.11 1 863.11 424.57 <0.0001
C2 348.51 1 348.51 171.44 <0.0001
D2 399.11 1 399.11 196.33 <0.0001
Residual 30.49 15 2.03
Lack of ft 24.44 10 2.44 2.02 0.2268 Not signifcant
Pure error 6.05 5 1.21
Cor total 2070.97 29
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Table 4: Fit statistics.

Std. dev. 1.43
Mean 80.08
C.V. (%) 1.78
R2 0.9853
Adjusted R2 0.9715
Predicted R2 0.9278
Adeq precision 27.5626

Factor Coding: Actual 3D Surface

CR removal (%)
Design Points:

Above Surface

Below Surface

X1 = A

X2 = C

66.8 94.8

Actual Factors

B = 0.3

D = 90

CR
 re

m
ov

al
 (%

)
95

90

85

80

75

70

65

8
7.5

7
6.5

6

40
35

30
25

20 A: Time (min)C: pH

(a)

Factor Coding: Actual 3D Surface

CR removal (%)
Design Points:

X1 = A

X2 = D

66.8 94.8

Actual Factors

B = 0.3

C = 7

CR
 re

m
ov

al
 (%

)

95

90

85

80

75

70

65

40
35

30
25

20

120
110

100
90

80
70

60 A: Time (min)D: Concentration (mg/L)

Above Surface

Below Surface

(b)
Figure 2: Continued.
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dye. Tis estimate matches closely with the experimental
adsorption capacity. Te Langmuir constant kL is cal-
culated to be 0.104712 L/mg. Te Freundlich isotherm,
which implies multilayer adsorption with intermolecular
interactions, predicts that dye limits on the adsorbent
surface rise as dye concentration in the solution in-
creases. Te Freundlich constant (n) value of 0.4797
(between 0 and 1), which was deemed the adsorption
intensity factor or surface heterogeneity, suggests fa-
vorable adsorption.

3.6. Adsorption Termodynamics. Te results obtained from
Figure 4(e) can be used to calculate the thermodynamic pa-
rameters. Te thermodynamic parameters measured are pre-
sented in Table 6. Te negative values of ΔG at various
temperatures suggest that the adsorption process was sponta-
neous and thermodynamically feasible [31–33]. Te ΔG values
slightly decrease with the increasing temperature, implying that
more dye was adsorbed onto the adsorbent surface at higher
temperatures. Hence, the adsorption of CR dye is favoured at
relatively higher temperatures.Te positive values ofΔH andΔS
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Figure 2: (a) Response surface plots for adsorption of CR onto Cu/ZnONP: interactive efects of pH and time, (b) response surface plots for
adsorption of CR onto Cu/ZnONP: interactive efects of time and concentration, (c) response surface plots for adsorption of CR onto Cu/
ZnONP: interactive efects of pH and dosage, and (d) response surface plots for adsorption of CR onto Cu/ZnONP: interactive efects of
dosage and concentration.
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indicate the endothermic nature and increase in the degree of
randomness at the solid-solution interface during the adsorption
process, respectively [19].

3.7. Adsorption Mechanism. Te kinetics, isotherms, and
thermodynamics of the adsorption data suggested that the
chemical interaction between CR and the synthesized ad-
sorbent was important in CR removal. Te solution
pH efect, on the other hand, demonstrated that electrostatic
attraction was the primary mechanism for CR adsorption to
the adsorbents. Te aromatic rings of the linker are believed
to interact with the aromatic rings of the dye through the π-π

stacking interaction. It should be highlighted that doping
can aid in the production of additional OH radicals; hence,
the produced nanocomposite has a high capacity for CR
adsorption.

3.8. Stability of the Adsorbent. Leaching experiments are
used to determine the stability of the composite adsorbent.
Te stability will be evaluated in acidic, neutral, and basic
environments [34–36]. In 100ml of HCl and NaOH solu-
tions, one gram of the adsorbent Cu/ZnONP is added. After
a 24-hr contact time, the dissolved copper level (mg/g) was
determined by atomic absorption spectroscopy. Te
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Figure 4: Kinetics, isotherms, and thermodynamics of adsorption of CR dye by Cu/ZnONPs: (a) pseudo-frst-order kinetics; (b) pseudo-
second-order kinetics; (c) Langmuir isotherm model; (d) Freundlich isotherm model; (e) thermodynamics.

Table 5: Kinetic parameters of adsorption of CR dye by Cu/ZnO NPs.

Kinetics of adsorption qe (mg/g) R2

Pseudo-frst-order 124.08 0.987
Pseudo-second-order 250 0.996
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experiment was repeated three times, with the average value
published. Te experiment was conducted at various acidic
and basic pH levels, namely, 3, 7, and 9. It has been identifed
that copper dissolution is slightly higher at acidic
pH conditions in comparison with neutral and basic con-
ditions.Te adsorbent showed highest stability at pH� 9 and
lowest stability at pH� 3.

4. Conclusions

In the current study, chemical precipitation was used to syn-
thesize copper-doped zinc oxide nanoparticles, which were then
examined using XRD, SEM, and FTIR analyses. XRD exami-
nation revealed that the Cu/ZnONPs particles were homoge-
neous in size. Cu/ZnONPs have a spherical form, as seen by
SEM images. Synthesized Cu/ZnONPs were employed in an
adsorption approach to remove CR dye from an aqueous so-
lution. Furthermore, FTIR analysis revealed that the interaction
with CR dye molecules changed or abolished the unique bonds
seen inCu/ZnONPs. Cu/ZnONPswere employed to removeCR
dye, and RSM-CCD was used to explore process parameter
optimization.Te agitation period of 29.48min, the Cu/ZnONP
dosage of 0.301g/L, the solution pH of 6.96, and the CR initial
concentration of 90mg/L resulted in amaximumCR adsorption
of 94.14% and a desirability of 0.976. Te highest adsorption
capacity determined by Langmuir isothermwas 250mg/g, which
agrees with the experimental adsorption capacity of 213.04mg/g.
Te adsorption kinetics was best characterized by the pseudo-
second-order model. According to thermodynamic studies, the
adsorption process was endothermic and spontaneous. Te
synthesized Cu/ZnONPs is a potential adsorbent for the ad-
sorption of toxic dyes fromwater in large-scale operations due to
their efciency, mobility, and high surface area.
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