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Abstract
CoxZn1−xO system (0 ≤ x ≤ 0.2) was synthesized using the solution combustion method with urea as a fuel source. Photo-
catalytic tests were performed under visible light to assess the Basic Blue 41 (BB41) conversion. Various characterization 
techniques, including XRD, FT-IR analysis, SEM, EDS, XRF, BET-surface area, and DRS were used to investigate the 
composition, structure, and morphology of the synthesized catalysts. In addition, the density functional theory calculation 
was used in order to study the electronic properties of the ZnO structure. The Box–Behnken model was valid for describing 
the degradation of BB41 dye according to the analysis of variances results. A maximum conversion of 100% for BB41 dye 
has been reached with high mineralization and important removal of chemical oxygen demand. The optimum conditions 
for BB41 conversion are reported. On the other hand, the reuse tests of the best catalyst showed high-performance stability 
after five cycles. Furthermore, the activity of superoxide ions  (O2

·−) and hydroxyl radicals  (OH.) as the spices responsible 
for BB41 dye conversion was well confirmed by the free radicals scavenging tests. The use of Box–Behnken optimization 
and DFT calculation applied to the synthesized catalysts proves to be a very suitable procedure to establish the operating 
conditions under which the synthesis strategy of the  CoxZn1−xO catalyst in its activity in the visible region performs an 
excellent efficiency for the degradation of organic dyes and makes contributions to the current literature related to the field 
of environmental technology.
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Introduction

Nowadays, water pollution due to the release of dyes from 
the textile industry has increased dramatically and is consid-
ered a major environmental issue threatening human health 
and sustainability [1–5]. Basic Blue 41 (BB41) is widely 
used in the textile industry, highly toxic, poorly biodegrad-
able, and harmful to the environment [6–8].

Semiconductor materials with photocatalytic properties 
have been widely studied and used due to their potential 
applications for water splitting and pollution remediation 
from wastewater using solar energy [9–15]. Thus, conven-
tional (and current) photocatalysts such as pristine ZnO and 
 TiO2 have been studied for the photodegradation of differ-
ent molecules [9, 13, 16, 17]. However, these conventional 
photocatalysts are characterized by large bandgaps excited 
only by ultraviolet, which limits their use under UV illu-
mination where they could only absorb 4% of the UV [18]. 
Consequently, visible light active photocatalysts (including 
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modified  TiO2 and ZnO) were designed and investigated as 
an efficient alternative to counteract environmental degrada-
tion under sunlight conditions [19–22].

Thus, improving the efficiency of other photocatalysts is 
needed for wastewater treatment. In this sense, ZnO became 
more interesting for wastewater treatment by photocatalytic 
process [19, 23–25]. Indeed, many studies report that ZnO 
is known for its high activity in solar light compared to  TiO2 
[26]. The photodegradation of the majority of dyes is selec-
tive, incomplete, and in other cases are difficult to degrade 
because of their aromatic structures [27]. Moreover, some 
degradation processes produce secondary products which are 
in some cases even more harmful than the initial molecule 
[28]. An alternative method to replace the classical methods 
for dyes photodegradation is highlighted by semiconductor 
photocatalysts which have already been successfully applied 
for the degradation of various organic compounds [29–32]. 
In order to make ZnO appropriate for photocatalysis using 
solar light, various techniques such as metal or nonmetal 
doped ZnO nanoparticles were studied [22, 23, 33, 34]. It 
has been recognized that metal ions doping not only facili-
tates interfacial charge transfer reaction and enhances the 
photocatalytic activities of the semiconductor materials, but 
also modifies their absorption capacities [35]. Because of 
its abundant electronic states, cobalt was effectively used 
as a dopant metal in order to improve the electronic and 
optical properties of the ZnO lattice structure and gener-
ate a significant redshift in bandgap energy which favors 
the electron transfer and tuning of the Fermi level of ZnO 
[36, 37]. Nevertheless, few studies have been carried out to 
assess the photocatalytic properties of cobalt doped ZnO and 
their results showed that those catalysts could have a decent 
photocatalytic efficiency under visible light irradiation for 
the dyes’ degradation [38]. Furthermore, up to now, there 
is no related theoretical study to probe the detailed mecha-
nism underlying the cobalt doping effect in the ZnO matrix. 
Obviously, the improvement in the photocatalytic activity of 
cobalt-doped ZnO remains unclear.

On the other hand, one of the response surface meth-
odology (RSM) designs, the Box–Behnken design (BBD) 
was applied in numerous types of research to optimize many 
operational parameters for wastewater treatment using differ-
ent processes [39]. BBD is known for its economy in terms 
of few experimental tests compared to other RSM designs 
and efficiency for analyzing the process behavior and the 
statistical significance [40, 41].

The main objective of this work is to synthesize  CoxZn1−xO 
photocatalyst using the solution combustion method (SCM) 
with urea as a fuel source might lead to minimizing the 
bandgap energy and leading to new photoconversion proper-
ties. Therefore, in this work, we systematically highlight the 
influence of cobalt-doping on the optical properties and the 
photocatalytic activity of the ZnO under visible light. The 

experimental results of cobalt-doped ZnO reactivity during 
BB41 dye degradation were investigated in the first place using 
the DFT calculations. Likewise, to the best of our knowledge, 
the degradation of basic dyes with photocatalysis was not 
sufficiently explored using response surface methodology. 
Hence, we used Box–Behnken design for the assessment of 
pH, [BB41], and doping amount of cobalt effect on the band 
structures and conversion efficiency. At the end of this work, 
a global mechanism was suggested to describe the possible 
photodegradation routes of BB41 by cobalt-doped ZnO. This 
work may be of interest to scientists working on such materi-
als and would open up new prospects to design large-scale 
reactors for the treatment of large volumes of real wastewater.

Materials and methods

Preparation of catalysts

Zinc nitrate hexahydrate 98% [Zn  (NO3)2·6H2O], cobalt 
nitrate hexahydrate 99.99% [Co  (NO3)2·6H2O], urea 98% 
 (NH2CONH2) as propellant fuel, and basic blue 41 98% 
 (C22H16N2Na2O11S3) were provided by Sigma-Aldrich.

Firstly, the synthesis of ZnO as reference material and 
cobalt-doped ZnO was performed using the solution com-
bustion method (SCM) as described in our previous article 
[29]. Cobalt ZnO is synthesized according to the reaction 
described by Eq. (1):

The prepared catalysts will be noted henceforth as 
 CoxZn1−xO (x%), where x = 0; 10 and 20 where x is nominal 
molar percentages.

Characterization instruments

A diffractometer (X'PERT PRO) equipped with a detector 
of 40 kV and 30 mA with Cu Kα radiation (λ = 1.54 Å) was 
used to obtain X-ray diffraction (XRD) patterns.

Fourier-transform infrared analysis was carried out using 
the spectrometer (VERTEX 70) at ambient temperature in 
the range 400–4000  cm−1.

X-ray fluorescence technique (XRF) was used to deter-
mine the chemical composition using Panalytical Axios 
sequential spectrophotometer equipped with Rh-tube as the 
source of radiation.

The Brunauer–Emmett–Teller surface area (SBET) was 
estimated from nitrogen  (N2) adsorption/desorption data 
using Micromeritics ASAP2420.

(1)

(1 − x)Zn
(

NO
3

)

2
6H

2
O + x Co

(

NO
3

)

2
6H

2
O

+ y CH
4
N

2
O

water

⟶Co
x
Zn

1−xO



2781Journal of the Iranian Chemical Society (2022) 19:2779–2794 

1 3

Scanning electron microscopy (SEM) coupled to the 
energy dispersed spectroscopy (EDS) was used to investigate 
the catalysts’ morphology.

The UV diffuse reflectance spectra (DRS) were obtained 
in the range 200–800 nm, using a UV–Vis spectropho-
tometer equipped with an integrating sphere (PerkinElmer 
Lambda 1050) and using  BaSO4 as reference.

Procedure of photodegradation experiments

Photocatalytic tests under visible irradiation conditions 
have been performed to assess the degradation of BB41 
dye and to optimize its reaction conditions. The experi-
ments were executed in a batch reactor (100 mL). Osram 
Ultra-Vitalux lamp (300 W) equipped with a polyester UV 
filter sheet (Edmund Optics) showing 99.9% of absorbance 
below 390 nm was used as an illumination source. In order 
to carry out a batch test, a selected amount of  CoxZn1−xO 
photocatalysts was added into 100 mL of BB41 dye solution 
volumes with different selected initial concentrations. The 
mixtures of photocatalyst and BB41 solutions were stirred 
in dark for 30 min in order to reach the adsorption–desorp-
tion equilibrium, then illuminated with visible light. Finally, 
the measurement of BB41 concentration was obtained by 
spectrophotometry method (λ = 605 nm) using a UV–visible 
spectrophotometer (J.P. SELECTA, S.A. VR-2000).

The conversion percentage of BB41 was obtained accord-
ing to the formula (2); Where C0 is the initial concentration 
(ppm) of BB41 and Ct is the concentration at the time of 
solution sampling:

At the end of each test, the total organic carbon (TOC) 
was measured using an analyzer (TOC-VCSN, Shimadzu) to 
verify the total mineralization of the BB41 in the solutions. 
TOC removal was obtained using the formula (3). Moreover, 
the measurement of TOC and BB41 concentration was taken 
in triplicate.

Chemical oxygen demand (COD) (mg  O2·L−1) was meas-
ured using the closed reflux tube method (5220D).

Experimental design

Box–Behnken Design (BBD) was applied to examine and 
optimize the influence of the main parameters on BB41 
degradation using  CoxZn1−xO as photocatalyst based on the 
response surface methodology.

(2)Conversion % =
C0 − Ct

C0

× 100

(3)TOC (%) =

[

TOCi − TOCf

TOCi

]

× 100

Indeed, BBD was used to study the effect of pH, 
[BB41], and Co doping on the efficiency of photocatalytic 
degradation. The total number of experimental tests was 
obtained according to the formula Eq. (4):

where N, K, and f are the number of test runs, the factor 
number, and the number of replicates at the central point, 
respectively.

The correlation between a response (Y) and the vari-
ables (Xi, i = 1, 2, 3) is generally described by second-
order polynomial Eq. (5):

where Y is the studied response, β0 is the intercept param-
eter; βi, βii, and βij indicate the linear effects, the quadratic 
effects, and the interaction effects, respectively. Xi and Xj 
are the optimized factors and k is their number, and � is the 
random error.

In order to investigate the fitting of the observed results 
with the prediction model and its accuracy, the analysis of 
variance (ANOVA) was used on the basis of the determi-
nation coefficient (R2 and adjusted R2) and p-value (prob-
ability) (p < 0.05).

Computational methodology

In this study, we consider 2 × 2 × 2 supercells (containing 
32 atoms, 16 of Zn, and 16 of O) with the space group 
symmetry of P63mc. In each supercell, we have substi-
tuted two atoms of Zn by two atoms of Co in order to 
reach 12.5% and three atoms of Zn by three atoms of Co 
to obtain 18.75% of doping concentration. All calculations 
were carried out by using DFT with a plane-wave basis 
set and pseudopotentials, as implemented in the quan-
tum-ESPRESSO package [42]. Exchange and correlation 
effects are approximated using the generalized-gradient-
approximation (GGA) as parametrized by Perdew, Burke, 
and Ernzerhof (PBE) [43]. The GGA + U method with a 
Hubbard-like on-site correction was employed to correct 
the value of bandgap of ZnO, and the U values employed 
in this work are U (d; Zn) = 10 eV, U (p; O) = 7 eV, and 
U(d; Co) = 6 eV. The electron–ion interaction is repre-
sented using ultrasoft pseudopotentials (USP). The cutoff 
for the kinetic energy was set at 50 Ry for the Kohn–Sham 
orbitals and to 550 Ry for the charge density. A 4 × 4 × 4 
Monkhorst–Pack grid was used for the k-point sampling 
of the Brillouin zone [44]. The convergence threshold for 
the self-consistent-field iterations was set to  10–6 Ry. The 

(4)N = 2K + 2K + f
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standard Broyden–Fletcher–Goldfarb–Shanno (BFGS) 
method was used for the structural optimizations until the 
force on each atom was less than  10–3 Ry/(a.u).

Results and discussion

Table 1 presents the textural properties and chemical com-
position of the synthesized cobalt doped ZnO samples. It is 
observed that the catalysts have a relatively low surface area, 
which could be explained by the presence of the intrinsic 
combustion process applied. However, the specific surface 
area increases slightly with the incorporation of increasing 
amounts of cobalt. It is also observed that a raising in the 
percentage of cobalt leads to a reduction in the crystallite 
size, which correlates with the slight augmentation in the 
specific surface area observed. This fact indicates that the 
incorporation of cobalt modifies not only the textural prop-
erties of the samples but also the crystallite size. Moreover, 

XRF analysis was used to confirm the nominal molar per-
centage of the final products which shows that the synthe-
sized catalyst was cobalt doped ZnO with a Co: Zn molar 
ratio of 0.1/0.9 and 0.2/0.8.

Characterization

The XRD patterns of  CoxZn1−xO (0 < x < 0.2) nanoparticles 
are displayed in Fig. 1. The diffractogram indicates a high 
matching between the corresponding peaks and the standard 
pattern of pure ZnO (JCPDSNo.36-1451). XRD patterns of 
pure and cobalt doped ZnO catalysts show the hexagonal 
wurtzite phase was well-formed (Fig. 1A). Furthermore, 
no secondary phase of cobalt or any other compound was 
noticed for cobalt-doped ZnO nanoparticles, thus indicating 
that the hexagonal ZnO phase was intact [45].

Figure 1B presents the enlarged XRD patterns in the 
range 45–50° of pure ZnO and  CoxZn1−xO materials. The 
figure shows a noticeable shifting and broadening in peaks 
position toward a higher 2θ value corresponding to that of 
pristine ZnO with rising cobalt percentage. The shifting of 
the 2θ position of XRD patterns demonstrates a slight vari-
ation of the lattice parameters of ZnO with cobalt doping 
because the radius of  Co2+ (0.65 Å) is less than the  Zn2+ 
radius (0.74 Å). Moreover, Fig. 1B shows that the diffrac-
tion peak intensities were diminished with a rising of cobalt 
amount in the ZnO phase, confirming then the successful 
substitution of dopant  Co2+ ions in the ZnO structure [46, 
47]. The calculation of the average crystallite size of the 
synthesized catalyst was obtained following Debye–Scher-
rer’s Eq. (7) [48].

Table 1  Textural properties and chemical composition of cobalt 
doped ZnO samples

Catalyst SBET  (m2/g) Crystal-
lite size 
(nm)

% XRF

Zn Co O

ZnO 3.4 18.56 – – –
10% cobalt doped 

ZnO
5.2 16.71 74.15 7.31 17.63

20% cobalt doped 
ZnO

7.7 12.11 67.50 15.07 16.52

Fig. 1  A XRD patterns of undoped and Co-doped ZnO catalysts; B The enlarged XRD patterns from 45° to 50° of (A)
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where k is the shape factor (k = 0.94) and λ is the wavelength 
of X-ray; Ө is the Bragg angle and βc is the corrected line 
broadening defined as full width at half maximum (FWHM). 
The growth of the full width at half the maximum of the 
diffraction peak indicates a diminution of the crystallite size 
with rising cobalt amount in the ZnO structure. The average 
crystallite size of pristine ZnO catalyst is calculated to be 
18.56 nm, with a rise in cobalt percentage, the latest value 
decreases as illustrated in Table 1. The diminution in the 
average crystallite size could be explained by the distortion 
in the ZnO structure by the incorporation of cobalt impurity 
which reduces slightly the nucleation and growth rate of 
ZnO nanoparticles, and the formation of slight stress is pos-
sibly due to the variation in the ion size between  Zn2+ (0.740 
A˚) and  Co2+ (0.65 A˚) [49, 50].

It is worth noting that according to the literature report, 
the substitution limit of  Co2+ ions in ZnO to be 30% [51, 52]. 
Many reports are available in the literature on the low doping 
concentration of  Co2+ ions in the ZnO matrix. To the best 
of our knowledge, no detailed study reports on the effect of 
higher  Co2+ doping concentration on the structural, optical, 
and photocatalytic properties of ZnO nanoparticles.

On the other hand, by using the XRD technique we 
observed a small amount of impurity peak or secondary 
phase  (Co3O4) after x ≥ 0.20 mol, which may be due to the 
doping limit of  Co2+ ions in the ZnO matrix. These results 
are in good consent with the literature [53, 54]. Beyond 
the solubility limit of cobalt, the formation of CoO and/
or  Co3O4 structures in contact with the ZnO surface could 
generate a heterojunction that would affect the photocatalytic 
properties of the system. This study requires more attention 
and possibly because of this, the system with a high content 
of cobalt ions has not been studied.

SEM analysis was carried out to study the morphology 
of the 20% cobalt doped ZnO catalyst (the optimal photo-
catalyst). Figure 2A, B shows the selected images of the 
20% cobalt-doped ZnO catalyst at different magnifications. 
As shown the 20% cobalt-doped ZnO sample is composed 
of high amounts of quasi-laminated shape particles with a 
size of 2–10 μm. EDS mapping analysis was occurred to 
determine the elements contained in the synthesized 20% 
cobalt doped ZnO catalyst and to examine its elemental dis-
tribution. Figure 2C shows the mapping distribution of Co, 
Zn, and O confirming then the absence of any element as 
an impurity which proves the high purity of as-synthesized 
20% cobalt doped ZnO catalyst. A detailed observation of 
the images in Fig. 2A shows some particles with different 
morphologies (almost rounded) in contact with the larger 
particles, which in a previous article were identified as  CoOx 
[49]. In fact, in the images of Fig. 2C, it can be observed that 

(6)D =
K�

�c.Cos�

there are zones where the sample shows a cobalt enrichment. 
According to this observation, the successful synthesis of 
cobalt doped ZnO could be well accepted, despite the par-
tial segregation of cobalt that has occurred on the catalyst 
surface in the form of  CoOx, probably as  Co3O4, next to the 
doping cobalt.

The UV–Vis spectra of the cobalt-doped ZnO cata-
lyst were used to investigate its optical properties. Fig-
ure 3 displays the absorption spectra of the undoped and 
cobalt-doped ZnO catalysts. By comparing to pristine ZnO 
(Fig. 3A) which absorbs only in the UV range (λ < 400 nm) 
matching to the bandgap transition of ZnO structure, the 
cobalt-doped ZnO exhibits an important absorption in the 
visible range (λ > 400 nm) suggesting a reduction in the 
bandgap energy value. This decline could be explained by 
the oxygen defects, resulting in an excess of free electrons 
over the valence band and potentially new introduced energy 
levels, which is possibly caused by sp-d exchange interac-
tions between band electrons and localized d electrons of 
 Co2+ ions. Consequently, this finding enhances the photo-
catalysis activity under visible light [55–57].

As Co-doped ZnO is a magnetic material, it exhibits 
two bandgaps, spin-up bandgap, and spin-down bandgap. 
Therefore, the bandgap is the energy between the highest 
density of states before the Fermi level (valence band) and 
the first density of state after the Fermi level (conduction 
band). Hence, the optical bandgap (Eg) values were esti-
mated from Tauc plots calculated using the Kubelka–Munk 
function [58] of pure ZnO and cobalt doped ZnO catalysts 
using the following formula [59]:

where h, v, α, and A are Plank's constant, photon frequency, 
absorption coefficient, and a constant, respectively. The opti-
cal bandgaps can be determined by extrapolating the linear 
region of (αhν)2 versus the photon energy axis (Fig. 3B). The 
calculated bandgaps are 3.18, 2.82, and 2.67 eV for ZnO, 
10% cobalt doped ZnO, and 20% cobalt doped ZnO crystals, 
respectively. After the insertion of cobalt ions, the bandgap 
of ZnO was intrinsically changed. This finding is similar to 
that of a previous work, which showed that adding Co to 
ZnO could narrow its optical bandgap [60, 61].

The electronic structure of as-prepared catalysts was 
calculated by density functional theory (DFT) since it sub-
stantially impacts the photocatalyst activity in the band 
of conduction and valence. Based on the density of states 
(DOS) of the pure ZnO (Fig. 4A), it can be seen that the 
valence band consists of three groups. The O2p states are 
responsible for the upper valence band from − 7.0 to 0 eV, 
while the Zn 3d states lead to the lower valence band from 
− 8.0 to − 5.1 eV. The O2s states are the origin of the low-
est valence band from − 16.0 to − 14.1 eV, with a minor 

(7)(�hv)2 = A
(

hv − Eg

)
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contribution from the Zn 4s orbital level. The CB, on the 
other hand, is primarily made up of the O2p and Zn-4s 
hybrid states.

Once Co is incorporated into ZnO (Fig. 4B, C), the appa-
rition of new electron states is noticed at the valence band 
and conduction band [56, 62]. The VB is dominated by Zn 
3d and O2p orbitals, with some Co 3d orbitals, while the CB 
is dominated by Co 3d, O2p, and Zn 4s orbitals in addition 
to a minor contribution from O(2s) orbitals. The electronic 
transition of O 2p → Co 3d, O2p → Zn 4s, Zn 3d → O2p, 
and Co 3d → O2p states are responsible for the visible light 
absorption of cobalt doped ZnO. Principally, in cobalt 
doped ZnO, the electronic transitions of Zn 3d → O2p and 
O2p → Co 3d states are considerably stronger than in other 
doped systems, resulting in significantly increased visible 
light absorption. This could explain the high photocatalytic 
activity exhibited by the cobalt-doped ZnO.

The calculated bandgap of pure ZnO, 12.5% cobalt doped 
ZnO, and 18.75% cobalt doped ZnO is lower than the experi-
mental values and is about 3.27 eV, 2.75 eV, and 2.61 eV, 
respectively. This is mainly owing to the use of generalized 
gradient approximation (GGA) exchange–correlation energy 
in DFT simulation. The GGA, on the other hand, may pro-
vide a more reasonable change of different bandgap values 
after doping, and the evolution is consistent with the UV–vis 
data displayed in Fig. 3B.

pHpzc is also considered as a critical parameter to charac-
terize the catalyst surface charge in different pH medium val-
ues. Indeed, the  pHpzc value of cobalt doped ZnO is obtained 
following the drift method [63]. Hence, Fig. 5 illustrates the 
variation of pHfinal as a function of  pHinitial and the  pHpzc 
value corresponds to the intersection of this curve with the 
line  pHinitial =  pHfinal which equals 9.4 for the cobalt doped 
ZnO surface.

Fig. 2  A and B SEM images of 
20% cobalt doped ZnO catalyst 
at two different magnifications; 
C EDS elemental mapping 
images of 20% cobalt doped 
ZnO catalyst
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Optimization of photodegradation of BB41

The effect of the key parameters was explored using the 
Box–Behnken design: pH (X1), [BB41] (X2), and Amount 
of Co as doping agent (X3) on the BB41 conversion response 
(Y1), with the objective of maximizing the response value. 
According to preliminary tests, each factor was varied in a 
range: X1 (4–12), X2 (10–30 ppm), and X3 (0–20%). Where 
the corresponding data are given in Table 2. As a result, the 
experimental results were processed and designed using the 
NemrodW software. The findings were evaluated using the 
analysis of variance test (ANOVA), with the determination 

coefficient (R2 and adjusted R2) and p-value (probability) 
with a 95% confidence level (p < 0.05) as the key parameters 
used to assess the model's efficacy significance and predic-
tion efficiency [64].

Table 2 represents the three variables studied and their 
corresponding levels. The contact time is set at 120 min 
(supposedly optimum value).

The total number of experimental tests used in this 
work is 17, which was determined using the formula 
N = 2 × k × (k − 1) + C0 , where k = 3 is the number of the 
factors studied and C0 = 5 is the number of central points. 
Thus, the matrix of 17 experiments obtained by BBD and 

Fig. 3  A DRS spectra of undoped and cobalt doped ZnO catalysts. B (αhν)2 versus hv plot for undoped and cobalt doped ZnO catalysts

Fig. 4  Density of states (DOS) of A ZnO, B 12.5%cobalt doped ZnO and C 18.75% cobalt doped ZnO
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their corresponding responses are listed in Table 3. Experi-
ments 13, 14, 15, 16, and 17 represent the experiments at 
the center.

Table 4 shows the results of the ANOVA used to verify 
the model validity of this study. Indeed, the model's p-value 
for BB41 conversion is less than 0.01, suggesting the high 
statistical significance of the model. Furthermore, the regres-
sion coefficient values (R2 and adjusted R2) for conversion 
response are closer to 1 (between 0.99 and 0.98). Therefore, 
this result shows that the model is in good fit with the experi-
mental data for BB41 conversion response.

The quadratic model presented by Eq. (8) is obtained 
by the regression between the dependent variable (BB41 
conversion) and the coded values of the three independent 
variables:

Analysis of the variance (ANOVA) was used and 
the results are given in general, the adaptation of the 

(8)Y = 54.80 + 16.87 ∗ X1−3.25 ∗ X2 + 26.87 ∗ X3 − 5.77 ∗
(

X1 ∗ X1

)

+ 2.97 ∗
(

X2 ∗ X2

)

− 2.77 ∗
(

X3 ∗ X3

)

+ 13.25 ∗
(

X1 ∗ X3

)

− 0.5 ∗
(

X2 ∗ X3

)

postulated model is confirmed by a value of Fisher high 
(F) with a probability (p) as low as possible. From the 
ANOVA test of the reaction, the p values (< 0.01) evalu-
ated much lower than 0.05 confirm that the model term is 
significant. The model was considered highly significant 
based on the high Fisher test (F = 1436.65) with a very low 
probability value (p < 0.01). In addition, the comparison 
of the critical F value (F0.05, 9, 9 = 3.179) with the cal-
culated F value (F = 1436.65) showed an F critical value 
lower than the calculated F value, and it appears thus that 
the model is well adapted to the experimental data [65, 
66].

From the ANOVA Table 4 above, we conclude that the 
chosen statistical model is validated because we have:

The Student's test is a statistical test that makes it possible 
to judge the significance of the effect coefficients. Generally, 
coefficients that have a significance less than 5% consider 
themselves as coefficients having a significant effect on 

the response. The following Table 5 groups the calculated 
statistics:

− p − value = 1% < 5%

−R2 = 0.991 > 0.8

−R2aj = 0.98 > 0.7

Fig. 5  pH of zero-point charge of cobalt doped ZnO powder

Table 2  Coded and actual 
values of operational parameters 
for the Box–Behnken plan

Factors Coded and real 
value

− 1 0  + 1

pH X1 4 8 12
BB41con-

centration 
(ppm) X2

10 20 30

Molar amount 
of Co as 
doping (%) 
X3

0 10 20

Table 3  Box–Behnken design for the three independent variables 
with observed and predicted responses to BB41 dye conversion (%)

Experiment pH [BB41] (ppm) Co 
amount 
(%)

Conversion (%)

1 4 10 10 37.00
2 12 10 10 74.00
3 4 30 10 30.00
4 12 30 10 67.00
5 4 20 0 20.00
6 12 20 0 24.00
7 4 20 20 42.00
8 12 20 20 99.00
9 8 10 0 28.00
10 8 30 0 23.00
11 8 10 20 88.00
12 8 30 20 81.00
13 8 20 10 55.00
14 8 20 10 54.00
15 8 20 10 54.00
16 8 20 10 55.00
17 8 20 10 56.00
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These results (Table 5) show that doping cobalt with dif-
ferent amounts is the most significant factor on the BB41 
degradation, followed by pH and its quadratic effect. Thus, 
cobalt amount doping affects the conversion positively, 
which means that BB41 conversion enhances with increas-
ing cobalt amount in the ZnO matrix, this could be explained 
by the energy value decline of the bandgap, and it accords 
with its high and positive t-ratio (90.85). However, [BB41] 
has a significant negative impact on response with a t-ratio 
of − 10.9, demonstrating that degradation effectiveness 
decreases with rising [BB41] initial concentration, which is 
in accordance with previous researches approving that the 
photodegradation process is disfavored at high dye concen-
tration [6]. The residuals versus the predicted responses and 
normal plot probability of the responses residuals are dis-
played in Fig. 6A and show a slightly random arrangement 
of the residuals proving the adequacy of the models [67].

Figure 6B shows that all the values of the residuals line 
up well on Henry's line and follow a normal distribution. 
Thus, the mathematical model is validated, and each second-
order model has been found to be applied as a prediction 
equation [67].

The desirability plot corresponding to the BB41 conver-
sion response was illustrated in Fig. 7. It shows the desirabil-
ity reaches its maximum for BB41 conversion of 85% when 
cobalt amount doping was equal to 20%, pH value attained 
11, and [BB41] of 26 ppm.

Canonical analysis Fig.  8 graph confirms what has 
been found in the graph of desirability. In effect more we 
move toward the higher factors levels the BB41 conversion 
increases. As a result, the three parameters X1, X2, and X3 
must be at their high levels for a good BB41 conversion [68].

The three-dimensional (3D) response surface plots and 
the corresponding contour curves investigate the effect of the 
interaction terms. Figure 9 shows the response surface for 
the mutual effects of cobalt amount doping pH and [BB41]. 
As shown in Fig. 9B, D and F increasing the cobalt amount 
doping and pH along with a decrease in [BB41] leads to 
increased BB41 conversion (%) at the fixed contact time of 
120 min.

Each 3D response surface plot for BB41 conversion pre-
sents the effect of two independent variables on a response. 
Most plots show clear peaks indicating the optimum area of 
factors values for a maximum response value. Figure 9A, C 

Table 4  ANOVA variance 
analysis results

R2 = 0.991, Adjusted R2 = 0.980, Predicted R2 = 0.865

Source Sum of squares Degree of 
freedom

Mean square Ratio Signification (%)

Regression 9.05092E+0003 9 1.00565E+0003 1436.6541  < 0.01***
Residuals 7.95500E+0001 7 1.13642E+0001
Lack of fit 7.67500E+0001 3 2.55833E+0001 36.5476 0.230**
Pure error 2.80000E+0000 4 7.00000E−0001
Total 9.13047E+0003 16

Table 5  Estimated regression 
coefficient and the F and p 
values obtained during the 
design of Box–Behnken

t.ratio. is the value of variables determined by Student’s test
**p < 1%
*p < 5%
***Significant for 0.0001 < p value < 0.001
**Significant for 0.001 < p value < 0.01
*Nonsignificant for p value > 0.05

Coefficient Estimate coefficient Inflation factor Standard deviation t.ratio Signification

b0 54.800 0.37416574 146.46  < 0.01 ***
b1 16.875 1.00 0.29580399 57.05  < 0.01 ***
b2 − 3.250 1.00 0.29580399 − 10.99 0.0390 ***
b3 26.875 1.00 0.29580399 90.85  < 0.01 ***
b1-1 − 5.775 1.01 0.40773766 − 14.16 0.0144 ***
b2-2 2.975 1.01 0.40773766 7.30 0.188 **
b3-3 − 2.775 1.01 0.40773766 − 6.81 0.244 **
b1-2 0.000 1.00 0.41833001 0.00 100.0
b1-3 13.250 1.00 0.41833001 31.67  < 0.01 ***
b2-3 − 0.500 1.00 0.41833001 − 1.20 29.8
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and E demonstrates that increasing cobalt amount doping 
from 0 to 20% enhanced BB41 conversion from 30 to 80%. 
The result corresponds to previous studies approving that 
a high amount of cobalt in the ZnO matrix decreases the 
bandgap energy. While, varying pH dosage from 4 to 12 had 
a significant effect on BB41 conversion, and that could be 
due to the high pH value favoring the  OH. generation which 
enhances BB41 degradation [69, 70].

Optimization of factors for BB41 conversion

The potential of the  CoxZn1−xO nanoparticles for the deg-
radation of the BB41 molecules solution was carried out 
using the optimal conditions found by the experimental 
design (Table 6). The 20% cobalt doped ZnO catalyst dis-
plays a high conversion of 95% during 120 min of visible 
light illumination.

Fig. 6  A Graphic study of the 
residues of the response (BB41 
degradation) and B Probabil-
ity versus residuals for BB41 
degradation

Fig. 7  2D and 3D plots of the 
desirability function with vary-
ing process parameters
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Figure 10A illustrates the BB41 degradation using the 
optimum conditions obtained from Box–Behnken response 
surface methodology. From Fig. 10A it is clearly seen that 
BB41 degraded (100%) within 120 min using 20% cobalt 

doped ZnO catalyst which is in accordance with the pre-
dicted BB41 conversion provided by the Box–Behnken 
model.

Cycles of photocatalytic tests

In addition to the significant efficiency of the synthesized 
cobalt-doped ZnO for the degradation of organic dyes from 
aqueous solutions, stability is critical for choosing efficient 
photocatalysts. Figure 10B presents the degradation effi-
ciency of BB41 (26 ppm) after two hours of visible light 
illumination, where the same high percentage of BB41con-
version is noticed (∼ 90%) after each cycle. During the five 
reuse tests, the TOC values revealed a small decrease in 
mineralization efficiency. These results reveal that the pho-
tocatalyst maintains its stability after sequential cycles. The 
negligible decrease in photocatalytic efficiency was due in 
part to the unavoidable loss of photocatalyst mass during the 
washing and centrifugation processes [71].

Kinetic data in Fig. 10C present linear regressions of in 
(C0/C) with the photodegradation time, which shows that 
the photodegradation of the BB41 follows the pseudo-first-
order kinetics [67] described by the following equation: 

Fig. 8  Canonical analysis graph of the optimal path for the BB41 
degradation

Fig. 9  2D and 3D response 
surface plots for BB41 conver-
sion depending to the variation 
of two factors (pH, [BB41]); 
(pH, Co amount); ([BB41], Co 
amount). Catalyst mass = 1 g/L; 
Irradiation time = 60 min
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in (C0/C) = kt. Where C0 and Ct are the initial and actual 
concentration of BB41 at time t, respectively, and k is 
the photodegradation rate constant [72, 73]. For x = 0, 
x = 0.1, and x = 0.2 in the  CoxZn1−xO system, the degrada-
tion rate constants were experimentally calculated to be 
0.010  min−1, 0.021  min−1, and 0.089  min−1, respectively. 
The enhancement of BB41 photodegradation under visible 
light irradiation is obviously noticed due to doping  Co2+ 
ions in the ZnO matrix.

The results of the COD removal over 20% cobalt doped 
ZnO are illustrated in Fig. 10D, as shown, using this cata-
lyst, a maximum removal percentage of COD (81.8%) was 
reached under the optimum conditions concluded from the 

Box–Behnken design. This confirms the previous results 
mentioned above.

The characteristic peaks of BB41 before degradation were 
obtained by FTIR spectrum (Fig. 11A) in the fingerprint 
region (500–3500  cm−1). The C–C stretching and bend-
ing vibrations of C–H in the benzene rings are indicated 
by peaks at 1640.21  cm−1 and in the 670.49–774.47  cm−1 
region, respectively. Moreover, the peak at 1090.3  cm−1 cor-
responds to the presence of C–OH stretching vibrations. The 
existence of –OH groups on the surface of BB41 is indi-
cated by the broad and intense vibration around the range 
3000–3500  cm−1. The FTIR spectra of BB41 after 60 min 
under visible light illumination shows that some peaks were 

Table 6  Predicted and experimental values of BB41 conversion under optimal conditions

Variable Factor Value BB41 conversion (%)

X1 pH 11 Optimum combination of the model 95 Experimental validation of the model 100
X2 [BB41] 26
X3 Cobalt doping 20

Fig. 10  A BB41 photodegradation under visible illumination, using 
20% cobalt doped ZnO under optimum conditions; B Conversion 
(red) and mineralization (green) percentages during the consecutive’s 

cycles for the BB41 conversion; C ln (C0/C) versus time plot of BB41 
conversion using cobalt doped ZnO catalyst; D COD of BB41 con-
version over cobalt doped ZnO catalyst
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disappeared, and the intensity becomes lower. In addition, 
more peaks were disappeared after 120 min which confirms 
the successful oxidation of BB41 molecules by hydroxyl 
radicals action [74].

Photodegradation mechanism

In order to investigate the photodegradation mechanism of 
BB41 conversion, radical scavenging tests were carried out 
to determine the responsible radicals and holes during the 
BB41 degradation. The holes (h+), hydroxyl radical  (OH·), 
electrons (e−), and superoxide radical  (O2

·−) are snared 
by adding isopropanol (IPA) as  OH· scavenger, Ethylene 
diamine tetra-acetic acid (EDTA-2Na) as h+ scavenger, sil-
ver nitrate (SN) as e− scavenger and benzoquinone (BQ) 
as  O2

·− scavenger into the reaction medium, respectively, 
during the process of BB41 conversion [35, 75–77]. The 
scavenger test was based on adding 10 mg of 20% cobalt-
doped ZnO catalyst, and 10 mM of radical scavengers to 
50 mL of 26 ppm BB41 solution; then, the mixture was 
illuminated under the same conditions. Lastly, the BB41 
conversion was measured and the active species were fixed. 
Figure 11B shows the conversion percentage using different 
scavengers. The photodegradation of BB41 slightly varied 
by the addition of IPA and SN. Nevertheless, the conver-
sion is significantly decreased from 100 to 21 and 30% with 
the addition of a scavenger for  (O2

·−) and (h+), respectively. 
Hence, it can be concluded that the superoxide radical and 
the holes are the responsible reactive species during BB41 
photodegradation.

To study the optical properties of 20% cobalt doped ZnO 
catalyst, the valence band edge positions were determined 
using the following empirical equations (Eqs. 9–11) [78]:

where χ (eV) is the absolute electronegative of as prepared 
20% cobalt doped ZnO. A, B, and C are the absolute elec-
tronegativity of atm. ECB (eV), EVB (eV), and Eg (eV) are 
the VB edge potential, CB edge potential, and the bandgap 
energy of the semiconductors separately. Ee (eV) denotes 
the energy of free electrons on the hydrogen scale (≈ 
4.5 eV/NHE). Thus, the absolute electronegativity value of 
20% cobalt doped ZnO photocatalyst was calculated to be 
5.77 eV, the ECB (eV), EVB (eV) potentials are determinates 
to be − 0.59 eV and 2.61 eV one-to-one.

On the basis of the above results, the possible mechanism 
of enhanced photocatalytic performance over 20% cobalt-
doped ZnO photocatalyst under visible illumination was 
proposed and shown in Fig. 12. Under Visible light illumi-
nation, the photogenerated electrons could transfer from: (1) 
from VB to CB of ZnO; (2) the valence band (VB) of ZnO 
to the localized Co energy levels and (3) from CB of ZnO 
to localized mid-gap states of Co and defects. This process 
inhibits e−/h+ recombination. Furthermore, it is possible 
that the adsorbed  (O2) could effectively capture the pho-
togenerated electron for organic contaminant degradation 
by producing reactive •O2

− radicals, and the photogenerated 
holes could be used as effective active sites. According to the 
radical scavenger experimental results, it was suggested that 
the photocatalytic process with the 20% cobalt doped ZnO 
catalyst was mainly due to the formation of photogenerated 
holes and reactive •O2 − radicals.

(9)� =
(

Aa + Bb + Cc
)1∕a+b+c

(10)ECB = � − Ee − 0.5Eg

(11)EVB = ECB + Eg

Fig. 11  A FT-IR spectra of BB41 during the photocatalytic process at times: a 0 min, b 40 min, c 90 min under the optimized conditions; B 
Trapping experiment of active species during BB41 conversion using 20% cobalt doped ZnO
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Comparison of photodegradation efficiency 
of organic molecules using modified ZnO in various 
literature works

A literature review of the subject of this article shows that 
several authors have studied the photocatalytic degradation 
of BB41 using various synthesized catalysts under both UV 
and visible illumination [79–84]; the results of these studies 
are reported in Table 7 in comparison with the present work 
under optimal operating conditions. To evaluate the degra-
dation efficiency of BB41 under visible illumination, using 
the 20% cobalt doped ZnO photocatalyst synthesized by us, 
the results obtained in the present study have been compared 
(Table 7) with the results obtained by other authors. Thus, 
the variation in the degradation percentage and the neces-
sary time of the mentioned treatments are affected by the 
catalyst used and the light nature. From the reported results, 
it could be concluded that the degradation efficiency of our 
optimized photocatalyst is very significant and competitive 
in terms of degradation percentage and the required time 

especially that the initial concentration of BB41 in our study 
is higher than those of other studies.

Hence, 20% cobalt-doped ZnO synthesized in the current 
work could act as an excellent and effective photocatalyst 
with a considerable and highly satisfactory efficiency for the 
degradation of organic dyes compared to other photocata-
lysts used for various wastewater contaminants.

Conclusion

Cobalt-doped zinc oxide has been synthesized using the 
solution combustion method (SCM), then its characteriza-
tion has been conducted using X-ray diffraction, X-ray fluo-
rescence, DRS analysis, and BET surface area to examine 
its structural and textural characteristics. The results showed 
that cobalt dopant significantly decreased the bandgap from 
3.18 to 2.67 eV, and increased the surface area from 3.4 to 
7.7  m2/g. Moreover, the experimental data show that the 
trend of theoretical calculation based on DFT indicated that 
the improvement in photocatalytic performance might be 
explained by adding new electrons in bandgap region of 
ZnO improving then the optical absorption properties of 
the ZnO and simplifying its band excitation and thus lim-
its the recombination of electron–hole pairs. Furthermore, 
the mathematical model using the Box–Behnken design for 
BB41 degradation by cobalt doped ZnO could be a use-
ful tool to predict the removal efficiency and optimize the 
operating conditions. Through using Box–Behnken design; 
it was found that:

• ANOVA showed a high correlation between actual and 
predicted values of the model.

• The optimization of factors for BB41 conversion indi-
cated the following effect order: cobalt doping amount 
(X3) > pH (X1) > [BB41] (X2).

• The optimum conditions: cobalt doping amount = 20%, 
pH = 11, and [BB41] = 26 ppm allowed to reach the max-

Fig. 12  Proposed schematic mechanism for the BB41 conversion 
using 20% cobalt doped ZnO photocatalyst

Table 7  Comparison of photodegradation efficiency of BB41 using different catalysts in various literature works

Catalyst BB41 initial concentra-
tion (ppm)

Irradiation source Time (min) Degradation (%) References

Cobalt (20%) doped ZnO 26 Visible light 120 100 Present work
Bi12NiO19 15 Visible light 180 98 [79]
TiO2/palygorskite 12 UV light 70 90 [80]
Cu2ZnSnS4 12 ppm Visible light 180 97.5 [81]
Sb2S3-TiO2-SiO2/TiO2 nanotube 

arrays
10 Visible light 480 95 [82]

ZnO 20 UV light 180 72.56 [83]
10% Ce–TiO2 films 12 Visible light 180 98 [84]
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imum conversion of (100%) with a high value of TOC 
and COD within 120 min.

In conclusion, our research clearly demonstrates that the 
combined use of synthesis and characterization techniques 
accompanied by mathematical optimization methods allows 
us to obtain a ZnO catalyst doped with an optimal cobalt 
content (20%), which can be used as a photocatalyst for the 
degradation of BB41 more efficiently than those reported 
by other authors.
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