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Abstract 

This research aims to investigate the simulation of a pilot-scale photocatalytic reactor based on 

cobalt-doped ZnO films, where the photocatalyst films were initially assessed on a lab scale for 

the degradation of Rhodamine B (RhB) under visible light. ZnO and cobalt-doped ZnO catalyst 

films were firstly synthesized by means of the spray pyrolysis technique. The catalyst films were 

then characterized by X-ray diffraction (XRD), scanning electronic microscopy (SEM), and 

diffuse spectroscopy (EDS) (DRS). The lattice parameters of cobalt-doped ZnO films, as well as 

their bandgap values and structures, have been computed applying the density functional theory 

(DFT). Box-Behnken Design (BBD) was used to assess the effect of the main operating 

parameters (contact time, RhB concentration, and cobalt doping percentage) on the 

photocatalytic activity that achieved 93% using 10% of cobalt doping ZnO within 120 min. 

Aspen Plus was used to model and design the photocatalysis process at the pilot scale based on 

the lab-scale results. The findings of this study suggest that cobalt-doped ZnO films could be 

effectively used for the photodegradation of organic pollutants and offer potential perspectives 

on their large-scale application for the treatment of real liquid effluents using solar light. 
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1. Introduction 

The removal of organic contaminants from industrial wastewater using nanomaterials and 

nanocomposites is receiving growing consideration [1]. Mainly, the photocatalytic materials 

have attracted considerable attention thanks to their chemical stability, easy preparation, and 

nontoxic nature [2-6], however, ZnO has a large bandgap (3.37 eV), making it an active UV-

light material, limiting its use in practical applications. Thus, many studies evaluated the 

incorporation of transition metals into ZnO to increase its photocatalytic activity under visible 

light illumination [7-10]. Cobalt is thought to be a suitable metal for doping the ZnO matrix due 

to its rich electron status and large solubility [11]. Indeed, previous work shows that cobalt-

doped ZnO powder is an efficient catalyst for Remazol Brilliant Blue (RBB) photo-degradation 

[10], which opened a possibility for designing a pilot-scale reactor implying the deposition of 

the powder catalyst onto glass substrate films. Various ways are applied for depositing cobalt-

doped ZnO thin films including the sol-gel method [12-16] spray pyrolysis technique [11,17], 

molecular beam vapor deposition method [18], chemical bath deposition [19], nebulizer spray 

pyrolysis technique [20], ultrasonic spray method [21], sequential spin-casting and annealing of 

simple salt solutions [22] for various applications. In the present work, the spray pyrolysis 

technique is used for the synthesis of cobalt-doped ZnO film. The effect of cobalt doping, RhB 

concentration, and time contact has been investigated and improved by means of Box Behnken's 

surface response approach in terms of the RhB degradation. DFT calculation was used to 

compute cobalt-doped ZnO's lattice constants and to estimate its band gap value and electronic 

properties. 

In fact, during the development of a new process, the scale-up is a crucial step, which allows the 

valorization of the experimental findings, however, it often proves to be a challenging, costly, 

and even sometimes risky task. Scale-up has been a type of art for years that use knowledge, 

thumb rules, tests and errors, and special solutions to achieve a new operational scale. The 

existing approaches of scale-up could be organized into [23]: 

(i) Test and error in which experimental process data are utilized for the building of each 

scale's empirical relations. 

(ii) thumb rules considering as a general rule during scale-up a constant value of a specific 

operational parameter. 

(iii) basic approach or fundamental approach. This technique requires appropriate modeling 

of the process. 
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while the first two are proved to be costly, the latter one is being used progressively due to its 

ability to scale up processes up to 1000 times quickly and reliably [23]. Therefore, it is going to 

be adopted for this work. In this approach, the usage of a dynamic hierarchy may include two 

alternative techniques: (i) parameter change simulations and (ii) (Hankel matrix). This work 

focuses on the extension of the first approach. 

Thus, the degradation reaction of RhB was simulated using Aspen Plus software based on the 

results obtained from the batch experiment in order to design a pilot-scale reactor for future large 

applications under solar light [24,25]. 

2. Experimental procedures 

2.1 Preparation of the catalysts 

Undoped ZnO and cobalt-doped ZnO (Co:ZnO) films were synthesized using the spray pyrolysis 

method. Dissolving zinc chloride (ZnCl2) into 400 mL of distilled water to get a solution of 0.08 

M. Thereafter, drop by drop to get a clear solution, 5 mL of hydrochloride acid (HCl) were added 

and stirred for 20 min. Cobalt chloride hexahydrate (CoCl2,6H2O) has been utilized as a doping 

source and added to the solution with various Co/Zn molar ratios (0, 5, and 10 %). The glass 

substrate was cleaned with acetone and distilled water and dried in the oven at 80°C. Then it was 

gradually heated on the heating plate to attain the deposition temperature of 450°C and the spray 

solution was set to a flow rate of 2.6 mL/min for 30 min. 

2. 2 Characterization of the catalysts 

The diffractometer (X'PERT PRO), Cu Kα radiation at 30 kV and 450 W, has been established 

to provide the X-ray (XRD) pattern. The morphology of the samples has been examined with 

the use of Quatro S-FEG, by Scanning Electron Microscopy (SEM) (Thermo-Fisher). Diffuse 

Reflectance Spectra (DRS) has been studied using a Variant spectrometer Cary 100 model with 

an integrating spherical system and utilizing BaSO4 as a reference. The closed reflux tube 

technique measured the chemical oxygen requirement (mg O2.L
-1) (5220D). 

2.3 Theoretical calculation 

A supercell of 2×2×2 ZnO was taken into consideration throughout this investigation. One and 

two atoms of Zn are substituted by Co which leads to a dopant concentration of 6.25% and 

12.5%. The density functional theory (DFT) as implemented in the quantum-ESPRESSO 

package [26,27] has been used and the GGA method with PBE functional was used to treat the 

exchange and correlation effect [28] while the ultrasoft pseudopotential technique was used to 
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treat the valence electron configuration [29]. The cutoff for the kinetic energy is set at 50 Ry 

while for charge density is set at 480 Ry. The convergence criterion for self-consistent field 

iteration was set at 10-7 Ry, a Grid from 2×2×2 Monkhorst-Pack was applied. For optimization, 

the BFGS approach has been utilized up to fewer than 10-4 of force on each atom/(a.u). In order 

to fix ZnO's bandgap value the GGA+U technique has been used, and the U values used for this 

study are: U(d, Zn) = 10eV, U(p, O) = 7eV and U(d, Co) = 6eV.  

2.4 Experimental design of the RhB degradation 

The optimization of the major factors on the photocatalytic degradation efficiency of RhB using 

cobalt-doped ZnO films has been investigated based on Box-Behnken Design (BBD) as one of 

the response surface techniques. Herein, irradiation time (X1), RhB concentration [RhB] (X2), 

and amount of Co doping agent (X3) are the three factors selected according to previous literature 

works that have shown their significant effect on the RhB conversion response (Y) [30,31]. The 

factors were varied in their ranges X1 (20-120 min), X2 (5-15 ppm), and X3 (0-10 %) and are 

given in Table 1. NEMRODW software was used for analyzing the experimental data. 

The second-order polynomial equation is generally used to correlate the response (Y) with the 

variables (Xi, i=1, 2, 3):  

𝑌 =  𝛽0 + ∑ 𝛽𝑖
𝑘
𝑖=1 𝑋𝑖 + ∑ 𝛽𝑖𝑖

𝑘
𝑖=1 𝑋𝑖

2 + ∑ 𝛽𝑖𝑗
𝑘
𝑖≤1 𝑋𝑖𝑋𝑗 +  𝜀 (Eq. 1) 

Where Y is the measured response, β0 is the intercept parameter; βi, βii, and βij represent the linear 

effects, the quadratic effects, and the interaction effects, respectively. Xi and Xj are the studied 

factors. k is the number of the optimized factors. And 𝜀 is the random error. 

The total number of experimental tests performed in this work is 15 obtained using the formula: 

𝑁 = 2 × 𝑘 × (𝑘 − 1) + 𝐶0    (Eq. 2) 

where k=3 is the number of the assessed factors and C0 =3 is the number of points in the range 

center.  

2.5 photocatalytic Photocatalytic activity procedure 

The photocatalytic performance of the RhB solution using the undoped ZnO and cobalt-doped 

ZnO films was evaluated utilizing the Osram Ultra-Vitalux lamp (300 W) as visible light source. 

The photocatalyst film of a surface area of 6.5 × 2.5 cm2 was placed into the RhB solution 

(concentration= 10 mg/L; volume = 50 mL) and kept in the dark for one hour to achieve the 

adsorption-desorption equilibrium. After that, the photodegradation of the RhB solution was 
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started by turning on the lamp under continuous bubbling air. The photodegradation efficiency 

was calculated using the UV–vis spectrophotometer (J.P. SELECTA, S.A. VR-2000). 

2.6 Process design scale-up 

In this work, Aspen Plus was used to model, design and build the process at a pilot-scale. The 

process model was developed in Aspen Plus v11 (Aspen Technology, Inc., USA), basing on the 

previous experimental results and the software database. The equation of state SRK (Soave-

Redlich-Kwong) [32] has been chosen to calculate the involved mixture properties due to its 

simplicity and reasonable accuracy [33]. The choice of Aspen Plus is dictated by its broad 

components database, moreover, it has been used in similar previous works [34,35]. For this 

work, all the components acting in the study were available, except for the RhB which has been 

added manually and its properties were estimated using Aspen Properties Desktop V11.  

3. Results and discussion 

3.1 Characterization  

Figure 1 depicts the X-ray diffraction patterns of produced films. The XRD data show that all 

peaks of diffraction match with pure ZnO in the typical JCPDS card 36-1451 pattern and 

crystallized into the hexagonal ZnO structure with P63mc space group and lattice parameters of 

a = 3,25 Å and c = 5,21 Å. The peaks show no secondary phases in the cobalt-doped ZnO which 

is in excellent accord with the literature [36]. Zooming on the major peaks (Fig.1.B) revealed a 

significant shift and broadening in all peak positions toward a higher angle relative to undoped 

ZnO as cobalt concentration increased. The fluctuation in the XRD peaks shows that the cobalt 

doping lowered the ZnO lattice parameters, which is related to the difference in ionic radius of 

Co2+ (0.65) and Zn2+ (0.74). The diffraction peak intensities were observed to decrease with 

increasing cobalt concentration in the ZnO matrix, indicating that the dopant Co2+ ions are 

replaced in the ZnO lattice. 

The crystallite size of undoped ZnO and cobalt-doped ZnO nanoparticles were calculated using 

Scherrer’s equation: 

D= (Kλ)/(βc .cos Ө) (Eq. 3) 

Where k is the shape factor (k = 0.94), is λ the X-ray wavelength, Ө is the Bragg angle, and βc 

is the corrected line broadening defined as Full Width at Half Maximum (FWHM).  

The mean crystallite size varies from 32.6 nm for undoped ZnO to 34.8 nm for 10% cobalt-doped 

ZnO. The lattice parameters (a and c) have been determined using Bragg's law for the hexagonal 
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system [36]. Table 2 shows the estimated lattice parameters for ZnO and cobalt-doped ZnO 

films. 

The optical properties of ZnO and cobalt-doped ZnO samples were investigated using UV-

visible spectroscopy and shown in Fig 2. The absorption spectrum revealed an increase in the 

visible range absorption as cobalt content increased which resulted in a redshift of the absorption 

edge. Moreover, this trend of absorption is related to an expansion of the dispersal centers and 

the growth of further grain boundaries [37], and a reduction in the optical bandgap is the result 

of a redshift of the absorption barrier. The optical bandgap (Eg) of the Tauc model has been 

computed [38], as illustrated in Fig. 2B. The Eg values found for the undoped ZnO, 5% cobalt-

doped ZnO, and 10% cobalt-doped ZnO were 3.21 eV, 2.85 eV, and 2.69 eV, respectively. The 

optical bandgap of ZnO was discovered to shrink with increasing cobalt content. This could be 

explained by the existence of oxygen defects, which result in an abundance of free electrons and 

the formation of new energy levels in the ZnO bandgap. This is possibly owing to the sp-d 

interaction of band electrons with localized CO2+ ions electrons, and the enlargement of the 

lattice parameters [24]. Bandgap reduction could be an advantage for RhB degradation under 

visible light or solar radiation [1]. 

SEM images are presented in Fig. 3 to observe the surface quality of the ZnO and cobalt-doped 

ZnO films. It is obviously shown the presence of a random distribution of particles on cobalt-

doped ZnO surface and dense distribution of ZnO particles with the formation of defined 

structures. 

3.2. DFT studies 

Table 2 shows optimal lattice parameters of ZnO and cobalt-doped ZnO obtained with 

generalized gradient approximation + Hubbard correction, one can notice an excellent accord 

between the simulated and the measured lattice parameters of pure ZnO indicating the successful 

method proposed in this work. After doping ZnO with Co the lattice parameters are reduced 

compared to ZnO because of the smaller ionic radius of Co compared to Zn. All the doped ZnO 

are stable at the ferromagnetic state, it is noticed that the increase of the Co concentration from 

6.25% to 12.5% leads to an increase in the energy difference between ferromagnetic state (FM) 

and the non-magnetic state (NFM) from (0.28 Ry) to (0.57 Ry) respectively. 

The partial state density is a suitable analysis to determine the location of the distinct states in 

order to understand the enhanced origin of photocatalytic activity. Fig. 4A depicts the partial 
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density of pure ZnO states, it is observed that the valence band consists of 2p-O whereas 4s-Zn 

corresponds to the conduction band. After adding Co into the ZnO, it is apparent in Fig 4B that 

the valence band is constituted by the 2p-O and 3d-Co which indicates the presence of Co is the 

reason for the rise of the density of the valence band, and this explains the improved absorption 

after doping with Co. Fig.4.C illustrates, more the concentration of Co increases the density of 

the valence band is found to increase. The bandgap has been also calculated and it is found to be 

in excellent fit with the experimental measurement as can be seen in Table 2. 

3.3. Optimization of photodegradation of RhB 

The BBD matrix of 15 experiments and their responses are summarized in Table 3. ANOVA's 

results are provided in Table 4 to evaluate the validity of this study model. The p-value for RhB 

conversion is less than 0.01 suggesting that the model is statistically significant. Moreover, the 

values of the determination coefficient R2 and adjusted R2 are the most used parameters for 

statistical significance and predictive capability of the model using 95% of confidence value (p 

< 0.05) [39-41]. 0.991 and 0.975, respectively, demonstrating thereby the excellent correlation 

between the model response and the investigated factors [42,43]. 

The model’s equation (Eq. 4) presents the regression between the three studied factors and the 

response (RhB conversion) and allows to predict the response value for given levels of each 

factor. 

Y =72.33+ 13.12 * X1 – 2.87 * X2 + 30.50 * X3 -5.79 * (X1*X1) - 2.97 * (X2*X2) -14.04* 

(X3*X3) + 0.25 * (X1*X2) +0.5* (X2*X3) + 5 * (X1*X3)  (Eq. 44) 

The F-value model of 61.96 shows the importance of the model. The possibility of an F-value of 

that size owing to the noise is merely 0,01 percent. Model terms with P value below 0.05, which 

suggests that X1, X3, X1
2 and X3

2 are significant model terms, are considered critical. However, 

values above 0.1 suggest that the terms in the model are not important. This large F value may 

simply be missing 1,14 % due to noise. Furthermore, Figs. 5A and 5B demonstrate the model is 

suitable for predicting RhB conversion, resulting in the predicted and adjusted R2 results were 

consistent with the experimental values of RhB conversion. 

From Fig. 6 it is clear that the parameter X3 (cobalt amount incorporated in ZnO) has the sharpest 

slope as compared to X1 (contact time) and to X2 (RhB concentration). Hereafter, based on the 

previous Box Behnken findings, RhB degradation efficiency seems to be highly influenced by 

cobalt concentration. 
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The three-dimensional (3D) response surface plots show how interaction terms influence the 

RhB conversion rate. Hence, Fig.7 illustrates that the conversion rate reaches its maximum after 

120 min regardless of the [RhB], and by increasing the percentage of doped Cobalt the 

conversion rate increases at different concentrations of RhB. Moreover, the rate of conversion 

of RhB is maximum at the maximum values of percentage of doped Co and of the contact time.  

3.4. RhB conversion using optimum condition 

The potential of the cobalt-doped ZnO films for the degradation of the RhB dye solution was 

tested by applying the optimal conditions obtained by the BBD design presented in Table 5 which 

indicates the high photocatalytic activity of the catalyst under the visible light illumination with 

a percentage of RhB conversion of 97% after 120 min. Besides, it is interesting to carry out an 

experimental test to verify the theoretical results obtained by the model under the same 

conditions.  

Thus, Fig.8 illustrates the RhB conversion using the optimized conditions obtained by the Box 

Behnken design. It is clearly shown that RhB degradation reached 93% within 120 min which is 

in significant agreement with the theoretical conversion value indicated by the model. On the 

contrary, the conversion of the RhB after 120 min was only 25 percent in the presence of pure 

ZnO. 

3.5. Catalyst reuse and proposed photocatalytic mechanism 

Fig.9A shows that the degradation percentages of the RhB during 120 min of visible light 

illumination using the optimized catalyst 10%cobalt-doped ZnO films slightly diminished from 

98 to 87% after four use cycles. In the meanwhile, a slight increase in the COD percentage 

measurements has been observed which confirming thereby the substantial photocatalyst's 

stability. 

The examination of the responsible reactive species (radicals and holes) on the photocatalytic 

conversion of RhB using 10% Co-doped ZnO films is considered as an essential study to suggest 

a possible degradation mechanism. Therefore, 10-3 M of isopropyl alcohol (IPA) (OH. radical 

scavengers), benzoquinone (BQ) (O2
⋅- scavengers), and potassium iodide (KI) (h+ scavengers) 

were separately added to RhB solution [44,45]. Fig.9B illustrates RhB conversion with and 

without adding the scavengers. RhB conversion has been slightly influenced by the 

photocatalytic degradation of the KI/IPA. However, when the scavenger of (O2
⋅-) was added, the 
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RhB conversion is significantly dropped to 33% indicating then that the superoxide radical is the 

main reactive species during the RhB photodegradation. 

In a typical procedure of the photocatalytic degradation of RhB by cobalt-doped ZnO films under 

visible illumination, when cobalt-doped ZnO films are irradiated, electrons in the valence band 

are transferred to the conduction band. Because the corresponding power exceeds the ZnO 

bandgap (3.37 eV), electrons (e-) and holes (h+) of the conductor band are created. The pictorial 

hole can oxidize the adsorbed RhB directly or create hydroxyl radicals (OHs) by reaction with 

hydroxyl (OH-) or H2O. On other hand, the superoxide radical (O2
-) is generated when a photon 

is absorbed on the photocatalyst surface. Finally, the RhB molecules are decomposed by the 

generated (O2
⋅-) and (OH

.
) which have already been confirmed by the high mineralization. 

On other hand, to further assess the efficiency of Cobalt (20%)-doped ZnO, Table 6 presents a 

comparative list of maximal values of RhB removal obtained by various catalysts reported in the 

literature [9, 46-51]. It is clearly noticed that the degradation percentages of RhB vary 

significantly according to many factors (catalyst type, synthesis method, irradiation source, and 

contact time). Hence, Cobalt (20%)-doped ZnO synthesized in this work presents relatively 

excellent photocatalytic efficiency compared to other catalysts which makes it a potential 

candidate for the treatment of real effluents. 

 

 3.6. Process Modeling 

The pilot-scale reactor 3D modeling was designed according to the results obtained Aspen Plus 

calculation. Therefore, the developed flowsheet of the process is shown in Fig.11. Initially, the 

fresh polluted water stream is mixed with the recycled one in a mixer block, then the resulted 

stream is forwarded to the reactor, which was modeled in Aspen Plus using the option PFR 

Block: Assuming that the reactor is of a long tubular form and neglecting the pressure drop 

caused by bends inside the reactor since the objective is to quantify the chemical conversion of 

the RhB and design a simple and convenient process. Ultimately, a splitter block is added to 

recycle a fraction of the stream back to the process inlet to enhance the conversion of RhB. The 

results corresponding to the process stream profiles and mass balance profile across the reactor 

length are summarized in tables S1 and S2 in supporting information. For both of them, the mass 

fraction of RhB has been decreased to reach a total degradation with the reactor length of 22 

meters corresponding to a residence time of 143 min. 
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A sensitivity analysis has been performed on the length of the reactor and the reflux ratio to 

determine their respective values allowing the maximum conversion of RhB, prior to a more 

detailed reactor modeling. The results are illustrated in Fig.12A and Fig.12B indicate that to have 

the complete conversion of the RhB at the output of the process, the purge ratio must be set at 

least at 78% while the length of the tubular reactor should be 22m.  

A 3D modeling of a single module reactor made from stainless steel and glass was designed 

according to Aspen Plus calculation, it is one panel that has one inlet and one outlet, it was 

designed to have about the same size as a standard photovoltaic module, it can be mounted facing 

the sun to activate the photocatalyst during the reaction. The sizes and dimensions are presented 

in detail in Fig. S3A and S3B in the supporting information. 

Summing up, the process modeling technique is based on the use of proprietary software to create 

a system with interconnected blocks in which each of them has a working unit. The technique is 

often taken to choose the property method before the process flowsheet was created and then to 

solve it through Aspen Plus. Note that it is essential to choose the property technique since it has 

an impact on the precise material and energy balance [13].  

4. Conclusion 

In the present work, we have studied experimentally and theoretically the effect of the insertion 

of cobalt at different percentages into the ZnO matrix to optimize the optical properties of the 

cobalt-doped ZnO films. The Box-Behnken design has successfully evaluated the photocatalytic 

activity of RhB using cobalt-doped ZnO film, and it achieved 97% under the optimal conditions 

(10% of doped Cobalt, 120 min, and 10 ppm of RhB). Indeed, Aspen Plus software was applied 

to simulate the RhB degradation process and analyze its sensitivity based on the findings 

received from the batch experiences. In summary, the successful synthesized cobalt-doped ZnO 

films, has high photocatalytic activity, good recycling results, and the efficient scaling-up design 

of the photo-reactor could promote a wide use for a variety of potential environmental and 

industrial applications. 
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Fig. 1 (A) XRD patterns of undoped ZnO and cobalt (5 and 10%)-doped ZnO films catalysts; 

(B) The enlarged XRD patterns from 28° to 40° of Fig.1A 

 

Fig. 2 A) UV–visible absorption studies of undoped ZnO and cobalt (5 and 10%)-doped ZnO 

films; B) (αhν)2 versus hv for undoped and cobalt (5 and 10%)-doped ZnO films 
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Fig. 3 Selected images SEM of undoped ZnO and cobalt (5 and 10%)-doped ZnO films  
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Fig. 4 A) Partial density of undoped ZnO; B) Partial density of state of 6.25% Cobalt-doped 

ZnO; C) Partial density of states of 12.5% Cobalt-doped ZnO 

 

 

Fig. 5 (A) Normal plot of Residuals and (B) Scatter plot of predicted response versus 

experimental response for RhB conversion 

 

Fig. 6 Perturbation diagram which compares the efficiency of Time (min) X1, RhB 

concentration (ppm) X2 and Amount of Co doping (%) X3 on RhB degradation 
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         Fig. 7 3D representation of the quadratic interaction between Time (min), RhB 

concentration (ppm) and Amount of Co doping (%) on RhB conversion  
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Fig. 8 RhB photodegradation over pristine ZnO and cobalt (5 and 10%) doped ZnO films 

under optimum conditions (Contact time = 120 min, [RhB]= 10 ppm, room temperature) 

 

Fig. 9 A) Conversion and COD percentages during the consecutive’s cycles for the RhB 

conversion using the 10%Cobalt-doped ZnO films; B) Trapping experiment of active species 

during RhB conversion using 10% Cobalt-doped ZnO films 

(Contact time = 120 min, [RhB]= 10 ppm, room temperature) 
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Fig. 10 Snapshot of the pilot scale flowsheet developed using Aspen Plus 

 

Fig. 11 A) Effect of the reactor length and B) Effect of the purge ratio on the RhB conversion 

 

Table 1 The coded and actual values of operational parameters for the Box-Behnken design 

Factors Coded and real value 

    -1 0 +1 

Time (min) X1     40 80 120 

RhB concentration (ppm) X2     5 10 15 

Amount of Co doping (%) X3              0 5 10 

 

Table 2 Theoretical and experimental lattice parameters (a, c), bandgap (eV) 

Method Material Lattice a [Å] Lattice c [Å] 
Bandgap 

𝑬𝒈 [eV] 

Theoretical 
ZnO 3.25 5.22 3.38 

6.25% Co:ZnO 3.24 5.21 2.81 

B1

B20

B24

FRESHFED PUREDWTR

RECYCLED

RCTOROUT

RECTORIN
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12.5% Co:ZnO 3.23 5.17 2.75 

Experimental 

ZnO 3.25 5.21 3.21 

5% Co:ZnO 3.25 5.21 2.85 

10% Co:ZnO 3.25 5.20 2.69 

 

Table 3 Box-Behnken design for the three independent variables with observed responses to 

RhB dye conversion (%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experiment Time [RhB] Co doping Conversion 

no (min) ppm % % 

1 40 5 5 51 

2 120 5 5 83 

3 40 15 5 44 

4 120 15 5 77 

5 40 10 0 18 

6 120 10 0 28 

7 40 10 10 67 

8 120 10 10 97 

9 80 5 0 27 

10 80 15 0 21 

11 80 5 10 89 

12 80 15 10 85 

13 80 10 5 72 

14 80 10 5 73 

15 80 10 5 72 
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Table 4 ANOVA variance analysis results of the fitted quadratic model 

Source 
Sum of 

squares 

Degree of 

freedom 
Mean square 

p-value 

Prob>F 

Model 9805.02 9 1089.45 <0.0001 

X1-Time 1378.12 1 1378.12 0.0003 

X2 -[RhB] 66.13 1 66.13 0.1102 

X3-Cobalt 

doping 

7442 1 7442 < 0.0001 

X1X2 0.25 1 0.25 0.9097 

X1X3 100 1 100 0.0628 

X2X3 1 1 1 0.821 

X1² 123.85 1 123.85 0.0452 

X2² 28.78 1 28.78 0.257 

X3² 728.01 1 728.01 0.0013 

Residuals 87.92 5 17.58  

Lack of fit 87.25 3 29.08 0.0114 

Pure error 0.6667 2 0.3333  

Total 9892.93 14   

R2 = 0.991, Adjusted R2 = 0.975,  

Table 5 RhB conversion predicted and experimental values under optimum conditions 

Variable Factor Value RhB conversion (%) 

X1 Time (min) 120 
Optimum 

combination of the 

model 

97 

Experimental 

validation of the 

model 

93 

X2 
[RhB] 

(mg/L) 
10 

X3 
Cobalt 

doping (%) 
10 
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Table 6 Comparison of photocatalytic efficiency of Cobalt (20%)-doped ZnO with catalysts in 

previous studies for the degradation of RhB 

Catalyst 
Synthesis 

method 

Irradiation 

source 

Time 

(min) 

Degradation 

(%) 
Ref 

Cobalt (20%) 

doped ZnO 

Combustion 

solution method 
Visible light 120 100 

Present 

work 

50ZnO- 

hydroxyapatite 
Precipitation UV 30 100 [9] 

ZnO film 

DC sputtering and 

pulsed laser 

deposition 

Solar light 360 61 [46] 

mpg-C3N4/SnO2 
In situ growth 

method in 
Visible light 120 93 [47] 

ZnO 
Co-precipitation 

method 
Visible light 360 

23 

[48] Ni, Co co-doped 

ZnO 
42 

Au/Fe3O4@hTiO2 Coating method  Visible light 720 100 [49] 

BiOBr 
Precipitation 

method 

450 nm 

monochrom

atic light 

40 85 [50] 

ZnO Polymer network 

gel synthesis 
UV 

120 52.4 
[51] 

ZnO-5%Ag 120 100 

 

Formatted: Polish


