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Titania nanotube arrays are of great interest due to their nanotubular structure and 
size-dependent properties. Self-organized TiO2 nanotube arrays could be simply 
synthesized using anodization method. Many researchers had synthesized TiO2 
nanotube arrays with various pore-sizes and lengths through changing the 
electrolyte type and concentration, pH, applied voltage, and electrolyte composition. 
Despite the relatively large bandgap of TiO2 (3.2 eV), rapid recombination of electron 
hole generated during photocatalytic reaction has limited the efficiency of the 
photocatalytic reactions under the visible light. Many researchers have been 
conducted to improve the photocatalytic efficiency of the TiO2 nanotube arrays by 
doping with metal and nonmetal ions. In this work, TiO2 nanotubes were synthesized 
using the anodization in the variety conditions such as electrolyte concentration, 
anodization voltage, and time. The photoreactivity of the TiO2 nanotube before and 
after doping was investigated. The morphology, microstructure, photo micro kinetics 
and photo absorption of the doped–TiO2 nanotube were characterized using 
SEM/EDX, XRD, and UV–Vis spectrum. The decolorization of C.I. acid red 14 dye (AR 
14) by Photocatalytical process based on TNT films was calculated in a batch type 
photoreactor. Response surface methodology (RSM) was used to recognize single and 
multi-effects of the main independent parameters (anodizing time, anodizing voltage, 
N2 treatment time, and catalyst surface area) on the decomposition rate. A central 
composite design (CCD) was used to maximize the photoreaction of AR 14 efficacy. A 
second-order empirical relationship between the response and independent 
variables was extracted. The results of the analysis of variance (ANOVA) 
demonstrated a high coefficient of determination value (R2=0.980). Optimum 
decolorization rate was calculated and experimentally conformed. The optimum 
anodizing time, anodizing voltage, N2 treatment time, and catalyst surface area were 
found to be 200 s, 20 V, 2077 h and 5 cm2, respectively. Under the optimal estimated 
conditions, the highest bleaching efficiency of AR 14 (>99%) was obtained at the 
lowest reaction time. The results clearly proved that, the response surface 
methodology could be the suitable method to optimize and scale up the photo 
catalytically conditions in lab and industrial cases. Also, graphical 2-3 D plots were 
employed to obtain the optimum point and continuous response. 

Copyright © 2020 by SPC (Sami Publishing Company)  
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Graphical Abstract 

    

 

Introduction  

The rising pollution of fresh water sources has been a major challenge to human life as a result of 

pollutants from various industrial, urban, and agricultural sources [1-3]. There are many types of 

pollutants including, pesticides, organic dyes, and emerging contaminants [4]. Among the source of 

pollution, dyestuffs with severe toxicity produced by dyeing textile factories has always been 

undesirable in wastewater used for either industrial or domestic applications and is a major 

environmental concern because of producing problem for aquatic systems [5, 6]. Recently, research 

activities have been accelerated on the advanced oxidation processes (AOPs) for the deactivation of 

pollutants resistant to conventional methods. Photo catalytically oxidation process by using solar 

light is one of the most important AOPs [7, 8]. TiO2 as a semiconductor is one of the most popular 

candidate for photocatalytic activity due to non-toxicity to human beings, long term stability, and 

low energy consumption [9]. In summary when semiconductor such as TiO2 is irradiated with the 
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light of λ≤390 nm, the primary excitation process results in a hole and an electron in the valence 

band and the conduction band of semiconductor, respectively [10]. 

                                            TiO2 + hʋ (λ≤390 nm) → e- + h+                                                                                                                               (1) 

Holes (h+) in the valence band generate oxidant (hydroxyl) radicals at the surface of TiO2 that are 

very strong oxidizing agent. So the electron (e-) in the conduction band reduces the oxygen 

molecules that both of them cause decomposition of harmful species into simple compounds [10, 

11]. The mechanism is demonstrated in Figure 1. 

 

Figure 1. Schematic photoreaction of semiconductor to decolorization of dye 

                                                                    e- + O2 → •O2                                                                                              (2) 

                                                                     e- + h+ → •H                                                                                                

(3) 

                               hVB+ + OH− → •OH (in alkaline conditions)                                                                            (4) 

                              hVB+ +H2O→H+ + •OH (in neutral conditions)                                                                        (5) 

There are various ways of producing nanostructured TiO2 such as sol-gel [12, 13], physical vapor 

deposition [14, 15], and electrochemical approaches (e.g. anodizing of Ti) [16]. In the past few 

years, many research have been conducted on TiO2 nanoparticles for photocatalytic activity but 

because of some problems such as recycling difficulty of these nano powders, TiO2 nanotube arrays 

producing by anodic oxidation which is more efficient in operation was emerged [17]. 
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As it is known, highly ordered titanium nanotubes fabricated by anodization method are affected by 

various production factors such as anodizing voltage, electrolyte, pH, and temperature, which there 

have not been discussed systematically [18-20]. So it is very important to study the efficacy of these 

parameters on photocatalytic activity of the TNTs to gain uttermost efficiency. Optimization means 

improving system performance, a process, or a product to get the most out of it. Traditionally, 

optimizing of experimental response has been carried out by monitoring the influence of factors 

one by one. Its major drawback is that it ignores the interactive effects among the variable studied 

and increases the number of experiments. To dominate this problem, response surface 

methodology (RSM) has been applied. Response surface methodology was based on the fit of a 

polynomial equation to the experimental data to attain the best system performance and efficiency 

[21-24]. 

In this research study, the central composite design (CCD) has been applied to the optimization of 

photo decolorization of wastewater on TNTs fabricated by anodization technique in a non-

continuous photo reactor. The parameters (variables) varied were the anodizing time, anodizing 

voltage, N2 treatment time, catalyst surface area. The percent decomposition (%) was applied as the 

response for optimization of photocatalyst. The mathematical relationship between the variables 

and the most important parameter was characterized. 

Experimental 

Material and methods 

The foils of titanium (0.7 mm thickness, 99.8% purity) were cut into piece of 1-5 cm2. First of all, 

they were polished by various SiC papers (600 #, 800 #, up to 2000 #). The surface of samples were 

washed and sonicated in acetone and double distilled water to degrease. Afterwards, to achieve 

high smooth surface and to remove the air-formed oxide layer, the samples were chemically etched 

and cleaned in a mixture of HNO3 and HF solution for 20 s. Eventually the films were washed by 

pure water and dried in air. 

Synthesis of titania nanotube  

TiO2 nanotube arrays were fabricated by one-step anodization process using a two-electrode 

system. Titanium foils in role of anode and platinum foil in the role of cathode were subjected to the 

programmable DC power supply and the applied voltage range was 20-60 V. Then they were 

directly immersed into the electrolyte consisting of 0.5 M HF. Ti foil was anodized for 200-1000 s. 

The distance between the two electrodes was kept at 3 cm and all experiments were carried out at 
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room temperature. The as prepared TNTs were immersed in 1 M NH3·H2O solution for 1-3 h and 

annealed in a tunnel furnace under nitrogen atmosphere for 2 h to obtain N-doped TNT catalysts. At 

last fabricated samples calcinated at 480 °C (heating rate 4 °C/min) for 5 h to increase the 

crystalline nature of TiO2. 

Photocatalytic activity 

To investigate the use of the TiO2 nanotubes arrays (1-5 cm2) as photocatalysts, anodized Ti was 

immersed in 20 mL quartz glass with 10 mL acid red 14 dye was applied from Rang Azar Co., AR 14 

solution. Before photo degradation, the AR solution was mixed in the reactor and TiO2 NTS was 

vertically fixed at the center of the photoreactor to reach the equilibrium of adsorption/desorption. 

The sunlight emission simulator with xenon lamp (150 w) was used as the irradiation source. The 

distance between lamp and TiO2 NTS was kept constant at 12 cm. After starting radiation during the 

different intervals (5 min), the residue of AR after one and half hour was measured by the UV-Vis 

spectrophotometer. Decolorization percentage was obtained by using this method. 

Analytical procedures 

The microstructures of anodized Ti were evaluated using a field emission scanning electron 

microscope (Fesem, Supra 40, Carl Zeiss, Germany). X-ray diffraction diffractometer (XRD, Siemens 

D 5000, cu/kα radiation) analysis was employed to see the crystallinity and phase characterization. 

The photocatalytic properties of the annealed TNTs were calculated by degradation of AR 14 dye 

under UV light irradiation. The change of AR 14 concentration was measured by UV-Vis 

spectrophotometer (WPA light wave, S 2000) with wavelength range of 200-700 nm. 

Experimental design 

In statistics, a central composite experimental design (CCD) is useful in RMS, for calculating a 

second order or quadratic relationship for the response variable without needing to have a 

complete three-level factorial experiment. So in this paper CCD have been applied for estimate and 

determine the best condition of variable to optimize the photocatalytic decolorization process. Four 

important factors that had the greatest effect on the photocatalytic decolorization were chosen 

which include: anodizing time (sec.) (X1), anodizing voltage (volte) (X2), N2 treatment time (h.) (X3), 

catalyst surface area (cm2) (X4). Full factorial design in CCD with four variable include 31 

experiments (cube points: 24=16, replications at the center point: 7 and axial points: 8) is 
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summarized in Tables 1 and 2. Photocatalytical results were analyzed using Minitab 17 software. 

Coded variables are often used when constructing this design as the following equation:       

                                                                     xi =
Xi−X0

δX
                                                                                                   (6) 

Where X0 is the center point and δX display the step variation [25]. 

Table 1. Experimental ranges and levels of independent test variables 

Variables Ranges and levels 

 
-2 -1 0 1 2 

Anodizing time (Sec)×1 200 400 600 800 1000 

Anodizing voltage (volte)×2 20 30 40 50 60 

N2 treatment time (h.)×3 1 1.5 2 2.5 3 

Catalyst surface area (cm2)×4 1 2 3 4 5 
 

Results and discussion 

Effect of anodizing parameters on TNT's phases and microstructure 

The effects of anodizing voltage between 20-60 V on current density (mA/cm2) via anodizing time 

(seconds) of samples are shown in Figure 2. As seen in Figures 2 and 3, as the anodizing voltage 

enhanced, the length of the nano-tubes increased. The effect of electrical field on etching and 

precipitation indicated that higher current density was attributed to the longer tubes prepared by 

anodizing.  

 

Figure 2. Current density (mA/cm2) via time (seconds) of anodizing with different voltages (---60 V, - - -40 V, -.-.-20 

V) 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 3. FESEM of titanium anodized at 0.5 M HF electrolytes at different voltages a) 20 v, b) 40 v, c) 60 v and at 
40 voltes at different anodizing time (seconds), d) 200, e) 600, f) 1000 sec 
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The effect of anodizing time on microstructure of TNT's can be seen in Figure 3 (e, f, h). The results 

indicated that, the wall of the nanotubes grew up gradually. Also, the separated grains were observed on 

the wall of tubes and the dissolution reduced the order of the nanotubes. 

The XRD patterns of the synthesized samples are demonstrated in Figures 4. As seen in X-ray diffraction 

pattern of the untreated nanotubes, only titanium metal pallets are observed in this pattern, and no 

trace of other phases is observed, and the oxide layer obtained is completely amorphous. After 

annealing heat treatment at 480 °C for 5 h a heating rate of approximately 4 °C/min and then cooling in 

the furnace, the X-ray diffraction showed the transformation of amorphous nanoparticles into anatase 

and small amount of rutile phase, these phase are suitable for photocatalytic reactions. 

   

Figure 4. XRD patterns of TNT anodized at 0.5 M 40 voltage, a) before, b) after annealing at 480 °C for 5 h 

The effect of nitrogen on the UN-Vis adsorption of TNTs is demonstrated in Figure 5. As seen in Figure 5, 

by increasing the N2 treatment time, the adsorption shifted to higher wavelength that could attributed 

to replacement of nitrogen with oxygen in titania unit cells and formation of new levels in band gap in 

the semiconductor. This phenomena could increase the photo activity in visible or near the UV spectra 

of light. 

 

Figure 5. The effect of N2 doping on UV-Vis adsorption of samples at different N2 treatment time, a)-.-.- 1 h, b)---2h, 
--.--. 3h 
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Decolorization of AR 14 by N-doped TiO2 nanotubes 

A comparison of N-doped TNTs for decolorization of the wastewater was performed. Figure 6 

depictsthe decolorization efficiency for 18 mg/L AR 14 solution in batch reactor at room temperature 

(25 °C).  

 

Figure 6. Relatively dye concentration (C/C0) for a 20 mg/L AR 14 solution, with different parameters 

xi(111-11) ■(-1-101)♦(0-1-10)●(-1-1-1-1)▲(2-1-11)×(2112). 

It can be observed that the relatively efficiency of decolorization was adjusted by change of parameters. 

So central composite experimental design CCD selected to predict the results and RMS applied to 

systematic study of decolorization rates. The results also revealed that, the acid red was quickly 

decomposed during the first 90 min in photo process, yielding up to 90% of photoreaction efficiency. 

These graphs showed that both of the anodization parameters and nitrogen doping can influence the 

rate of decolorization. 

Modeling by central composite design  

CCD contains below sections: The selection of factors and the range of changes in these parameters as 

mentioned in (Table 1) are designed in the form of statistical tests, provide an approximate 

mathematical relation to predict the amount of decolorization within the allowed range of parameters 

[25, 26]. Table 2. summarizes the results and prediction of mathematical relation of CCD with four 

parameters in photocatalytical reaction of N-doped TNT arrays. Equation 7 was used to show the 

dependent and independent variables. 

1 Y=c0 + c1x1 + c2x2 + c3x3 + c4x4 + c12x1x2 + c13x1x3 + c14x1x4 + c23x2x3 + c24x2x4 + c34x3x4 + c11

2
1x  + c22

2
2x  + c33

2
3x
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4x                                                                                    (7) 
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Where Y is decolorization percent, ci is the regression coefficients for single effects, cii is the regression 

coefficients for second order effects, cik is the regression coefficients for multi effects and xi is the coded 

experimental levels of the variables. 

Table 2. The 4-factor CCD matrix and the value of decolorization percent (CR (%)) 

Run X1 X2 X3 X4 Decolorization efficiency 
     %  
     Experimental Predicted 

1 -2 0 0 0 44.04 46.40 
2 -1 -1 1 -1 85.09 79.59 
3 0 0 0 0 80.81 81.75 
4 0 0 0 0 84.48 81.75 
5 1 -1 -1 -1 84.69 89.52 
6 0 0 0 0 80.95 81.75 
7 1 1 1 1 51.39 52.97 
8 1 -1 1 1 90.09 87.88 
9 -1 1 1 -1 29.67 29.12 

10 2 0 0 0 86.91 84.27 
11 0 0 -2 0 88.43 83.12 
12 0 0 0 0 82.01 81.75 
13 1 1 -1 1 58.87 65.94 
14 1 1 -1 -1 74.54 71.34 
15 -1 -1 -1 -1 76.62 73.72 
16 0 -2 0 0 91.99 95.58 
17 0 0 2 0 70.99 76.02 
18 1 1 1 -1 55.01 56.05 
19 0 0 0 0 79.56 81.75 
20 -1 -1 -1 1 83.80 84.33 
21 0 2 0 0 19.65 15.78 
22 0 0 0 -2 54.40 57.18 
23 0 0 0 2 67.77 64.71 
24 -1 1 -1 -1 25.05 28.83 
25 -1 1 1 1 34.16 30.90 
26 0 0 0 0 81.37 81.75 
27 1 -1 1 -1 82.63 79.80 
28 1 -1 -1 1 96.04 95.27 
29 -1 -1 1 1 90.65 92.53 
30 -1 1 -1 1 26.78 28.29 
31 0 0 0 0 83.09 81.75 

 

Based on these results, equation 8 was employed to identify the relationship between the response and 

independent variables. 

Y =81.75 + 9.466×1 - 19.951×2 - 1.774×3 + 1.884×4 – 4.104×1×2 – 6.517×1×3 - 0.545×1×4 – 5.201×2×3 

+ 6.68×2×4 – 3.90×3×4 – 1.214×12 – 1.39×22 – 2.79×32 + 0.58×42                                                           (8) 
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The predicted decolorization percentage derived by equation 8 is presented in Table 3. and Figure7. 

These results indicated good matches between the experimental and the calculated values of the 

degradation efficiency. 

 

Figure 7. Comparison of the experimental and CCD results of decolorization percent (CR%) 

Table 3. Analysis of variance (ANOVA) for fit of decolorization percent obtained from CCD 

Source of variations Sum of squares Degree of freedom Adjusted mean square F-value 
Regression 15087.2 14 1077.66 58.00 
Residuals 297.3  18.58  

Total 15384.5 16   
R2=0.9807 

Adj-R2=0.9638 
    

 

Variance analysis and regression coefficients 

Quantitatively evaluations between the experimental and predicted responses were done by using the 

regression coefficient (R2). 

Table 4.Coefficient of parameters and their standard error, t– and p-values obtained from the data of CCD 
experiments 

Coefficient Parameter estimate Standard error t-value p-value 
b0 81.75 1.63 50.18 0.000 
b1 9.466 0.880 10.76 0.000 
b2 -19.951 0.880 -22.67 0.000 
b3 -1.774 0.880 -2.02 0.061 
b4 1.884 0.880 2.14 0.048 

b12 -4.104 0.806 -5.09 0.000 
b13 -6.517 0.806 -8.09 0.000 
b14 -0.545 0.806 -0.68 0.509 
b23 -5.201 0.806 -6.45 0.000 
b24 6.68 1.08 6.20 0.000 
b34 -3.90 1.08 -3.62 0.002 
b11 -1.214 1.08 -1.13 0.276 
b22 -1.39 1.08 -1.29 0.214 
b33 -2.79 1.08 -2.59 0.020 
b44 0.58 1.08 0.54 0.597 
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Comparison of the experimental responses of decolorization efficiency with those derived by CCD 

equation is presented in Figure 7. Linear first order equation was applied to fit the prediction of the 

results by mathematical relation. The perfect fit predict when the squared errors were minimized and 

correlation coefficient be closer to one. Regression coefficients and adjusted regression coefficients 

calculated 0.9807 and 0.9638 respectively that is closer to one and this leaner equation could be 

acceptable. 

The R2 value indicates that the obtained equation in the range of variations of the parameters to about 

98% can predict the amount of decolorization and the error value of the equation is less than 2%. 

Adjusted R2 (Adj-R2) value is an interesting parameter for comparing different models based on 

independent variables, Adj-R2 was proportional to the number of independent variables and sample 

sizes [27, 28]. The small sample size and the number of factors resulted small adjusted R2 values. 0.9638 

for Adj-R2 will also confirm the good fit of the results with this model (equation 8).  

(Table 3) is a collection of experimental models used to analyze and their ANOVA differences [28, 29]. 

Variation associated with the equation 8 and variation produced from the experimental error form 

ANOVA. These indicate whether the variation from the model is full fit or not in comparing with the 

variations associated with residual error [27-31]. The F-test is sensitive to non-normality in the analysis 

of variance (ANOVA), which is the ratio of the mean square of the model to the residual error. If the 

model is in a good agreement with the experimental results, F-value should be higher than the F value 

collected in the table for each number of freedom degree. As seen in Table 3, F-ratios calculated is 58, 

which is confirming the adequacy of the fitted model. 

The t and P values for each parameters summarized in Table 4. If test distributed normally t-test was 

applied when the value of a scaling term in the test statistic were known but, the p-value or probability 

value is the probability for a given statistical model that, if the null hypothesis is correct, those are 

necessary to describe the coefficients. Higher t-values and lower p-values for different coefficients are 

suitable for the mutual interactions between the parameters [25-30] those are seen in our results. 

If many possible courses of action are competing for attention, Pareto analysis will be applied. This 

value helps to understand the top portion of causes that need to be addressed to resolve the majority of 

problems, according to the following equation [32, 33]: 
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 The Pareto graphic analysis of independent variables shows in figure. The results of this figure indicate 

that among the variables, c1 (13.74%): (anodizing time), c2 (6.85%): anodizing voltage, c3 (6.52%): N2 

treatment time and c4, (4.15%): anode surface area and N2 treatment time (c3, 1.774%) produce the 

main effect on decolorization efficiency and  interaction effect of initial parameters are negligible. 

 

Figure 8. Pareto graphic analysis 

Response 2D and 3D plots 

(Figures 9 and 10) indicated the effects of single factors and the effect of two factors simultaneously on 

the response rates (%). In these plots, two factors were changed in their ranges and the other factors 

fixed in their central levels (xi=0). These response plots applied to predict the decolorization efficiency 

for each independent value and to identify the interactions between these parameters [34]. 

In Figure 9a, the 2D response plots were plotted as a function of doping time, anode surface area while 

anodizing time, voltage were fixed constant at 600 s and 40 V, respectively. As can be seen in Figure 10b, 

decolorization efficiency increased with decreasing anodizing time at voltages. On the other direction, 

decolorization efficiency increased with the increase of anode surface areas. This could be related to 

effect of the tubes forms, length and diameter that changed by anodizing conditions and their presumed 

effect on photo decolorization reaction. As thickness of tubes decrease, the probability of reaction 

between diffused dyes in to the tubes and photo enhanced oxidizing species on the wall of tubes 

increase, leading to an enhancement in the photo reaction rates. The results confirm the papers that 

reported where increasing of suitable reaction sites enhanced the treatment efficiency [2, 3]. 

(Figure 9a, b, 10a) show the response 2 and 3 dimension plots of the decolorization efficiency as 

function of nitrogen treatment time and other factors. As can be seen, the decolorization efficiency in 

different conditions increases with an increase in the amount of nitrogen. This may be due to: (a) the 
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increase of suitable reaction sites during the gas treatment with near UV irradiation; (b) delayed 

recombination of electron hole pairs in conductance and valance levels of oxygen, nitrogen and titanium 

ions, which could be react with the dye molecules for hydroxyl radicals. 

(Figure 10c) displays the 3D plots of decolorization efficiency as a function of anodizing voltage and 

catalyst surface at a fixed time and nitrogen doping of 600 sec. and 2 h, respectively. As can be seen, an 

increase in anode surface from 1 to 5 cm2 causes higher decolorization efficiency. The enhancement in 

decolorization efficiency with the effectively anodizing process can be associated with a greater surface 

area of ordered catalyst. 

 

(a) 

      

(b) 

     

(c) 

Figure 9. 2D plot of the decolorization percent as the result of anodizing, a: surface and doping, b: doping and 
voltage, c: surface and time variables 
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(a) 

       

(b) 

        

(c) 

Figure 10. 3D plot of the decolorization percent as the result of a: time and doping, b: tie and voltage and c: voltage 
and surface variables 

Maximizing and confirming of response model 

The main target of RMS and adjusting the anodizing parameters is maximizing the photocatalytic 

reaction rate. The model based on experimental results applied to optimize the values of variables of 

photoreaction to reach higher photoactivity. These values summarized in Table 5. It indicates that the 
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strategy to optimize the anodizing conditions and doping process to have maximum decolorization 

efficiency by using the central composite design is suitable.  

Table 5. Optimum values of the process factors for 99% decolorization efficiency 

Variable Optimum value 
Anodizing time (sec) (X1) 280 

Anodizing voltage (volts) (X2) 20.002 
Treatment time (h) (X3) 3.0 

Catalyst surface (m2) (X4) 4.0303 

Conclusions 

In this research study, the decolorization of AR 14 has been applied as a model pollutant from aqueous 

solutions by photocatalytic treatment using N2 doped TiO2 nanotubes that anodized in different 

conditions. A comparison of catalysts that prepared in different conditions for decolorization of AR 14 

solution was performed. The dye was quickly decolorized at the first 90 min of photoreaction, yielding 

of 96% that was related to their preparation process parameters. According to the experimental results, 

the second-order polynomial equation between the decolorization percentage and independent 

variables of the anodizing and doping processes was attained. The effect of experimental parameters on 

the decolorization efficiency of AR 14 was established by the 2, 3 dimension plots by using the response 

statistical model. This second-order regression model conformed by using the AVONA analysis that 

showed 98% fitting of model with the experimental data.  
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