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a b s t r a c t
Methyl orange, a well-known detrimental azo dye, is treated by N-doped TiO2 photocatalyst synthe-
sized by the simple and effective annealing method. In this study, the effects of light intensity in terms 
of irradiance by the number of lamps, photon energy and radiation sources, the initial concentration 
of total organic carbon (TOC), and pH on the degradation efficiency of methyl orange are investigated. 
A four-factor Box–Behnken design along with response surface methodology is used to maximize the 
removal of TOC and color. Statistical models are developed to predict both color and TOC removals as 
response variables. In all cases, the light intensity and TOC concentration cross-factor interaction with 
the light wavelength is intensified when the latter is at the lowest range value while pH does not require 
adjustments. Maximum TOC and color removals of 96.11% and 98.18%, respectively, were achieved at 
the optimum operating conditions of light intensity in terms of five lamps, light wavelength of 418 nm 
(visible light range), initial TOC concentration of 10.54 mg/L, and pH of 6.66. The model was validated 
by an additional experiment at the optimal operating conditions. The agreement between experimental 
values and model predictions demonstrate the proposed models could effectively describe the degra-
dation of azo dyes by photocatalysis using the N-doped TiO2 composite under visible light.

Keywords:  N-TiO2; Photocatalytic doping; Azo dyes; Response surface methodology; Process optimiza-
tion; Advanced oxidation processes

1. Introduction

The textile manufacturing industry produces large vol-
umes of industrial wastewater containing azo dyes, with 
potential adverse effects on the aquatic life when released 
into water bodies. Chemical reactions taking place in the 
wastewater, such as oxidation or hydrolysis, can produce 
toxic and carcinogenic by-products that are detrimental to 
the environment. Nearly 20% of the global dye production is 
being released as textile wastewater [1–5].

As azo dyes possess high resistance to biodegradation, 
advanced oxidation processes (AOPs) are an attractive alter-
native to conventional treatment methods for the removal 
of dyes from industrial wastewater because of the ability of 
these methods to mineralize the target contaminants, avoid-
ing the formation of hazardous by-products [2–9]. AOPs 
are based on the production of hydroxyl radicals (•OH) to 
oxidize almost all organic materials in wastewater efflu-
ents due to its high oxidation potential of 2.8 eV [5,10–18]. 
Photocatalysis is one of the diverse types of AOPs, and TiO2, 
among all photocatalysts, has been widely studied as one of 
the most promising photocatalysts for environmental treat-
ment due to its superior properties, including high reactivity, 



M. Nasirian et al. / Desalination and Water Treatment 110 (2018) 193–208194

non-toxicity, high physicochemical stability, and low price 
[1,6,19,20]. However, the application of TiO2 is limited by 
its large band gap energy of 3.2 eV, which restricts the use 
of solar irradiation and increases the production costs, and 
the high recombination rate of electron–hole pairs, which 
reduces the photocatalytic activity of TiO2 [6,19–22]. 

Recent studies have focused on the construction of 
two-dimensional (2D) nanosheets and three-dimensional 
(3D) nanoarrays of photocatalysts and the doping of pho-
tocatalysts to improve photocatalytic activity by increasing 
their specific surface area and enhancing their photoactivities 
towards the visible light region. Some of these doped pho-
tocatalysts include CdIn2S4/rGO, g-C3N4, and N-doped TiO2 
nanosheets [23–29]. Non-metal doping of TiO2 using B, C, N, 
S, or F has been considered as an efficient method to increase 
the specific surface area of TiO2 and to expand the absorption 
wavelength of TiO2 towards the visible-light region. Among 
all, N-doped TiO2, with a band gap energy of 2.3 eV, has a 
high photodegradation efficiency, less expensive than other 
semiconductors, and mitigates the electron–hole recombi-
nation processes [19–22,29–33]. However, the efficiency of a 
photocatalyst is influenced by several parameters during the 
photocatalytic reaction. Among all, organic concentration, 
pH, light intensity, light wavelength, and reaction time have 
a significant and direct influence on the degradation effi-
ciency of organic pollutants.

On the other hand, AOPs are multifactor systems as a 
result of the cross-factor interaction of different parameters 
during the treatment process [13,14]. Therefore, the use of 
design of experiments (DOEs) is an appropriate approach to 
identify the influence of factors in the multivariable system 
in forms of single factors and interaction effects. DOE is also 
used to overcome the limitations of conventional procedures 
regarding time and materials required, and subsequently, 
optimize the variables involved in the response surface meth-
odology (RSM) to attain optimal responses using the mini-
mum number of experiments [13–16,29].

In this study, the effects of the light intensity, wavelength, 
initial concentration of total organic carbon (TOC), and pH, 
as well as their interaction on the degradation efficiency of 
methyl orange were investigated. The DOE was used to find 
the optimum operating conditions of the photocatalytic treat-
ment of an azo dye by maximizing the TOC and color removals 
in a methyl orange aqueous solution under visible light. The 
optimal parametric values for the DOE were obtained using a 
four-factor Box–Behnken design (BBD) along with RSM. Then, 
statistical models were developed to predict both percentual 
removal of TOC and color as process responses. Lastly, the 
statistical quadratic models were validated in another set of 
experimental runs at optimum operating conditions.

2. Materials and methods

2.1. Materials and instrumentation

All chemical materials were of analytical grade, pur-
chased, and used as received without additional purification 
from Sigma-Aldrich (Oakville, ON) and Van Waters and Nat 
Rogers (VWR) Canada (Mississauga, ON).

Scanning electron microscopy (SEM; JSM-6370LV, JEOL, 
Calgary, AB) coupled with energy dispersive spectroscopy 

(EDS; Oxford Instrument Model X-Max-N-80, Concord, MA) 
was used to characterize both morphology and chemical 
composition of individual particles. An auto sputter coater 
(Denton Vacuum Desk IV, Moorestown, NJ) was used for 
coating samples with a thin layer of gold before analysis by 
SEM. The specific surface area of the photocatalyst powder 
was obtained based on the Brunauer, Emmet, and Teller (BET) 
technique (Nova e-Series 1200, Quantachrome Instruments, 
Boynton Beach, FL), in which physical adsorption of nitrogen 
occurred at 77 K. X-ray diffraction (XRD) model PANalytical 
X’pert PRO (St Laurent, QC) was used to characterize the 
crystal structure and conversion phase of TiO2 with the scan-
ning range of 10°–100° (2θ).

The photoactivity of the as-prepared photocatalyst was 
assessed by measuring the degradation of methyl orange 
using two different methods. The first method was based on 
the TOC concentration measured by an automated TOC ana-
lyzer (Model Apollo 9000, Teledyne Tekmar, Mason, OH). The 
second method was based on the measurement of color by an 
Orbeco-Hellige colorimeter model MC500-Multiparameter 
(Sarasota, FL, USA). Before analysis either by TOC analyzer 
or colorimeter, all samples were first centrifuged at 4,000 rpm 
for 30 min using a centrifuge (Thermo Scientific Heraeus 
Multifuge X1, Mississauga, ON) followed by filtration using 
a filter paper (VMR Qualitative 410, Mississauga, ON). 
All experimental runs and analytical measurements were 
repeated in triplicates. Thus, the mean values were reported.

2.2. Photocatalyst synthesis

In this study, the annealing method was adopted for the 
synthesis of nitrogen-doped TiO2. The annealing method 
involves the mixing of the TiO2 powder and the source 
of non-metal dopant, urea in this case, and then heating 
and calcining simultaneously the mixture in the furnace to 
obtain the resultant non-metal doped photocatalyst (N-TiO2). 
Different amounts of precursors were used to prepare 
N-TiO2 photocatalysts at various mass ratios (0.05–0.35 w:w 
N-TiO2). To prepare 0.05 w:w N-TiO2, 0.107 g of grounded 
urea was added to 1 g of P25 TiO2. The content was mixed for 
10 min and calcined at 350°C for 3 h. Then, the product was 
washed with water and ethanol; then it was dried at 105°C 
in an oven. The annealing method is considerably faster and 
more straightforward than other doping methods when the 
required TiO2 precursor is already available for use [34].

It must be ensured a thorough mixing of the two solids 
to obtain uniformly doped photocatalyst. Otherwise, a por-
tion of the final product might be made up of only the initial 
photocatalyst, while the other portion is the doped photocat-
alyst. The final product of the as-prepared N-TiO2 consists of 
a large specific surface area and high photocatalytic activity.

2.3. Experimental setup and procedure

A laboratory-scale batch photoreactor with uniform light 
distribution was used for the degradation of methyl orange 
in the presence of as-prepared photocatalysts. The schematic 
diagram of the experimental setup is presented in Fig. 1. The 
batch photoreactor was made of a glass container with a total 
working volume of 3.5 L (Fig. 1(a)) and a lid for holding dif-
ferent irradiation sources (Fig. 1(b)).
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The irradiation sources were varied depending on the 
experimental run and included five lamps at centered peak 
wavelengths of 254, 365, and 476 nm for UV-C (PL-S 9W/
TUV-UV Germicide, 110-120V, G23 Base), UV-A (Philips 
BL PL-S 9W 110-120V, 2P Actinic G23 Base), and Visible 
(PL-2PIN 9W 110-120V, G23 Base) lights, respectively. All 
lamps were settled vertically on the top of the reactor.

Before running each experiment, the photocatalyst pow-
der and methyl orange solution were added in the photoreac-
tor. The slurry was stirred under dark for 50 min so that the 
solution reaches to equilibrium. This equilibrium time was 
determined and validated by carrying out an experiment for 

180 min in dark, where the results showed that an equilib-
rium was reached after 50 min between the solid and the liq-
uid phases.

The degradation of aqueous methyl orange was per-
formed under continuous stirring using a magnetic stirrer. 
The exterior of the reactor was covered with aluminum foil 
to prevent any interference from external light sources and 
temperature variations. The TOC and color removals were 
monitored every 30 min for each experiment to measure 
the degree of mineralization and decolorization of methyl 
orange, respectively. The temperature of the solution in 
the main reactor was controlled by a recirculating water 

Fig. 1. Schematic diagram of (a) the laboratory-scale batch suspension reactor and (b) the lid for UV lamps distribution.
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bath (RTE-211, NESLAB Instruments, Inc., Newington, 
NH). Solutions of 1 N sulfuric acid (H2SO4) and 1 N sodium 
hydroxide (NaOH) were added as required for pH adjust-
ments. The photoactivity of as-prepared photocatalysts was 
evaluated by the percentual degradation of methyl orange 
calculated by Eq. (1):

TOC TOC TOC TOCremoval o o% - /( ) = ( ) ×100  (1)

where TOCo and TOC are the initial and remaining con-
centrations of TOC, respectively. The photocatalytic degra-
dation of methyl orange was carried out in the presence of 
N-TiO2 photocatalysts with different mass ratios of N to TiO2 
(0.05–0.35 w:w N-TiO2).

2.4. Statistical experimental design

A four-factor BBD with RSM was applied to maximize the 
percentage of the TOC and color removals. The light wave-
length (X1), initial concentration of TOC (X2), light intensity 
in terms of irradiance by the number of lamps (X3), and pH 
(X4) were employed as independent variables (i.e., predic-
tors) while the TOC removal (Y1) and color removal (Y2) were 
considered as dependent variables (i.e., process responses) in 
the DOE. Accordingly, each studied predictor was coded at 
three levels (from −1 to +1), as shown in Table 1.

A quadratic model was used to estimate the parametric 
coefficients of the statistical models by correlating both pre-
dictors and responses using the least-squares regression as 
shown in Eq. (2) [13–16,29]:
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where βo, βi, βii, and βij correspond to the constant, linear, qua-
dratic, and cross-factor interaction coefficients, respectively; 
whereas Xi and Xj represent the predictors, Yi is the response 
under evaluation, and k and c are the number of predictors 
of the model and the residual error term, respectively. The 
statistical software Design-Expert 10.0.3.1 was employed for 
the DOE as well as the estimation of the coefficients for each 
response. The significance of each model equation, individ-
ual parameters, and factor interactions was evaluated via 
analysis of variance (ANOVA) at the confidence interval of 
95% (α = 0.05). 2D contour plots and 3D surface responses 

were obtained with the quadratic models. Additional experi-
mental runs were conducted to validate the quadratic models 
for the maximum removals of TOC and color at the optimum 
operating conditions, calculated by the software numerical 
optimization method.

On the other hand, the desirability multiple-response 
approach was utilized to obtain a concurrent objective func-
tion to represent all transformed responses by combining 
the desired ranges for each response as shown in Eq. (3) 
[14,15,35]:
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In this equation, D, Yi, and n are the desirability term, 
each evaluated response, and the total number of process 
responses, respectively. For a simultaneous optimization, 
each response function requires low and high values for the 
optimization. Otherwise, if any response is found outside the 
desirability range, the global desirability becomes equal to 
zero. In this case, two responses are being optimized: the per-
cent TOC removal (Y1) and the color removal (Y2).

3. Results and discussion

3.1. Preliminary studies

Fig. 2 illustrates the degradation of methyl orange in 
the presence of as-synthesized N-TiO2 with different mass 
ratios of nitrogen to TiO2 after 180 min of UV-A irradiation. 
Results presented an improvement in photocatalytic deg-
radation of methyl orange as the mass ratio of nitrogen in 
N-TiO2 was increased to 0.15 w:w N-TiO2, where efficiency 
reached 40.9%. It is concluded that at high concentrations of 
nitrogen after the optimal value, the surface of TiO2 photocat-
alyst became shielded by the nitrogen atoms, and thus, there 
is less surface available for the absorption of light to trigger 
the generation of electron and hole for degradation of organ-
ics. A similar trend was observed in the specific surface area 

Table 1
Experimental design and independent variables based on RSM 
for the optimization of the photocatalytic activity of N-doped 
TiO2 in the degradation of methyl orange

Independent variables Symbol Range and levels
–1 0 1

Light wavelength (nm) X1 254 365 476
TOCo (mg/L) X2 10 30 50
Light intensity (number of 
lamps)

X3 1 3 5

pH X4 5 7 9

Fig. 2. Degradation of methyl orange by UV-A/N-TiO2 
photocatalyst (500 mg/L) with different mass ratios of nitrogen 
after 180 min of reaction time, and comparison with the specific 
surface area of photocatalysts.
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of N-TiO2 photocatalyst. When TiO2 photocatalyst is doped 
with nitrogen, both interstitial and substitutional doping can 
exist [5,6,20].

In the interstitial doping, the dopant is not incorporated 
into the crystal lattice, it resides between the crystals on an 
interstitial site, which introduces states in the band gap, but 
generally, it does not dope the n-type or p-type semiconduc-
tors [36]. On the other hand, substitutional doping causes 
crystal defects and decreases the band gap energy. In other 
words, when a non-metal species, such as nitrogen with a 
slightly higher energy level compared with oxygen, is intro-
duced into the TiO2 lattice, a new mid-gap energy state is 
generated. This mid-gap energy state holds the potential of 
absorbing energy from radiation of light at higher wave-
lengths to produce a significant amount of •OH [20,28,36,37]. 
Thus, UV radiation excites the electrons in both the valence 
band and the mid-gap energy level; whereas, visible light 
can only excite the electrons in the mid-gap energy level 
[20,36–39].

The specific surface area of photocatalysts with different 
mass ratios of doped nitrogen was measured using BET tech-
nique by adsorption of nitrogen gas at 77 K. Results showed 
that the N-TiO2 photocatalyst with the mass ratio of 0.15 w:w 
N-TiO2 had the highest specific surface area of 110.01 m2/g 
compared with that of bare P25, 39.77 m2/g, and bare urea, 
34.36 m2/g. By increasing the concentration of doped nitrogen 
in N-TiO2 above its optimal value, its specific surface area was 
decreased. As the specific area of N-TiO2 is increased, more 
reaction sites are available, and thus, higher photocatalytic 
efficiencies in the degradation of methyl orange are achieved. 
Therefore, the N-TiO2 photocatalyst with an N:TiO2 mass 
ratio of 0.15 w:w was chosen for the statistical experimental 
design.

3.2. Photocatalyst characterization

Fig. 3(a) illustrates an SEM image of the 0.15 w:w N-TiO2 
photocatalyst, prepared via the annealing method. In this fig-
ure, particles have a heterogeneous flat shape variable parti-
cle size in the range of 1–10 µm based on the scale. Particles 
contain light and dark nanoparticles, which are supposed to 
contain more pores on the surface.

In the EDS elemental analysis of N-TiO2 photocatalyst, 
the nitrogen and oxygen peaks are overlapping; therefore, 
the elemental analysis of N-TiO2 is not conclusive. This cir-
cumstance is caused by the resemblances between nitrogen 
and oxygen, which present similar characteristic in EDS. 
Thus, the instrument is not able to adequately separate their 
elemental peaks. Consequently, XRD and mapping of the 
N-TiO2 photocatalyst were used to illustrate the distribution 
and relative proportion of the compounds and elements over 
the scanned area, respectively.

Fig. 3(b) shows an XRD diffractogram of the N-doped 
TiO2 photocatalyst (0.15 w:w N-TiO2) prepared using 
annealing method. The crystalline phase was confirmed by 
comparing the attained diffractograms with the standard, 
which present the location of the TiO2 peaks, based on the 
Joint Committee on Powder Diffraction Standards (JCPDS-
21-1272) databank [40]. Based on the Joint Committee on 
Powder Diffraction Standards, anatase (JCPDS-21-1272) has 
a primary peak at 25.4° (2θ), and other anatase peaks are 

located at 37.8°, 48.0°, and 54.5° related to planes, and rutile 
(JCPDS-21-1276) has two main peaks, one at 2θ = 27.5° and 
the other one at 2θ = 36.1°. Rutile may also have another peak 
at 2θ = 54.4° [40]. P25 has one main peak at 2θ = 25.4° and two 
other peaks at 2θ = 37.8° and 48.0°, which belong to anatase. 
Also, it has a peak at 2θ = 27.5° and 36.1°, which belong to 
rutile.

The diffractogram indicates the presence of both the ana-
tase (2θ = 25.4°, 37.8°, 48.0°, and 54.5°) and the rutile (2θ = 27.5° 
and 36.1°) forms of TiO2, and similar to P25 TiO2 (Fig. 3(c)), it 
indicates that there was no change in the crystalline phases of 
TiO2 in the N-TiO2 photocatalyst. Thus, the crystal structures 

 

 

(a) 

(b) 

(c) 

Fig. 3. (a) SEM image of the as-prepared N-TiO2 photocatalyst 
(0.15 w:w N-TiO2) by the annealing method; diffractogram (XRD) 
of the (b) as-prepared N-TiO2 photocatalyst; and (c) P25-Pure.
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of pure P25 and N-TiO2 are in the same position. It can be 
concluded that nitrogen is a part of the crystal lattice of TiO2 
due to the relatively same size of oxygen and nitrogen [41]. 
It seems that a crystal defect took place and that is why the 
photocatalytic activity of the N-TiO2 is enhanced.

Fig. 4 comprises four mapping images of the N-doped 
TiO2 0.15 w:w N-TiO2 photocatalyst prepared by annealing 
technique. Fig. 4(a) illustrates the whole sample of N-TiO2 
while Figs. 4(b)–(d) show images of the titanium, oxygen, 
and nitrogen elements ejected from Kα (the most intense 
peak) shells of each atom in the photocatalyst, respectively. 
The mapping image confirmed that the N-doped TiO2 pho-
tocatalyst comprises nitrogen, as a dopant, in the structure of 
the N-TiO2 composite.

3.3. Statistical analysis and optimization studies

Table 2 presents the four-factor BBD with experimental 
and predicted values for both the percent TOC and color 
removals by the developed quadratic statistical models for 
the degradation of methyl orange by photocatalysis using the 
N-TiO2 (0.15 w:w N-TiO2) in a laboratory-scale slurry batch 

photoreactor. The RSM was used to indicate the relationship 
between the predictors and the process responses. Hence, to 
predict the response functions for both the TOC removal (Y1) 
and the color removal (Y2), Eqs. (4) and (5) were developed in 
terms of the coded factors, respectively:

Y X X X X X X
X X
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1 3
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The evaluation of the signs of the coefficients offers quick 
scrutiny of the parametrical effects of the model variables on 
the responses. Negative coefficients point out unfavorable 
effects on both the percent TOC and color removals for the 
model components X1, X2, X4, X1X2, X1X3, X1X4, X2X3, X3X4, 
X2

2, X3
2, and X4

2 in Y1 and X1, X2, X4, X1X3, X2X3, and X3X4 in Y2.

Fig. 4. Mapping images of (a) N-TiO2 (0.15 w:w N-TiO2) photocatalyst along with the elemental distribution of (b) titanium; (c) oxy-
gen; and (d) nitrogen, in the photocatalyst prepared by annealing method.
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Positive coefficients refer to favorable effects on both the 
percent TOC and color removals for the model components 
X3, X2X4, and X1

2 in Y1 and X3, X1X2, X1X4, X2X4, X1
2, X2

2, X3
2, and 

X4
2 in Y2. Factors with coefficient values close to zero indicate 

a lower relative intensity than those above. Thus, X1X3, X1X4, 
X1

2, and X2
2 do not strongly affect the percent TOC removal 

while X1
2 and X4

2 do not intensely affect the percent color 
removal. The statistical significance of the developed mod-
els and predictors was further evaluated using the ANOVA 
with 95% confidence intervals for the percent TOC and color 
removals as shown in Tables 3 and 4, respectively.

The statistical significance of each factor coefficient was 
determined by the Fisher’s (F) exact test, using probability 
(p) values. As shown in Tables 3 and 4, the F values 202.96 
and 41.13 for the developed models related to percent TOC 
and color removals, respectively, indicate the significance of 
the models. Moreover, low probability values (p < 0.05) imply 
the significance of the model variables while confirming the 
model accuracy. On the other hand, p values higher than 0.10 

imply the model variables are not significant. In this study, 
X1X3, X1X4, and X2

2 are not significant for the removal of TOC 
while X1X4, X1

2, and X4
2 are not significant for color removal.

The goodness of fit for each model was validated using 
both the determination coefficient (R2) and the adjusted R2 
to ensure a suitable variation of the model predictions to the 
observed values. The values of R2 and adjusted R2 reached 
0.9947 and 0.9898 for the TOC removal and 0.9746 and 
0.9509 for the color removal, respectively. Thus, high R2 and 
adjusted R2 values represent that the model is highly signifi-
cant. The closer the values of R2 and adjusted R2 are to 1.0, the 
better the model prediction is [16,42].

Furthermore, the adequate precision of both the percent 
TOC and color removal models were found to be 60.03% 
(Table 3) and 26.61% (Table 4), respectively; thus, the mod-
els can be used to navigate the BBD space [16]. The lack of 
fit approach was also considered to measure how well the 
developed models fit the observed values. Accordingly, the p 
values of the lack of fit for the TOC and color removal models 

Table 2
Four-factor BBD for RSM, along with the observed and predicted percent TOC and color removals in the optimization of the photo-
catalytic activity of N-doped TiO2 for the degradation of an azo dye

Run Independent coded variables TOC removal (%) Color removal (%)
X1 X2 X3 X4 Observed Predicted Observed Predicted

1 –1 –1 0 0 72.64 73.82 84.50 85.21
2 1 –1 0 0 81.86 80.81 37.85 38.53
3 –1 1 0 0 65.81 66.30 21.31 20.70
4 1 1 0 0 14.59 12.85 39.65 39.00
5 0 0 –1 –1 38.91 38.49 39.04 36.24
6 0 0 1 –1 58.28 57.19 73.84 74.76
7 0 0 –1 1 42.20 42.73 46.75 45.89
8 0 0 1 1 38.14 38.00 44.40 47.27
9 –1 0 0 –1 64.77 64.66 53.46 56.90

10 1 0 0 –1 42.70 43.41 38.57 36.21
11 –1 0 0 1 59.56 59.16 38.71 41.48
12 1 0 0 1 33.53 33.95 36.82 33.79
13 0 –1 –1 0 54.08 55.07 49.33 51.70
14 0 1 –1 0 42.35 42.45 37.98 37.95
15 0 –1 1 0 86.97 87.18 89.48 89.92
16 0 1 1 0 24.99 24.31 41.58 39.63
17 –1 0 –1 0 63.75 62.44 43.81 41.55
18 1 0 –1 0 39.12 39.23 35.15 38.73
19 –1 0 1 0 69.31 69.45 76.92 72.86
20 1 0 1 0 44.63 46.19 45.53 47.31
21 0 –1 0 –1 77.65 77.31 73.26 71.80
22 0 1 0 –1 25.36 26.60 28.44 30.70
23 0 –1 0 1 57.85 56.86 56.53 53.79
24 0 1 0 1 31.50 32.09 29.87 30.85
25 0 0 0 0 57.79 57.02 40.27 40.62
26 0 0 0 0 54.18 57.02 46.80 40.62
27 0 0 0 0 54.12 57.02 43.60 40.62
28 0 0 0 0 58.98 57.02 37.35 40.62
29 0 0 0 0 57.18 57.02 40.43 40.62
30 0 0 0 0 59.87 57.02 35.27 40.62
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were 0.9540 (Table 3) and 0.7227 (Table 4), respectively. An 
insignificant lack of fit (p > 0.10) is a desirable property 
because it suggests the models fit the data well. 

The continuous variance assumption was confirmed 
graphically using the plot of predicted values vs. the inter-
nally studentized residuals (Fig. 5(a)), where the studentized 
residual values were obtained by dividing the residual val-
ues by their respective standard deviation.

Fig. 5(a) also shows randomly scattered points between 
the outlier detection limits from –3 to +3. Furthermore, the 
observed and predicted value correlations for both the per-
cent TOC and color removals are presented in Fig. 5(b). A 
straight-line trend shows minor discrepancies and an agree-
ment between predicted and experimental values. Therefore, 
the model predictions for both TOC removal, Eq. (4), and 
color removal, Eq. (5), are satisfactory.

3.4. Individual effect of model parameters

Since the significance of the TOC and color removal 
models (Tables 3 and 4, respectively) and the accuracy of the 
model predictions (Fig. 5) were confirmed, it was required to 
examine the significance of the model factors. This evalua-
tion was performed using both the F exact test and p values, 
similar to the model significance evaluation, for each vari-
able including linear, cross-factor, and quadratic interaction. 

As presented in Tables 3 and 4, model coefficients with 
p values lower than 0.05 are significant. Therefore, all four 
predictors, the light wavelength (X1), the initial TOC con-
centration (X2), the light intensity in terms of the number of 
lamps (X3), and the pH (X4), have significant effects on both 
responses, the TOC removal (Y1) and the color removal (Y2), 
based on their p value.

Fig. 6 illustrates the individual effect of the light wave-
length, initial TOC concentration, light intensity, and pH on 
the percent TOC and color removals. It can be observed that 
both the light wavelength and the initial TOC concentration 
as they increase, both the percent TOC and color removals 
decrease. In the case of the light intensity, as the number of 
lamps increases, both the TOC and color removals rise to a 
point where there is no further increase in efficiency regard-
less of the number of lamps.

Conversely, results indicate an inversely proportional 
relationship of the light wavelength and initial TOC con-
centration with both the percent TOC and color removals. 
Therefore, the efficiency increases when the light spectrum 
is closest to the UV-C range with the peak at 254 nm and the 
lowest initial concentration of TOC. Finally, no pH adjust-
ments are required to achieve maximum TOC and color 
removal efficiencies, as the maximum is located within the 
pH range of 6.5–7.5.

Table 3
ANOVA of percent TOC removal by quadratic modeling in the optimization of the photocatalytic activity of N-doped TiO2 (0.15 w:w 
N-TiO2) for the degradation of an azo dye

Source Sum of squares dfa Mean square F Valueb p Valuec Remark

TOC model 8,713.4 14 622.39 202.96 <0.0001 Significant
X1 = light wavelength 1,619.6 1 1,619.6 528.14 <0.0001 Significant
X2 = TOCo 4,273.3 1 4,273.3 1,393.5 <0.0001 Significant
X3 = light intensity 146.37 1 146.37 47.731 <0.0001 Significant
X4 = pH 167.93 1 167.93 54.760 <0.0001 Significant
X1X2 913.25 1 913.25 297.81 <0.0001 Significant
X1X3 0.0006 1 0.0006 0.0002 0.9888 Not significant
X1X4 3.9204 1 3.9204 1.2784 0.2759 Not significant
X2X3 631.27 1 631.27 205.85 <0.0001 Significant
X2X4 168.22 1 168.22 54.856 <0.0001 Significant
X3X4 137.24 1 137.24 44.754 <0.0001 Significant
X1

2 21.020 1 21.020 6.8546 0.0194 Significant
X2

2 0.7317 1 0.7317 0.2386 0.6323 Not significant
X3

2 135.28 1 135.28 44.115 <0.0001 Significant
X4

2 492.71 1 492.71 160.67 <0.0001 Significant
Residual 45.999 15 3.0666
Lack of fit 16.940 10 1.6940 0.2915 0.9540 Not significant
Pure error 29.058 5 5.8116
Corrected total SSd 8,759.4 29
R2 0.9947
Adjusted R2 0.9898
Adequate precision 60.029

aDegrees of freedom (df). 
bFisher’s (F) exact test value.
cA probability value (p) < 0.05 is considered significant, a p value > 0.10 is considered not significant.
dTotal sum of squares corrected for the mean.
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3.5. Interaction of model parameters, 2D contour plots, and 3D 
response surface

As shown in Tables 3 and 4, among all model parameters, 
only the interaction between the light wavelength and pH 
(X1X4) did not indicate a significant effect on both the per-
cent TOC and color removals. Additionally, the interaction 
between the light wavelength and the light intensity (X1X3) 
did not show a significant effect on the percent TOC removal 
while being significant on the color removal. In contrast, the 
cross-factor interaction between the light wavelength and the 
initial TOC concentration (X1X2) and those of the light inten-
sity with the initial TOC concentration (X2X3) and the pH 
(X3X4) were found to have a very high significant effect on 
both TOC and color removals.

The cross-factor interaction effects between independent 
factors were plotted into the 3D surfaces and 2D contour plots 
shown in Figs. 7 and 8 for the removal of TOC and color, 
respectively, representing the graphical regression analysis; 
thus, the response functions of the variation and interaction 
of two predictors are presented while all other factors are 
fixed at the center levels [13–16].

Figs. 7 and 8(a)–(c) depict the effects of the light wave-
length on the percent TOC and color removals. Results show 
that by decreasing the wavelength, both the percent TOC and 
color removal increase. In all cases, the light intensity and 

initial TOC concentration cross-factor interactions with the 
light wavelength are intensified when the latter is at the lowest 
range value while pH does not require adjustments (Figs. 7(c) 
and 8(c)). The interaction of the initial TOC concentration with 
other independent variables tends to intensify their effect at 
low levels confirmed in Figs. 7 and 8(a), (d), and (e) as expected.

On the other hand, as shown in Figs. 7 and 8(b), (d), 
and (f), both the percent TOC and color removals increase 
by increasing the light intensity in terms of the number of 
lamps. The effect of the light intensity on both the percent 
TOC and color removals is mainly attributable to the absorp-
tion of the UV radiation by organic compounds along with 
intermediates formed during the photocatalytic reactions, 
which as the light intensity increases there is a more uniform 
radiation distribution within the photoreactor. This effect is 
intensified at a lower light wavelength due to the photoactiv-
ity of the composite N-TiO2 photocatalyst (Figs. 7(b) and 8(b)) 
and at low initial concentration of TOC (Figs. 7(d) and 8(d)) 
while being slight while interacting with the pH (Figs. 7(f) 
and 8(f)), which results in an adequate value for each param-
eter within the range in terms of optimization potential.

Lastly, Figs. 7 and 8(c), (e), and (f) depict the interaction 
effects of the pH with other variables, including the light 
wavelength (X1X4), the initial TOC concentration (X2X4), and 
the light intensity (X3X4) on the percent TOC and color remov-
als. Results demonstrate that there is no need for further pH 

Table 4
ANOVA of percent color removal by quadratic modeling in the optimization of the photocatalytic activity of N-doped TiO2 (0.15 w:w 
N-TiO2) for the degradation of an azo dye

Source Sum of squares dfa Mean square F Valueb p Valuec Remark

Color model 7,794.0 14 556.72 41.13 <0.0001 Significant
X1 = light wavelength 604.07 1 604.07 44.63 <0.0001 Significant
X2 = TOCo 3,075.8 1 3,075.8 227.2 <0.0001 Significant
X3 = light intensity 1,193.8 1 1,193.8 88.201 <0.0001 Significant
X4 = pH 238.79 1 238.79 17.642 0.0008 Significant
X1X2 1,055.9 1 1,055.9 78.01 <0.0001 Significant
X1X3 129.16 1 129.16 9.5428 0.0075 Significant
X1X4 42.250 1 42.250 3.1215 0.0976 Not significant
X2X3 333.98 1 333.98 24.67 0.0002 Significant
X2X4 82.446 1 82.446 6.091 0.0261 Significant
X3X4 345.03 1 345.03 25.492 0.0001 Significant
X1

2 0.5217 1 0.5217 0.0385 0.8470 Not significant
X2

2 168.92 1 168.92 12.4804 0.0030 Significant
X3

2 582.55 1 582.55 43.040 <0.0001 Significant
X4

2 9.9086 1 9.9086 0.73 0.4057 Not significant
Residual 203.03 15 13.535
Lack of fit 116.48 10 11.648 0.6729 0.7227 Not significant
Pure error 86.547 5 17.309
Corrected total SSd 7,997.1 29
R2 0.9746
Adjusted R2 0.9509
Adequate precision 26.610

aDegrees of freedom (df).
bFisher’s (F) exact test value.
cA probability value (p) < 0.05 is considered significant, a p value > 0.10 is considered not significant.
dTotal sum of squares corrected for the mean.
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adjustments. These interactions also confirm that both the 
percent TOC and color removals are directly proportional 
to the light intensity while being inversely proportional to 
the light wavelength and initial TOC concentration, and con-
firms there is no need for pH adjustment.

3.6. Optimization of experimental conditions 
and process parameters

The RSM was used to determine the optimal experimental 
conditions of the four predictors, including the light wave-
length (X1), the initial TOC concentration (X2), the light inten-
sity in terms of the number of lamps (X3), and the pH (X4), 
to obtain the maximum percent TOC removal (Y1) and color 
removal (Y2).

The optimization was accomplished by maximizing 
both the percent TOC and color removals at defined oper-
ating conditions using the numerical optimization method 
built into the statistical software Design-Expert 10.0.3.1. 
Both Eqs. (4) and (5) were used as the objective functions 
for the percent TOC and color removals, respectively, while 
the independent variables were used as constraints in their 
critical ranges.

The numerical optimization explores the BBD space 
using the developed statistical models to find the optimal 
operating conditions that meet the set goal of optimization 
for maximum TOC and color removals simultaneously.

The multiple-response function shown in Eq. (3) was 
used to obtain the parameter interaction plots, as depicted 
in Fig. 9, by maximizing the TOC removal (Y1) and color 

Fig. 5. Validation of the percent TOC removal (left side) and color removal (right side) models using different plots: (a) internally 
studentized residuals vs. predicted values; (b) observed experimental data vs. predicted values.
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removal (Y2) by the numerical optimization using the 
optimum factor settings. Therefore, the desirability value of 
1.00 was found for achieving the maximum TOC and color 
removals of 96.11% and 98.18%, respectively, at the opti-
mum conditions of light intensity in terms of five lamps, 
light wavelength of 418 nm (visible light range), initial TOC 
concentration of 10.54 mg/L, and pH of 6.66 for the photo-
catalytic treatment of azo dyes in aqueous solution using the 
composite N-TiO2 photocatalyst.

As a final confirmation, the obtained optimum experi-
mental conditions were tested in another experiment to val-
idate the response values. Consequently, the TOC removal 
of 96.11% and the color removal of 98.18% were obtained 
experimentally, confirming the reliability and accuracy of 
the developed models since they both are between the 95% 
CI of 92%–100% for TOC removal and 83%–100% for color 
removal.

4. Conclusions

The RSM combined with a four-factor BBD revealed reli-
able results for the treatment of azo dyes in aqueous solu-
tion by photocatalysis in a batch reactor using the composite 
N-TiO2 photocatalyst. The accuracy of the developed qua-
dratic models was evaluated using ANOVA. The cross-fac-
tor interaction between the light wavelength and the light 
intensity presented a significant effect on the color removal 
while being not significant on the TOC removal. Meanwhile, 
the interaction effect between light wavelength and pH was 
found not significant on both the TOC and color removal effi-
ciencies. In contrast, the cross-factor interaction between the 
light wavelength and the initial TOC concentration and those 
of the light intensity with the initial TOC concentration and 
the pH were found to have highly significant effects on both 
TOC and color removals for the photocatalytic treatment of 
azo dyes to minimize treatment-related costs.

Fig. 6. Individual effect of the (a) light wavelength; (b) initial TOC concentration; (c) light intensity; and (d) pH on the percent TOC 
and color removals using 0.15 w:w N-TiO2. The dashed lines represent model predicted values, whereas the marker points represent 
the experimental values. Error bars represent the standard deviation of the experimental data.
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 7. Interaction effects of different parameters on the percent TOC removal using 3D response surface and 2D contours: (a) light 
wavelength and initial TOC concentration (X1X2); (b) light wavelength and intensity (X1X3); (c) light wavelength and pH (X1X4); (d) 
initial TOC concentration and light intensity (X2X3); (e) initial TOC concentration and pH (X2X4); and (f) light intensity and pH (X3X4).
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 8. Interaction effects of different parameters on the percent color removal using 3D response surface and 2D contours: (a) light 
wavelength and initial TOC concentration (X1X2); (b) light wavelength and intensity (X1X3); (c) light wavelength and pH (X1X4); (d) 
initial TOC concentration and light intensity (X2X3); (e) initial TOC concentration and pH (X2X4); and (f) light intensity and pH (X3X4).
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Fig. 9. Desirability 2D plots maximizing the percent TOC and color removals at optimum factor settings of light intensity in terms 
of five lamps, light wavelength of 418 nm (visible light range), initial TOC concentration of 10.54 mg/L, and pH of 6.66 for the 
photocatalytic treatment of azo dyes in aqueous solution using the composite N-TiO2 photocatalyst.
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Maximum TOC and color removal efficiencies of 96.11% 
and 98.18%, respectively, were achieved at the optimum 
operating conditions of light intensity in terms of five lamps, 
light wavelength of 418 nm (visible light range), initial 
TOC concentration of 10.54 mg/L, and pH of 6.66 based on 
the developed quadratic models and the desirability mul-
tiple-response method. For the maximum TOC and color 
removal based on DOE, the best results were obtained by 
visible irradiation, confirming that the light absorption was 
extended to a higher wavelength along with a red shift in the 
application of N-TiO2 photocatalyst. 

The developed statistical models presented a detailed 
examination of the simultaneous interaction effects of the 
predictors on the model responses. Therefore, the proposed 
statistical models could successfully describe the degrada-
tion of azo dyes by photocatalysis using the N-doped TiO2 
composite under visible light and could be utilized as a base 
for future research on photoreactor design, process optimiza-
tion, and scale-up studies.
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