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Abstract
Photocatalysis driven by the natural solar light has been proved to be a favorable approach for the degradation of hazardous 
organic pollutants in water and wastewater. The present work addressed the removal of Direct Red 23 by the solar/Fe3O4/
TiO2/S2O8

2− process. The application of the component parabolic collector, which served as a solar light concentrator, 
could improve the photocatalytic removal efficiency in the presence of immobilized  Fe3O4/TiO2 nanoparticles. In this 
paper, the synthesis of  Fe3O4/TiO2 photocatalyst to treat wastewater under solar radiation has been reported. Accordingly, 
a component parabolic collector solar photoreactor was designed and constructed for wastewater treatment processes. The 
prepared  Fe3O4/TiO2 nanocomposite was precipitated as a thin layer on the glass tubes of the solar photoreactor. The central 
composite experimental design was also used in order to optimize and model the CI Direct Red 23 decolorization process; 
then, the influence of operational parameters such as the contaminant concentration,  S2O8

2− concentration, and the reaction 
time was investigated. Due to the solar/Fe3O4/TiO2/S2O8

2− process, 100% of Direct Red 23 could be removed in 90 min 
at the concentration of 15.16 mg L−1 and  S2O8

2− concentration of 0.8 mM. The predicted response for the Direct Red 23 
decolorization efficiency in the optimal condition was obtained to be 98.50%, which was in a good agreement with the 
experimental response (100%).
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Introduction

Advanced oxidation processes, particularly photocatalysis, 
have been employed to degrade the low concentrations of 
pollutants. The main objective of these processes is com-
pleting the degradation of toxic contaminants and convert-
ing them to safer products or products with lower toxicity 
(Ghaly et al. 2001; Cerrato et al. 2019). Moreover, these pro-
cesses have been commonly applied for the pre-treatment of 
biological components to transfer some non-biodegradable 
pollutants to biodegradable products; they have also been 
employed as the posttreatment of some chemical and physi-
cal treatment processes for completing the treatment pro-
cesses. Titanium dioxide is known as a good photocatalyst 

that can be employed to remove organic pollutants from 
water and wastewater; this property is owing to its biologi-
cal and chemical inertness, non-toxicity, the strong oxidizing 
power, the low cost and long stability against photo- and 
chemical corrosions, as well as the its considerable degra-
dation capacity for organic contaminants (Bilal et al. 2018; 
Nakata and Fujishima 2012; Shahadat et al. 2015). Titanium 
dioxide has been commonly used in numerous environmen-
tal and energy-related fields. In addition, the  TiO2 photocata-
lytic process as a sustainable treatment technique is applied 
to implement the zero waste scheme in water and wastewater 
industry; this technique is even employed to remove the pol-
lutants and bacteria existing on the wall surface and in the 
air (Wolfrum et al. 2002; Hassan et al. 2016; Ghalamchi 
et al. 2017). Despite this, owing to its high band gap, it is 
important to have the high power of UV light irradiation 
with a wavelength which is lower than 387 nm (Faisal et al. 
2007; Daneshvar et al. 2007). This limits the application of 
sunlight and increases the cost of the treatment process. The 
visible light constitutes the major fraction of solar radiation, 
while UV light covers less than 5% of solar radiation energy 
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(Prato-Garcia et al. 2009; Pirhashemi and Habibi-Yangjeh 
2013). Therefore, synthesizing visible-light-active photo-
catalyst can be very helpful. Doping  TiO2 with transition 
metals (Lv et al. 2009a, b) and mixing  TiO2 with sensitizers 
(Yang et al. 2000) are the two most important approaches 
used to develop the main part of the solar spectrum.

Fe3O4/TiO2 was employed as the visible-light-sensitive 
photocatalyst in this research. However, it should be noted 
that the recovery of finely powdered  Fe3O4/TiO2 from the 
treated water can be a process which is both incomplete and 
time-consuming (Lv et al. 2009b). Immobilization of the 
photocatalyst on supports such as sand, clay, and zeolite is 
a suitable method to tackle this problem. To the best of our 
knowledge, for the first time,  Fe3O4/TiO2 nanocomposite has 
been immobilized in this study as a thin layer on the outer 
surface of chemically and physically modified glass tubes 
and used in a CPC photoreactor for the removal of CI Direct 
Red 23 (DR23) as a model synthetic contaminant.

The investigation of the light intensity is considered as 
one of the important factors in the photocatalytic water treat-
ment. CPC is used to improve the intensity of light, both 
solar and visible light. In general, the solar concentrator is 
a parabolic reflective surface which provides concentrated 
rays of light that are focused on a certain path wherein a 
glass tube has been located on the center. These collectors 
are designed with surfaces facing toward the equator, and 
the tilted angle is adjusted to be almost equal to the latitude. 
Calculation of the optimum tilted angle is a required step to 
maximize the amount of the collected beam radiation and, 
consequently, the amount of energy. For this reason, fol-
lowing the sun as it moves each day is the best procedure. 
The advantages of the solar CPC system include intrinsic 
simplicity, cost-effectiveness, easy application, and the low 
capital investment (Moncayo-Lasso et al. 2008; Sciacca 
et al. 2011; Zhan et al. 2014).

In this research,  Fe3O4/TiO2 nanocomposite was syn-
thesized and immobilized on the outer surface of modified 
glass tubes as a thin layer. For the cost-effective purification 
of polluted wastewater and the use of the renewable solar 
energy, the  Fe3O4/TiO2 nanocomposite/glass tubes were 
used in a CPC. DR23 was treated as the model dye pollutant 
in this study, and the decolorization was optimized and mod-
eled by the central composite design of experiments (CCD).

Materials and methods

Titanium dioxide nanoparticles P-25 with the surface area of 
55 m2 g−1 were supplied by Evonik Degussa (Germany), and 
ferric chloride hexahydrate  (FeCl3·6H2O), ferrous chloride 
tetrahydrate  (FeCl2·4H2O), and NaOH were obtained from 
Merck Co. in an analytical grade. Glass tubes (borosilicate) 
were purchased from Sina glass Co., Iran. Direct Red 23 with 

λmax = 507 nm was obtained from Alvan Sabet Co. and applied 
without further purification; it was obtained from Hamedan, 
Iran. The dye solution was prepared using distilled water. The 
structure of organic dye is shown in Fig. 1.

Synthesis of the  Fe3O4/TiO2 nanocomposite

For the preparation of the  Fe3O4/TiO2 nanocomposite, 
 FeCl3·6H2O solution with the concentration of 1 M and 
 FeCl2·4H2O solution with the concentration of 2 M were 
mixed in a 100-mL beaker containing 0.5 g  TiO2 P25; the mix-
ture was placed in a 150-W ultrasonic bath (the bath tempera-
ture was 60 °C) under nitrogen gas stream (Wu et al. 2011).

Then, 25 mL of the sodium hydroxide solution (1 M) was 
charged into the prepared suspension; as soon as the sodium 
hydroxide was added, black magnetite was obtained (Du et al. 
2006). In order to complete the reaction, the mixture was 
sonicated for 30 min. Black sediments were collected through 
magnetic separation and washed by deionized water several 
times to reduce the pH to the neutral value and dried at 70 °C 
for 6 h in a vacuum oven.

Immobilization of the  TiO2/Fe3O4 nanocomposite 
on the outer surface of glass tubes

At first, the outer surface of glass tubes with 1.5 cm diameter 
and 114 cm length was sanded by the SiC stone manually and 
placed in a 5% HF solution for 2 h; then, they were washed 
with distilled water. Finally, the tubes were placed for 15 min 
in the 1 M NaOH solution for enhancing the −OH groups at 
their surface.

Heat attachment (PMTP) approach was used for photocata-
lyst immobilization on the outer surface of the glass tubes. 
For the immobilization of nanoparticles on the glass tubes, 
33.0 g/L of  TiO2/Fe3O4 nanocomposite was dispersed in etha-
nol (1.65 g nanocomposite in 50 mL ethanol) and sonicated for 
20 min using the ultrasonic bath (150 W). The prepared sus-
pension was poured on the outer surface of the glass tubes. The 
amount of the material deposited per unit area was approxi-
mately 0.0015 g cm−2, with the assumption of no wastage of 
nanoparticles. The following drying at room temperature, the 
tubes were heated at the temperature of 480 °C for 3 h. The 
tubes were washed with distilled water and that process was 
repeated for the better immobilization of the nanocompos-
ite. The structural characteristics of  TiO2/Fe3O4 nanophoto-
catalysts were investigated using X-ray, diffraction (Siemens 
D-500 system (Germany), Cu Ka radiation at the wavelength 
of 0.15406 nm, 40 kV, and 30 mA). The average crystallite 
size of  Fe3O4 particles was estimated by the Scherer’s formula 
(Rasouli et al. 2014)

(1)d =
k × �

� × cos �
,
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where d is the average crystalline size, k is a constant (0.9), 
λ is the wavelength of the X-ray radiation, β is the line width 
at the half maximum in terms of 2θ, and θ is the Bragg dif-
fraction angle in degree.

The morphology of the glass tubes after physical and 
chemical modification and after  TiO2/Fe3O4 coating was 
examined by a field emission scanning electron microscope 
using a MIRA3 FEG-SEM Tescan (Czech). Energy-disper-
sive X-ray spectroscopy (EDS) was also used to confirm the 
synthesis of the  TiO2/Fe3O4 nanocomposite using a MIRA3 
Tescan (Czech).

The band gaps of  TiO2,  Fe3O4, and  Fe3O4/TiO2 nano-
composites were determined using the UV–Vis spectropho-
tometer (Shimadzu UV-160). Accordingly, each sample was 
dispersed in distilled water through sonication for 15 min 
in order to form a homogeneous suspension. Subsequently, 
recording of the optical absorption spectra of the samples 
was done in wavelengths ranging from 200 to 700 nm and 
at the room temperature. The band gap of  TiO2,  Fe3O4, 
and  Fe3O4/TiO2 nanocomposites was determined through 
Eq. (2):

(2)(Ah�)2 = K
(

h� − Eg

)

In this equation, hυ is the photon energy (eV), A refers to 
the absorption coefficient, K is a constant, and Eg denotes the 
band gap. The band gap could be calculated by the extrapo-
lation of the linear region in a plot of (Ahυ)2 versus photon 
energy.

Design of the solar photoreactor

In this present study, a CPC reactor was constructed and 
used for the dye solution treatment. The reactor consisted of 
two parts, a reflective made of stainless steel and a receiver 
consisting of a borosilicate glass tube. Two concentric boro-
silicate glass tubs were placed in the focal path of the CPC 
with the maximum radiation. The total length of the reactor 
was 114 cm. The inner tube had the diameter of 1.5 cm, 
while that of the outer one was 3.5 cm. The prepared nano-
composite was immobilized on the outer surface of the 
inner tube. The contaminated water was moving between 
the two tubes. The total volume of the contaminated water 
was 1500 mL, while 950 mL of water was exposed to the 
sunlight irradiation at a time. This CPC was placed on the 
ramp at 39° (around the local latitude) from the horizon, so 
there was no need for the solar tracking (Fig. 2).

Fig. 1  Structure of DR23 a) 
hydrazone tautomeric form and 
b) azo form
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Treatment procedure

In the present work, after the preparation of the dye solu-
tion and addition of the determined amount of the oxidizing 
agent,  S2O8

2−, the solution was poured into the reservoir. 
The injection of the contaminated solution into the parabolic 
reactor was done by employing a peristaltic pump having the 
constant flow rate of 40 mL min−1. The same immobilized 
nanoparticles on the glass tubs in the CPC were used in all 
experiments, and no new photoreactor was replaced each 
time. In the first series of the experiments with the same 
condition of an experiment, the performance of the photo-
reactor was not dropped over time, and it was negligible at 
least during the 30 times and the experiments were carried 
out. The reactions were performed between 11 A.M. and 3 
P.M. to provide the maximum light intensity. The UV index 
was constant during the experimental days. The reactor was 
placed on the roof of University of Zanjan. The reaction time 
was considered from the moment at which the dye solution 
was exposed to the sun irradiation. The decolorization effi-
ciency was calculated by measuring the dye concentration 
at the beginning and end of the reaction using spectropho-
tometric analysis. The dye solution was circulated in the 
parabolic reactor in the course of conducting the experiment. 
For all 20 experiments, this process was repeated, which 
had been designed by RSM. In addition, chemical oxygen 

demand (COD) analysis was also carried out by using the 
spectrophotometer (DR/2000 direct reading spectrophotom-
eter), based on the Standard Methods (1985) section 5220 
D. Equations (3)–(8) show the probable chemical reactions 
for dye degradation (Epold and Dulova 2015; Bekkouche 
et al. 2017). The dye solution was circulated in the parabolic 
reactor during the experiment. This process was repeated 
for all 20 experiments designed by RSM. Chemical oxygen 
demand (COD) analysis was also measured using the spec-
trophotometer (DR/2000 direct reading spectrophotometer), 
according to the Standard Methods (1985) section 5220 D. 
The probable chemical reactions for dye degradation have 
been listed as shown in Eqs. (3)–(8) (Epold and Dulova 
2015; Bekkouche et al. 2017)

(3)TiO2∕Fe3O4 + light → TiO2∕Fe3O4

(

e−
CB

+ h+
VB

)

(4)S2O
2−
8

+ h� → 2SO−⋅
4

(5)SO−
4
+ e− → SO−⋅

4

(6)SO−⋅
4
+ H2O → HSO−

4
+ OH⋅

(7)S2O
2−
8

+Men+ → SO2−
4

+Me(n+1) + SO−⋅
4

(8)2Fe2+ + S2O
2−
8

→ 2Fe3+ + 2SO⋅−
4

Fig. 2  Schematic different parts of component parabolic collector: reflector and absorber pipe
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Measurement of CI Direct Red 23

The absorbance of the DR23 aqueous solution was recorded 
in the wavelength range of 200–800 nm and 507 nm; it was 
obtained as the maximum absorbance–wavelength. Cali-
bration curve of DR23 was prepared using known aqueous 
solutions with different concentrations (10, 15, 20, 30, 40, 
50 mg L−1) and their absorbance values at 507 nm. This curve 
was employed in order to convert the absorbance data to the 
dye concentration based on the Beer–Lambert law. By apply-
ing Eq. (9), the removal efficiency of the dye was obtained:

(9)R(%) =
C0 − Ct

C0

× 100,

where R is the dye decolorization efficiency of DR23 and C0 
and Ct (mg L−1) is the concentration of DR23 solution before 
and after treatment, respectively.

The central composite design of the photocatalytic 
process

The central composite design (CCD) with three variables in 
five levels was employed in this study. For three variables, 
20 experiments were considered in the CCD design. Tables 1 
and 2 illustrate the complete design matrix of this experimen-
tal design. In the present research, the CCD design was per-
formed using Minitab 16.1. The factors which were consid-
ered in this experiment included DR23 initial concentration 
(x1),  S2O8

2− concentration (x2), and reaction time (x3). We can 
approximate the mathematical relationship existing between 
the decolorization efficiency (as response, y) and the three sig-
nificant independent variables, namely x1, x2, and x3, by using 
a nonlinear polynomial model including 3 linear, 3 square, and 
3 two-factor interaction terms and 1 intercept term, as can be 
seen in Eq. 10 (Blanco et al. 1999; Khataee et al. 2010; Aber 
and Sheydaei 2012; Amani-Ghadim et al. 2013):

(10)y = �0 +

k
∑

i=1

�ixi +

k
∑

i=1

�iix
2
i
+

k−1
∑

i=1

k
∑

j=2

�ijxixj + �,

Table 1  Original and uncoded levels of the input variables

Parameter Levels

− 2 − 1 0 + 1 + 2

(X1) Dye 15 22.5 30 37.5 45
(X2)  S2O8

2− 0.2 0.6 1 1.4 1.8
(X3) Time 10 30 50 70 90

Table 2  CCD, experimental 
plan, and results

a Experimental
b Predicted

Std order Run order Dye (mg L−1) S2O8
2− (mM) Time (min) Decolorization 

percentage (%)

(Expa) (Preb)

20 1 30.0 1.0 50 54.0 51.9
10 2 45.0 1.0 50 32.3 33.5
19 3 30.0 1.0 50 53.0 51.9
3 4 22.5 1.4 30 58.0 60.3
13 5 30.0 1.0 10 23.8 23.7
2 6 37.5 0.6 30 17.9 17.3
14 7 30.0 1.0 90 77.0 75.1
6 8 37.5 0.6 70 34.0 33.7
17 9 30.0 1.0 50 53.2 51.9
11 10 30.0 0.2 50 12.8 12.3
5 11 22.5 0.6 70 55.3 57.9
1 12 22.5 0.6 30 32.0 33.1
12 13 30.0 1.8 50 71.4 69.7
18 14 30.0 1.0 50 51.5 51.9
8 15 37.5 1.4 70 63.0 63.9
15 16 30.0 1.0 50 50.0 51.9
16 17 30.0 1.0 50 52.0 51.9
4 18 37.5 1.4 30 37.9 37.3
9 19 15.0 1.0 50 84.0 80.7
7 20 22.5 1.4 70 92.8 95.3
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where y is the DR23 decolorization efficiency, β0 is the 
constant coefficient, β1, β2, and β3 are the linear effects of 
the variables x1, x2, and x3, respectively, β11, β22, and β33 
represent quadratic effects, and β12, β13, and β23 refer to the 
interaction effects of the variables.

Results and discussion

Characterizations of  TiO2/Fe3O4 on the glass tubes

The XRD pattern of the synthesized  TiO2/Fe3O4 glass 
tube is shown in Fig. 3. The  Fe3O4 peaks were observed at 
2θ = 30.1, 35.4, 37.0, 43.0, 53.3, and 56.9 corresponding to 
the crystal planes of (220), (311), (222), (400), (422), and 
(511), respectively. As shown by the strong and sharp peaks, 
the formation of iron oxide with a cubic inverse spinel struc-
ture that was consistent with the standard data for magnetite 
could be confirmed (JCPDS card no. 00-019-0629).

From Eq. 1, the average crystalline size of the prepared 
 Fe3O4 was estimated. This equation was applied to the maxi-
mum intensity peak (311) of the pattern, and the crystalline 
size was calculated to be approximately 21 nm.

XRD of the  TiO2/Fe3O4 nanocomposite on the glass 
tube is illustrated in Fig. 3, indicating  TiO2 standard peaks 

(2θ = 25.0, 37.5, 47.2, and 54.1) in addition to  Fe3O4 peaks. 
Both rutile and anatase phases of  TiO2 were present in this 
study. Regarding XRD analysis, the (101) and (200) peaks 
which were located at 2θ of 25.4° and 48.24° were related to 
the anatase phase of  TiO2 (JCPDS No. 21-1272). The rutile 
phase could also be identified from its (110) peak, which 
was located at 2θ of 27.4° in the XRD pattern. These results 
confirmed the synthesis of  Fe3O4 and  TiO2/Fe3O4 nanopar-
ticles on the glass tube.

The FTIR spectrum of the synthesized  Fe3O4,  TiO2, 
and  TiO2/Fe3O4 nanocomposites in a range from 500 
to 4000 cm−1 is depicted in Fig. 4. A broad peak around 
577 cm−1 could be attributed to the stretching vibration of 
Fe–O, which was well matched with the main peak of mag-
netite. Peaks near 3418 cm−1 were related to the hydroxyl 
groups on the surface of  TiO2. The characteristic band of 
 TiO2, in the region 500–700 cm−1, was also detected, which 
could be assigned to the Ti–O–Ti stretching vibrations of 
the  TiO2/Fe3O4 nanocomposite. The presence of water could 
be proved by the absorption peak at 1633 cm−1, which cor-
responded to the bending H–O–H. Both the pure  TiO2 and 
 Fe3O4 peaks could be seen, confirming the synthesis of the 
 TiO2/Fe3O4 nanocomposite.

According to Fig. 5, EDS spectra of immobilized  TiO2/
Fe3O4 confirmed the presence of Ti, Fe, and O elements on 

Fig. 3  XRD analysis of  Fe3O4 
and  TiO2/Fe3O4 synthesized 
nanoparticles
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the glass tubes. SEM images of the outer surface of glass 
tubes after physical and chemical modification are illustrated 
in Fig. 6a, b with two magnifications. These figures indicate 
the porosity at the surface of glass, which could be attributed 
to the physical and chemical modification with SiC stone 
and HF.

SEM images of the outer surface of the glass tubes after 
 TiO2/Fe3O4 thin-layer immobilization are demonstrated in 

Fig. 6c, d. Comparison of these images with the previous 
two ones confirmed the immobilization of the nanocom-
posite on the surface of the glass tubes. In this research, 
there was no characterization that could determine the thick-
ness of the thin layer of nanocomposite on the glass tubes. 
Moreover, the thin layer of the immobilized nanoparticles 
was non-uniform.

Figure 7 represents the DRS spectra of the pure  TiO2 and 
 Fe3O4/TiO2 nanocomposite. The band gap of the pure  TiO2 
was estimated to be 3.2 eV, which corresponded to wave-
lengths shorter than 390 nm. This was in agreement with 
the previous reports (Khaki et al. 2018). As shown in Fig. 7, 
the energy band gap of the  Fe3O4/TiO2 nanocomposite was 
2.6 eV; this was lower than that of the pure  TiO2. Therefore, 
the  Fe3O4/TiO2 nanocomposite was suitable as a photocata-
lyst under sunlight irradiation for the water treatment.

The removal efficiency of the photocatalyst

To study the importance of the photocatalyst, the decoloriza-
tion of DR23 was performed using the  S2O8

2−,  TiO2/S2O8
2−, 

 TiO2/Fe3O4 nanocomposite, and the  TiO2/Fe3O4 nanocom-
posite in the presence of  S2O8

2−. The effect of light was 
also studied in this test. For this purpose, each of the above 
experiments was done in a dark condition for 30 min; then, 
this was continued under solar light. The results of these 
experiments are illustrated in Fig. 8.

Fig. 4  FTIR analysis of  TiO2, 
 Fe3O4, and  TiO2/Fe3O4 synthe-
sized nanoparticles

Fig. 5  EDS analysis of immobilized  TiO2/Fe3O4
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According to this figure, in the dark condition, no signifi-
cant decolorization was observed in all of the above condi-
tions, indicating the importance and necessity of light for the 
photocatalytic process. Under the solar radiation, the  TiO2/
Fe3O4 nanocomposite in the presence of  S2O8

2− showed the 
best performance. It was found that both light and the semi-
conductor photocatalyst were required to effectively remove 
the dye from water solution (Zamiri et al. 2014; Eskandar-
ian et al. 2016). It was shown that solar irradiation led to 
exciting the electron from the valence band of the  TiO2/
Fe3O4 nanocomposite to the conduction band; then, the for-
mation of an electron–hole pair occurred on the surface of 
the catalyst (Eq. 3) (Behnajady et al. 2006), leading to active 
radicals production.

The decolorization of DR23 was evaluated with and with-
out the addition of  S2O8

2− as the assistant agent in order to 
investigate the catalytic performance of  Fe3O4/TiO2.

Sulfate radicals were produced by irradiating light 
beams on the peroxydisulfate ions (Eq. 4); further, it could 
be attributed to the interaction of sulfate radicals with the 
conductive bond electrons (e−

cb); this was, in turn, due to the 
collision of the light beams with the  Fe3O4/TiO2 nanocom-
posite surface (Eq. 5). The ⋅OH radicals were yielded as a 
result of the reaction of the sulfate radicals with the  H2O 
molecules (Eq. 6). More reaction could take place. The men-
tioned production of the radicals led to the more removal of 
the dye molecules.

In addition to the mentioned reactions, sulfate radicals 
were generated from the reaction between transition metals 
like  Fe2+ in  Fe3O4 and  S2O8

2−, as mentioned in Eqs. 7 and 8.
Due to more sulfate radicals production in the solar/

TiO2/Fe3O4/S2O8
2− process, as compared with the solar/

S2O8
2− treatment process, the dye removal was improved in 

the presence of the nanocomposite.

Fig. 6  FE-SEM images of 
outer surface of glass tube after 
preparation for nanoparticles 
immobilization (a, b), FE-SEM 
images of  TiO2/Fe3O4 immobi-
lization (c, d)
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Analysis of variance

The experiments were conducted based on the central com-
posite experimental design. The application of the response 

surface methodology for this design and the experimental 
results yielded the following polynomial equation:

where y is the DR23 decolorization efficiency and x1, x2, and 
x3 are the variables referring to the amount of DR23 initial 
concentration,  S2O8

2− concentration, and the reaction time, 
respectively.

We employed the analysis of variance (ANOVA) in order 
to evaluate the adequacy of the polynomial model. Table 3 
lists ANOVA results of this quadratic model. To check the 
significance of each coefficient, the probability value (p 
value) was used. A p value less than 0.05 at 95% confidence 
level indicated that the model terms were significant. The p 
value analysis of the regression showed that all of the lin-
ear model terms (x1, x2, and x3), the quadratic terms of x1

2 
and x2

2, and the interaction terms of x1 × x3 and x2 × x3 were 
important (with a p value less than 0.05), while x3

2 and x1 × x2 
terms were meaningless (with a p value larger than 0.05) in 
the DR23 decolorization process in the CPC (Table 4).

(11)
y = 7.71 − 1.65x1 + 72.04x2 + 0.90x3

+ 0.02x2
1
− 17.02x2

2
− 0.01x2

3
− 0.60x1x2,

Fig. 7  Estimated band gap of 
pure  TiO2 and  TiO2/Fe3O4

Fig. 8  Effect of presence of only  S2O8
2− and each of nanoparticles 

with  S2O8
2− on removal of DR23

Table 3  ANOVA for fit of 
decolorization efficiency from 
CCD

R2 = 99.41% R2 (adj) = 98.87%

Source of variation Sum of squares DOF Adj SS Adj MS F value P value

Regression 8564.12 9 8564.12 951.569 185.88 0.000
Residual total 51.19 10 51.19 5.119
Total 8615.31 19
Lack of fit 40.99 5 40.99 8.197 4.01 0.077
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According to Table 4, the Fischer’s value (F-test) of 
the quadratic model was 185.88; this was found to be 
higher than the related critical value for degrees of free-
dom equal to 9 and 10, at the significance level of 0.05 
(Fcrtical,0.05,9,10 = 2.04). Therefore, the model could predict 
the effect of changing the input parameters on the pho-
tocatalytic decolorization of DR23 using the  Fe3O4/TiO2 
nanocomposite in a CPC.

Furthermore, the high p value (0.077) and the low F 
value (4.01) for the lack-of-fit term revealed the insignifi-
cant lack of fit of the model, thereby confirming its suf-
ficient accuracy in predicting the response.

The suitability of the constructed model was also veri-
fied by the determination coefficient (R2 = 0.99) (Fig. 9). 
The R2 close to unity showed a good agreement between 
the experimental and predicted data, implying that the 
model was adequate, such that more than 99% of the total 
variations could be explained by the model (Yousef et al. 
2012).

The reliability of the model was examined by the resid-
ual plots (Fig. 10). The pattern of the straight line in the 
normal plot of the residuals implied a normal distribution 
of the errors (Sheydaei et al. 2014). The same scattering 
pattern above and below the axis could be seen from the 
residuals against the predicted values of the response. The 
histogram of the residuals for the DR23 decolorization 
process in CPC almost had a normal distribution, and the 
residuals versus the run order of the experiments could be 
useful to represent the random scattering of the residuals 

Table 4  Factor effects and associated P values and T values

Term Coefficient P value T value

Constant β0 7.7149 0.000 0.5
Dye β1 − 1.6521 0.023 − 2.682
S2O8

2− β2 72.0386 0.000 6.501
Time β3 0.9026 0.002 4.073
Dye × dye β11 0.0231 0.000 2.875
S2O8

2− × S2O8
2− β22 − 17.0256 0.017 − 6.037

Time × time β33 − 0.0016 0.000 − 1.416
Dye × S2O8

2− β12 − 0.6038 0.187 − 2.264
Dye × time β13 − 0.014 0.007 − 2.627
S2O8

2− × time β23 0.3202 0.047 3.202

y = 0.9941x + 0.2988
R² = 0.9941
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Fig. 9  Comparison of the experimental results of decolorization effi-
ciency with those calculated via CCD results equation

Fig. 10  Residual plots of examined model for DR23 decolorization
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around zero; this implied that the obtained model was 
adequate for the DR23 decolorization process.

The effect of variables on DR23 decolorization

Three-dimensional (3-D) and contour plots are illustrated 
in Fig. 11 for the graphical interpretation of the effect of the 
variables on the response. 3-D surfaces and contour plots 

were plotted by considering two parameters variable at a 
time while keeping the other one at the central (0) level.

The effect of peroxydisulfate concentration

The  S2O8
2− concentration varied from 0.2 to 1.8 mM. As 

can be seen from Fig. 11a, b, e, and f, the decolorization 
efficiency of DR23 was enhanced with enhancing the initial 

Fig. 11  Response surface plot and contour plot of the decolorization efficiency (R%) as the function of parameter
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concentration of  S2O8
2− up to 1.0 mM. This was because 

of the generation of the more hydroxyl and sulfate oxidiz-
ing radicals. It is noteworthy that sulfate radicals were pro-
duced in both solar/S2O8

2− (Eqs. 6–8) and solar/TiO2/Fe3O4/
S2O8

2− processes (Eqs. 9–10). At the higher concentrations 
of  S2O8

2−, the decolorization efficiency was decreased due 
to the production of more hydroxyl and sulfate radicals, lead-
ing to the radical recombination, scavenging reaction, and 
subsequently the lower decolorization efficiency. Therefore, 
 S2O8

2− had the optimal concentration for the DR23 solution 
treatment in CPC.

The effect of the dye concentration

Initial DR23 concentration dependency was investigated 
by varying its concentration in the range of 15–45 mg L−1. 
Based on the related 3-D and counter plots, it was found that 
the decolorization efficiency was lowered with enhancing 
the initial concentration of the dye. With increasing DR23 
concentration, the light penetrating the photocatalyst sur-
face was decreased; therefore, the generation of ·OH was 
decreased too. Further, DR23 molecules absorbed or scat-
tered some of the sun light, preventing them from reaching 
on the nanoparticles surface, which might be another pos-
sible reason to reduce the removal efficiency (Muruganand-
ham et al. 2006; Sciacca et al. 2011).

The effect of the reaction time

The reaction time was changed from 10 to 90 min in order 
to address its effect on the pollutant removal efficiency. The 
decolorization efficiency was enhanced by increasing the 
reaction time. In fact, with increasing the reaction time, it 
was found that the residence time of the dye molecules in the 
photoreactor was enhanced, thereby allowing more reaction 
between ·OH and sulfate radicals and the molecules of dye. 
So, the pollutant removal efficiency was enhanced (Bandala 
et al. 2008).

Optimized conditions for DR23 decolorization 
in a CPC using the  Fe3O4/TiO2 nanocomposite

Determination of the optimum values of the variables was 
the main purpose of the optimization by CCD. The optimum 
values of the parameters obtained by CCD were the DR23 
initial concentration of 15.16 mg L−1, the initial  S2O8

2− con-
centration of 0.8 mM, and the reaction time of 90 min. The 
predicted DR23 decolorization efficiency was 98.50% in the 
optimal condition. The experimental response in the pre-
dicted optimal condition was performed three times, and 
the average of them was 100.0%, near the value predicted 
by the model (Table 5).

In the mineralization process, organic materials are even-
tually converted to  CO2 and  H2O (Modirshahla et al. 2007). 
Mineralization is often investigated by considering the total 
organic carbon (TOC), chemical oxygen demand (COD), 
and absorption at 254 nm measurements (Modirshahla et al. 
2007; Marandi et al. 2012). COD criterion was used in the 
present study in order to evaluate the degree of minerali-
zation (Modirshahla et al. 2007; Marandi et al. 2012). As 
the COD value is related to the total concentration of the 
organic materials in the solution, the reduction in it could 
show the extent of mineralization. Measuring the COD of 
the dye solution after the treatment process is very important 
in order to confirm whether the dye is mineralized. Accord-
ing to the literature (Saien et al. 2017; Dükkancı 2018), it 
is obvious that the photocatalytic process is more useful for 
decolorization, as compared with the degradation process 
and COD removal. In this work, 84% of COD was reduced 
during the  Fe3O4/TiO2/S2O8

2− treatment process of DR23, 
showing the efficiency of the treatment procedure.

Reusability of the immobilized catalyst

Stability of nanoparticles in the successive applications is 
critical for practical usage. To confirm the catalyst reusabil-
ity, the solar/TiO2/Fe3O4/S2O8

2− process for the decolori-
zation of DR23 was repeated up to five other cycles. The 
decolorization efficiency was still high after several usages, 
as shown in Fig. 12. Before all experiments, the immobi-
lized  TiO2/Fe3O4 nanocomposite released dosage was meas-
ured by the ICP method. The results revealed that only the 
released Ti concentration was lower than 2.3 mg L−1 after 
90 min in the first five tests. In the first five tests, there could 
be a negligible release of nanoparticles, and a decline in the 
dye removal efficiency was observed. After that, a constant 
condition was observed. This was proved by repeating the 
experiments under the same conditions of the experiment.

Conclusion

This study showed that the heterogeneous photocataly-
sis (solar/Fe3O4/TiO2) of DR23 had the best performance 
at 98.5% decolorization. According to the results, the 

Table 5  Comparison of experimental and predicted values of removal 
of DR23 at the optimal levels predicted by RSM

Optimal conditions Predicted value 
(%)

Observed 
value (%)

(X1) Dye 15.16 mg  L−1 100 98.5
(X2)  S2O8

2− 0.8 mM
(X3) time 90
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immobilization of the nanocomposite on the outer sur-
face of glass tubes and their applications in the component 
parabolic collector could have the potential to improve the 
conventional wastewater treatment. Moreover, the satisfac-
tory goodness of fit between the predicted and experimental 
results reflected the applicability of the quadratic model in 
optimizing the treatment used in the decolorization process. 
Notably, better performance was obtained under the higher 
 S2O8

2− concentration. Due to the advantages of this process, 
it can be regarded as a candidate for fast and inexpensive 
water treatment technology.
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