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A nanostructured photocatalyst based on Fe, N co-doped TiO2 (Fey + Nx/TiO2; y = 0.5, 1, 2 and 3 %,
and x = 2, 5, 10 and 13 %) was synthesized using the sol-gel method and applied for degradation of o-
CP in water. The XRD, SEM analyses of prepared photocatalysts indicted the successful synthesis and
doping of TiO2 with Fe and N. Results of an EIS study illustrated that the doping process in Fey +
Nx/TiO2 decreased the charge transfer resistance and increased the carrier transfer rate between sample
and electrolyte. UV-vis absorption spectra revealed that the optical band gap of pure TiO2, Fex/TiOg,
N10/TiO2, and Fe>+N1o/TiO2 was obtained at 3.07, 2.98, 2.77 and 2.65 eV, respectively, indicating the
doping leads to narrowing of the optical band gap and red-shifting of absorption towards the visible-
light region. Photodegradation studies of Fey+Ny/TiO. showed that Fe>+N1o/TiO> had the optimal
content of Fe and N dopants for fast degradation of 0-CP aqueous solution. The complete removal of 5,
10, 50 and 100 mg/1 of 0-CP was obtained after 120, 200, 255 and 360 minutes of simulated sunlight
irradiation, respectively. Comparison of these results with photocatalytic performance of reported
systems in the literature showed the effective performance of the prepared photocatalyst for
photodegradation of 0-CP under simulated sunlight because of the synergistic effect of both Fe and N
in the Fe>+N10/TiO2 nanoparticles that led to a decrease in the recombination rate of photogenerated
carries and a narrowing band gap.
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1. INTRODUCTION

Chlorophenols are a major group of organochlorinated compounds of phenol that contain one
or more covalently bonded chlorine atoms that are synthesized by treating phenol with chlorine and by
hydrolysis of polychlorobenzenes [1, 2]. Most applications of chlorophenols are based on controlling
bacteria, fungi, insects, and weeds [3, 4]. These toxicant compounds are persistent and recalcitrant to
biodegradation, accordingly are widely spread in the environment [5]. Consequently, these
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organochlorinated compounds exert high toxicity, mutagenicity, genotoxicity and carcinogenicity, and
have the potential to change histopathological in humans and animals [6, 7]. Thermal and chemical
degradation of chlorophenols can result in the formation of more toxic intermediates and harmful
substances which on consumption cause serious health problems [8, 9]. Chlorophenol exposure affects
the nervous system and reports have shown that workers who were exposed to high levels of
chlorophenols experienced tremors, convulsions, and central nervous system depression [10-12].

Among these organochlorinated compounds, 2-Chlorophenol or ortho-chlorophenol (o-CP, 2-
Hydroxychlorobenzene) as an organic compound is an isomeric monochloride derivative of phenol
[13-15]. It belongs to a class of toxic organic compounds that are used as an intermediate for the
synthesis of pesticides, dyes, medicines, disinfectants, personal care formulations, degreasers, resins,
wood preservatives, aroma compounds and other organic chemicals [16-18]. 0-CP is also utilized as a
solvent for the extraction of sulfur and nitrogen compounds from coal [19, 20]. Therefore, many
studies have been focused on degradation of the 0-CP from industrial wastewaters using the electro-
Fenton process [21], contact glow discharges [22, 23], pulsed high voltage discharge [24], aerobic
biodegradation [25] and photodegradation [26-32].

Among these degradation methods, photodegaradation using photocatalysts is a technique
based on chemical reaction to absorb and oxidize chlorophenols that occurs under the joint action of
light and the photocatalysts and photogeneration electrons and holes [33-35]. Using photocatalysts,
degaradation possesses several advantages such as low cost, eco-friendly, and attractive efficiency.
However, modification of photoctalysts is necessary to improve the degradation rate and reduce the
recombination rate of photogenerated carriers. Therefore, this study was performed to improve the
visible light photocatalytic activity of Fe, N co-doped TiO. for the degradation of o-CP in water.

2. EXPERIMENTAL
2.1. Fe-N co-doped TiO2 photocatalyst preparation

A Fe—N co-doped TiO2 (Fey + Nx/TiO2; y= 0.5,1,2and 3 %, and x = 2, 5, 10 and 13 %)
catalyst was prepared using the sol-gel method [36, 37]. In a volume ratio of 2:1:1, a mixture of
Fe(NO3)39H20 (98%, Merck, Germany), 1 M glacial acetic acid (99%, Sigma-Aldrich), and 1 M
nitric acid (99.5%, Sigma-Aldrich) was prepared, and titanium isopropoxide (97%, Merck, Germany)
was added. Then, the 30% Arabic gum (Sigma-Aldrich) aqueous solution was separately prepared and
stirred for 20 minutes at 55 °C. After cooling the Arabic gum aqueous solution, it along with the
ammonium chloride (99.998%, Sigma-Aldrich) was added to the prepared mixture and the final
mixture was stirred for 9 hours at room temperature. After that, the mixture was transferred to oven
and dried at 110 °C, and subsequently calcined at 500 °C for 3 hours. To prepare Fey + Nx/TiO2, the
volume of 1 M nitric acid as an N source in photocatalysts was adjusted to obtain 2, 5, 10, and 13%,
and the volume of Fe(NOz3)39H20 as an Fe source in photocatalysts was adjusted to obtain 0.5, 1, 2,
and 3%, which were added to titanium isopropoxide as the Ti source. These specimens for undoped
sample referred as TiO2, and for N doped TiO> are referred to as Nx/TiO2 (N2/TiO2, Ns/TiO2, N1o/TiO2
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and N13/TiOy,), for Fe doped TiO, are referred to as Fey/TiO2 (Feos/TiO2, Fel/TiO2, Fex/TiO2 and
Fes/TiO2), and co-doped photocatalysts are referred to as Fey + Nx/TiO2 (Feos + N1o/TiO2, Fer +
N10/TiO2, Fez + N1o/TiO2, Fez + N1o/TiO2, Fez + N2/TiO2, Fe2 + Ns/TiOz and Fez + N13/TiO»).

2.2. Characterization

XRD techniques were used for the crystallographic analyses by an X-ray diffractometer (D8
advance; Bruker AXS, Madison, WI). The morphological analyses of nanostructures were performed
on a scanning electron microscope (SEM, Zeiss ULTRA plus with Charge Compensation). The UV—
vis absorption spectra of samoles were analyzed in the range of 200-800 nm by the UV-vis
spectrometer (HITACHI, U-3900H, Tokyo, Japan). The (EIS) measurements were carried out using
the Autolab system (PGSTAT 30, Ecochemie, Netherlands) with a three-electrode cell configuration
consisting of a modified GCE as working electrode (electrode surface of 1cm?), a platinum wire
electrode as counter, and a saturated Ag/AgCl electrode as a reference, at a frequency range from 10
Hz to 10° Hz and an applied 5 mV sine wave ac voltage in 0.5 M NazSO4 (>99%, Merck, Germany)
aqueous solution. For modification of the GCE surface, the 10 pl of Nafion (Sigma-Aldrich) was
dropped on clean GCE surface, and 10 mg/ml of dispersed pure or doped TiO> was dropped on the
GCE surface. Then, the electrode surfaces were dried under an IR lamp to obtain the TiO2 and Fey +
Nx/TiO2 modified GCE [38].

2.3. Photocatalytic degradation studies

The photocatalysis analysis of pure and doped TiO2 under irradiation simulated sunlight (a 150
W/m 2 xenon lamp) was conducted in a 150 mL glass bottle for degradation of 100 ml of 5 mg/l to
100 mg/1 of 0-CP (99%, SigmaAldrich) aqueous solution. The simulated sunlight source was located
around 8 cm from one side of the bottle. Before the light irradiation, all samples and photocatalysts
were kept in the dark for 2 hours to establish the absorption/desorption equilibrium. Photodegradation
of 0-CP was analyzed using UV-Vis spectroscopy (Hitachi U-3900H, Japan), and the evolution of the
visible absorption spectrum was studied to determine the change of 0-CP and degradation efficiency
using the following equation:

Degradation efficiency (%) = % x 100 = I‘)I;It x 100 (@8]
0

0

where, Co and C; (mg/L) are the initial amount of o-CP concentration, and the amount of 0-CP
concentration after light irradiation at time t (minute), respectively. lo and | are the absorbance of 0-CP
solution before and after light irradiation, respectively.
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3. RESULTS AND DISCUSSION
3.1. XRD and SEM analyses

Figure 1 displays the XRD patterns of the powders of pure TiO2, Fe2/TiO2, N1o/TiO2, and Fex +
N10/TiO2. As observed, all XRD patterns of pure TiO2 show the diffraction peaks corresponding to the
anatase and rutile phases of TiOz according to JCPDS card No. 21-1272 and 21- 1276, respectively.
In addition, no characteristic peak of impurities is found for doped TiO,. As seen, the (200) and (211)
planes of the rutile phase are eliminated after Fe-doping which implies that Fe-doping may lead to a
transition from anatase to rutile [39, 40].
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Figure 1. XRD patterns of the powders of (a) pure TiO2, (b) N1o/TiO2, (c) Feo/TiO2 and (d) Fez +

N1o/TiOo.

Figure 2. SEM images of the synthesized (a) pure TiO, (b) Fez + N1o/TiOa.

Figure 2 shows the SEM images of the synthesized pure TiO2 and Fez + N1o/TiO2. As seen
from the SEM image of Figure 2a, the sol-gel synthesized pure TiO2 nanoparticles are spherical in
shape and the average size of nanoparticles is 55nm. The SEM image of Figure 2b reveals that
Fe>+N10/TiOz is also spherical in shape with an average size of 50nm, respectively, indicating that
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doping with Fe and N elements will retard the growth of the nanoparticle sizes, and decrease the
diameter of nanoparticles, which is in agreement with reports in [41, 42]. After the doping, the surfaces
of TiO2 nanoparticles changed from the smooth surface to one containing bulges on it. The XRD and
SEM results indicated successful synthesis and doping of TiO2 with Fe-N.

3.2. EIS analysis

Electrochemical properties of pure and doped TiO> samples were analyzed using the EIS
technique to simulated sunlight, and related Nyquist curves are shown in Figure 3. It can be observed
from Figure 3a that all of the samples show an incomplete semicircle, which is the characteristic of a
capacitive system indicating non-ideal behavior [43], and the semicircle radius presents the charge
transfer resistance at the liquid/solid interface. Therefore, the impedance data was fitted using an
equivalent circuit in Figure 3b, which contained of two RC elements connected in series. The resistive
and capacitive elements are directly related to individual charge transfer processes. As illustrated in
Figure 3b, CPE stands for constant phase elements and Rs is the series resistance. Rsc is the charge
transfer resistance inside the photocatalyst, and Rct corresponds to the charge transfer resistance at the
photocatalyst/electrolyte interface [44]. The impedance of the CPE is given by:

Zo=Yo !l (jm)" (0<n<1) 2)

Where YO is the admittance of an ideal capacitance, j is the imaginary number (j*> = —1), o is
the signal frequency and n is an frequency power, ranging from 0-1 [45]. The Rct component defines
the process of hole transportation from the electrode surface to the electrolyte [46]. The values of the
circuit elements have been deduced and are displayed in Table 1. As observed, doping process
decreases the charge transfer resistance, which is indicative of an increase in carrier transfer rate
between the sample and electrolyte. Therefore, Fe2 + N1o/TiO2 can promote the electron transport rate
in photocatalytic reactions.
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—O0— Fe, + Ny /TiO, s
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Figure 3. (a) Nyquist curves of the TiOz, Fe2/TiO2, N1o/TiO2, and Fez + N1o/TiO2 modified GCE, and
(b) the equivalent circuit.
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Table 2. Fitted parameters of the Nyquist plots for the TiO2, Fe2/TiO2, N1o/TiO2, and Fe2 + N1o/TiOz

Sample Rs (Q) Rsc (Q) CPEsc Rct () | CPEct

Q (mFs ") n Q(mFs™) |n
TiO> 3.09 393.03 1.71 0.75 | 3380.1 0.32 0.97
Feo/TiO2 4.61 1.61 0.41 0.63 | 2439.8 0.15 0.93
N1o/TiO2 1.69 0.38 3.31 0.66 | 2279.2 0.81 0.91
Fe2 + N1o/TiO2 1.78 0.12 3.17 0.87 | 1620.1 1.07 0.96

3.3. Optical analysis

The UV-vis absorption spectra of pure and doped TiO2 samples are presented in Figure 4.
Generally, the pure crystalline TiO2 exhibits a strong band-edge wavelength of below 403 nm. After
doping with N and F, the absorption band-edge wavelength of Fe2/TiO2, N1o/TiO2, and Fe2 + N1o/TiO2
are red-shifted to 416, 447 and 467 nm, respectively. The optical band gap (Eg) from the UV-vis
absorption spectra can be calculated using the following formula [47, 48]:

Eg = 1240/ 3)

where A is the absorption band-edge wavelength. The Eg of pure TiO2, Fe2/TiO2, N1o/TiO2, and
Fe> + N1o/TiO> are obtained at 3.07, 2.98, 2.77 and 2.65 eV, respectively, indicating that the doping
leads to a narrowing of the Eq and red-shifting of absorption towards the visible-light region. These
results confirm that the sol-gel synthesis and doping of Fe and N lead to enhancement of the absorption
towards the visible region which is attributed to the replacement of N atoms in portion of O atoms of
TiO2 crystal, and localization of Nop states in the band structure in the form of substitutional and
interstitial N states. It corresponds the formation of a new energy level on top of the valance band of
TiO2 and narrow band gap, and the enhancement of photocatalytic activity in the visible range [49-
51]. Moreover, it has been reported that metal doping can form the new energy level within the band
gap of TiO2, implying that electron can be excited from the defect state to the TiO> conduction band at
lower photon energies than in the UV region [52, 53]. The red-shifted of absorption edge in a
semiconductor can be associated with the charge-transfer transition between the orbital d electrons of
Fe and the TiO. conduction or valance band [54]. It can result in the generation of electron-hole pairs
and an improvement in the visible light response of TiO2-based photocatalyst [52, 54, 55]. In addition,
it can be clearly observed that further lowering of the Eg and red-shifting are observed for Fe, +
N1o/TiO2 sample. It is related to the synergistic effect of both Fe and N in the Fez + Nio/TiO>
nanoparticles.
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Figure 4. UV-vis absorption spectra of pure TiO2 and doped TiOx.
3.4. Photocatalytic degradation studies

Figure 5 shows the photodegradation of 100 ml of 5 mg/l o-CP aqueous solution by pure and
doped TiO2 under simulated sunlight irradiation. For more comparison, the results of photodegradation
in the dark (first 45 minutes) and a blank sample (without photocatalyst) are also displayed in Figure 5.
It is demonstrated to have less than 1% degradation efficiency for all samples in the dark after 45
minutes. Comparison between the degradation in light and darkness reveals the great effect of
simulated sunlight on the removal of 0-CP from water. The degradation blank sample also shows less
than 2.5% degradation efficiency after 180 minutes irradiation of light, indicating its negligible value
toward the photodegradation in the presence of photocatalysts, indicating the remarkable effect of pure
and doped TiO2 on the degradation of the 0-CP under simulated sunlight irradiation. After 120 minutes
of irradiation, the complete degradation efficiency of 0-CP is obtained Fe>+N1o/TiO., and after 180
minutes of irradiation, the degradation efficiency of 0-CP is obtained as 60.1, 70.3 and 90.2 % for pure
TiO2 and Fe,—TiO2 and Nig— TiOg, respectively. Accordingly, Fe and N co-doping promote the
photocatalytic activity of TiO2 due to the synergistic effects of both Fe and N in TiO2 structure and
improvement of electron trapping to prevent electron-hole recombination during irradiation,
demonstrating enhanced photoactivity. Furthermore, the formation of Schottky barrier at the metal-
semiconductor interface with the generation an electron depletion layer at the Fe/TiO> junction leads to
the downward bending of TiO2 energy bands [56]. Fe dopants serve as passive electron sinks and act
as a trapping center for photogenerated electrons and hole pairs because photogenerated electrons are
readily transferred through the heterojunction barrier and photogenerated holes are directed towards
the interface [57, 58]. Therefore, it may promote separation rate and the photogenerated carrier’s
lifetime [56, 57]. As a consequence, the photodegradation rate is improved.
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Figure 5. Photodegradation of 100 ml of 5 mg/l o-CP aqueous solution by of pure and doped TiO> in
dark and under simulated sunlight irradiation
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Figure 6. The photodegradation of 100 ml of 5 mg/l o-CP aqueous solution under simulated sunlight
irradiation using Fey+Nx/TiO2 with different N amount (a and c) and different Fe amount (b and
d) under simulated sunlight irradiation
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In order to obtain the optimal amounts of N and Fe dopants in co-doped TiO2, the
photodegradation performance of doped and co-doped TiO2 (Fey + Nx/TiO2;y = 0.5, 1, 2 and 3 %, and
x =2,5, 10 and 13 %) was compared with pure TiO2, N doped TiO2 (N1o/TiO2) and Fe doped TiO>
(Fe2/TiO2). Figures 6a and 6¢ show the photodegradation of 100 ml of 5 mg/l o-CP aqueous solution
using Nx /TiO2 and Fe>+Ny /TiO2 with different N amounts (x = 2, 5, 10 and 13 %). It is clearly
observed that the photocatalytic performance of N doped and TiO. Fe+N co-doped TiO; increases with
the increase of N dopant amount from 2% to 10%, whereas it decreases slightly when N dopant
reaches 13% due to an excessive amount of N, which corresponds to increasing the N dopant amount
[59, 60]. It results in the increase of oxygen vacancy and Ti®* that it not only corresponds to a rise of
photocatalytic activity but also forms some oxygen vacancy and Ti®* sites in an excessive amount of N
which can act as the recombination centers of photo-induced carriers, leading to a decrease in
photocatalytic activity [60].

Figures 6b and 6d demonstrate the effect of Fe amount on the photocatalytic activity of Fey
ITiO2 and Fey+N1o/TiO2 (y = 0.5, 1, 2 and 3 %) for the photodegradation of 100 ml of 5 mg/l o-CP
aqueous solution. It can be found that the degradation efficiency of 0-CP can reach a maximum for Fe
loading amount of 2% in Fez, Nio codoped TiO2, implying the significant ability to transfer both
electrons and holes and effective trap of photo-induced electrons because of trap states of defects and
strong electron-withdrawing ability of metallic Fe [61]. Whereas, excessive Fe amount as dopant in
Fey+N1o/TiO2 (more than 2%) decrease the photocatalytic activity due to the increase in oxygen
vacancy which acts as an electron-hole recombination center [62-64], and light penetration can be
limited due to light absorption and scattering by the dopant centers in catalyst [65]. Therefore,
Fe>+N10/TiO2 shows the best photodegradation rate for removal of 0-CP, and the optimal content of Fe
dopant in the Fey+N1o/TiOz is 2%.
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Figure 7. Effect of initial concentration of 0-CP on photocatalytic activity of Fe>+N1o/TiO2 under
simulated sunlight irradiation

Figure 7 depicts the effect of the initial concentration of 0-CP on the photocatalytic activity of
Fe2+N1o/TiO2. As illustrated, the complete removal of 5, 10, 50 and 100 mg/1 of 0-CP is obtained after
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120, 200, 255 and 360 minutes of simulated sunlight irradiation, respectively. In fixed catalyst dosage,
the photodegradation rate is decreased with the increase of the o-CP initial concentration of o-CP,
which can be associated with an insufficient concentration of reactive oxygen species produced during
the photocatalytic process and the absorption of more 0-CP molecules on the catalyst surface [66].

The photocatalytic activity of Fe>+N1o/TiO2 for photodegradation of 0-CP is compared with the
photocatalytic performance of reported systems in the literature, and the results are summarized in
Table 1. As observed, Fe>+N10/TiO2 shows effective performance for photodegradation of 0o-CP under
simulated sunlight because of the synergistic effect of both Fe and N in the Fe2+N1o/TiO2 nanoparticles
that lead to a decrease the recombination rate of photogenerated carries and a narrowing band gap. The
results demonstrate the feasibility and novelty of photocatalytic treatment of o-CP using a
Fe>+N10/TiO2 photocatalyst, including the simple preparation of a low-cost conducting photocatalyst
and the evaluation of the synergistic effect of Fe and N dopants in co-doped TiO. as an effective
photocatalyst for fast photodegradation of 0-CP under simulated sunlight.

Table 1. Comparison of photocatalytic performance of Fe>+N1o/TiO2 with the reported systems in the
literatures for photodegradation of o-CP

Photocatalyst o-CP Light source Degradation | Degradation | Ref.
content time efficiency
(mg/l) (minute) (%)
Fe2+N1o/TiO 100 Simulated sunlight | 360 100 This
50 255 work
10 200
5 120
Fly ash/TiO> 50 Uv 180 98.9 [26]
TiO, 50 uv 180 78.7 [26]
Cu/Cl-g-C3N4 10 Visible 60 48.7 [27]
TiO2/NiO-rGO 100 Visible 480 88.4 [28]
Ag-TiO2/H3PW 12040 5 uv 240 82.40 [30]
Zn0O 60 uv 90 100 [29]
H3PW1,040/graphene/TiO> 5 Simulated sunlight | 300 97.02 [31]
TiO, 10 Uv 90 100 [32]

4. CONCLUSION

This work presents the synthesis of nanostructured photocatalyst Fey + Nx/TiO2 (y = 0.5, 1, 2
and 3 %, and x = 2, 5, 10 and 13 %) for degradation of 0-CP in water. The Fe, N co-doped TiO, was
prepared using the sol-gel method. The results of crystallographic and morphological analyses showed
the successful synthesis and doping of TiO> with Fe, N and Fe-N. Results of EIS study illustrated that
the doping process in Fey+Nx/TiO, decreased the charge transfer resistance and increased of carrier
transfer rate between sample and electrolyte. The results of the analysis of UV-vis absorption spectra
revealed that the Eq of pure TiO2, Feo/TiO2, N1o/TiO2, and Fe2 + N1o/TiO2 were obtained at 3.07, 2.98,
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2.77and 2.65 eV, respectively, indicating that the doping leads to a narrowing of the Eg.
Photodegradation studies of Fey+ Nx/TiO2 showed that Feo+N1o/TiO2 had the optimal content of Fe and
N dopants for fast degradation 0-CP aqueous solution. The 100% degradation of 5, 10, 50 and 100 mg/1
of 0-CP was obtained after 120, 200, 255 and 360 minutes of simulated sunlight irradiation,
respectively. The effective photodegradation of 0-CP under simulated sunlight was attributed to the
synergistic effect of both Fe and N in the Fe>+N1o/TiO2 nanoparticles.
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