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Highlights
« Improvement of decolorization efficiency of TiO2 was observed doping with nitrogen.
+ An optimum molar ratio of N/Ti was determined to be 3 for decolorization of RB5 in this study.
+ Outdoor sunlight.could be used for remediation of textile effluents in Turkey.

Article Info Abstract

Decolorization of Reactive Black 5 (RB5) was investigated by heterogeneous photocatalysis
Received: 20 Nov 2020 using N-doped TiO2. N-doped TiO2 photocatalysts were synthesized by means of a sol-gel
Accepted: 01 June 2021 process. The characterization of synthesized samples was performed by X-ray diffraction,

scanning electron microscopy and X-ray photoelectron spectroscopy measurements.
Photocatalytic activity of N-doped TiO2 samples was assessed by following decolorization and

Keywords degradation efficiency of RB5. N-TiO2(3) sample yielded the highest decolorization efficiency.
Sol-gel The apparent first-order rate constants for decolorization of RB5 with N-TiO2(X) samples
Nitrogen doping followed the order of N-TiO2(3) > N-TiO2(2) > N-TiO2(4) > N-TiO2(1). Improvement of
Photocatalysis decolorization efficiency of TiO2 was observed doping with nitrogen. The effect of actual sunlight
Reactive Black 5 on decolorization efficiency was also investigated. 96% and 49% of decolorization efficiency
Solar light levels were attained within 60 minutes of reaction time with outdoor sunlight and fluorescent

daylight lamps, respectively.
1. INTRODUCTION

Physical, chemical and biological processes have been applied for decontamination of industrial wastewater
so far. They, however, either become inefficient in the presence of non-biodegradable organic compounds
or involve further treatments [1-3]. Titanium dioxide (TiO.) based heterogeneous photocatalysis appears to
be an alternative process to degrade hazardous organic pollutants found in water bodies. The basic
mechanisms of photocatalysis with illuminated TiO, are well established [4-6].Organic pollutants are
degraded by powerful hydroxyl radicals (OH) produced via absorption of UV light by TiO; in this treatment
method. The band gap of energy of anatase is reported as 3.2 eV and that of rutile is 3.0 eV [7]. A wide
band gap of TiO; involves UV irradiation (A< 400 nm) due to requirement of higher photon energy. In an
attempt to utilize solar energy and to promote photocatalytic efficiency of TiO,, doping with non-metal
elements such as nitrogen (N) [8-11], sulfur (S) [12,13] and carbon (C) [14,15] has been employed. Among
these elements, doping TiO, with nitrogen was accepted as the most effective as a visible photocatalyst
[9,11]. Several efforts have been spent to increase photocatalytic efficiency of TiO; using visible light after
Asahi et al., [11] investigated shifting absorption edge of TiO; into visible light by nitrogen doping. TiO-
can be doped with nitrogen by physical methods, including ball milling, ion implantation and sputtering
and chemical methods, including sol-gel, hydrothermal and solvothermal [11]. TiO can be doped with
nitrogen atoms substitutional or interstitial. If some lattice O atoms are substituted by N atoms, the chemical
state of N is called substitutional, while addition of nitrogen atoms into lattice resulted in interstitial doping.
Preparation methods affect the nitrogen doping in TiO,, in such a way that heating in NHs flow, ion
implantation and sputtering resulted in substitutional doping while nitrogen is incorporated interstitially in
liquid phase preparation at low temperature [16].
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Textile industry produces large amount of wastewater as a consequences of the requirement of nearly 21-
377 miwater/ton of product [17]. The utilization of a variety of chemicals including dyes, salts and
surfactants in different textile operations makes textile wastewater extremely polluted. Effluents from
textile industry can be identified with low biological oxygen demand (BOD)/chemical oxygen demand
(COD) ratio (0.06-0.35), intense color and high concentration of salts [18]. Reactive dyes are widely used
in cotton dyeing process of textile industry and up to 50% of unfixed dye is present in textile wastewater
due to low fixation efficiency of them. Azo dyes have chromophore group of azo (-N=N-). Their complex
aromatic structures, toxic effects and non-biodegradability nature involve considering a proficient
technology for remediation of textile wastewater [19]. The release of colored wastewater into aquatic
environments has a detrimental effect on photosynthetic mechanism by reducing light penetration [20]. In
this regard, TiO based heterogeneous photocatalysis has been applied for the removal of azo dyes [21-22].
Besides, N-doped TiO; was also applied in the degradation of dyes. Collazzo et al. [23] studied the
degradation of Direct Black 38 using N-doped anatase TiO, irradiated under visible and sunlight. They
observed higher degree of degradation with visible light. Fu et al. [10] prepared N-doped TiO; via solid-
state calcination of titanate nanotubes using NH4Cl. They reported that higher degradation efficiency were
achieved with all prepared N-doped TiO, samples under visible light.Yeber et al. [24] investigated
degradation of Remazol Brilliant Blue R with N-doped TiO, using Box-Benhken experimental design
technique. At optimum conditions 86.3% dye removal was observed, whereas 50% TOC removal was
achieved.

The purpose of present study is to synthesize N-doped TiO photocatalysts and to assess photocatalytic
activity of them by following the decolorization efficiency of Reactive Black 5 (RB5) which is classified
as diazo dye. In spide of existence of research papers on synthesis of N-doped TiO; in the literature,
exploring the possibility of using outdoor sunlight is crucial for remediation of textile effluent in Turkey.
Besides, the results of this study will give insight for further studies.

2. MATERIALS AND METHOD
2.1. Materials

Titanium tetraisopropoxide (TTIP, 97%, Sigma-Aldrich), anhydrous ethyl alcohol (EtOH, Merck), HNO3;
(70%, Sigma-Aldrich) and NH3; (26%, Sigma-Aldrich), HCI (37%, Merck) and NaOH (Sigma-Aldrich)
were used in this study. RB5 was supplied from DyStar.

2.2. Preparation of Catalysts

TiO, was doped with nitrogen atoms at N/Ti molar ratios of 1-4 via sol-gel process using NHs as a source
of doping. In the synthesis of N-doped TiO, samples, 10 ml of TTIP was dissolved in 40 ml anhydrous
EtOH. Another solution of 10 ml anhydrous EtOH, 12 ml diluted HNOj3 and requisite amount of NHz was
prepared and added drop wise to the first solution under continuous stirring. The obtained sol was stirred
at ambient temperature for 2 hours and kept in dark for 6 hours. After aging period, the resultant gel was
put in an oven to dry at 80°C for 36 hours [9]. Then, N-doped TiO, samples were calcined at 450°C for 4
hours. Undoped TiO, sample was synthesized without adding NHs. The synthesized N-doped TiO, samples
were represented as N-TiO,(X) where X stands for nominal molar ratios of N/Ti.

2.3. Characterization of Catalysts

Determination of crystal phases of synthesized photocatalyst samples was performed by X-ray
diffractometer (Rigaku RadB-DMax II) with CuKa radiation. X-ray photoelectron spectroscopy (XPS)
analyses of N-TiO»(3) were performed using SPECS EA 300 spectrometer. Scanning electron microscope
image with energy dispersive X-ray analysis (SEM-EDX) was recorded by LFO EVO40 instrument.
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2.4. Catalytic Experiments

Photocatalytic tests of synthesized N-TiO,(X) photocatalysts were assessed by following decolorization
and degradation of RB5 under irradiation of fluorescent daylight lamps (Eiko, F8T5/DL) and outdoor
sunlight in water jacketed quartz photoreactor. 0.5 g photocatalyst was added to RB5 solution at an initial
concentration of 20 mg L™ and magnetic stirring of resulting suspension in dark for 30 min was applied to
observe an adsorption. A circular gas distributor was used to bubble oxygen gas into photoreactor from
bottom. Reaction was initiated by turning on the lamps placed around of photoreactor. The pH of the
solution was adjusted to 6 by using either dilute NaOH or HCI solutions and measured by a digital pH-
meter (Hanna pH-221). During illumination temperature of reaction medium was kept constant at 21 +2°C.
Aliquots taken from reaction medium were centrifuged and filtered by syringe filter. The residual amount
of RB5 was determined by UV-VIS spectrophotometer (UV-1800 Shimadzu). Decolorization and
degradation efficiencies were calculated using Equations (1) and (2), respectively. Experiment under
outdoor sunlight was performed between 10:00 and 15:00 h in July at Inonu University campus in Malatya
province (38°19’' E, 38°21’ N) in Turkey. Decolorization and degradation efficiencies were calculated using
Equations (1) and (2), respectively.

. . o/ — Ao (596 nm)—A(596 nm)
Decolorization % = 7 (596 nm) x100 Q)
Ap(310 nm)—A(310 nm)

i 0fH =
Degradation % Ay(310 nm)

x100 2

where A, and A are absorbance values of RB5 at t=0 and t=t with corresponding wavelengths, respectively.
3. RESULTS AND DISCUSSIONS
3.1. XRD Analysis

XRD spectra of undoped and N-doped TiO; photocatalysts with different starting molar ratios of N/Ti are
given in Figure 1. As we reported in our previous study, although all samples showed crystallized structure,
compared to N-doped samples, undoped TiO, had lower crystallinity [25]. The anatase and rutile
composition was determined using XRD spectrum data by Spurr-Myers equation:

X, (%) = ml x 100 A3)

IR
67

where Xa is the mass percent of anatase, Ir/la is the ratio of peak intensity of rutile phase (110) to that of
anatase phase (101) [26]. Obviously, a major peak of anatase at 26=25.520° which is pertinent to 101
reflection and a major peak of rutile at 26=27.481° which is pertinent to 110 reflection were observed for
undoped sample. Anatase phase was found to be 54% for undoped TiO, sample, whereas only anatase phase
was observed for all N-doped TiO, samples. Nitrogen doping of TiO; enhanced the evolvement of anatase
phase and inhibited rutile phase formation [27].
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Figure 1. XRD patterns of undoped and N-TiO- (x) samples
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3.2. XPS Analyses

Chemical state of doped N atoms was determined via XPS analyses. The whole spectrum of N-TiO(3)
sample presented in Figure 2a reveals that the surface of sample consists of Ti, O and N with C as
contaminant. The intensity of N 1s peak was very low compared to those of Ti and O due to low amount of
N. The N 1s spectrum of N-TiO: (3) is given in Figure 2b. It is accepted that peak at 396.4 eV is ascribed
to substitutional nitrogen involving replacement of oxygen by nitrogen and formation of Ti-N bonds. The
peak observed at 398.5 eV is due to substitutional nitrogen to form O-Ti-N bonds. The peak at the binding
energy of 399.0 eV represents interstitial nitrogen doping that involves binding nitrogen atom to lattice
oxygen [28,29]. As can be seen in N 1s spectrum of N-TiO»(3) sample, both interstitial and substitutional
nitrogen doping occurred. This is also observed by other authors [9,11]. Peaks at the binding energies
greater than 400 eV are attributed to oxidized nitrogen species chemically adsorbed on the surface [28,30].
The Ti 2p spectrum of N-TiO2(3) sample is given in Figure 2c. This spectrum exhibits Ti 2ps, and Ti 2p12
peaks with corresponding binding energies of 457-5 and 463-2 eV, respectively. According to literature,
commercial P25-TiO; shows core level peaks of Ti 2ps» and Ti 2py, at 458.9 and 464.eV, respectively.
Nitrogen doping resulted in decrease in binding energy of Ti 2ps2and Ti 2py2 levels. A decrease in binding
energy of Ti 2pa. indicates that Ti** is reduced to Ti*® due to existence of substitutional nitrogen atoms
[16,28,31]. The O 1s spectrum of N-TiO.(3) sample given in Figure 2d indicates a peak at 5287 e¢V. Since
P25-TiO; exhibits O 1s peak at 530.3 eV, the results indicated that binding energy of O 1s peak of N-TiO,
(3) sample decreased after nitrogen doping.
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Figure 2. XPS spectra of N-TiO»(3) sample(a) survay, (b) N1s, (c) Ti2p, (d) Ols
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3.3. SEM Analysis

Figure 3a reveals SEM image of N-TiO2(3) sample. Apparently, particles with spherical shape and
agglomeration of them were observed. Circles show the particles whose EDX spectrum was recorded.
Figure 3b shows EDX spectrum of particle indicted by arrow. Besides, elemental composition of that
particle confirms presence of nitrogen in the sample.

SE MAG: 1000 x HV: 20.0 kV WD: 9.7 mm

cfs

Elements wt%
N 23.93
Ti 49 .40
(e] 26.68
pp—

keV
Figure 3. (a) SEM image of N-TiO> (3) (b) EDX spectrum

3.4. Investigation of Photocatalytic Efficiency

Decolorization of RB5 was tested using 2 g dm photocatalyst with 20 mg dminitial RB5 concentration.
Figure 4 shows that only about 10% of decolorization by adsorption in dark was observed with all samples
and 39%, 38%, 64%, 72% and 57% decolorization efficiency values were obtained after 120 min with
undoped, N-TiO2(1), N-TiO2(2), N-TiO2(3) and N-TiO-(4) samples, respectively. Upon 300 min of reaction
time, a complete decolorization was obtained with N-TiO2(2), N-TiO2(3) and N-TiOz(4). All N-doped TiO-
samples showed improved decolorization efficiency compared to undoped TiO,. Inhibition of
recombination of photogenerated electron-hole pairs by nitrogen atoms enhanced the photocatalytic activity
due to alteration of the electronic properties of TiO, [32]. Among N-doped TiO,, N-TiO»(3) indicated the
highest photocatalytic decolorization rate. It can be deduced from this result that there is an optimum dopant
concentration. Amount of chemically adsorbed nitrogen increases with increasing N/Ti ratio. Coating of
catalyst surface with chemically adsorbed nitrogen resulted in decrease of the number of active sites [33].
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Figure 4. Decolorization of RB5
(pH=6, [RBS] :20 mg dm-3, [Tioz]doped or undoped = 2 g dm-s)

Decolorization of RB5 can be expressed as pseudo first order kinetics given in Equation (4) [34]

ac

r=—0 = Kappl )

where Kapp is apparent first-order rate constant.

Integration of Equation (4) from C, to C yielded Equation (5)

Co
N2 = kappt )

where C, and C are concentrations of RB5 at t=0 and t=t, respectively. As depicted from Figure 5, a linear
relation attained by plotting In (Co/C) versus t for undoped and N-TiO2(X) samples. Kapp Values for
decolorization of RB5 obtained from the slope of plots and correlation constants are represented in Table
1. N-TiO(3) sample yielded the highest kap, value, indicating that N-TiO»(3) was determined as the most
efficient photocatalyst for RB5 degradation in this study.

Table 1. kapp values for decolorization of RB5

Sample Kapp(Min) R?

Undoped TiO; 0.0030 0.9856
N-TiO2(1) 0.0030 0.9799
N-TiO,(2) 0.0074 0.9859
N-TiO4(3) 0.0093 0.9955

N-TiOz(4) 0.0061 0.9893
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Figure 5. Pseudo first order kinetics plots of decolorization of RB5
(pH:G, [RB5] :20 mg dm_s, [Tioz]doped or undoped = 2 g dm-s)

UV-visible spectrum of RB5 samples taken during photocatalytic reaction with N-TiO2(3) sample is given
in Figure 6. The band at 596 nm represents azo chromophore group of dye. Since decolorization is result
of breaking of -N=N- bonds, decolorization was determined using absorbance values at 596 nm. The band
at 310 nm corresponds to aromatic content of the dye and degradation was determined using absorbance
values at 310 nm. Both of the peaks were progressively decreased during irradiation time. It is clearly
evident from Figure 7 that aromatic degradation is lesser (88.3%) than decolorization. Almost complete
decolorization was obtained after 300 minutes but aromatic degradation required longer time. Because -
N=N- bonds was attacked firstly by -OH, thus providing decolorization as a result of cleavage of these

bonds [35].

Absorbance

Figure 6. UV-visible spectra of RB5 samples taken during photocatalytic reaction with N-TiO»(3) sample
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Figure 7. Decolorization and aromatic degradation of RB5
(pH=6, [RB5] =20 mg dm™, N-TiO2(3)=2 g dm™, t=300 min)

Figure 8 reveals the decolorization RB5 under different illumination conditions. Exposing the suspension
of 2 g dm™ N-TiO(3) sample using 20 mg dm-2 initial RB5 concentration to outdoor sunlight irradiation
yielded 96% of decolorization within 60 minutes, while 49% of that was obtained with fluorescent daylight
lamps. In addition, in the case of direct photolysis (i.e. in the absence of photocatalyst) negligible level of
decolorization was observed. Monthly average global solar radiation of Malatya and Turkey in July is 7.596
and 6.903 kWh/m?2day, respectively [36]. These results suggest that it is reasonable to use solar energy for
treatment of textile effluents in Turkey. The operating cost of photocatalytic oxidation processes mainly
comprise of the cost of electrical energy of lamps used to illuminate TiO,. Therefore, it would be beneficial
solar light to reduce the cost of treatment.
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Figure 8. Decolorization of RB5 under different illumination conditions
(pH=6, [RB5] =20 mg dm®)

4. CONCLUSION

In this study, decolorization of RB5 using N-doped TiO, was examined under fluorescent daylight lamp
and outdoor sunlight irradiation. N-doped TiO, photocatalysts were prepared via sol-gel process. N 1s
spectrum of N-TiO2(3) sample indicated that both interstitial and substitutional nitrogen doping was
observed. Nitrogen doping improved the decolorization efficiency of TiO, by inhibiting electron-hole pair
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recombination. N-TiO2(3) sample exhibited the highest photocatalytic decolorization. Decolorization of
RB5 can be expressed as pseudo first order kinetics and kapp values increased as molar ratio of N/Ti
increased from 1 to 3. Decolorization efficiency was higher than degradation efficiency for RB5 dye. The
result obtained with outdoor sunlight suggests that high solar energy potential of Turkey could be used for
remediation of textile wastewater.
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