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Abstract

We report the synthesis of vanadium and nitrogen co-doped TiO, for photocatalysis mainly
emphasizing on the state of nitrogen doping into TiO; in the presence of vanadium ions. Considering
the increase in antibiotic resistance developed by microbes due to excess of pharmaceutical wastes in
the ecosystem, the photocatalytic activity was measured by degrading an antibiotic,
chloramphenicol. A novel experiment was conducted by degrading the antibiotic and bacteria in
their close vicinity to focus on their synergistic photo-degradation by V-N co-doped TiO,. The
catalysts were characterized using XRD, DRS, PL, TEM, BET and XPS analysis. Both interstitial
and substitutional nitrogen doping was achieved with the V-TiO,, showing high efficiency under
visible light for antibiotic and bacteria degradation. In addition, the effect of doping concentration of
nitrogen and vanadium in TiO; and catalyst loading was studied thoroughly. Reusability experiments

show that the prepared V-N co-doped TiO; was stable for many cycles.

Keywords: V-N TiOy; interstitial and substitutional nitrogen; photocatalysis; antibiotic; bacteria,
degradation.
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1. Introduction

Photocatalysis is one of the highly effective advanced oxidation processes for waste water treatment.
Semiconductors are employed as photocatalysts for water purification for the degradation of
organics *. Among all semiconductors, TiO is extensively used because of its non-toxicity, stability
and availability?; however, it is active only under UV illumination. Therefore, significant research
has been conducted to extend the light absorption of TiO. towards visible region . This is achieved

5-12

by doping metals and non-metals and also by preparing nanocomposites of TiO, with visible

13-16

light absorbing semiconductors etc. Basically, transition metal ions such as V, Mn, Cu, Fe, Cr *"-

20 and non-metals like N, S, B, and C 2*®

are doped into TiO; for the prevention of recombination,
efficient charge separation, and reducing the band gap. However, an increase in concentration of

these dopants decreases the photocatalytic activity by promoting recombination.

Among non-metals, research has been conducted on doping nitrogen in TiO, and it has been studied
for its structural and optical properties 2 ?*. N doped TiO, yielded significant improvement in
visible light photocatalytic activity”®>'. However, the doping of N can be either in substitutional or

32.33 I addition, metal - non-metal

interstitial sites but it is not clear which doping is more favorable
and bimetallic co-doping such as N and various metals **, N and Ce *, Zn and Fe *®, Cuand I ¥, V
and N %% Biand B*, Bi and N*, Ce and N**, Fe and N****, Fe and S*, La and N*’, V and C*,
Yb and N* into TiO, has proven to enhance the visible light photocatalytic activity. Among the
transition metal ions dopants for TiO,, the presence of variable oxidation states (V**, V**, V**) and
comparable ionic size (V" ~ 68 - 78 pm) with respect to Ti (Ti'" ~ 75 pm) favors vanadium as an
effective dopant. The presence of low concentration of vanadium in TiO; lattice efficiently prevents
the electron — hole recombination by having V** and VV°* interactions and also increases visible light

absorption > “°. Only few reports are available on the photocatalytic activity of V-TiO, and V-N

2
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38

| *°, degradation of methyl blue dye

TiO, such as for its use in oxidation of ethano

39
|

pentachlorophenol ** and Rhodamine B “° under visible light illumination.

Photocatalysis is not only employed for the degradation of chemical contaminants but also for the
inactivation of microorganisms. The reactive oxygen radicals produced during photocatalysis Kill the
bacteria by co-enzyme oxidation, nucleic acid attack, peroxidation of lipids and by dis-organizing
cell membrane®>*. Antibiotics play a major role in reducing the mortality rate of organisms by
combating infectious diseases *°. Understanding the mechanism of infections and the response of
pathogens with respect to hosts helps in formulating the synthetic antibiotics. These antibiotics can
inactivate the microbes by inhibiting the cell wall, protein, DNA, RNA, folic acid synthesis and also
disorganize bacterial membranes *°. Since production of synthetic antibiotics has become fully
industrialized, the possibility of antibiotic pollution in effluents has significantly risen recently °" .
These antibiotic pollutants persist for a long time since they are not easily degradable and have long
time biological responses. In this specific type of pollution, the pollutant becomes a favorable agent
for microbes in developing a resistance towards the antibiotics, which are lately referred as “super

» 59, 60

bugs

This resistance developed by the microorganism is a serious concern as it poses a major threat not
only to the environment but also prevents treatment opportunities for an infected host. Microbes that
show resistance towards many antibiotics are termed as “multidrug resistant” ®*. These resistances
increase rapidly due to exposure of antibiotics from various sources such as improperly treated

pharmaceutical effluent streams °2.

Therefore, in this current study, we have prepared vanadium, nitrogen co-doped TiO; catalysts for

the synergistic degradation of antibiotics and microbes both separately and also in their close
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vicinity. The catalysts were characterized using XRD, DRS, TEM and XPS studies. The novelty of
this study is two-fold. This is the first work to emphasize the inactivation of microbes in the presence
of antibiotics showing both degradation of microbes and also antibiotics simultaneously. This is also
the first work that emphasizes the state of nitrogen doping in vanadium doped TiO- and its influence

on the mechanism and activity for the photocatalytic inactivation of microorganisms.

2. Experimental

2.1. Materials

Titanium Dbutoxide (>97% purity, Sigma-Aldrich, USA). LB broth, nutrient agar and
chloramphenicol (C;1H12CILN20s, potency ~900 pug/mg) were procured from Hi-Media (India) Pvt.
Ltd. Ammonium meta-vanadate (99% pure, SD Fine chemicals, India, Ltd). Triethylamine (>99%
pure) and nitric acid were obtained from Merck (India) Ltd. All the experiments were done using

Millipore water.

2.2. Catalyst preparation

2.2.1. Synthesis of vanadium doped TiO;

Vanadium doped TiO, was synthesized using sol-gel precipitation. Initially, stoichiometric amount
of ammonium vanadate was dissolved in 500 ml of deionized water and stirred for 1 h. Similarly, a
stoichiometric amount of titanium butoxide was dissolved in iso-propyl alcohol and this solution was
added drop wise into an aqueous solution containing vanadium ions. The pH of 2 was then obtained
using nitric acid (1 M). This mixture was stirred continuously for 24 h and then evaporated at 50° C.
Later, all the samples were calcined at 400°C in a muffle furnace. Various V-doped TiO, samples

were prepared by maintaining the vanadium concentration as 0.1, 0.2, 1 and 2 atom % with respect
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to Ti *°. Pristine TiO, without vanadium doping was also prepared according to the same procedure,

as mentioned above except for the addition of ammonium vanadate.
2.2.2. Synthesis of nitrogen vanadium co-doped TiO,

Nitrogen vanadium co-doped TiO, samples were synthesized using hydrothermal method. Initially
excess than stoichiometric amount of triethylamine was taken in deionized water and stirred
continuously for 1 h. 0.1 g of vanadium doped TiO, samples were dispersed in the above solution
using ultrasonication. The finely dispersed solution was placed in a Teflon beaker covered with
stainless steel autoclave and kept at 180°C for 20 h *%. Various N-doped V-TiO, samples were
prepared by maintaining the concentration of nitrogen as 0.5, 1, 2, 4 atom % with respect to Ti. The
products were allowed to cool to 25 °C and then washed with deionized water twice and ethanol
thrice. Later, the washed samples were kept for drying at 70°C for 10 h. Pristine nitrogen doped
samples (0.5, 1, 2 and 4 atom %) were prepared by using hydrothermal reaction of pristine TiO; in

triethylamine solution.

2.3. Catalyst characterization

Rigaku diffractometer with Cu-Ka radiation was used to capture XRD patterns. ULTRA55 FESEM,
Carl Zeiss was used to obtain SEM images. Samples dispersed in absolute ethanol were drop-casted
on Si wafers and kept under vacuum for 12 h; Samples were gold sputtered using Quorum
sputtering. TEM pictures were acquired by FEI Tecnai T-20 at 180 kV. TEM samples were prepared
drop casting iso-propanol dispersed particles on Cu grids and kept under vacuum for 24 h. Perkin
Elmer, Lambda 35, UV-visible spectrophotometer was used to measure DRS. Shimadzu-UV 1700,
UV-visible spectrophotometer was used to determine absorbance of photocatalysis samples.

Photoluminescence spectra were taken using PL-Spectrophotometer (Perkin Elmer) with excitation



New Journal of Chemistry Page 6 of 33

wavelength at 365 nm. Catalyst particles were regenerated at 120 °C for 2 h prior and Nova-1000
Quantachrome was used for BET surface analysis. X-ray photoelectron spectroscopic data was

obtained using AXIS ULTRA.
2.4. Photocatalysis
2.4.1. Photochemical reactor

The photocatalysis experiments were performed using 25 ppm aqueous solution of chloramphenicol
under 400 W metal halide lamp (Philips - India) having Amax, intensity and photon flux of 510 nm, of
the order 107 and 220 uW cm?, respectively. A K,Cr,0; UV solution cut-off filter was used to
restrict the UV light emitted from the metal halide lamp. 1 g/l catalyst concentration was kept for all
the experiments unless stated otherwise. Catalyst was taken in the antibiotic solution for 60 min to
observe adsorption-desorption equilibrium. The samples after the photochemical reactions were
collected at regular time intervals, centrifuged and measured for absorbance using UV-visible

spectrophotometer.
2.4.2. Antibacterial evaluation

All the plating accessories, broth and agar media were autoclaved before conducting the
experiments. Escherichia coli (K-12, MG1655, Gram negative) were cultured using liquid nutrient
broth. Bacterial pellet was collected by centrifuging the culture medium at 5000 rpm for 10 min.
Bacterial suspension was obtained by suspending the pellet in sterile water. Sterilized nutrient agar
was decanted into petri plates for solidification. Dark experiments without light irradiation were
carried out with 1 g/l catalyst in the bacterial suspension. Later, bacterial solution with catalyst

particles was irradiated by visible light. Samples were collected at specific intervals to quantify the
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antibacterial activity. 100 pl serial diluted samples was spread onto nutrient agar plates and
incubated at 37°C for 24 h. The experiment was further iterated and the bacterial colonies were

quantified.

2.4.3. Simultaneous degradation of antibiotics and inactivation of bacteria

For degradation of antibiotics and inactivation of bacteria, the centrifuged bacterial pellet obtained
from the culture was suspended in deionized water containing 25 ppm of antibiotic
(Chloramphenicol, Amax — 278 nm). Prior to that, the bacterial culture was tested for its resistance
against the antibiotic using spread plate technique. Later catalyst particles were added to the above
solution and stirred continuously under visible light. Periodically, the samples were collected for
nutrient agar plating and also for antibiotic absorbance measurements. The spreaded nutrient agar
plate was then incubated at 37°C for 24 h. All the experiments mentioned in the sections 2.4.1, 2.4.2

and 2.4.3 in triplicate were conducted.

3. Results and Discussion

V doped TiO, was successfully synthesized using simple sol-gel route. N doped TiO; and nitrogen in
V-N co-doped TiO, was synthesized using hydrothermal technique. The quantity of vanadium was
varied as 0.1, 0.2, 1 and 2 atom % and they were named as V0.1, V0.2, V1 and V2 respectively.
Similarly, quantity of N was varied as 0.5, 1, 2 and 4 atom % and named as NO.5, N1, N2 and N4
respectively. The vanadium concentration was maintained as 2 atom % (best photoactivity as in V-
TiO,) in V-N co-doped TiO, whereas the concentration of nitrogen was varied as 1 and 2 atom %
and named as V2N1 and V2N2, respectively. All the characterization studies were done for best

compositions viz. N2-TiO,, V2-TiO,, V2N1-TiO; and V2N2-TiO,, unless mentioned otherwise.
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3.1. Characterization studies

In order to identify the crystal structure of the synthesized catalysts, X-ray diffraction patterns of
undoped TiO, and all compositions of V-N TiO-, are shown in the Fig. 1. The presence of nitrogen in
the TiO, lattice favors formation of anatase, because of large ionic radius of N* compared to OZ.
Similarly doping with vanadium in V**/V*" state, whose ionic radius is less than Ti, facilitates
charge neutrality and also allows substitution of O* with N* in the TiO- lattice without distorting
TiO, structure . No peaks corresponding to oxides of vanadium were observed. Similarly, no phase
separation of TiO, was observed. Therefore, it can be inferred that vanadium ion has been
completely substituted into the crystal lattice of the titania. (101), (004), (200), (211) and (204) are
the planes found in all the catalysts which shows no presence of rutile phase in all catalysts. The
width of the (101) peak shows a broadening while intensity increases with an increase in the nitrogen
and vanadium concentration. In addition, a small shift occurs due to the replacement of high density
oxygen atom by low density nitrogen atom in the TiO, lattice due to nitrogen incorporation during
doping ®*. This indicates that a stress is created due to the difference in the bonding characteristics
between nitrogen and oxygen. This replacement leads to a change in electronic states and optical

absorption.
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Fig. 1. X-ray diffraction pattern of V2-TiO;, N2-TiO2, V2N1-TiO,, V2N2-TiO,
co-doped catalyst

Catalyst Crystallite Size (nm) Surface area (m?/g)
TiO; 7.69 196
N2-TiO, 8.92 178
V2-TiO, 11.59 184
V2N1-TiO, 11.30 163
V2N2-TiO, 11.34 156

Table 1: Crystallite size and surface area of TiO,, N2- TiO,, V2- TiO,,
V2N1- TiO; and V2N2- TiO,

Table 1 shows the crystallite size calculated from XRD and the surface areas of the catalysts. The
BET surface areas of TiO,, N2-TiO,, V2-TiO,, V2N1-TiO, and V2N2-TiO, were found to be 196,
178, 188, 163 and 156 m?/g, respectively. In addition to that, the crystallite size of pristine TiO, is

lesser compared to all other doped samples, which can be observed from XRD (Fig.1). The
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crystallite size of N2-TiO; is larger than TiO,, because of nitridation process where nanocrystals
tend to aggregate. However, cationic (V) doping into TiO, has not increased the crystallite size but
changed the surface area. Co-doping of V and N into TiO, has decreased the surface area
significantly. The transmission electron microscopic images of V2N1-TiO, and undoped TiO, are
shown in Fig. 2 (a), (b) and (c), (d) respectively. The catalyst particles were spherical in shape and
around 10 nm in size. There are no fringes observed for vanadium oxide indicating vanadium exists

in dopant form into the TiO, lattice.

Fig.2. TEM images of (a) & (b) V-N co-doped TiO;and (c) & (d) un-doped TiO,.

10
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The optical absorption of the nitrogen, vanadium co-doped TiO, compounds were determined by

diffuse reflectance spectroscopy (Fig. 3). The properties were calculated using the absorbance versus

wavelength data based on Kubelka-Munk function, as shown in Fig. 3 (b). The co-doped samples

show higher absorption in the visible light compared to pristine TiO,. The band gap of undoped

TiO,, N2-TiO,, V2-TiO, and V2N1-TiO, and V2N2-TiO, co-doped TiO, was found to be 3.1 eV,

2.94 eV and 2.80 eV, 2.62 eV and 2.54 eV respectively as shown in Fig. 3(a). Nitrogen doping into

TiO, aided a significant reduction in the band gap by 0.16 eV. Similarly, V and N co-doping into

Ti0, has resulted in reduction of band gap by 0.48 and 0.56 eV respectively.
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Fig.3. (a) KM plots and (b) Absorption spectra of TiO,, N2-TiO,, V2-TiO,,

V2N1-TiO; and V2N2-TiO; doped catalyst

This indicates that co-doping of nitrogen and vanadium results in creating additional energy levels

between the conduction and valence band edge of TiO,. This electronic transition from the dopant’s

electronic states to states of TiO, can effectively cause a red shift in band edge absorption threshold

229 The co-doping with nitrogen and vanadium induces the narrowing of the band gap of TiO,. The

metal ion implanted TiO- overlap the conduction band of d-orbital of TiO, ®°.

11
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It can be suggested that d-orbital overlapping from the dopant and parent lattice decreases the band
gap of TiO, and enhances visible light absorption. 3d states of vanadium can occupy just below the
conduction band of TiO, . Vanadium existing in VV 4+ and 3+ states, and electronic transition
between these states can significantly enhance the absorption and narrowing the band gap. Further, it
is well known that nitrogen doping can form new states that lie just above the valence band for the
substituted nitrogen. However, for the interstitial nitrogen, the N-O bond generates localized states
with p-orbitals ®®. This state lies below the O-2p band of TiO.. This prevents additional states for the
excited charge carriers and can prevent recombination. Therefore, nitrogen and vanadium doping

resulted in the formation of new states close to the valence band and conduction band, respectively.

The chemical compositions and states of the elements in the TiO, (“Ti” in undoped TiO; and V2N1
co-doped TiO,), and nitrogen (“N” in V2N1 and V2N2 co-doped TiO,), vanadium (“V” in V2N1-
Ti0,) co-doped TiO, were investigated by XPS analysis. The core level spectra of N-1s, Ti-2p and
V-2p peaks are shown in Fig.4. The broad N-1s peak from 394 eV to 400 eV can be deconvoluted
into two peaks at 396 eV and 400 eV respectively. The peak around 396 eV represents the nitrogen
ions in the substituted form because the binding energy is close to Ti-N  bond ®. The peaks at
higher binding energy can be attributed to O-Ti-N linkage and Ti-N-O linkage. This peak arising due
to N-O bonds can be inferred to nitrogen existing in interstitial sites of TiO,. However, it is still
debatable that whether substitutional or interstitial nitrogen doping enhances the photocatalytic

activity™.

12
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Fig.4. X-ray photoelectron spectroscopy plot for N-1s from (a) 1 atom % nitrogen doped V-

TiO; (b) 2 atom % nitrogen doped V2-TiO,, for Ti-2p from (c) un-doped TiO, and

(d) V2N1 co-doped TiO; for V-2p from V2N1 co-doped TiO;
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Despite this, nitrogen doped TiO; has shown enhanced absorption in the visible light. N-1s peak of
vanadium and nitrogen doped catalysts are represented in Fig.4 (a) and (b). Fig.4 (a) shows the N-1s
peak in the interstitial state approximately around 401 eV. However, N-1s peak in Fig.4 (b)
represents the presence of nitrogen in both substitutional and interstitial states. Usually, substituted
nitrogen is observed around 396 eV. However, both substitutional and interstitial states are observed
very close to each other. Few reports suggest that shifting of N-1s towards higher binding energy is
possible because of reduction in electron density due to the presence of oxygen atoms "*. Fig. 4 (c)
and (d) represents the deconvolution of Ti-2p of Ti in undoped and doped catalysts. Fig. 4 (c) shows
that Ti exists in 4+ state. Ti can be deconvoluted into 2ps; and 2p;,,. However, Ti in doped sample
shows the presence of Ti in both 4+ and 3+ states indicating the presence of oxygen vacancies, as
shown in Fig. 4 (d). Similarly, the presence of dopant in the TiO, lattice can be identified by the shift

of Ti towards lower binding energy.

This decrease in binding energy is due to various interactions at electronic level of Ti-2p indicating
the presence of vanadium and nitrogen in the lattice "2. The deconvolution of V-2p as shown in Fig.
4 (e) peak suggests that vanadium exists in two different states such as V 5+ and 4+. Compared to
their intensities, it can be suggested that the surface of doped TiO, consists of vanadium in 5+ state.
The presence of vanadium in the TiO, lattice helps in the incorporation of nitrogen into the lattice.
The lattice distortion created by vanadium ions facilitates reducing the resistance for nitrogen doping
developed due to charge neutrality ". This was clearly observed from the amount of nitrogen doped
into the TiO; lattice for the same precursor concentration. Nitrogen in N-doped TiO, was 0.24 atom
% whereas in vanadium doped TiO; it was 0.62 atom % for the same concentration loading,

suggesting incorporation of vanadium into TiO; lattice has reduced the barrier for nitrogen doping.

14
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Photoluminescence of the co-doped samples supports the XPS spectra. The PL intensity of N-doped
and V-N doped TiO; is lower compared to pristine TiO; as shown in Fig.5. This is evident from the
fact that interstitial doped nitrogen acts as a trap for charge carrier species and it also aids in creation
of oxygen vacancies which can be clearly noticed from XPS spectra of doped TiO,. Similarly PL
intensity of both VV and N co-doped TiO; is significantly lower than pristine and N-doped TiO. It
has been observed that the PL intensity of N2-TiO; is less than V2-TiO,, similarly, both co-doped
samples i.e, V2N1-TiO, and V2N2-TiO, has lower PL intensity than their individual counterparts.
However, intensity of V2N1-TiO; is significantly lower than V2N2-TiO, indicating V2N1-TiO;
prevents most of the recombination. This can also been observed from the photoactivity, where
V2N1-TiO, degrades the pollutant faster than V2N2-TiO,. The peaks at 420, 450, 490 and 530 nm
can be observed in the PL spectra and they can be assigned to charge transitions from an oxygen
vacancy trapped electron, recombination of self-trapped exciton and intrinsic states of TiO..
Generally V-N co-doping aids in trapping the holes and also allows electron transfer between
valence band and newly introduced defect states by V and N. The presence of available energy states
in the form of vanadium and nitrogen ions has not only contributed in red shifting the band gap but
also in the reduction of charge carrier recombination. Therefore, it is now clear that how N doped

and V- N co-doped TiO, catalyst are more efficient than pristine TiO..

15
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Fig.5. Photoluminescence spectra of TiO,, N2-TiO,, V2-TiO,, V2N1-TiO,

and V2N2-TiO, N doped catalyst

3.2. Photocatalysis

The photocatalytic activity of vanadium, nitrogen and vanadium-nitrogen co-doped TiO, samples for
degrading antibiotic under visible light was determined and shown in Fig. 6. The degradation of
antibiotic solution using pristine, N-doped, V-doped and V-N co-doped TiO, catalysts followed first

order rate kinetics. The detailed results and kinetics are discussed below.

3.2.1. Effect of vanadium doping concentration: The V-doped TiO, samples were designated as
V0.1, V0.2, V1 and V2, respectively, when the concentration of vanadium was varied between 0.1 —
2 atom %, as described above. The photocatalytic activity of V-doped TiO, increases gradually as
the concentration of vanadium increases in the TiO; lattice till it reaches 2 atom % as shown in Fig.
6 (b). It can be suggested that the increase in concentration of vanadium not only decreases the band
gap of the catalyst but also serves as charge trapping centers. This can be clearly seen that un-doped

TiO, does not show much photocatalytic activity under visible light. Further increase in

16
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concentration of vanadium decrease the photoactivity where the presence of more vanadium ions in
the lattice might act as charge recombination centers for the photogenerated electron and holes. The
variation of concentration with time for different concentrations of vanadium doped titania is shown
in Fig. 6 (b). The degradation follows first order kinetics, as shown in Fig. 6 (e), and the rate

constants are listed in Table 2.

3.2.2. Effect of nitrogen doping concentration: Nitrogen doped TiO, catalysts were prepared with
triethylamine as nitrogen precursor. The N-doped catalysts were denoted according to their loading
concentration such as N0.5, N1, N2 and N4, respectively. The photocatalytic activity of N-doped
catalysts for degrading the antibiotic has increased gradually with respect to increase in nitrogen
concentration until the concentration reached 2 atom %. Among all N-doped catalysts, N2 has shown
better photocatalytic activity by degrading the antibiotic solution completely in 120 min as shown in
Fig. 6 (a). As described, N-doped catalysts have performed better compared to un-doped TiO; under
visible light, indicating nitrogen doping has enhanced visible light absorption. Further, the presence
of 2p states N-1s enhances efficient charge transfer preventing recombination. The variation of
concentration with time for different concentrations of nitrogen doped titania is shown in Fig. 6 (a).
The degradation follows first order kinetics, as shown in Fig. 6 (d) and the rate constants are listed in

Table 2.

17
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Fig.6. Photocatalytic degradation of antibiotic showing (a) effect of N-doping concentration (b)
effect of V-doping concentration and (c) effect of V2N2 and V2N1 doping into TiO,. Kinetics of
photocatalytic degradation of antibiotic showing (d) effect of N-doping concentration (e) effect

of V-doping concentration and (f) V2N2 and V2N1 doping into TiO..
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Effect of vanadium doping concentration

Rate Constant
(Kapp x 10™ min™)

Catalyst
TiO, 20+ 2
V0.1 38+2
V0.2 715
V1 95+ 7
V2 165 + 4

Effect of nitrogen doping concentration

Rate Constant
(Kapp X 10 min™)

Catalyst
TiO, 20+ 2
NO.5 56 + 2
N1 92+5
N2 164 + 9
N4 754

Effect of nitrogen doping concentration
in vanadium doped TiO,

Rate constant
(Kapp X 10 min™)

Catalyst
V2N1 325+ 9
V2N2 195+ 7

Table 2: Rate parameters of the photodegradation of chloramphenicol in the presence of
various catalysts.
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3.2.3. Effect of nitrogen concentration in V-N co-doped TiO,: Vanadium and nitrogen co-doped
Ti0, catalysts were denoted as V2N1 and V2N2 respectively, where concentration of vanadium was
maintained as constant (2 atom %) whereas for nitrogen it was varied from 1 — 2 atom %. This
approach was followed for two reasons: as described above, photocatalytic activity of V-doped
catalysts was higher if the concentration of vanadium was maintained as 2 atom %. The second
reason is that it is known that nitrogen dopant in TiO can be either substitutional or interstitial "*.
Therefore, the effect of a low and high concentration of nitrogen doping into vanadium distorted
TiO, lattice was studied. The photocatalytic activity of V2N1 was significantly higher than V2N2
catalyst. The nitrogen in V2N1 catalyst was found to be in purely interstitial, whereas it is both
interstitial and substitutional as that of in V2N2. The photocatalytic effect was better if a very low
concentration of nitrogen was maintained. The variation of concentration with time for this case is
shown in Fig. 6 (c). The degradation follows first order kinetics, as shown in Fig. 6 (e) and the rate

constants are listed in Table 2.

Therefore, 2 atom % doping of vanadium into TiO, has significantly improved the
photocatalytic activity. However, recombination of charge carriers is also higher, as shown in
photoluminescence study. Similarly, increasing nitrogen content upto 4 atom % was also not
favoring the high catalytic activity. Considering the XRD patterns into account, addition of either
cationic or anionic dopants has not modified the crystal structure, as only anatase phase existed and
no other impure phases were found. Band engineering should have got enhanced by co-doping
vanadium and nitrogen into the TiO; lattice. However, restricting the quantity of nitrogen to 1 atom
% enabled interstitial placement as observed from XPS studies, which enhanced the photoactivity
under visible light efficiently by both reducing the band gap and preventing recombination

effectively. Doping same quantity (1 atom % of nitrogen) alone in TiO, lattice has not provided
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significant photoactivity. However, the activity enhanced tremendously in the presence of V ion
inside TiO; lattice which suggests that strain developed by placement of vanadium ion has enabled
more nitrogen influx into the lattice. Slight increment to 2 atom % of nitrogen into V-TiO, has led
the nitrogen to be in substitutional state. From the experiments conducted, substitutional nitrogen in
vanadium doped TiO, has much lower photocatalytic activity compared to interstitial nitrogen in V-
Ti0,. This suggests that presence of foreign (cationic) ion and its quantity can modify the fate of
nitrogen placement and in turn influence the photocatalytic activity. This paves the way towards
necessity of potential assessment on metal and non-metal combined metal oxide studies based on
their placement on TiO lattice. However, except nitrogen, none of the other non-metals has been

reported to occupy specific sites like nitrogen, providing a huge scope for further studies.

3.2.4. Effect of catalyst loading: The effect of catalyst amount in degrading the antibiotic solution
was determined by varying the catalyst concentration as 0.5, 1, 2 and 3 g/l respectively. The rate of
antibiotic degradation increased significantly as the loading increased till the loading concentration
was 2 g/l (Fig. 7). The antibiotic degradation took long time when the concentration was 0.5 g/l and
this is due insufficient amount of catalyst. The photocatalytic activity decreased for 3 g/l loading.
This might due to insufficient photon availability for the catalyst particles and aggregation of the
particles. The latter lead to reduction of the active surface area of catalyst and a subsequent decrease

in photocatalytic activity.
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Fig.7. Photocatalytic degradation of antibiotic using V2N1 co-doped TiO,

showing effect of catalyst loading (x = quantity of catalyst)

3.2.5. Effect of V-N doped TiO, catalyst against E.coli degradation under visible light: In
addition to antibiotic degradation, the V-N co-doped TiO, catalysts were employed to determine its
effect on killing micro-organisms under visible light, as shown in Fig. 8. The initial concentration of
bacteria was maintained as 2x10° CFU/ml. During dark reactions, there was no significant decrease
in bacterial concentration. The bacterial degradation was also determined due to the effect of light
alone. Significant reduction was observed until 60 min and saturation was observed at higher time
because of lack of decrease of bacterial concentration as shown in Fig. 8 (a). The catalysts were
denoted as VONO and V2N1 for un-doped and doped TiO, catalysts. Bacterial degradation due to
photolysis was noted from the decrease in bacterial colony forming units from 2.1x10° CFU/ml to
1.09x10° CFU/ml after 120 min. For the same time, cells concentration dropped from 2x10° CFU/ml
to 2.9x10° CFU/ml for pristine TiO,. Compared to undoped TiO,, V-N co-doped TiO, has shown

better photocatalytic microbial degradation, reducing number of bacteria from 2.1x10° CFU/mlI to
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1.04x10* CFU/ml in just 120 min. The better antimicrobial activity of VV-N co-doped TiO, catalyst
might due to effective charge transport, better visible light absorption, decrease in charge
recombination compared to undoped TiO,. Effective charge carrier generation and separation
produces hydroxyl radicals, which are responsible for anti-microbial activity by following cell
membrane deterioration or inhibiting cellular functions by damaging DNA. This study has showed
that VV-N doped TiO;, catalyst has significantly improved the antibacterial degradation in comparison

to un-doped TiO, under visible light.

3.2.6. Effect of antibiotic and bacteria co-degradation using V-N co-doped TiO; under visible
light: The novelty of this study is to determine the effect of co-degradation of both antibiotic and
bacteria in their close vicinity simultaneously. This study was aimed to show that VV-N co-doped
catalyst can degrade the bacteria and excess of antibiotic in an ecosystem such that the bacterial
resistance towards that specific antibiotic can be prevented. For this, bacterial suspension was taken
in an antibiotic solution. The effect of antibiotic alone on the bacteria was also studied by
suspending bacteria in the antibiotic solution without catalyst. The bacterial degradation in the
presence of antibiotic, catalyst and antibiotic with catalyst was shown in Fig. 8 (b). It is known that
chloramphenicol is bacteriostatic antibiotic. It prevents the bacteria from synthesizing proteins for
various cellular functions by binding to their ribosomes thereby inactivating the bacteria "°. There is
no significant change observed in the bacterial concentration until 40 min. Later, reduction was
observed. This might be due to the fact that effective passage of the antibiotic into the bacterial cells.
Since the bacterial culture was tested initially for its anti-resistance against chloramphenicol,
significant degradation of bacteria was observed when plated. For the co-degradation of antibiotic
and bacteria in the presence of catalyst, 1 g/l of V-N co-doped catalyst was taken into bacterial-

antibiotic suspension and kept under visible light for degradation.
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Fig.8. Photocatalytic anti-bacterial activity of (a) TiO, and V2N1-TiO, co-doped TiO;
in dark and under visible light (b)V2N1-TiO; in the presence of antibiotic (c) showing
antibiotic degradation in the presence and absence of bacteria
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There is only a slight increase in degrading bacteria in the presence of antibiotic by the catalyst.
However, the antibiotic degradation was observed simultaneously as shown in Fig. 8 (c). Though the
rate of bacterial degradation in the presence of antibiotic has not changed significantly in the
presence of catalyst alone, there is an effective in reduction of antibiotic concentration. The bacteria
can allow the antibiotic to pass through their channels and hence there is decrease in concentration of
antibiotic in the suspension "°. Secondly, the photocatalyst will degrade the antibiotic present in the
suspension. Here, bacteria that allow antibiotic to pass through their channels were also degraded
simultaneously by the catalyst in addition to degradation of existing antibiotic outside the bacteria in
the system. This will prevent the bacteria from developing resistance against the antibiotic and
excess antibiotic in the stream also is degraded preventing possible microbial contact ”’. Hence, it
was showed that V-N co-doped catalyst can degrade bacteria and antibiotic simultaneously under
visible light that is of great importance in the current scenario of microbiological and pharmaceutical

community.
3.2.7. Scavenger Experiments

Reactive oxygen radicals responsible for antibiotic degradation were analyzed by performing
scavenger experiments. Reactive radical scavengers such as Ethylene diamine tetraacetic acid
(EDTA), tertiary butyl alcohol (TBA), dimethyl sulphoxide (DMSO) and benzoquinone (BZQ) for
the determination of the influence of hole, hydroxyl, superoxide and electron radicals, respectively.
V2N1-TiO,, which was found to be the best catalyst among all compositions investigated in this
study, was taken in antibiotic suspension. 1 mM of each scavenger was added separately for each
experiment to determine which reactive oxygen species is most responsible for the
photodegradation. Among all scavengers, addition of EDTA decreased the photodegradation of
antibiotic to ~80%, as shown Fig. 9. This indicates that holes are the major responsible reactive
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radicals through which antibiotic degrade most. Similarly, addition of TBA, BZQ and DMSO
reduced the degradation up to 74%, 55% and 30% respectively. Chloramphenicol itself contains
positive charged amine species and electronegative chlorine. Therefore, attacking them by reactive
oxygen species might significantly compromise its configuration and hence lose its antibiotic
activity. Once the antibiotic starts degrading, its property to inhibit the bacteria will be restricted and

subsequently, prolonged exposure towards bacteria can also be avoided.

Time (min)

Fig.9. Scavenger experiments to identify responsible reactive oxygen species for the
photodegradation of antibiotic by V2N1-TiO,. (EDTA-Ethylene diamine tetraacetic acid, TBA-
Tertiary butyl alcohol, DMSO-Dimethyl sulfoxide, BZQ-Benzoquinone).
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3.2.8. Reusability: The reusability of the catalysts was studied by using the catalyst for repeated
degradation of the antibiotic solution. As discussed above, both 1 g/l and 2 g/l loading of the catalyst
has shown better photocatalytic activity against antibiotic degradation. Therefore, their reusability
effect was determined by using the same catalyst for more than two consecutive degradation cycles,
as shown in Fig. 10. After every cycle, the catalysts were washed with distilled water twice and
heated at 100°C for 60 min and used further for the next cycle. Good photocatalytic activity was
observed in the first cycle. However, the photoactivity of 2 g/l loading decreased gradually over
subsequent cycles. This might be due to increase in aggregation of catalyst resulting in the reduction
of the effective active surface area of the catalyst after every cycle. 1 g/l loading has shown

consistent photocatalytic activity suggesting better reusability factor for this catalyst loading.

1.0 Cycle 1 Cycle 3 Cycle 7

0.8

0.6 1

c/C,

0.4 4

0.2 1
—=—1 g/l

—eo— 2 g/l
0O 20 40 60 800 20 40 60 800 20 40 60 80
Time (min)

0.0

Fig.10. Reusability of V2N1-TiO; for photocatalytic activity.
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To summarize, vanadium doping in TiO, could have possibly created trapping centers and charge
migration on the semiconductor. This prevents recombination and decreases the band gap by
forming localized V-2p states in TiO, band structure. Similarly, vanadium doping prior to nitrogen
doping has efficiently increased the nitrogen dopant concentration by reducing the barrier for the
non-metal dopant into TiO, lattice. Besides enhancing visible light absorption nitrogen doping also
creates oxygen vacancies that facilitates efficient charge transport in the semiconductor. This
enhances the lifetime of photogenerated holes and electrons during photocatalysis. Among two
different states of nitrogen doping, this study clearly shows that interstitial nitrogen doping is more

effective than substitutional doping for photocatalysis.

4. Conclusions

Vanadium and nitrogen co-doped TiO, catalysts were synthesized successfully for antibiotic and
microbial degradation. The antibacterial activity of V-N co-doped TiO2 catalyst against E.coli was
studied successfully. The photocatalytic activity was higher if the concentration of vanadium and
nitrogen was maintained as 2 atom % and 1 atom %, respectively, in V-N co-doped catalysts. The
effects of interstitial and substitutional nitrogen doping in V-doped TiO; catalysts were studied and it
was shown that the photocatalytic antibiotic degradation was better under interstitial N-doping in V-
doped TiO, catalyst. V and N doping has extended the absorption wavelength towards visible region
and resulted in extending excellent charge transfer capability for higher photoactivity. Simultaneous
antibiotic and bacterial degradation was successfully studied using V-N doped TiO,. It was shown
that this catalyst can efficiently degrade both the antibiotic and bacteria simultaneously preventing
the bacteria from having prolonged contact with the antibiotic. Therefore, V-N doped TiO, was
determined as a better photocatalyst to degrade both antibiotic and bacteria in their close vicinity

under visible light.
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