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ABSTRACT: Wastewater discharged from the textile industry
contains approximately 15% unfixed dyes, predominantly 60−70%
azo dyes. These unfixed dyes are a major environmental concern
due to their persistence and potential toxicity. In this paper, an
environmentally friendly mercury-free XeI* excilamp emitting 253
nm UV light is reported, and the same has been utilized for the
degradation of azo dyes using the advanced oxidation process
(AOP) with TiO2/H2O2. A new process is developed in which one
electrode of excilamp is coated with TiO2 nanoparticles that
improves the efficiency of the dye degradation. Additionally, the
effects of varying TiO2 loading concentrations, XeI*-excimer light
intensity, starting dye concentration, suspension pH, and H2O2
addition are examined. The outcomes of this study confirm 13 times faster degradation in XeI*-excimer/H2O2 than in XeI*-
excimer/TiO2, attributed to an abundance of hydroxyl radicals generated by the modified XeI*-excimer/H2O2. Also, the degradation
of RB5 in the modified XeI*-excimer/H2O2 is 2.3 times faster as compared to that of the bare electrode XeI*-excimer/H2O2. A more
than 95% reduction in chemical oxygen demand has been achieved in 40 min in the case of XeI*-excimer/H2O2. In this study, a
maximum energy yield of 5712 mg/kWh is reported. Furthermore, a high degree of degradation is found in the alkaline medium (pH
10). Because textile effluent is highly alkaline, this result is significant, and direct treatment of azo dyes is possible. The use of the
developed source in industrial applications appears to be highly promising based on testing on a real wastewater matrix. The treated
effluent has been utilized to study its reusability for agricultural purposes on the germination of radish seeds in soil, and ∼26%
enhanced germination has been observed compared to dye wastewater.

1. INTRODUCTION
To ensure compliance with environmental discharge regu-
lations, wastewater quality assessment requires several compo-
nents.1 One significant issue that frequently causes wastewater
to have a particular color is the presence of organic dyes. Textile
effluents contain typical dye content ranging between 10 and
200mg/L.1 Many human and animal disorders have been traced
to the toxic and highly carcinogenic nature of textile dyes.2,3 A
wide range of dyes exist, but because of their bright and long-
lasting color, azo dyes (−N�N−) contribute 60 to 70% of the
total dye consumed in the textile, paper, and leather industries.4,5

These dyes are frequently utilized in industrial procedures, such
as manufacturing artificial dyes and coloring materials in sectors
like textiles, dry cleaning, and others.6 Significant quantities of
water are utilized in the textile industries for dying processes.
Subsequently, color-rich wastewater is released at the various
stages of the dying process,1 necessitating the urgent develop-
ment of closed-loop water supply systems to address concerns
about resource usage. Also, because azo dyes are hydrolyzed,7

they cannot be recovered for reuse and must therefore be

degraded or eliminated before being released into the environ-
ment.
Various chemical, physical, and biological techniques are used

to eliminate synthetic dyes from wastewater. These techniques
include advanced oxidation process (AOP), adsorption, ultra-
filtration, reverse osmosis, ion exchange, chlorination, ozone,
aerobic, electro-Fenton, plasma treatment, and anaerobic.8−14

Among them, AOPs such as ultraviolet light (UV) with H2O2/
O3 and photocatalysis are gaining popularity in removing
complex organic pollutants from water and wastewater.15−19

AOP accelerates the elimination of hazardous contaminants by
creating highly reactive hydroxyl radicals (•OH).20 The •OH is
an extremely powerful, nonselective oxidant that causes partial
or total mineralization of organic dye substances.21 Among
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various AOPs, heterogeneous photocatalytic oxidation, partic-
ularly UV/TiO2, is drawing a lot of attention.22 TiO2 is
considered a more attractive choice for photocatalysts in
environmental cleanup operations because of its low cost, high
reactivity, high chemical stability, and nontoxic and insoluble
nature.23,24

The most challenging problem in AOPs is the use of
conventional UV light sources that often containmercury, which
is even more detrimental to the environment than the treated
pollutants because of their routine replacement and frequent
filament failure.25,26 The best alternative to conventional
mercury-based UV lamps is the dielectric barrier discharge
(DBD) based mercury-free plasma UV excilamp.27 Another
difficulty related to AOPs is that, after the degradation process,
the extraction and reuse of the catalysts from the treated matrix
are quite challenging.28 Recently, many research groups
reported the immobilizing of photocatalysts directly onto the
reactor walls to remove the organic dyes from the waste-
water,29,30 but the problem associated with this process is the
decrease in photoactivity after certain cycles as well as the
removal and replacement of photocatalysts from treated
solution.31,32 So, there is a need for process optimization,
which eliminates the recovery and reuse of photocatalysts and
simultaneously enhances the mineralization rate. According to
Sun and Bolton,33 H2O2 suspension shows a higher •OH radical
generation rate and quantum yield than TiO2 suspension;
therefore, H2O2 can be considered as a radical promoter in
photocatalytic applications.
Accordingly, excimer light sources based on the DBD

combined with photocatalysts are being explored as a possible
substitute to overcome these shortcomings. Excimer UV lamps
are nontoxic (mercury-free), have instantaneous startup time,
and are easily scalable and repairable. Such excilamps are an
efficient source for water disinfection, dye degradation, and
micropollutant removal.27,34,35 Murcia et al.36 performed the
photodegradation of different dyes using XeBr, KrCl, and Cl2
excilamps and found that KrCl excilamps show the best removal
percentage followed by XeBr and Cl2 excilamps. In another
study by the same research group, two excilamps were compared
in a UV/H2O2 process, and it concluded that excimer
technology could be an excellent alternative to conventional
methods.37 In another study, Allabakshi et al. reported that azo
dyes can be efficiently decomposed by using DBD in

combination with a UV-C source,38 and they concluded that
this combination can overcome the quenching effect of •OH.
In this paper, the design and development of a mercury-free

DBD-based modified XeI* excilamp are reported in which one
of the electrodes is coated with TiO2 nanoparticles to enhance
the mineralization efficiency of the treated dye. This modified
XeI*-excilamp generates 253 nm UV-C light and reactive
oxygen species from the TiO2 coated electrode simultaneously.
The transportation mechanism of different active ions and
reactive species from the gas phase to the aqueous phase has
been discussed. The developed modified excilamp is the first of
its kind and has been utilized to degrade RB5 azo dye effectively.
The effects of different catalyst loadings, initial concentrations of
dye, solution pH, and different concentrations of H2O2 are
examined at different treatment times for the degradation of RB5
dye. Instead of loading photocatalysts in the wastewater
suspension, we coated the TiO2 on the electrode of the excilamp
and utilized H2O2 as a radical promoter with varying
concentrations of 0.013 to 0.039% v/v. To determine the
toxicity of dye wastewater treated using various processes, radish
seeds were germinated in soil using the treated dye wastewater
and deionized water, and the results were analyzed. An
understanding of how reactive species in the gas and aqueous
phases interact with wastewater constituents and an effective
strategy to valorize treated effluent are discussed.
The main components of uniqueness in this study are as

follows:
1. A modified system (XeI* excilamp) that can simulta-
neously generate 253 nmUV light and the active ions and
reactive species is developed.

2. By coating one of the electrodes of the excilampwith TiO2
nanoparticles catalyst and diffusing the active ions and
reactive species from the gas phase to the aqueous phase,
the recovery step of photocatalysts is eliminated from the
treated wastewater.

3. Accelerated degradation andmineralization of azo dye are
reported when a modified excilamp is employed, and
0.04% v/v H2O2 is the only radical promoter used.

4. The role and mechanism of the active ions and reactive
species generated from the TiO2-coatedmesh electrode in
the degradation process are reported.

5. Themodified XeI*-excimer/H2O2 treated wastewater has
also been utilized for its phytotoxicity analysis on the
germination of radish seeds.

Figure 1. (a) Section view and (b) original view of the 253 nm mercury-free modified XeI*-excimer light source.
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2. EXPERIMENTAL SETUP
2.1. Materials. Quartz tubes were purchased from QSIL

GmbH (Germany), and reactive black 5 (C26H21N5Na4O19S6)
and methylene blue (C16H18N3SCl) dyes were purchased from
Sigma-Aldrich and used without any further processing.
Hydrogen peroxide (H2O2, 30% w/v), sodium hydroxide
(NaOH, 97.0%), sulfuric acid (H2SO4, 97.0%), hydrochloric
acid (HCL, 37%), benzoquinone (C6H4O2, 98%), ammonium
oxalate (N8H4C2O4, 99%), and isopropanol (IPA, C3H8O), and
iodine crystal were purchased from Sigma-Aldrich. Research-
grade xenon gas (99.99%) was procured from Phoenix Gases
Pvt. Ltd., India, and argon gas (99.99%) was procured from The
Scientific and General Agencies, India. Titanium dioxide (TiO2)
nanoparticles were synthesized in the laboratory. All of the stock
solutions were prepared in deionized (DI) water and artificial
wastewater. A mercury-free modified XeI*-excimer UV-C (253
nm) lamp was developed using standard laboratory practices.39

2.2. Excimer UV Source Design. The developed DBD-
based XeI*UV-C excimer light source is shown in Figure 1. The
inner and outer tube dimensions are 10 mm OD and 7 mm ID,
and 16 mm OD, and 13 mm ID, respectively, and the lamp
length is 160 mm. A wire mesh of stainless steel having a
thickness of 0.1 mm coated with TiO2 nanoparticles is used on
the outer surface of the larger OD quartz tube, which acts as the
ground electrode. An aluminum rod inserted inside the smaller
quartz tube acts as a high-voltage electrode in the coaxial DBD
configuration. This electrode is hermetically sealed for electrical
isolation. The sectional and original view of the developed
excimer source can be seen in Figure 1a,b, respectively. The
development of a mercury-free modified XeI*-excimer light
source consisted of multiple parts; first, the gas gap was
evacuated up to 1 × 106 mbar of base pressure using a roughing
vacuum pump and turbo molecular pump. After evacuation, the
source was flushed with inert gases (argon and xenon) in a
controlled manner before the desired pressure of the xenon and
iodine mixture. The source was again evacuated up to the above-
mentioned base pressure, and the gases were controlled by
needle valves. Research-grade xenon gas (99.99%) was used, and

a fraction of iodine was introduced for plasma formation in the
lamp. The iodine concentration was optimized experimentally
by varying its concentration from 5 to 0.0005% xenon for
optimum UV-C radiations. The xenon gas pressure of 200 mbar
was optimized in the experiment, along with a petite iodine
concentration of 0.005% of xenon gas. Finally, the optimized
lamp was pinched for further experimentation.
The developed mercury-free excilamp was operated by a

bipolar pulsed power supply [1−10 kV, 10−40 kHz, 1 A, 2 μs
pulse width] at different power settings. The power supply was
grounded properly to avoid any electrostatic gathering. For the
visualization of voltage and current waveforms, a high-voltage
probe (Tektronix P6015A, 1000X) and a current monitor
(Pearson 110, 0.1 V/A) were connected to a four-channel mixed
domain oscilloscope (Tektronix MDO3014, 100 MHz, 2.5 GS/
s). A calibrated thermocouple and IR camera were used to
measure the temperature of the excimer source during
experimentation.
When the excimer source is powered with high voltage, the

excitation of the gases takes place, and the formation of XeI*
excimer molecules occurs. Within a few nanoseconds of
excitation, these excimer molecules decompose and release
UV photons at 253 nm, with some weak transitions at other
wavelengths. The length of the developed XeI* excilamp was 15
cm with an outer diameter of 1.6 cm, which corresponds to a
surface area of 76 cm2 for UV output radiation. An Andor PMT-
based monochromator (SR-500i-B1) equipped with an optical
fiber (200 μm, Ocean Optics) was used for analyzing the optical
properties of the developed excimer source. A grating with 2400
grooves/mmwas used to record the optical spectra of developed
mercury-free XeI*-excilamp from 200 to 320 nm. For the
measurement of the absolute intensity (in mW/cm2) of the UV
light from the excimer source, a Hamamatsu UV power meter
(C9536) was used with a sensor head (H9535) precalibrated at
the 254 nm wavelength. For the optical and electrical
characterization of the developed excimer source, a complete
experimental setup is shown in Figure 2a.

Figure 2. (a) Experimental setup of the developed mercury-free XeI* excimer light source equipped with electrical and optical measuring equipment.
The dashed line box shows the cross-sectional view of the developed excimer source and (b) a schematic view of the experimental setup for mercury-
free modified XeI* excilamp-based degradation of azo dye.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00516
ACS Omega 2024, 9, 15615−15632

15617

https://pubs.acs.org/doi/10.1021/acsomega.4c00516?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00516?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00516?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00516?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.3. Preparation of TiO2 Nanoparticle Powder and Its
Coating onto the Outer Electrode. The photocatalytic
activity of any catalyst strongly depends on its phase and
crystalline size.40,41 In this study, the TiO2 nanoparticles were
prepared by the sol−gel method, and the detailed method of
preparation and advantage are discussed in our previous
work42,43 as well as in Section 1.1 of the Supporting Information
(SI). The prepared TiO2 nanoparticle solution was coated on
the stainless-steel wire mesh electrode by a dip coating process,
and the coated electrode was then annealed at 450 °C for 3 h to
achieve strong coating. To confirm the nanoparticle formation,
the prepared TiO2 nanoparticle solution was annealed further at
450 °C for 3 h, and the obtained powder was analyzed using
electron microscopy and UV−vis spectroscopy. The optical
bandgap (Eg) energy of the synthesized nanoparticles was
determined using the Tauc equation and Kubelka−Munk
method,44 which can be expressed as

hv A hv E( ) ( )n
g= (1)

F R
R

R
( )

(1 )
2

2

=
(2)

where F(R) is the Kubelka−Munk function, equivalent to the
absorption coefficient (α). By plotting the quantity of
F R hv( ) 1/2[ ] against the photon energy (hv), the band gap of
the nanoparticles was estimated. The band gap of 3.2 eV
confirms the anatase phase of the TiO2 nanoparticles. The field
emission scanning electron micrograph (FE-SEM) and high-
resolution tunneling electron microscopy (HRTEM) demon-
strate the crystalline size of the nanoparticles. The stability of the
coating on the mesh electrode was confirmed by performing a
Scotch tape test.
The structural analysis of the synthesized material was done

using an X-ray diffractometer (XRD) with Cu Kα radiation (λ =
1.54 Å), and data were collected for the two theta range of 20−
80° at 0.02° step size. X-ray photoelectron spectroscopy (XPS:
monochromatic Al Kα source, Thermo Fisher Scientific, USA)
studies were performed to observe the surface properties and
chemical states of the synthesized material.
2.4. Procedure and Analysis of Dye Degradation. All

experiments were performed in the batch reactor, as shown in
Figure 2b. A solution of different concentrations of the RB5 dye
in DI water and artificial wastewater was chosen as a potential
pollutant. An acrylic closed chamber of 1 × 1 × 1 cubic feet was
used to house the developed mercury-free modified XeI*-
excilamp and dye solution. The internal walls of the reaction
chamber were covered with aluminum foil to reflect maximum
UV irradiation onto the solution. The lamp was integrated into
the upper portion of the chamber. A Petri plate with a diameter
of 15 cm and a capacity of holding 500mL of solution was placed
on a magnetic stirrer, and a suspension of RB5 dye was
transferred into it. UV-C irradiation was provided by using the
developedmercury-free excimer source. The 5mL samples from
the suspension were withdrawn at regular intervals and
immediately centrifuged at 3000 rpm for 15 min to remove
catalyst particles entirely if loaded.
The effect of different XeI* excilamp intensities and impact of

initial dye concentration (10, 30, 50, 70, and 90 mg/L), different
catalyst loading (0.5, 0.75, 1, and 1.25 g/L), different pH (acidic,
ambient, and alkaline), and different H2O2 concentrations (1, 3,
and 5 mM) were analyzed to realize the degradation kinetics of
the RB5 azo dye.

For the catalyst loading experiments, the required amount of
TiO2 was added, and the resulting catalyst suspension was
magnetically stirred for 30 min in the dark to ensure complete
equilibration of adsorption/desorption of RB5 on the TiO2
surface. In most cases, experiments were performed at ambient
solution pH, which were left unconstrained during the
photocatalytic reaction. For experiments conducted under
acidic or alkaline conditions, the initial pH was adjusted by
adding the relevant quantity of H2SO4/HCL or NaOH,
respectively. When the experiments were performed in the
presence of H2O2, an appropriate amount of 35% w/v solution
of H2O2 was added to attain the desirable concentration. All of
the experiments were performed at ambient temperature, and all
other parameters were kept the same throughout. Experiments
were repeated more than three times, and the average values
were plotted.
A UV−vis spectrophotometer (PerkinElmer, USA) was used

to measure the RB5 dye concentration at its maximum
absorbance (λmax = 598 nm). High-resolution mass spectrosco-
py (HR-MS) and Fourier transform infrared spectroscopy
(FTIR) were also used to analyze the degradation mechanism. A
Vertex 70 V + PMA50 spectrophotometer (Bruker, USA) was
used to record the FTIR spectra of untreated and treated day
samples. The IR absorption spectra were recorded in the
wavelength region of 4000−500 cm−1 with 32 scans at a
resolution of 4.0 cm−1. The RB5 degradation profile was
confirmed by HR-MS analysis (Agilent 6500 Q-TOF LC/MS
System). For this purpose, the samples were filtered and mixed
with a final dilution of 1 mL of methanol/ACN (LC/MS grade)
and introduced into an HR-MS equipped with a Dual AJS ion
source operating in positive ionization mode in an ESI scan. All
samples were analyzed using the following conditions: 50 °C dry
gas temperature, 180 μL/h flow rate, capillary voltage of 5 kV,
and nebulizer gas (N2) pressure of 4.0 bar with a dry gas flow of
4.0 L/min. The mass range was m/z 200−1000 for all analyses,
and 200 scans were acquired. Finally, the collected data were
processed using suitable HR-MS software analysis.
The dye degradation efficiency, energy yield, and COD

reduction were estimated using the following relationships:45,46

C C
C

Degradation efficiency(%) 100t0

0
= ×

(3)

i
k
jjj y

{
zzzY

C V D
P t

Energy yield,
mg

kWh
0=

× ×
× (4)

COD COD
COD

COD reduction(%) t0

0
=

(5)

where C0 is the initial concentration of the dye (mg/L), Ct is the
dye concentration after treatment time t (mg/L), V is the
volume of solution treated (L), D is the fraction of pollutant
removed at a time t, P is the input power (kW), t is the treatment
time (hour), COD0 is the initial value of chemical oxygen
demand (mg/L), and CODt is the value of chemical oxygen
demand after treatment time t (mg/L).
2.5. Assessment of the Reusability and Toxicity of the

Treated DyeWastewater. The toxicity effect of the untreated
and treated dye effluents was assessed by employing their utility
in the germination of radish seeds. The germination of the radish
seeds was carried out using five different water samples,
including DI water, untreated dye wastewater, treated dye
wastewater with XeI* excimer/H2O2 (3 mM) for 3 and 40 min,
and treated dye wastewater with XeI* excimer/TiO2 (1 g/L).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00516
ACS Omega 2024, 9, 15615−15632

15618

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00516/suppl_file/ao4c00516_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The pH of the solution used was neutral; therefore, we did not
perform the neutralization of the treated effluents. The seeds
were directly sown in the soil, and treated wastewater was used
to water the soil to see the effect of different liquids on the
growth of the stem and root of the radish seeds. This study was
carried out for 3 days, and the impact of the different treated and
untreated dye wastewater on the germination rate, stem length,
and root length of the radish seed was studied.

3. RESULTS AND DISCUSSION
3.1. Excilamp Characterization. The photocatalytic

activity and dye degradation rate strongly depend upon the
intensity and wavelength of the UV light source used.47 The
absolute intensity of the developed UV-C (253 nm) lamp is
shown in Figure 3a as a function of discharge power (W). It can
be seen that the intensity increases linearly with increasing input
power (R2 > 0.99), and the time required to stabilize the UV
intensity was about 30 s. A maximum of 2570 μW/cm2 UV-C
intensity is obtained at 42.5W. All of the experiments of RB5 dye
degradation are performed at an absolute UV intensity of 1050
μW/cm2 (optimized based on gas pressure, applied voltage, and
lamp heating) unless specifically mentioned. The optical
emission spectra (OES) of the developed DBD-based excilamp
are shown in Figure 3b. A prominent 253 nm spectral band
corresponding to the B-X transition for XeI* along with some
weak transition bands at 206 nm (D-X transition for I2), 265 nm

(C-A transition for XeI*), and 320 nm (B-A transition) can be
seen in Figure 3b. Along with the 253 nm spectral band, these
weak bands also participate in the process of degradation of dyes
by enhancing the generation of •OH.
The typical voltage−current (V−I) characteristic is shown in

Figure 3c at an applied voltage of 7 kV and frequency of 25 kHz.
The input power of the excilamp is estimated by multiplying the
recorded voltage and current values in the V−I characteristics
and then integrating them over time.48 The input power is found
to be 17.5 W for the developed mercury-free excilamp at the
optimized parameters with 1050 μW/cm2 UV output. From the
absolute intensity measurement, we found that the XeI* excimer
light source has an instant startup with full radiation output, in
contrast to the mercury-based UV-C lamp, which has a startup
time of about 2.5 min.49 Figure 3d shows the temporal variation
of temperature of the treated dye solution with respect to the
treatment time. Even after 60 min of UV exposure to the dye
solution, the solution temperature remains well below 330 K,
indicating the nonthermal nature of the treated solution.
3.2. Characterization of TiO2 Nanoparticles. The size

and morphological characteristics of the nanoparticles are
determined prior to the dye degradation process using FE-
SEM and HRTEM analysis, and results are shown in Figures
4a−c. Figure 4a shows the FE-SEM image of a segment of TiO2
coated stainless steel wire mesh electrode at a magnification of
67× (scale bar: 1 mm). The coating of TiO2 is clearly visible on

Figure 3. (a) Absolute XeI* excilamp intensity with respect to discharge power of the excimer source, (b) OES spectra of the excimer source
dominating at wavelength 253 nm, (c) typical V−I characteristics of the developed source, and (d) temperature variation of the treated solution as a
function of XeI* excimer treatment time.
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the mesh electrode. A high-magnification (80,000×, scale bar: 1
μm) image has also been captured by focusing on the single wire
of the mesh electrode (see Figure 4b). To confirm the size of the
nanoparticles, the FE-SEM of the TiO2 nanopowder is also
performed, and the obtained image can be seen in Figure 4c. The
average size of the nanoparticles is ∼23 ± 2 nm (as marked in
Figure 4c) and is quite suitable for photocatalytic applications.50

The Kubelka−Munk plot of synthesized TiO2 nanoparticles is
shown in Figure 4d, which confirms that the band gap of
synthesized TiO2 is 3.2 eV, corresponding to the anatase
phage.51 This phase of the TiO2 nanoparticles is most suitable
for photocatalytic applications in dye degradation.52 The XRD
pattern of the synthesized TiO2 nanoparticles is shown in Figure
S2.
Based on theHRTEMmicrographs, spherical-like shapes with

particle diameters of 20−30 nm could be seen for the
synthesized TiO2 nanoparticles (see Figure 5a). The variation
in size between the nanoparticles obtained using the FE-SEM
and HRTEM techniques might be attributed to both particle
aggregation phenomena and the loss of nanoparticle stability
during the freezing-drying process. The Image View software
was used to analyze the particle size of the TiO2, and
measurement was taken over more than 60 particles. The
historiographical representation of this measurement is shown
in Figure 5b. To analyze the size, the Gaussian distribution was
used. The surface properties and the changes in the chemical
state can be evaluated using XPS. Figure 5c,d shows the XPS
spectrum recorded for synthesized TiO2. Two spectra are
observed: one for theO 1s spectrum and the other for Ti 2p. The
peak observed at 529.52 eV in Figure 5d is mainly observed for

TiO2. Another peak observed at 531.20 eV is possibly attributed
to the adsorbed hydroxyl and oxygen ion; a broad peak suggests
that they are weakly bound.53 Figure 5c represents the spectrum
of Ti 2p, in which two doublet peaks are observed, Ti 2p3/2 and
Ti 2p1/2, at binding energies of 458.32 and 463.98 eV,
respectively. This observed doublet is due to the spin−orbit
coupling interaction.54 Besides Ti and O, no other peak is
observed, which suggests the phase purity of the synthesized
TiO2 nanoparticles.
3.3. Effect of Different Parameters on the Dye

Degradation Efficiency. The effect of different parameters
(initial dye concentration, pH, H2O2, and catalyst loading) on
the degradation of the RB5 dye has been analyzed further. Figure
6a shows the chemical structure of the RB5 dye. The absorption
spectra of the 50 mg/L RB5 dye solution as a function of
different treatment times when exposed to excimer UV-C
irradiation of intensity around 1 mW/cm2 in the presence of
0.75 g/L TiO2 loading at ambient pH are shown in Figure 6b.
The RB5 dye has two broad and intense absorption bands at 312
nm in the UV region and 598 nm in the visible region; both have
diminished upon exposure to the developed mercury-free XeI*
excimer source. The intensity of the band at 598 nm is
characteristic of the chromophore azo double bond of the RB5
dye. This intensity decreases rapidly when exposed to the UV-C
excimer light, confirming approximately 90% degradation of the
dye within 60 min of the treatment time and complete
degradation in 90 min. A weak band in the UV-B region (312
nm) was also observed after 40 min, probably due to aromatic
byproducts in the reaction medium.55

Figure 4. FE-SEM images of the TiO2-coated outer mesh electrode at a magnification of (a) 67×, (b) 80,000×, and (c) FE-SEM image of synthesized
TiO2 nanoparticles (240,000×), and (d) the Kubelka−Munk plot of synthesized TiO2 nanoparticles.
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Figure 6c shows the pictorial representation of the
decolorization of dyestuff at different exposure times by the
developed excimer UV-C light source. A blank adsorption test

was carried out in the dark by adding only 0.75g/L of TiO2 in 50
mg/L of the dye suspension, and we found negligible
degradation (<1%) in the initial concentration of the RB5.

Figure 5. (a) Representative HRTEM micrographs of synthesized TiO2 nanoparticles and (b) histogram representation with fitted Gausssian
distribution for calculating TiO2 nanoparticle average particle size. High-resolution XPS spectra of (c) Ti 2p and (d) O 1s in synthesized TiO2
nanoparticles.

Figure 6. (a) Chemical structure of RB5 (MW 991.8), (b) UV−vis absorbance spectrum of the RB5 dye as a function of XeI* excimer light treatment
time with 0.75g/L TiO2 catalyst loading at ambient pH, and (c) pictorial representation of the degradation of the RB5 dye as a function of treatment
time.
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The same test was performed in the visible light, and we found a
< 2% reduction in the initial concentration of the dye after 60
min. It implies that the used dye is photostable in the visible
range and is in agreement with the results published elsewhere.55

3.3.1. Effect of Excimer UV-C Intensity. The effect of excimer
UV-C light intensity on RB5 dye degradation for the case of 50
mg/L dye concentration and 1 g/L TiO2 loading at ambient pH
is shown in Figure 7a. The effect of variation in light intensity has
been studied in the range 550−2550 μW/cm2. As can be seen in
Figure 7a, the deterioration rate increases with increasing UV
radiation intensity. This is because, with the increase in UV
intensity, more UV-C photons fall on the catalyst surface,
resulting in enhanced production of •OH, which leads to a high
degradation rate47,56 Liu et al.57 experimented three different
light intensities (1.24, 2.04, and 3.15 mW/cm2) and found that
the decolorization rate of the dye increases with increasing light
intensity.
When the intensity was around 550 μW/cm2, the dye

completely degraded in about 90 min, and when the intensity
was around 2550 μW/cm2, the complete degradation of the dye
took only 12 min. As mentioned above, for the developed
mercury-free excilamp, the optimized UV-C intensity is 1050

μW/cm2; therefore, all of the experiments of RB5 dye
degradation are performed at an absolute UV intensity of
1050 μW/cm2.

3.3.2. Effect of Initial Dye Concentration. The dependence
of the photocatalytic process on the substrate concentration has
also been investigated. The degradation is tested by varying the
dye concentration from 10 to 90 mg/L and loading 1 g/L of
TiO2 catalyst at ambient pH. The acquired findings are shown in
Figure 7b,c. For 50 mg/L, RB5 dye decomposed fully in just 40
min, whereas 90 mg/L degraded only∼ 65% in the same period.
It is evident that the higher the dye concentration is, the longer is
the treatment time (see Figures 7b,c). For the increased dye
concentration, less excimer UV-C photons could reach the
photocatalyst surface, resulting in reduced •OHgeneration. The
primary mechanism for •OH driven reactions is as follows:

hvTiO TiO (e ) TiO (h )2 2 2+ + + (6)

h H O OH OH2+ • ++ + (7)

e 0.5O H O OH OH2 2+ + • + (8)

h OH OH+ •+ (9)

Figure 7. Effect of XeI* excimer light intensity on the (a) complete degradation of the RB5 dye (50 mg/L with 1g/L TiO2 at ambient pH), (b)
degradation as a function of exposure time with different initial concentrations of the RB5 dye with 1g/L TiO2 at ambient pH, (c) residue dye
concentration at different times, and (d) degradation under XeI*-excimer/TiO2 processes based on a pseudo-first-order model.
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RB5 OH RB5 H O degradation product2
OH

+ +• • •

(10)

In addition, there are indications that decolorization/
degradation of suspension occurs by direct transfer of electrons
and holes from the TiO2 surface to the dye molecules

58,59 as
follows:

RB5 e RB5 degradation product+ • (11)

RB5 h RB5 degradation product+ + • (12)

So, as the dye concentration rises, photocatalyst activation
decreases, resulting in fewer electrons available for direct
reduction and fewer holes available for direct oxidation of the
dye bond, further inhibiting degradation. The photocatalytic
degradation of RB5 follows the pseudo-first-order kinetic model
(see results in Figure 7d) and is expressed as shown in eq 13:60

i
k
jjjjj

y
{
zzzzz

C
C

ktln
t

0 =
(13)

where k is the first-order rate coefficient, C0 is the initial
concentration of the RB5 dye, and Ct is the RB5 dye

concentration at time t. The value of Ct is obtained from Figure
7c. The obtained k values for 10, 30, 50, 70, and 90 mg/L are
0.1173, 0.0886, 0.0692, 0.0623, and 0.0343, respectively. The
rate coefficient demonstrated linearity and validated the
behavior of first-order kinetics. At low RB5 concentrations,
the penetration of UV light into the aqueous solution is very high
because of the lower concentration of dye molecules. However,
when the dye concentration increases (70/90 mg/L), the
degradation behavior deviates from first-order kinetics because
of the lower penetration of UV light in the aqueous phase. This is
because at high concentrations, the dye degradation rate is
relatively slow at first. However, after 10 to 20 min of treatment,
the rate of degradation increases because of reduced dye
molecules. The obtained k values from this study are higher than
the other reported k values for less than 75 mg/L dye
concentration.58

3.3.3. Effect of TiO2 Loading. Another important parameter
for dye degradation studies is the catalyst loading. To determine
the optimal amount of the catalyst dose, experiments have been
performed at ambient pH by varying the amount of the catalyst
from 0.5 to 1.25 g/L in 50 mg/L initial dye concentration. The
effect of different concentrations of TiO2 is shown in Figure 8a
and the degradation efficiency increases continuously, with an

Figure 8. (a) Effect of different amounts of catalyst loading on RB5 dye degradation using the XeI* excimer light source at 50 mg/L initial dye
concentration. (b) Effect of different pH values on RB5 dye degradation using the XeI* excimer light source at 50 mg/L initial dye concentration. (c)
Effect of different concentrations of H2O2 on RB5 dye degradation using the XeI* excimer light source at 50 mg/L initial dye concentration. (d) Time
course dye degradation with 3 mM H2O2 addition on different dye concentrations.
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increase in the catalyst loading. However, the dye degradation
efficiency decreased when the catalyst dose exceeded 1 g/L. At
higher TiO2 loading, the UV-C photon absorption increases,
which results in more •OH production and increment of
absorbance of dye molecules.55 The increase in the photo-
catalytic performance with increasing TiO2 loading is evidence
of a heterogeneous catalytic phase. This is because the amount
of incident light absorbed by TiO2 increases with an increasing
TiO2 dosage in the suspension.
Interestingly, when the TiO2 dose exceeded 1 to 1.25 g/L, the

dye degradation efficiency declined. Perhaps the increased XeI*
excimer light reflectance caused by the TiO2 nanoparticles is
mostly responsible for the decline in the RB5 dye degradation
efficiency, as reported elsewhere.61 We could identify an
optimized concentration of TiO2 catalysts as 1 g/L for 50 mg/
L dye degradation when our advanced photocatalytic mercury-
free excimer UV-C lamp is used. In a previous report, the
optimized concentration of TiO2 loading was 2 g/dm3 in a solar/
TiO2 process, and the complete degradation was achieved in 200
min when the dye concentration was 3.85 × 10−4 M.61

The reusability and stability experiments of prepared TiO2
nanoparticles have also been performed, and it was found that
the prepared catalyst maintained good stability and reusability
after five cycles of dye degradation (as shown in Figure S3).
More information on reusability and stability can be found in
Section 1.3 of the Supporting Information.

3.3.4. Effect of pH. The most important parameter that
influences photocatalytic degradation is the pH of the
solution.58 Five different pH values in acidic, ambient, and
alkaline media were studied to see the effect on the
decolorization of the dye molecule at a fixed TiO2 dose of 1
g/L. Figure 8b shows the percentage degradation of RB5 under
acidic, ambient, and alkaline conditions. It can be observed from
Figure 8b that degradation is much faster in the case of an
alkaline medium than in an acidic medium. In just 20 min of
treatment, the degradation has accelerated by 2-fold as the pH of
a dye suspension rises from 2 to 10. This shows that the alkaline
conditions are more favorable in our case. In general, the pH of
the textile effluents is alkaline (∼10 ± 1);62 hence, these results
hold an excellent opportunity to degrade the textile effluents
more effectively.
The point of zero charge (PZC) for TiO2 is 6.8. The surface of

the catalyst is positively charged when the pH is below PZC and
negatively charged when the pH is above PZC.63 The RB5 dye is
fully in anionic form within the pH range studied, i.e., due to the
presence of sulfonic groups. With an increase in pH, the negative
charges on TiO2 are expected to repel the dye, and a decrease in
photodegradation with increasing pH was expected. However, it
has been observed that the RB5 dye degradation efficiency
increases with an increased pH. A similar result was reported
earlier for the RB5 dye and acid blue 40 dye degradation.58 This
effect may be attributed to the more efficient generation of •OH
by TiO2 with an increasing concentration of hydroxide ions. At
pH values of 10 and 6 (ambient), the complete degradation of
RB5 took around 30 and 40 min, respectively, making no
significant contribution due to the alkalinity medium of the
suspension. Accordingly, the ambient pH is selected for all of the
experiments until mentioned.

3.3.5. Effect of the Addition of H2O2. Figure 8c shows the
percentage degradation of the 50 mg/L RB5 dye profiles when
the concentration of H2O2 has been varied at ambient pH
(without any TiO2 loading). For 1 mM concentration of H2O2,
the complete degradation occurs in 7 min. In contrast, the

degradation rate becomes constant for further increases in the
H2O2 concentration, i.e., 3 and 5mM, and complete degradation
occurs in just 3 min of treatment. When we increased the
concentration of H2O2, the degradation time decreased because
of the higher •OH generation in the suspension. However, after
a certain limit, the degradation rate becomes constant because
H2O2 itself scavenges •OH (eq 14). Therefore, a high
concentration of H2O2 does not provide a high degradation rate.

H O OH H O HO2 2 2 2+ • + • (14)

The effect of H2O2 addition in a suspension containing 50 and
90 mg/L RB5 dye has been studied in further experiments. For 3
mM of H2O2 and the 90 mg/L dye solution, complete
degradation occurs in 6 min. In contrast, when the same
concentration of H2O2 in the 50 and 10 mg/L dyes is used,
complete degradation occurs in 3 and 1 min, respectively (see
Figure 8d). These results are due to the powerful oxidizing
nature of H2O2, reacting rapidly with excimer UV-C light to
produce •OH58 or reacting with electrons to produce •OH and
OH−23 through the following possible reactions:

hvH O 2 OH2 2 + • (15)

H O e OH OH2 2 + • + (16)

hH O 2 O 2Hvb2 2 2+ ++ + (17)

A dark test was also performed to check the degradation with
only H2O2, and negligible degradation occurred in the aqueous
dye solution, showing that the RB5 dye is quite stable under
bleaching conditions. Moreover, adding TiO2 into this process
reduces the degradation efficiency because H2O2 scavenges the
photogenerated oxidizing species, i.e., •OH and valence band
holes (see eqs 14 and 17),46 which would otherwise be available
for the oxidative destruction of the dye molecules. Accordingly,
XeI*-excimer/H2O2 is a preferable method of treating waste-
water because of its ability to produce •OH (on-site) and also
because it is a sludge-free operation with faster kinetics.64

3.3.6. Comparison and Mechanism of Degradation. Figure
9 compares XeI*-excimer/H2O2 performance with XeI*-
excimer/TiO2 and XeI*-excimer alone with different varying
initial dye concentrations for complete degradation of the RB5
dye. The time taken for complete degradation of RB5 dye (50
mg/L) by a XeI*-excimer light source with TiO2 is 40 min. On
the other hand, with the XeI*-excimer source alone, it took

Figure 9. Time comparison of XeI*-excimer/H2O2 performance with
XeI*-excimer/TiO2 and XeI*-excimer alone at different varying initial
dye concentrations for complete degradation of the RB5 dye.
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around 360min.WhenH2O2 is added to the dye suspension and
irradiated with XeI*-excimer light, it shows exceptional results,
and complete degradation of RB5 dye takes only 3 min. This is
perhaps due to the more significant production of •OH in XeI*-
excimer/H2O2 because of themultiple electron transitions in the
UV region (see Figure 3b) and the reaction mechanism (eqs
14−17) explained above. According to Sun and Bolton,33 the
•OH generation rate and the quantum yield for the TiO2
suspension are much lower than the H2O2 suspension, which
is also one of the reasons for the higher removal rate in the case
of H2O2 than TiO2.
A comparison of different UV-based reactors operated at

different powers for the degradation of the RB5 dye is shown in
Table 1. It reveals that the dye degradation time in advanced
XeI*-excilamp/H2O2 is much less than that of the other UV-
based reactors reported earlier in the literature.
In this study, the excitation of mesh electrode TiO2

nanoparticles occurred when the XeI* excimer source trans-
ferred the energy (253 nm) to the surface of the catalyst. This
reaction creates electron and hole pairs, which further react with
atmospheric moisture (H2O) and oxygen (O2) to generate a
pool of active ions and reactive species.69 The concentrations of
active air ions have been measured using an air ion counter (AIC
2, Alpha Lab, USA) and found to be ∼15,000 ions/cm3. The
negative air ions have been utilized for the on-site production of
•OH and other reactive species. As reported by Jiang et al.,69 the
lifetime of these negative air ions was found to be 100 s to several
minutes. Luts and Salm70 identified that superoxide ions (O2

−) is
the primary negatively charged ion and is more stable than other
negative air ions. These photochemically generated negative air
ions and reactive species can diffuse from the gas phase to the
aqueous phase and further react with the different species
present in the water, as shown in Figure 10. Various
computational and experimental studies show the different
scenarios of how these active ions and reactive species were
transported from the gas phase to the aqueous phase.71,72 In the
nonexistence of electron and hole pairs in the suspension
(because of absence of TiO2), superoxide ions (from the
modified XeI* excimer source) react with H2O2 and produce
•OH, which are subsequently used for the mineralization of
organic wastewater. A separate experiment has been performed
without a TiO2 mesh electrode to see the effect of only UV light
on the photolysis of H2O2 for dye mineralization. Because of the
low quantum yield of H2O2 at 253 nm,

35 the degradation rate
decreases, and results are shown in Figure S4.
3.4. Radical Scavenging Effect. The modified XeI*

excimer source-based degradation studies of the RB5 dye by

adding H2O2 as a radical promotor are also confirmed by
scavenging studies, as seen in Figure 11. These studies are used
to examine the role of the reactive species in the modified XeI*
excimer source-based degradation mechanism. Benzoquinone
(BQ), ammonium oxalate (AO), and isopropanol (IPA) act as
scavengers with active radicals O2

•−, h+, and •OH, respectively.73
The experiments are carried out using the modified XeI*

Table 1. Comparison of Different Reactors for the Degradation of Various Organic Dyes

dye
dye conc.
(mg/L)

sample
volume (mL) pH

light source and
intensity

power
(W) process type & loading

time
(min)

energy yield
(mg/kWh)

degradation
efficiency (%) refs

RB5 200 100 6 medium-pressure UV
lamp

250 UV/TiO2 & 0.2 mg/L 240 96 65

Acid Orange 7 10 28 mL/min 240 white LEDs 60 LED/N-TiO2,
continuous flow

90 66

Rhodamine B 40 500 4 high-pressure mercury
lamp (365 nm)

250 UV/TiO2 flow process
and 1 g/L

100 92 67

Methylene blue 20 6.8 19 multineedle to plane
liquid DBD plasma

40 537 90−96 68

Brilliant Red 5B 100 95 photo SDBD 14 401 >99 5
RB5 50 100 6 XeI* excilamp and

1.050 mW/cm2
17.5 UV/TiO2 & 1 g/L 40 428.6 >99 this

study
RB5 50 100 6 XeI* excilamp and

1.050 mW/cm2
17.5 UV/H2O2 &

0.0137% v/v
3 5712 >99 this

study

Figure 10. Proposed mechanism for the aqueous azo dye degradation
using a modified XeI* excilamp.

Figure 11. Quenching studies of reactive species during the modified
XeI* excimer source based degradation of the RB5 dye over H2O2 as a
radical promotor.
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excimer source without scavengers and with these three active
radicals on the RB5 dye in the presence of H2O2 as a radical
promotor. It is found that adding different scavengers
considerably reduces the rate of RB5 degradation. After
degradation, it exhibits 99.9, 74.4, 89.4, and 17.7% RB5
degradation for H2O2, BQ, AO, and IPA, respectively.
Therefore, from this experiment, it is clearly observed that
these three active radicals are involved in the degradation
mechanism and the production of •OH.
3.5. Energy Yield and COD Analysis. Energy yield is a

widely accepted parameter among the plasma-based water
treatment methods to evaluate the energy efficiency of plasma-
based reactors. In this study, the energy yield of a DBD plasma-
based mercury-free excilamp is computed for different methods
by using eq 4. For the complete degradation of dye, the

maximum energy yield in the case of XeI*-excimer/TiO2 is
found to be 428.6 mg/kWh for 50 mg/L dye concentration and
1 g/L TiO2.Meanwhile, the maximum energy yield in the case of
XeI*-excimer/H2O2 is found to be 5712 mg/kWh for 50 mg/L
dye concentration and 3 mM H2O2. Figure 12a shows the
system’s energy yield for different treatment methods used in
this work. Allabakshi et al.5 used a surface dielectric barrier
discharge system with UV-C light for dye mineralization and
reported a maximum energy yield of 522 mg/kWh. According to
the literature, the present XeI*-excimer/H2O2 system showed
reasonably good energy efficiency compared to many other
reported plasma reactors.
The mineralization and toxicity of treated RB5 dye are

estimated by the COD analysis of the untreated and treated dye
solution. COD is a parameter that reflects the organic burden

Figure 12. (a) Energy yield corresponding to different treatment methods for complete dye degradation (50 mg/L) and (b) COD removal as a
function of treatment methods at ambient pH and initial RB5 dye concentration of 50 mg/L.

Figure 13. Possible degradation pathway of RB5 dye by the XeI* excimer light-assisted photocatalytic reaction.
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and, by extension, the chemical concentration of effluents.
Transformation of organic compounds into inorganic com-
pounds reduces the COD and is directly related to the
degradation of organic matter.74 COD concentrations of 50
mg/L untreated dye solution and those treated with XeI*-
excimer/TiO2 for 40 min, XeI*-excimer/H2O2 for 3 min, and
XeI*-excimer/H2O2 for 40 min at ambient pH are shown in
Figure 12b. It is found that the initial COD concentration was
246.7 mg/L, and it declined to 67.68 mg/L after 40 min
treatment with the XeI*-excimer/TiO2 process. When COD is
reduced by up to 72.6%, at that treatment time, the rate of RB5
dye removal is found to be ∼99.9%. In the case of 50 mg/L dye
concentration and 3mMH2O2, the COD is reduced by 52.3% in
the treatment time of 3 min, and the rate of RB5 dye removal is
found to be ∼99.9%. For more than 95% COD reduction, it will
take 40 min in the case of 50 mg/L dye concentration and 3 mM
H2O2. We find that for more mineralization, more treatment
time is needed. Further, a significant decrease in COD values at
the RB5 dye suspension treated with the excimer UV-C
photocatalytic process indicated its potential for reactive azo
dye degradation. The results hold a good promise for the rapid
mineralization of the RB5 dye and can be an effective method for
the treatment of RB5 dye.
3.6. Possible Degradation Pathway of RB5 Dye.

Untreated and XeI*-excimer/H2O2 degraded RB5 dye samples
are examined usingHR-MS and FTIR techniques to determine a
possible mechanism for RB5 dye degradation. The fragmenta-
tion data and m/z values obtained from mass spectroscopy
analysis are used to identify the fragmented byproducts. Based
on the intermediates of its degradation and earlier publica-
tions65,75 a possible mechanism for the degradation of RB5 dye
is proposed and shown in Figure 13. Degradation of RB5 dye
follows multiple steps like dissociation of azo (−N�N−) bond,
rearrangement of the functional group, ring opening, and finally
its mineralization.
Initially, the breakage of the C−O bond in RB5 dye is caused

by the •OH immediate interaction with organic contaminants
that leads to the production of the intermediate as shown in A:
Intermediate in Figure 13 (m/z 787). According to A:
Intermediate, the breakdown of the azo bond leads to the
creation of products B (m/z 346) and C (m/z 280), which are
related with the direct degradation of RB5 dye through the UV-
assisted photodegradation process. Further, fragmentation of

product B results in the formation of product D (m/z 189) by
the dissociation of the C−SO3 bond. The fragmentation of
product C results in the formation of product E (m/z 148),
which mineralized into oxalic acid (m/z 90) through the ring
opening mechanism of product E. The •OH attack on the
benzene rings caused them to break, which then began the
breakdown of the RB5 dye into less refractory intermediate
molecules, eventually mineralizing into CO2 and H2O. It can be
inferred that the degradation of dyes involves the cleavage of azo
bonds, which results in the formation of aromatic amines
followed by their complete disintegration.65,76 The analytical
data showed that the azo (N�N) bond in the RB5 dye has been
degraded into several intermediate products.
3.7. Degradation Comparison with the Real Water

Matrix. The widely used process for textile wastewater
treatment is advanced photocatalytic oxidation. However, in
this process, the extraction and reuse of the catalysts are
challenging. We have eliminated the process of catalyst
extraction and recovery by developing a modified XeI* excimer
reactor for the faster degradation/mineralization of the azo dyes.
The effects of the XeI* excimer reactor on the real water matrix
(diluted seawater) have been investigated through a series of
tests, and the outcomes are compared to the model RB5
degradation. The different parametric values of DI water and
diluted seawater can be seen in Table S1. Figure 14 compares the
degradation of the model RB5 solution to that of diluted
seawater to demonstrate the effectiveness of the employed
approach. Sea water was chosen as a textile effluent alternative
due to the presence of high concentrations of salts because
during the wet dying process, the textile industries use salts to
enhance the penetration of the dye into the fabric and for dying
efficiency.77 The TiO2 and H2O2 based XeI* excimer
degradation rate of artificial textile water is lower than that of
the model RB5 solution prepared with DI water, as can be seen
in Figure 14a,b.
Textile effluent generally contains dissolved organic matter, as

well as ions such as CO3
2−, Ca2+, K+, Na+, HCO3

−, SO4
2−, etc. All of

these components react with •OH, thus reducing its
concentration and making it less accessible for dye molecules.
Also, •OH reacts with some inorganic ions, like HCO3

− and
SO4

2−, and forms the corresponding radicals, such as HCO3
• and

SO4
•−, which are less efficient for oxidation as compared to •OH

itself.78 Still, the modified XeI* excimer reactor is very efficient

Figure 14.Comparison of degradation rates in DI water and textile water (a) with TiO2 (initial RB5 concentration 50 mg/L, TiO2 loading 1 g/L, and
pH 10.4) and (b) with H2O2 (initial RB5 concentration 50 mg/L, H2O2 loading 3 mM, and pH 10.4).
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because the complete degradation has been achieved in just 7
min in the case of XeI*-excimer/H2O2. Because RB5 dye is an
anionic dye, it has been further demonstrated that the excimer
reactor that has been built is a superior alternative to traditional
techniques; the degradation of a cationic dye (methylene blue)
has also been performed. The results of this experiment have
shown that the modified XeI* excimer source using H2O2 as a
radical promoter successfully acts on the cationic dye as well,
and after just 8 min of treatment, 99.99% of the 50 mg/L of
methylene blue has been degraded. The UV−vis degradation
profile of methylene blue and the corresponding degradation
can be seen in Figure S5. A comparison of the degradation of
RB5 with TiO2/H2O2 in sunlight vs the modified XeI* source
can also be seen in Figure S6.
3.6 Toxicity Analysis of Treated Effluents and Its

Reusability for Agriculture Purposes. Radish seeds are first
sown directly into the soil to evaluate the germination ability of
the treated and untreated dye wastewater. The water resulting
from the separate treatments using XeI*-excimer/TiO2 and
XeI*-excimer/H2O2 is then used for watering the seeds. The
germination process is allowed to proceed for 3 days under
controlled conditions. The seed germination ability of DI water,
untreated dye wastewater, XeI*-excimer/H2O2 3 min treated
dye wastewater, XeI*-excimer/H2O2 40 min treated dye
wastewater, and XeI*-excimer/TiO2 40 min treated dye

wastewater is analyzed and compared by measuring the stem
and root length. Table 2 summarizes the germination
percentage, root length, and stem length after 3 days of
incubation.
To illustrate it further, the images of the growth of the stem

and roots of radish seeds during 3 continuous days of incubation
are captured, which are shown in Figure 15. Figure 15a shows
the growth of the radish seeds in soil for 3 days consecutively,
and Figure 15b provides a visual representation of the impact of
the various treatments on seed germination and growth (stem
and root length) in a more natural and applicable context.
The study demonstrates that treating dye wastewater

separately using XeI*-excimer/TiO2 and XeI*-excimer/H2O2
under 253 nm light significantly enhances the degradation of the
dye molecules. The water resulting from these separate
treatments shows positive effects on radish seed germination
and growth when compared to untreated dye wastewater. UV/
H2O2 treated wastewater shows enhanced germination
compared to DI water because some recent findings show that
H2O2 can be used to increase the growth of the plant

79,80 On the
other hand, when H2O2-dissolved wastewater is treated with a
DBD-based modified XeI*-excimer source, various reactive
oxygen species are produced, which also help in enhanced seed
germination.81 Germination of the seeds in the case of XeI*-
excimer/H2O2 (40 min) is 98%, whereas in the case of XeI*-

Table 2. Effect of Different Treatments of Dye Wastewater on Radish Seed Germination

DI dye wastewater treated with TiO2 treated with H2O2 for 3 min treated with H2O2 for 40 min

stem length (cm) 7.086 ± 1.233 4.078 ± 1.015 7.054 ± 1.451 7.435 ± 1.098 9.88 ± 1.042
root length (cm) 1.277 ± 0.212 1.1 ± 0.183 1.222 ± 0.229 1.643 ± 0.209 2.16 ± 0.361
germination (%) 88 76 88 92 96

Figure 15. Photographic image of (a) of the growth of the radish seeds in soil for 3 days and (b) stem and root length after 3 days.
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excimer/TiO2, it is found to be near 89% despite having the
same treatment time. This can be due to the presence of more
nondegraded dye in the XeI*-excimer/TiO2 treated wastewater
than the XeI*-excimer/H2O2 treated wastewater. The root
length in the case of dye wastewater is quite less because of
nutritional deficiency in the dye wastewater due to the presence
of more organic contaminants. The pH in all of the experiments
is found to be neutral; hence, no neutralization is required after
treatment. In general, in direct atmospheric pressure cold plasma
treatments, the pH of the treated effluents decreases, and it
becomes acidic in nature.5 However, in the direct photolysis
process, no neutralization is required,82 which is one of the
advantages of this study. When we compare the growth in 3 and
40 min by XeI*-excimer/H2O2 treatment, the treatment for 40
min displayed the highest germination percentage and enhanced
growth of stems and roots because of the increased demands of
oxygen in the case of 3 min as compared to 40 min treatments
(see Figure 12b). The above results suggest the potential use of a
mercury-free plasma XeI*-excimer source for agricultural
applications. Further research is needed to delve into the
precise mechanisms underlying these effects and optimize the
treatment process for wider environmental and agricultural
applications.

■ CONCLUSIONS
In this work, an environmentally friendly XeI* excimer light
source was developed and used for the degradation of RB5 dye
with an advanced oxidation process using TiO2 andH2O2. In the
case of XeI*-excimer/TiO2, the degradation of 50 mg/L of RB5
has been achieved in 40 min when the concentration of TiO2
loading was 1 g/L at ambient pH. A faster degradation (within 3
min) of RB5 has been achieved by using the XeI*-excimer/
H2O2 process in the case of 50 mg/L dye suspension at ambient
pH. The mineralization of the dye has also been performed, and
more than 95% removal in the COD concentration has been
achieved within 40 min of the treatment with XeI*-excimer/
H2O2. The order of degradation and mineralization is found to
be XeI*-excimer/H2O2 > XeI*-excimer/TiO2 > XeI*-excimer
alone. The developed process is environmentally friendly
(because of no mercury used) and eliminates the process of
recovery of catalysts from the treated water after degradation.
The faster degradation occurs in the alkaline medium (pH 10),
whichmakes this process more favorable to use for the treatment
of wastewater because the textile effluents have alkaline nature.
The optimized method, i.e., XeI* excimer/H2O2, can be utilized
for enhanced decolorization and mineralization of the unfixed
dye in textile effluents. The results have been compared with
existing dye degradation methods, and this environmentally
friendly approach is found to be more effective in terms of time
taken for degradation and energy yield. The treated water
resulting from these separate treatments has been used on radish
seed, and the seed germination and root growth have shown a
positive impact as compared to untreated dye wastewater. The
wastewater used for seed germination is the same as that
obtained from the different processes in this study. Large-scale
textile wastewater treatment is possible with the intended
reactor; however, to ensure that the reactor is applicable in
practice, extensive pilot-scale testing of the design is required. It
is further required to conduct more research on the application
of modified XeI* excimer sources for sustainable agriculture
practices.
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