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Abstract The present study investigated the degra-
dation of Acid Red 131 (AR131) dye using a combi-
nation of ultrasound-induced cavitation, ultraviolet
(UV) irradiation, chemical oxidants, and photocata-
lyst, focusing on the effect of operating parameters.
It was established that acidic pH, higher input power,
and lower initial concentration resulted in higher deg-
radation. Sulphur-doped titanium dioxide (S-TiO,)
synthesized using a novel ultrasound-assisted method
showed an optimum dosage of 300 ppm for the AR131
degradation with sulphur to titanium ratio of 2:1. In the
combination approach, the optimum dosage of hydro-
gen peroxide (H,0,) and potassium persulfate (KPS)
was established as 100 ppm and 400 ppm respectively.
The maximum degradation of 90.3% was obtained
using a combined approach of US+KPS+UV/S-
TiO, whereas, a maximum synergetic coefficient of
1.57 was obtained for the approach of US+UV/S-
TiO, with degradation of 86.96%. It was also eluci-
dated that for combination approaches of US+H,0,,
US+H,0,+KPS, and US+H,0,+KPS+UV/S-
TiO,, the synergetic coefficients were lower than one
due to undesirable side reactions and radical scaveng-
ing. Scale-up studies performed at 15 times of the
laboratory scale volume, elucidated that the maximum
degradation was obtained as 58.01% for the approach
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of US+KPS+UV/S-TiO,. Therefore, the approach
of US+KPS+UV/S-TiO, was elucidated as the most
efficient in degrading the AR131 dye at both small
and large scale of operation. In terms of synergy, the
approach of US+UV/S-TiO, was more efficient.
Overall, an optimized combination approach was suc-
cessfully demonstrated for the effective degradation of
ARI131 dye with synergism and better results at a large
scale.

Keywords Advanced oxidation processes -
Sonochemistry - Ultrasonic reactor - Photocatalyst
synthesis - Sulphur doped titanium dioxide

Introduction

The textile industry significantly contributes to
industrial production worldwide, although it also
has an immense environmental impact. Effluent
from the textile industry contains an enormous vari-
ety of synthetic dyes in higher concentrations (Reza
et al., 2017), which offers significant environmen-
tal concerns due to its high toxicity and long half-
lives coupled with hazardous nature of dyes. When
released into the environment, the dyestuff mol-
ecules can contaminate the nearby soil, sediment,
and surface water and disrupt the ecosystem (Zafar
et al., 2021). These molecules also prevent aquatic
plants or algae’s biological activities (photosyn-
thesis) and can accumulate in the fishes showing
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cytotoxic effects. The presence of dyes also alters
the natural pH of the water and increases the chemi-
cal oxygen demand (COD) as well as the biochemi-
cal oxygen demand (BOD) (Slama et al., 2021).
Sometimes, due to a half-life of several years, their
quantitative presence in the environment is quite
significant. The most commonly applied synthetic
dyes are the azo dyes (Yaseen & Scholz, 2019)
which have applications in the leather process-
ing and textile industry. The azo dyes are cheaper,
easier to use, and provide strong colours. On the
other hand, they are also toxic, mutagenic, and car-
cinogenic when present above a certain concentra-
tion in wastewater (Batra et al., 2022). Under cer-
tain conditions, cleavage of the —-N =N- azo bond
occurs to form the -NH, (Amino) group, which has
the potential to cause cancer (Kongor et al., 2021).
Thus, completely removing the azo dyes is of
utmost importance in wastewater treatment plants
and hence, it is essential to develop effective meth-
ods of treatment that elucidate the importance of
current work.

Acid Red 131 (AR131) dye belongs to the mono-
azo dye group, which is extensively used for dyeing
polyamide fibres, nylon, wool, and silk in the tex-
tile industries. The molecular structure of the dye is
shown in Fig. 1. AR131 is primarily a sodium salt of
sulfonic and carboxylic acids and is known to cause
aesthetic pollution along with toxicity (Khandegar
& Saroha, 2014). The limited information about
this dye and its susceptibility to different oxidation
approaches makes it an interesting topic for research.
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Fig. 1 Molecular structure of Acid Red 131 dye
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Generally, biological oxidation is the applied method
for wastewater treatment, and researchers have shown
that decolorization of azo and diazo dyes is possible
using different microbial cultures (Kamal et al., 2022),
though a significant amount of time is required. Bera
and Tank (2021) reported complete degradation of Pro-
cion Red—H3B using Pseudomonas stutzeri, however,
almost 20 h were required for the degradation. Similarly,
Rajashekharappa et al. (2022) reported almost complete
decolourization of both Fat Red E and Amarnath RI at
initial loading of 5 mg/L using Geobacillus thermoleo-
vorans KNG 112 within five days. In addition to biolog-
ical oxidation, some studies have been targeted based on
electrochemical oxidation. Wijetunga et al. (2012) used
anaerobic consortia for the degradation of Acid Red 131
and reported that 81% degradation was obtained after
45 h of treatment. (Khandegar & Saroha, 2014) treated
the synthetic solution consisting of Acid Red 131 dye
and obtained a colour removal efficiency of 98% within
180 min using the electrochemical treatment method.
Similarly, Nayebi et al. (2021) reported the maximum
removal extent of Acid Red 131 as 98% within 180 min
using the electrochemical process. Considering the
extensive time required for biological oxidation and only
a limited study dealing with AR131 degradation, that too
based on electrochemical methods, alternative advanced
oxidation processes (AOPs) has been targeted in the pre-
sent work, clearly establishing the novelty of the work.
The AOPs are based on the attack of *OH radicals on
recalcitrant organic pollutants, leading to degradation
at significant rates. Though effective in mineralization,
AOPs require oxidants that can be expensive compared
to biological processes (Almomani et al., 2016; Ghumra
et al., 2021). Therefore, an advanced combination tech-
nique such as cavitation in combination with the AOPs
can be applied to reduce the quantity of the oxidants and
the degradation time (Gogate, 2022). The present study
focuses on using acoustic cavitation combined with
AQPs for the degradation of AR131 dye.

Heterogeneous photocatalysts such as TiO, have
been generally applied for contaminant degradation,
including various dyes based on the generation of
*OH radicals, due to the series of reactions occurring
when the photocatalyst is excited by the absorption of
the incident light, mainly UV irradiations. The catalyst
typically remains unchanged after the degradation pro-
cess, and negligible sludge is generated, which does
not need disposal (Ibhadon & Fitzpatrick, 2013). TiO,
is a highly functional, non-toxic, and long-term stable
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photocatalyst that is active only under UV irradiation
due to its large band gap energy (Karpuraranjith et al.,
2022). The optimization of the spectral properties of
TiO, has been reported by its doping with non-metal
elements such as sulphur (S), nitrogen (N), and fluorine
(F) (Akhter et al., 2022). The doping alters the band
gap energy and red-shifts the excitation wavelength
to the visible region, offering cost-effective operation
(Prabakaran & Pillay, 2019). The ionic radius of S is
typically larger compared to N and F. Hence, introduc-
ing S at the O sites is more efficient as it considerably
modifies the electronic structure of TiO, (Akhter et al.,
2022). Therefore, in the present study, the combination
of S-TiO, along with cavitation and oxidants has been
elucidated for the maximum degradation of AR131
dye, also focusing on the synthesis of S-TiO,.

In the present study, the AR131 dye was success-
fully degraded using US horn at a small scale, and US
reactor at a large scale, combined with various oxi-
dants and heterogeneous catalysts as sulphur-doped
titanium dioxide (S-TiO,). The S-TiO, was success-
fully synthesized and characterized to affirm the
effective doping of the sulphur into the TiO, photo-
catalyst. The influential parameters such as pH, input
power, and initial concentration were initially opti-
mized for enhancing of the extent of AR131 degra-
dation using individual methods and then applied in
a combination approach to study synergism. As per
our literature survey, the synergistic effect of the US-
induced cavitation and S-TiO, has not been reported
previously. Hence, the study is very important in
showcasing the efficacy of combined oxidation
approaches at small and large scales.

Materials and methods
Materials

Acid red 131 (molecular weight: 654.622 g/mol, and
molecular formula: C;yH,;N3NaO,S,™) was used as
the target pollutant. The dye was obtained from the
dye house existing in the Department of Fibres and
Textile Processing Technology, Institute of Chemi-
cal Technology, Mumbai. Titanium isopropoxide
(C,,Hy30,Ti) and ethanol (C,H;OH) were procured
from Sigma Aldrich. Acetone (C;HO), metha-
nol (CH;OH), sodium hydroxide (NaOH), thiourea
(CH4N,S), hydrogen peroxide (H,0,), and potassium

persulfate (K,S,04) were obtained from Molychem.
All chemicals were of analytical reagent grade and
used as received from the supplier.

Experimental methodology

The schematic representation of the ultrasonic horn-
based setup for small-scale experiments has been
shown in Fig. 2. Ultrasonic horn obtained from Dak-
shin, Mumbai, with a frequency of 20 kHz and a tip
diameter of 1.2 cm, was used for all the laboratory
scale studies. In our earlier work, the duty cycle of
around 70% was found to be optimum for degrading
dyes (Mahendran & Gogate, 2021) and hence the
70% duty cycle was maintained constant for all the
experiments in the current study. Degradation of Acid
Red 131 was carried out using a 200 mL solution for
a treatment time of 3 h using the individual treat-
ments of US, S-TiO,, H,0,, and KPS and their com-
bined treatment approaches. The variation of degra-
dation with time was noted for each set of operating
parameters, and the optimum parameter values were
successfully determined. For each set of experiments,
samples were withdrawn every 20 min over the total
treatment period of 3 h. The absorbance of each sam-
ple was measured at a wavelength corresponding to
the maximum absorbance of the dye (548 nm) using
a UV-spectrophotometer and the concentration of the
dye was determined from a calibration curve estab-
lished using solutions of known concentrations. All
the experiments were repeated to confirm the repro-
ducibility of the data, and the errors were within +2%
of the average results reported in the discussion.

For photocatalysis experiments, the reactor (mate-
rial of construction as borosilicate glass) setup was
kept within a black box with two UV lights (Model:
Philips TUV 8W, wavelength of 254 nm) attached
to the two opposite walls (Fig. 2). The UV light
intensity of two 8 W UV lamps inside the reactor
was measured in our previous study as 240+2 Lux,
which is equivalent to 1.89x107® Einstein L™ 57!
(Agarkoti et al., 2023). The measured intensity clearly
confirms that the borosilicate glass used as mate-
rial of construction for the reactor is not completely
absorbing the incident UV irradiations. Watzke and
Kloss (1996) indeed reported that borosilicate glass is
known to be 80% transparent to the UV irradiation of
254 nm wavelength. The setup was enclosed properly
to avoid any leakage of UV light. The temperature
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Fig. 2 Schematic repre-
sentation of reactor setup
for sonophotocatalysis
experiments

during the photocatalysis was maintained between
30-35 °C by adding ice cubes to the water bath at
regular intervals.

Sulphur-doped titanium dioxide (S-TiO,) was used
for the degradation of ARI131 using photocatalysis
and the combination approach of US and UV light (8
W x2 tubes). The excitation of S-TiO, using the UV
light of wavelength as 254 nm has been confirmed in
the literature (Hussain et al., 2012; Xie et al., 2017).
In the current work, the catalyst was synthesized
by varying sulphur-to-titanium ratios (1:1, 2:1, and
3:1) and used at varying dosages of 100, 200, 300,
and 400 ppm for the degradation of AR131. The
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effectiveness of sulphur doping was examined by
degrading AR131 using undoped TiO, at a similar
optimum dosage of S-TiO,. The same power of UV
light (8 W X2 tubes) and mixing speed of 950 rpm
were maintained, which was equivalent to the power
dissipation of an ultrasonic horn (40,180 W/m?).

The large-scale applicability of the degradation
schemes was examined using an ultrasonic reac-
tor (US reactor) with a maximum capacity of 8§ L
equipped with a longitudinal horn of 24 cm length
and a 3 cm tip diameter (Fig. 3). The US power
and duty cycle were kept fixed at 1000 W and 70%,
respectively. During the experiments, 3 L of synthetic

Fig. 3 Schematic repre-
sentation of large-scale _l Overhead Stirrer
ultrasonic reactor e
Overhead Stirrer Stirring Rod
Generator Impeller
Dye Solution
Ultrasonic
Generator
3K ) Horizontal Horn
®®
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dye solution was treated under optimum conditions
of initial concentration, pH, the dosage of photocata-
lyst, and chemical oxidants as established using the
small-scale study. During the experiments involv-
ing the photocatalysts, two UV lights (Philips TUV
8W) were attached to the wooden lid of the reactor
at the top. Total degradation time and sampling inter-
vals were kept similar to the small-scale studies. The
calorimetric efficiency of small-scale and large-scale
horns was 8.2% and 11.3%, respectively, such that the
power dissipated per unit volume for large-scale oper-
ations was 37.67 W/L and for small-scale operations
it was 57.4 W/L.

Sonochemical synthesis of pure TiO, and
sulphur-doped TiO, photocatalysts

The sonochemical synthesis of TiO, and S-TiO,
photocatalysts was achieved utilizing the ultrasound-
assisted technique. An ultrasonic bath was used
instead of an ultrasonic horn, since tip erosion may
occur in the case of a horn, which leads to impuri-
ties in the synthesized catalyst. The transducers are
attached to the reactor base for bath-type reactors,
and no direct contact between the solution and the
transducer occurs (Agarkoti et al., 2021). The solu-
tion was taken in a glass reactor immersed in a cou-
pling fluid (water), which makes the sonochemical
activity generation typically due to the indirect mode.
This approach is suitable for applications requiring
lower intensities, such as the mixing of solutions or
deagglomeration.

For the preparation of pure TiO,, 10 ml of tita-
nium isopropoxide was mixed with 2 ml of acetone
and 2 ml of methanol in a reactor (250 ml beaker)
which was then immersed in the ultrasonic bath. The
titanium solution was sonicated at a power of 140 W
and 70% duty cycle for 5 min. Subsequently, 50 ml
of NaOH solution was added dropwise when a white
precipitate was formed. Further sonication was per-
formed for 30 min after the addition of the NaOH
solution. The sonicated solution was then kept undis-
turbed, followed by filtration, and the precipitate
obtained was dried and calcinated for three hours at
450 °C.

For the preparation of S-TiO,, titanium isopro-
poxide (10 ml) was slowly added to the mixture of
thiourea (a sulphur precursor) and ethanol (200 ml)

taken in the same reactor. The molar ratios of tita-
nium isopropoxide and thiourea were varied as 1:1, 1:2,
and 1:3. Due to the ultrasonic effect, rapid micromix-
ing occurred and high temperatures were generated
from intense bubble collapse, which can affect the
process of catalyst synthesis favourably. Mixing was
allowed for one hour and then the solvent was com-
pletely evaporated under reduced pressure using a
rotary evaporator. After evaporation of ethanol, white
powder was obtained and calcined at 500 °C for six
hours under aeration. A yellow powder of S-TiO, was
obtained as a final product after calcination.

Characterization of photocatalysts

Pure TiO, and S-TiO, were characterized using
X-Ray Diffractometer (XRD) analysis to determine
the crystallographic structure of the photocatalysts.
The operating conditions were set at a voltage of
40 kV and a current of 30 mA. The XRD patterns
were recorded in the 20 range of 10°-80° with a scan
speed of 2°/min, a sampling pitch of 0.02° and a pre-
set time of 0.6 s. FTIR analysis was also carried out
for the sulphur-doped TiO, catalyst to confirm the
presence of sulphur in the crystal lattice. The FTIR
analysis identifies the presence of inorganic,
organic, and polymeric compounds in the test mate-
rial based on infrared light over the range of 10,000
to 100 cm™'. For Dynamic Light scattering (DLS)
analysis to quantify the size distribution of the S-TiO,
photocatalyst, 100200 pL of highly concentrated
solution was taken and diluted to 1-2 mL in a micro-
cuvette using ultrapure water. The obtained Z aver-
age value from DLS analysis is the mean value of the
hydrodynamic diameters of the particles.

Results and discussions
Characterization of best performing photocatalyst

The characterization of the S-TiO, (S:Ti=2:1) hav-
ing the best performance in the preliminary studies
was performed using XRD, FTIR, and DLS analysis.
The main peaks of XRD (Fig. 4) were observed to be
present at 20=25.44°, 37.78°, 48.12°, 55.12°, and
62.62° for the S-TiO, whereas for pure TiO,, the peak
positions were present at 20=25.51°, 36.96°, 48.91°,
54.76°, and 62.4°. It was observed that the peak
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Fig. 4 XRD analysis of
pure TiO, and S-TiO,
(S:Ti=2:1)
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positions were nearly the same for both pure TiO, and
S-TiO,, which means that doping did not change the
crystalline structure of the photocatalyst. The peak
positions also showed that the S-TiO, is crystalline
in nature with anatase as the major phase based on
the strong diffraction peaks observed at 25.44° and
48.12° (Thamaphat et al., 2008). The crystallite sizes
of pure TiO, and S-TiO, photocatalysts were deter-
mined from the Scherrer equation. The shape fac-
tor (k) was considered as 0.89, and the wavelength
of the X-ray (1) was considered 1.5406 nm. The
full width of maximum intensity (f) for pure TiO,

@ Springer
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and sulphur-doped TiO, was obtained as 0.0196 and
0.0208 radians, respectively. The average crystal-
line sizes of the pure TiO, and S-TiO, photocatalysts
were 71.73 nm and 67.58 nm, respectively. Nam
et al. (2012) also reported an average S-TiO, crystal
size of ~50 nm in diameter, which is close to the size
obtained in the current study.

The FTIR spectra in the range of 500 cm™' to
2750 ¢cm~' were studied, and the results are shown
in Fig. 5. At 1629.85 cm™, the peak was observed
due to the surface-adsorbed hydroxyl groups. The
peak originated from the O—H bending vibration of
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Fig. 5 FTIR analysis of S-TiO, (S:Ti=2:1)

physisorbed/chemisorbed water molecules on the
catalyst surface. The peak at 1058.92 cm™' originated
from the vibration of the Ti—O-S bond and thus con-
firmed the incorporation of sulphur into the TiO, lat-
tice. Another peak at 1174.65 cm™' corresponded to
S—O vibration, confirming the coordination of biden-
tate SO, ions to Ti** ions.

The dynamic light scattering (DLS) method was
applied to perform the particle size distribution anal-
ysis. The number distribution showed the count of
particles in different-size bins (Fig. 6). A first power
relationship existed between each particle size and
its contribution to distribution. From our analysis,
the photocatalyst sample’s most predominant size
was 236 nm, whereas the average particle size was
573 nm.

Effect of initial concentration on the dye
degradation

Initial concentration is attributed as an important
parameter deciding the efficacy of dye degrada-
tion. Generally, the degradation decreases with an
increase in the initial concentration, typically after
an optimum, attributed to a fixed number of *OH
radicals generated that cannot react efficiently with
higher concentrations of the pollutant (Rajoriya
et al., 2016). Thus, optimum selection of the initial
concentration strongly depends on the availability of
*OH radicals decided by the generation and subse-
quent utilization.

The effect of initial concentration on dye degra-
dation was studied at different initial concentration

@ Springer
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Fig. 6 DLS analysis of S-TiO, (S:Ti=2:1)

values as 20, 25, 30, and 40 ppm at fixed pH of 3. It
was observed that 20 and 25 ppm as the initial con-
centration showed a marginal degradation change
with actual values of 25.48% and 28.17%, respec-
tively. A subsequent increase in the initial concen-
tration to 30 and 40 ppm decreased the extent of
degradation to 20.79% and 19.80%, respectively
(Fig. 7a). Based on the results, an initial concentration
of 25 ppm with the maximum extent of degradation
was taken as the optimum and used in further deg-
radation studies. Using cavitation, the pollutant mol-
ecules undergo decomposition by two methods viz.
thermal pyrolysis and free radical attack. The number
of bubbles generated and the quantum of *OH radi-
cals produced remain constant at a constant cavita-
tion condition. With increasing dye concentration in
the solution initially, the possibility of dye molecules
being entrapped in a radical environment increases.
Hence, their chance of getting attacked by the *OH

@ Springer

radicals increase, due to which the overall degraded
substrate shows an increase. Thus, the extent of deg-
radation increases with increasing initial concentration
(Alkaykh et al., 2020). But after exceeding a certain ini-
tial concentration of the dye, the number of *OH radi-
cals may not be sufficient for oxidizing the dye mol-
ecules to a higher extent. Due to the unavailability of
*OH radicals for larger concentrations of dye, the extent
of degradation again shows a drop beyond the opti-
mum. Similar trends are seen in the literature although
with different or no existence of an optimum depend-
ing on the range of concentrations studied. (Rajoriya
et al., 2017) reported that an increase in the initial con-
centration from 30 to 60 ppm resulted in a reduction
in the degradation of reactive blue 13 from 47 to 19%.
Zampeta et al. (2021) also observed a decrease in the
degradation efficacy at a higher initial concentration
when treated with HC+ 1 gL ™! H,0,. The results showed
that the degradation extent of Black, Red, Green, and
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Fig. 7 Effect of operating
parameters on decolouriza-
tion behaviour of AR131
(a) initial concentration,
(b) pH, and (c) ultrasonic
power
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Cyan dye decreased from 52.9 to 45.7%, 22.7 t0 9.7%,
47.7 to 29.7%, and 47.6 to 23.2%, respectively, as the
initial concentration of the dyes changed from 0.3 to
0.6 as the optical density. The selection of an opti-
mum concentration dependent on the specific con-
taminant in question is thus required so as to achieve
higher degradation.

Effect of pH on the degradation of dye

The effect of pH on the extent of degradation was
determined by taking 25 ppm as the initial concen-
tration of dye solution and performing sonication at
varying pH values of 3, 4, 6, and 11.7. The operat-
ing power of the ultrasonic horn and duty cycle were
kept constant at 100 W and 70%, respectively. The
results (Fig. 7b) revealed that maximum degradation
of 20.41% was obtained at an acidic pH of 3 within
3 h, whereas, 16.64%, 13.53%, and 6.83% degrada-
tion were observed at pH values of 4, 6, and 11.7,
respectively. The change in pH of the dye solution
significantly influenced the extent of AR131 deg-
radation. The acidic pH was observed to be more
efficient than the basic pH, as the AR131 dye is pre-
dominantly present in molecular form at the lower pH
values (Fedorov et al., 2022). Due to hydrophobicity
in the molecular form, they get inhabited at the lig-
uid—gas interface of the collapsing cavities. Conse-
quently, the entrapped dye molecules first experience
thermal decomposition and later are attacked by the
*OH radicals generated by cavity collapse and present
at high concentrations, thereby enhancing the degra-
dation rate.

On the other hand, at a basic pH, the dye molecules
are in the ionized state, and due to their hydrophilic
properties, they get inhabited in the bulk of the liquid.
In the bulk, the temperature is not very high, and the
concentration of *OH radicals is lower as only a few
*OH radicals migrate to the bulk, thereby decreasing
the extent of oxidation of dye molecules (Saharan
et al., 2011). Therefore, based on the maximum deg-
radation, pH 3 was taken as the optimum pH value
and was used in further studies. Suresh Kumar et al.
(2017) also reported that the degradation extent of
MB (methylene blue) dye by HC increased at acidic
conditions (pH below 5) with a maximum degradation
of 32.32% at pH 2, which was quite high compared
to 3.89% at pH 10. Kumar et al. (2017) during the
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decolourization of methylene blue observed that, at
pH 2, maximum decolourization (32.32%) occurred
whereas pH 10 showed the least (3.896%) degrada-
tion. Quantitative differences in the best pH elucidate
the importance of the present study for AR131.

Effect of ultrasonic power on the dye degradation

As the input power increases, the energy supplied
and available for cavitation also increases, which
results in an enhanced quantum of cavitational events.
In addition, the oscillation and collapse of the cavi-
ties become more violent with the increase in input
power, which gives rise to a greater amount of *OH
radicals. Also, the thermal pyrolysis of dye mol-
ecules becomes easier at higher supplied energy due
to higher cavitational activity. Therefore, the degrada-
tion can increase with an increase in input power. The
trend, however, cannot be generalized for all ultra-
sonic devices, as sometimes an optimum operating
power is observed. At much higher input power lev-
els, the excess supplied energy leads to excessive cav-
ities, yielding cushioning and decoupling effects that
consequently result in the lowering of cavitation col-
lapse intensity and hence the pollutant degradation.

For determining the effect of ultrasonic power,
various operating powers of 80, 100, 120, 130, and
140 W were applied at pH of 3 and 25 ppm as ini-
tial concentration. Maximum degradation of 19.31%,
20.41%, 28.17%, 30.34%, and 36.31% was observed
for input power of 80 W, 100 W, 120 W, 130 W,
and 140 W respectively, after 180 min of treatment
(Fig. 7c). A marginal difference in degradation extent
was observed for 80 and 100 W of power however,
degradation extent at 140 W was the maximum, and
hence it was used in further studies. An increasing
trend of degradation with increasing ultrasonic power
was also observed by Soumia and Petrier (2016) for
the degradation of cresol red, where the degradation
extent increased (almost 52% to 95%) continuously
with an increase in ultrasonic power from 20 to 80 W.
(BoBl et al., 2023) studied the degradation of RhB dye
at various acoustic powers in the presence/absence
of BF-KBT-PT piezocatalyst and reported 84%/79%
degradation at 68 W/L and 94%/92% at 90 W/L. Dif-
ferent quantitative dependency of the degradation of
dyes on ultrasonic power confirm the significance of
current work.
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Effect of H,0, Addition on dye degradation using US

To determine the effect of H,O, on the degradation
extent of AR131, studies were performed at varying
dosages of 50, 100, and 500 ppm at the optimum con-
ditions of 25 ppm as the initial concentration of dye,
a pH of 3, and 140 W as the ultrasonic power. It was
observed that the use of 50 ppm and 100 ppm H,0,
dosages increased the degradation extent, whereas at
500 ppm a lower extent of degradation was observed
(Fig. 8). A maximum degradation of 40.14% was
observed when the dosage of H,O, was 100 ppm.
The individual approach of H,O, for the degrada-
tion of AR131 resulted in a maximum degradation
of 21.05%, which is lower compared to the US com-
bined with H,0,. The reason for higher degradation
with the addition of H,0O, at 100 ppm was the enhanced
generation of *OH radicals by the hydrogen peroxide
dissociation due to the cavitational activities, thereby
increasing the extent of degradation. Beyond the opti-
mum concentration of 100 ppm, any excess dosage of
H,0, acts as a radical scavenger, and the recombination
reactions of *OH radicals are quite prevalent. Indeed,
a similar trend, although with different optimum
values, has been elucidated by Kumar et al. (2017),
Rajoriya et al. (2017), Gore et al. (2014), and Wang
et al. (2019) for the degradation of Methylene Blue,

Reactive Blue 13, Reactive Orange 4 and Rhodamine
B respectively. Overall, it was confirmed that differ-
ent optimum concentrations of H,O, exist beyond
which degradation extent decreases upon a further
increase in H,O, dosage.

Pseudo-first-order kinetic model was used for the
determination of rate constants at different H,O,
dosages by plotting -In(C/C,) vs time. The synergy
between US and H,0, was also determined using the
rate constants achieved for the AR131 degradation
using the individual US and H,0, (in the presence of
stirring) and the US +H,0, combination approach at
optimum loading.

The synergistic coefficient was determined as:

P _ Kuwsino,)
US+H,0,) = T % —
¥ Kus)*+ Kw,o,)

0.0032 min™!

= = (0.8421
0.0025 min™" + 0.0013 min™"'
ey
The value of the synergistic coefficient suggests
an absence of synergy in the combined US/H,0, sys-
tem. Wu (2007) also observed no synergy between
US and H,O, attributed to the fact that most of the
H,0, might be present in bulk instead of within cavi-

tational bubbles owing to its high solubility in water
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and low volatility. Voncina and Majcen-Le-Marechal
(2003) suggested in their studies that the effect of
H,0, on degradation extent depends on the type of
pollutant being studied, as in their case the concen-
tration of all dyes decreased by more than 91%, how-
ever, the concentration of some of the dyes decreased
only after a treatment period of 4 h. Dukkanci and
Giindiiz (2006), Manousaki et al. (2004), Goel et al.
(2004) also observed the absence of any positive syn-
ergy between ultrasound and H,0, whereas, Patil
et al. (2021a, b) observed a good synergistic coeffi-
cient (2.04) between ultrasound and H,0, for the deg-
radation of thiamethoxam. Raut-Jadhav et al. (2016)
also observed a high synergistic coefficient (25.74)
between ultrasound and H,0O, during the degrada-
tion of methomyl (carbamate group pesticide). There-
fore, it is important to understand that the influence
of H,0, is typically dependent on the pollutant type,
which makes our study quite important.

Effect of catalyst dosage on the dye degradation
using US and UV

The degradation of AR131 was studied using the syn-
thesized S-TiO, at various S:Ti ratios of 1:1, 2:1, and
3:1 at 100, 200, 300, and 400 ppm of dosages, respec-
tively. Figure 9a-c represent the degradation behaviour
with varying S-TiO, dosage at the different S:Ti ratios
(1:1, 2:1, and 3:1, respectively). The extent of AR131
degradation increased from 100 to 300 ppm, as the
catalyst dosage increased, however, above 300 ppm,
the degradation did not increase with a further rise in
the S-TiO, dosage for all the S:Ti ratios. Therefore, the
S-TiO, dosage of 300 ppm was considered the opti-
mum. For the S-TiO, dosages of 100 and 200 ppm, the
decolourization behaviour was not well distinguished
regarding the variation in S:Ti ratio. However, for
the S-TiO, dosage of 300 and 400 ppm, the degrada-
tion extent exhibited a clear deviation with the varying
S:Ti ratio. The most efficient ratio established was 2:1
with a maximum degradation of 86.97% at 300 ppm
of S-TiO, dosage. The higher extent of AR131 deg-
radation using S-TiO, was attributed to the enhanced
generation of *OH radicals through the electron—hole
pairs (Piatkowska et al., 2021) present in an optimum
amount as well as the additional nuclei provided by
the catalyst for the cavitation inception (Agarkoti et al.,
2022). The doping of sulphur to the TiO, typically low-
ered its band gap in comparison to the undoped TiO,,
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which consequently enhanced the promotion of elec-
trons from the valence band to the conduction band,
forming the electron—hole pairs. The band gap of the
S-TiO, has been reported as 1.7 eV which is lower than
that for the TiO, with a band gap of 3.2 eV (Humayun
et al., 2018). In the case of undoped TiO,, both conduc-
tion band (CB) and valence band (VB) contains Ti 3d
and O 2p orbitals. Ti 3d orbital breaks into two states
(t ;. and e ,) which divides the CB into upper and
lower fragments. However, in the case of S-TiO,, the
S 3p are slightly delocalized which significantly pro-
mote the generation of VB with Ti 3d and O 2p states.
Subsequently, the involvement of S 3p states with VB
enhances the width of VB, which leads to the reduc-
tion in the band gap energy of the S-TiO, (Umebayashi
et al., 2002). The proposed kinetic mechanism has been
shown in Fig. 10. The formed electron—hole pair leads
to the generation of *OH radicals by reducing the H,O
molecule adsorbed on the catalyst surface (Khan et al.,
2017). In addition, the presence of the US improved
the mass transfer rate and also acted as a medium for
catalyst cleaning (Duan et al., 2020). The increase in
the mass transfer rate increased the probability of the
H,0O molecules contacting the catalyst surface, thereby
enhancing the rate of generation of *OH radicals. These
advocated effects are dominant until an optimum dos-
age of S-TiO, as above this dosage the interaction
between S-TiO, and UV light would get hindered due
to the excess S-TiO, photocatalysts (Gaya & Abdullah,
2008), and additionally the cavities would not be able
to acquire the maximum size for the efficient collapse.

Dhanke and Wagh (2020) applied varied TiO, dos-
age of 100, 200, 300, and 400 ppm during the degra-
dation of Acid Red 18 and obtained 300 ppm as the
optimum at which the maximum degradation achieved
was 88.1% after 150 min. Similarly, Wang et al. (2011)
also confirmed the presence of an optimum loading
of TiO, (100 mg/L) at which the maximum degrada-
tion of 98.8% was achieved for Reactive Red 2 dye.
Therefore, the optimization of both TiO, dosage and
S:Ti ratio needs to be successfully established for the
maximum degradation of a pollutant as well as for the
prevention of excess TiO, usage.

The best performing S:Ti ratio (2:1) for S-TiO,
was used for the degradation studies using individ-
ual approaches and was considered for the estima-
tion of the kinetic parameters. Only 50.87% as the
AR131 degradation was achieved using the individ-
ual approach of UV/S-TiO, (300 ppm dosage, S:Ti



Environ Monit Assess (2023) 195:972

Page 13 0of 24 972

Fig. 9 Decolourization
behaviour of AR131 with
varying TiO, dosage (a)
S:Ti=1:1, (b) S:Ti=2:1,
and (¢) S:Ti=3:1

Extent of Degradation (%) Extent of degradation (%)

Extent of degradation (%)

45
40 1 (a) é ‘
35 1 A = -
30 - 2 I |
& C
25 - a 2 nm
] A
20 A R : -
[ | ‘ o
15 1 &
10 - a
N
0 [F T r r
1} 50 100 150 200
Time (min)
100
90 | (b) i
80
s 4 b @
70 1 A a2 A 4 s ®
60 1 ® e
[ ]
50 [ ] |
| -
40 ] m N u 03 .
30 1 ) { A
| ; A B ‘
20 A L & = |
10 | m B
0 p—= . . .
0 50 100 150 200
Treatment Time (min)
60
©
50 A i A
l - )
40 A _ i - B
A A el [ ] ]
30 A i e ¢
*
] |
] [ |
L 3
20 X | . ]
s a
w]{ ¥ =m
L 4
o m— : : :
0 50 100 150 200
Time (min)

¢ US + UV/S-TiO: (100 ppm)
B US + UV/S-TiO: (200 ppm)
A US + UV/S-TiO: (300 ppm)
BUS + UV/S-TiO: (400 ppm)

Only US

S:Ti=1:1

AUS +UV/S-TiO: (100 ppm)

US + UV/S-TiO: (200 ppm)
AUS + UV/S-TiO: (300 ppm)
© US + UV/S-TiO: (400 ppm)
= Only UV/S-TiO: (300 ppm)

= Only US

S:Ti=2:1

+ US + UV/S-TiO: (100 ppm)
B US + UV/S-TiO: (200 ppm)
A US + UV/S-TiO: (300 ppm)

US + UV/S-TiO: (400 ppm)
® Only US

S:Ti=3:1

@ Springer



972 Page 14 of 24

Environ Monit Assess (2023) 195:972

UV Irradiation

Conduction Band

Cavity Collapse

Fig. 10 Kinetic mechanism for the photo-activation of the S-TiO,

ratio of 2:1). The enhancement in degradation using
US+UV/S-TiO, compared to individual US and
UV/S-TiO, was determined on the basis of the syner-
gistic coefficient as follows:
f _ K(US+UV/S—T[02)

(US+UV /S—TiO,) —K(US) T K((UV/S—TiOZ)
_ 0.0113 min™"
00025 min~" +0.0047 min~!

= 1.5694
2

The value of the synergistic coefficient dem-
onstrates that the rate constant of the combined
approach of US+UV/S-TiO, was higher than the
sum of the individual rate constants. Mosleh et al.
(2016) also obtained a synergetic coefficient of 2.23
during the sonophotocatalytic degradation of trypan
blue and vesuvine dyes using a blue light-activated
photocatalyst. Benomara et al. (2021) observed a
synergistic coefficient of 1.33 during the sonophoto-
lytic degradation of Methyl Violet 2B. It was advo-
cated that the high magnitude of turbulence and the
prevention of agglomeration of suspended catalyst
particles in the presence of US was responsible for
the increase in catalyst surface area and improvement
in the generation of active free radicals. Kumar et al.
(2017) observed a synergetic coefficient of 1.46 for
the degradation of Methylene Blue using Bi-doped
TiO,. Caliskan et al. (2017) observed that for the
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degradation of Reactive Red 180, synergetic coeffi-
cients for COD and TOC removal were 1.48 and 1.17,
respectively. Similarly, Kumar et al. (2018) observed
the synergetic coefficient to be 2.11 during the deg-
radation of ternary dyes (Methylene Blue, Methyl
Orange, Rhodamine B). The differences in the syner-
gistic coefficients as a function of the pollutant again
confirm the importance of the current work.

Effect of KPS addition on dye degradation using US

The effect of KPS addition on degradation was inves-
tigated using US combined with varying KPS dos-
ages of 100, 200, 300, and 400 ppm, respectively.
The ARI131 degradation was observed to increase
monotonously with an increase in the dosage of KPS,
with degradation of 44.04%, 48.99%, 53.23%, and
68.58% observed at KPS dosages of 100, 200, 300,
and 400 ppm, respectively, at an optimum power of
140 W, pH of 3, and a time period of 3 h (Fig. 11).
The maximum degradation of 68.54% was observed
when the KPS loading was 400 ppm, which was
thereby was chosen as the best for AR131 degrada-
tion. However, the individual approach of KPS for
the degradation of AR131 resulted in only 51.12%
degradation. The increase in the extent of degrada-
tion with increasing KPS dosage was attributed to
the generation of a higher quantum of *OH and SO,*”
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radicals under the influence of cavitation (Agarkoti
et al., 2021). Importantly, no scavenging effect was
seen at a higher dosage, however, optimum load-
ing is entirely dependent on the nature of the pollut-
ant, and an optimization studies for KPS dosage are
always needed for individual substrates to understand
the effect of KPS on their degradation, elucidating the
importance of the work. Daware and Gogate (2021)
studied the degradation of 2-Picoline using US com-
bined with KPS and reported an increasing trend of
degradation for the variation in KPS dosage from 4
to 20 ppm. However, a further increases in KPS dos-
age above 20 ppm reduced the degradation extent
marginally. The reduced degradation at much higher
loading was explained by the scavenging action of
SO, radicals by excess S,0,> ions. Patil and Shukla
(2015) also observed a similar trend for the degrada-
tion of Reactive Yellow dye, where the degradation
increased from 0.7 (43.2%) to 3.7 mM (93.2%) and
decreased with an increase in the loading to 4.4 mM
(80.9%). More and Gogate (2018) observed a monot-
onous increase in degumming extent for the US-
assisted KPS treatment of crude soybean oil from 0.6
(88.99%) to 2 g/L (94.08%), however, with a further
increase in loading to 5 g/L, the degradation extent

60 80 100 120 140 160 180 200
Treatment Time (min)

remained constant at 94.08%. Within the range of
KPS loading studied in their work, the existence of
any scavenging effect with increasing dosage of KPS
was not observed, and 400 ppm as KPS dosage was
used in subsequent studies.

The pseudo-first-order reaction rate constants at
various dosages of KPS were determined by plotting
-In(C/C,) vs time. For quantification of the efficiency
of the combined process (US +KPS), the synergistic
coefficient was determined as follows:

K(US+KPS)

f(US+KPS) =z 1z
K s + Kgps)

0.0056 min~!

= = (.8484
0.0025 min~" + 0.0041 min~"

3

From the obtained synergistic coefficient, it can
be concluded that although the combined approach
resulted in a greater extent of degradation compared
to the individual ones, the combined approach did
not improve the rate constant above the sum of the
rate constants of the individual approaches. The pos-
sible reason could be the lower affinity of the dye
molecules towards the SO,*radicals. Lakshmi et al.
(2021) also observed the absence of synergy between
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HC and KPS for the degradation of Acid Violet 7.
The authors also stated that the lower reactivity of
dye molecules towards SO,*Tradicals could be the
reason for the low synergistic coefficient (0.98).
Thanekar and Gogate (2019) also obtained a low
synergistic coefficient (0.89) using KPS during the
treatment of real industrial effluent of organic pollut-
ants. On the other hand, Daware and Gogate (2021)
observed a high synergetic coefficient (2.9) among
the US and KPS for the degradation of 2-Picoline.
Thus, for each type of pollutant, a separate study is
needed to confirm the effect of the specific intensi-
fying agent, clearly demonstrating the significance of
the current work.

Use of multiple oxidant based combination
approaches:

The degradation of AR131 dye using the different com-
bination approaches such as (a) US+H,0,+KPS, (b)
US+H,0,+UV/S-TiO,, (¢) US+KPS+UV/S-TiO,,
and (d) US+H,0,+KPS+UV/S-TiO, was studied at
the optimized US parameters and optimum loadings
of the oxidants and photocatalyst. Figure 12a shows
that the combined approach of US+KPS+UV/S-TiO,
showed the highest degradation efficacy with 90.3%
degradation within 3 h, whereas the extent was low-
est for the US+H,0,+KPS approach among the vari-
ous combinations with only 56.73% degradation. The
US+H,0,+KPS approach showed even lower efficacy
than US+KPS, which was mainly due to the scaveng-
ing action of H,O,. Similarly, the degradation extent
of US+UV/STiO, and US+UV/S-TiO,/KPS also
decreased with the addition of H,O, by almost 18% and
10%, respectively. When more than one additive is pre-
sent in the solution, their working mechanisms are not
independent of each other. When the generated *OH rad-
icals cross a certain critical concentration in the medium,
their scavenging action prevails, and reaction kinetics
shift towards recombination reactions, and hence the
efficiency of degradation reduces (Agarkoti et al., 2021).
In addition, H,O, also contributes to scavenging action
depending on the residual concentration values.

The pseudo-first-order reaction rate constants for
the different combination approaches were deter-
mined by plotting -In(C/C,) vs time and were utilized
for the determination of synergistic coefficients. The
determination of the synergistic coefficients for dif-
ferent approaches has been now illustrated:
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p Kusti,0,+kps)
(US+HHL044+KP) = T T o ok
202 Kws) + Ky0,) + Kips)
0.0042 min”"

= =0.5316
0.0025 min~" +0.0013 min™" + 0.0041 min™"

“

K ws+i,0,+0v/5-1i0,)

Jws+mo,4vv/s-mi0y) =
T N Kws) + Ka,o0,) + Kwvys-tio,)

_ 0.0088 min~"
0.0025 min™" +0.0013 min~" + 0.0047 min~"

=1.0353

&)

K(US+KPS+UV/S—T:0:)

f(us+sz+Uv/sfr,oﬂ) =
B Kws) + Kkrs) + Kwvys-tio,)

0.0121 min™"

= =1.0708
0.0025 min™" +0.0041 min™" + 0.0047 min~"

(6)

K s+Hy0,+kPs+UV/5-TiOy)

Js+Hy0,+KPS+UV [5-TiOy) =
22 / 2 Kuws) + Ky, + Kikes) + Kwvys-tioy)

0.0095 min™"

_ =0.7540
0.0025 min~" +0.0013 min™" +0.0041 min™" + 0.0047 min™"

(N

In the previous section, it was established that no
synergism was present in the combined approach of
US +H,0,, and the calculations for other combined
approaches of US + H,0, + KPS, US +H,0,+UV/S-
TiO,, and US+H,0,+KPS+UV/S-TiO, also
revealed that H,0O, addition did not improve the deg-
radation extent. The synergetic coefficient was less
than 1 or almost equal to 1 in all the H,O,-assisted
processes, which indicates that the H,O, was inef-
fective in intensifying AR131 degradation. For the
approach of US+KPS+UV/S-TiO,, a synergetic
coefficient with a value of 1.0708 was observed,
although the value was not significantly high. The
comparison revealed that US4 KPS+ UV/S-TiO,
achieved the highest degradation extent of 90.3%
with a synergistic coefficient of 1.0708 however,
the highest synergistic coefficient was obtained
for US+UV/S-TiO, with a value of 1.5694. There-
fore, the combined approach of US+UV/S-TiO,
was observed to be the most efficient for the
degradation of AR131 in terms of synergy. The
US+H,0, and US+KPS approaches increased
the degradation extent compared to the individual
US. However, H,0, and KPS did not display any
significant synergy when introduced into com-
bined approaches. Karami et al. (2016) observed
that for the degradation of Reactive Red 198, O,/
H,0,/US process was the most promising combina-
tion scheme (100% colour removal and 69% COD
removal after 40 min of reaction time). Gogate and
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Fig. 12 a Decolourization behaviour of AR131 using combination approaches based on US, H,0,, KPS, and S-TiO, b Large-scale

degradation of AR131 using various combination approaches

Bhosale (2013) studied different combinations
involving HC (orifice), US, H,0,, sodium persulfate,
and sodium hypochlorite (NaOCI) for the degradation
of Orange Acid II. The best result was obtained using
HC +NaOCl (8.08x 107> mg/J as the cavitational
yield). The selection of the best-performing inten-
sifying agent is dependent on the nature of the pol-
lutant, and the current study successfully established
the best degradation approaches for the AR131 dye
as US+KPS+UV/S-TiO, in terms of degradation
extent and US +UV/S, in terms of synergy.

Scale-up studies

The optimum conditions of small-scale experiments
have been scaled up to an operating capacity of 3 L
using the US reactor to establish AR131 degrada-
tion at a pilot scale in the presence of H,0O,, KPS,
and UV/S-TiO,. The degradation results for all the
schemes have been presented in Fig. 12b. During
the AR131 degradation using individual UV/S-TiO,
(28.8%), UV/TiO, (22.22%), H,0, (12.5%), and KPS
(29.9%), the power dissipation while stirring was
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kept similar to US assisted experiments. Based on
the power consumption by the US, the rotation speed
(rpm) of the overhead stirrer was determined based
on the following equation:

P= NP(pN3D5) = US rated power X horn efficiency

®)
where N, denotes the power number, p denotes the
density of the AR131 solution, N denotes the stir-
ring speed, and D denotes the diameter of the impel-
ler. Taking Np as 4.1 (for hollow blade turbine), p as
1000 kg/m3, D as 8 cm, US-rated power as 1000 W,
and horn efficiency as 11.3%, the required speed of
the overhead stirrer was obtained as approximately
1000 rpm.

When degradation of AR131 was carried out using
the various combined approaches (without and with
ultrasound), the degradation extent varied in the
range between 12.5% and 58.01%. Table 1 shows the
degradation results of the combined approaches at
large scale. The inclusion of H,0, was observed to
be the least effective (12.5% and 22.49% degradation
without and with ultrasound, respectively) because
AR131 was quite resistant to the oxidation action
of H,0,. The higher resistance of chromophore to
H,0, oxidation compared to other oxidants was also
reported by Guimaries et al. (2012) for the degrada-
tion of Reactive Black 19. They observed an insig-
nificant effect on the dye concentration when H,0,

Table 1 Degradation efficacy for AR131 degradation using
the large-scale US reactor approach

Large-Scale Treatment Scheme Degradation
Efficacy (%)

Only US 19.89

Only H,0, (100 ppm) 12.5%

Only UV/TiO, (300 ppm) 2222

Only UV/S-TiO, (300 ppm) 28.8%

Only KPS (400 ppm) 28.9%

US +H,0, (100 ppm) 22.49

US + KPS (400 ppm) 38.8

US + UV/S-TiO, (300 ppm) 55.1

US +H,0, (100 ppm)+ KPS (400 ppm) 33.33

US +H,0, (100 ppm)+ UV/S-TiO, 41.96

US + KPS (400 ppm) + UV/S-TiO, (300 ppm) 58.01

US +H,0, (100 ppm)+ KPS 46.5

(400 ppm) + UV/S-TiO, (300 ppm)
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dosage was varied in the range of 100-800 mg/L.
Fragoso et al. (2009) also observed that the degra-
dation of Food Yellow 3 and Food Yellow 4 did not
happen in the presence of only H,O,.

It was observed that the large-scale application
of US+KPS +UV/S-TiO, resulted in a maximum
degradation of only 58.01%, which was less than the
small-scale degradation as 90.3%. On a large scale,
other than variation in the distribution of total output
power per unit volume, a lack of control over tem-
perature, also resulted in a somewhat lower extent of
AR131 degradation. The intensity of ultrasonic cavi-
tation decreases exponentially while moving away
from the tip of the horn or the transducer, and hence it
is important to decide on an optimum geometry. Type
and number of transducers, temperature and pressure
distribution, physicochemical properties, presence of
solid particles or dissolved gases in a liquid, and ero-
sion on reactor or pipe surfaces (Lévéque et al., 2018)
are the factors to be properly analyzed to replicate the
results on a larger scale equivalent to that of the small
scale.

Sivakumar and Pandit (2001) studied the degra-
dation of Rhodamine B, where they addressed the
importance of power density and power intensity in
deciding the degradation of a specific pollutant. It
was reported that an optimum value of power exists
because, due to the formation of larger bubble clouds
at very high power, a decoupling effect takes place,
thereby decreasing the degradation extent. The opti-
mum parameter values vary depending on the type of
ultrasonic equipment as the acoustic field varies. In
their study, they considered power density to be more
important than power intensity since that is associ-
ated with the total volume of the medium. A corre-
lation between the percentage degradation of Rhoda-
mine B and power density was reported in their work
as follows:

0.6418
5 ©

Degradation(%) = 75.883 X (‘—/

In our study, the small-scale operating power was
140 W with a horn efficiency of 8.2% and a medium
volume of 200 mL. At a large scale, the rated power
was 1000 W, with energy transfer efficiency of
11.3% and medium volume at 3 L. For both cases,
the duty cycle was maintained at 70%. In the case
of large scale, the individual US resulted in 19.89%
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degradation, whereas, for small scale experimenta-
tion, the degradation was 36.31% for the individual
US. Assuming the relationship between the percent-
age degradation of AR131 and power density as:

B
Degradation(%) = A X <§> (10)

where, A and B are determined from the following
two equations by substituting all values as:

B
36.31=Ax<w> (11)
200 x 100
1000 X 0.7 x 11.3\?
19.89 = A )
9-89 X( 3000 x 100 (12)

Solving Egs. (11 and 12), A was determined to be
2149.315 and B was determined to be 1.428. Thus,
for the degradation of AR131, the correlation for pre-
dicting degradation was obtained by putting the val-
ues of A and B in Eq. (10) as:

1.428
5 (13)

Degradation(%) = 2149.315 x (‘—/

The correlation suggests that an adequate amount
of energy must be provided for a particular deg-
radation process to get the desired results, which
can also assist in avoiding an oversupply of energy.
Although this correlation cannot be used as a general-
ized one since, for each type of device an optimum
power density should exist, beyond which the deg-
radation does not increase with a further rise in the
power density. The correlation is also dependent on
the type of pollutant. It is important to note that the
developed correlation suggests the approach to be fol-
lowed for analyzing the impact of the power density
on degradation.

The quantification of the chemical activity is por-
trayed by the cavitational yield, which is typically
used for the quantification of the cavitational effects.
Cavitational yield is defined as the amount of pollut-
ant degraded (mg) per unit of energy supplied (J) (Patil
et al., 2021a, b). The determined values of cavitational
yield have been shown in Table 2 whereas the method
of calculation has been represented in Appendix A and
B. In the current study for the small-scale operation, the
maximum cavitational yield was obtained for US + KPS
(400 ppm)+UV/S-TiO, (300 ppm, 2:1) with a value of
8.96x10° mg/J and a degradation extent of 90.29%.

Hence, the cavitational yield is greater for approaches
with a higher extent of AR131 degradation. The cavi-
tational yield obtained for the approaches of US+H,0,
(100 ppm), US+KPS (400 ppm), US+UV/S-TiO,
(300 ppm, 2:1), US+H,0, (100 ppm)+UV/S-TiO,
(300 ppm, 2:1), and US+H,0, (100 ppm)+KPS
(400 ppm)+UV/S-TiO, (300 ppm, 2:1) was
1.90x107°, 324x107°, 4.11x10°, 7.07x107, and
8.06x 107 mg/J, respectively. Similarly, the maximum
cavitational yield for the large-scale study was obtained
for the approach of US+KPS (400 ppm)+UV/S-TiO,
(300 ppm, 2:1) with a value of 5.75x 10 mg/J at the
optimum loadings of the oxidants and catalyst. The
cavitational yield obtained for US+H,0, (100 ppm),
US+KPS (400 ppm), US+UV/S-TiO, (300 ppm, 2:1),
US+H,0, (100 ppm)+UV/S-TiO, (300 ppm, 2:1),
and US+H,0, (100 ppm)+KPS (400 ppm)+UV/S-
TiO, (300 ppm, 2:1) was 223x10° 3.85x10°,
547%107°, 4.16x107°, and 4.62x107% mg/J, respec-
tively. The cavitational yield was higher at the large
scale compared to the small scale, which was attrib-
uted to the higher energy efficacy of the US reactor
compared to the US horn. Although, the exception of
US+KPS (400 ppm)+UV/S-TiO, (300 ppm, 2:1),
US+H,0, (100 ppm)+UV/S-TiO, (300 ppm, 2:1),
and US+H,0, (100 ppm)+KPS (400 ppm)+UV/S-
TiO, (300 ppm, 2:1) were observed with higher cavi-
tational yield for small scale compared to large scale
which was attributed to the higher extent of AR131
degradation for US horn compared to the US reac-
tor for these approaches. Therefore, the large-scale US
reactor can be a quite economical option compared
to the small-scale US horn for the similar extent of
AR131 degradation. In addition, the economic feasi-
bility of the US reactor increases with the increase in
the extent of degradation, and therefore a higher degra-
dation amount is prerequisite to improve the economic
feasibility.

The rate constants for the various approaches on a
large scale were determined by plotting -In(C/Cg) vs.
treatment time, and the corresponding rate constants
were utilized for the determination of synergistic
coefficients, which have been presented in Table 3.
Interestingly, the combination of US with UV/S-TiO,
resulted in the highest synergistic coefficient of 1.61,
similar to what was observed in small-scale batches.
Thus, this scheme can be considered to obtain max-
imum efficacy in terms of synergy in degrading
ARI131.
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Table 2 Cavitational yield for the various oxidation approaches

Oxidation Approach AR131 AR131 Cavitational
Degradation Degradation Yield (mg/J)
(%) (mg/L)
US Horn (25 ppm, pH 4, 100 W) 16.64 4.16 7.86x1077
US Horn (25 ppm, pH 6, 100 W) 13.53 3.3825 6.39x 1077
US Horn (25 ppm, pH 11.7, 100 W) 6.83 1.7075 3.23x107
US Horn (80 W, pH 3) 19.31 4.83 9.12x107’
US Horn (100 W, pH 3) 20.41 5.10 9.64x 107’
US Horn (120 W, pH 3) 28.17 7.04 1.33%x10°
US Horn (130 W, pH 3) 30.34 7.58 1.43x107°
US Horn (140 W, pH 3) {Optimized} 36.31 9.08 1.72%x 107
US Horn/H,0, (50 ppm) 37.38 9.34 1.77x107°
US Horn/H,0, (100 ppm) 40.14 10.03 1.90%x 10
US Horn/H,0,(500 ppm) 2391 5.98 1.13x10°
US Horn/UV/S-TiO, (300 ppm, 1:1) 39.11 9.78 1.85%x10°
US Horn/UV/S-TiO, (300 ppm, 2:1) 86.96 21.74 4.11x10°
US Horn/UV/S-TiO, (300 ppm, 3:1) 52.00 13.00 2.46x107°
US Horn/KPS (100 ppm) 44.04 11.01 2.08x107°
US Horn/KPS (200 ppm) 48.99 12.25 231x10°
US Horn/KPS (300 ppm) 53.23 13.31 2.51x10°
US Horn/KPS (400 ppm) 68.58 17.14 3.24x107°
US Horn/H,0,/KPS (100 ppm H,0, 400 ppm KPS) 56.73 14.18 2.68x107°
US Horn/H,0,/UV/S-TiO, (100 ppm H,0,, 300 ppm S-TiO, (2:1)) 71.23 17.81 7.07x107°5
US Horn/KPS/UV/S-TiO, (400 ppm KPS, 300 ppm S-TiO, (2:1)) 90.29 22.57 8.96x107°
US Horn/H,0,/KPS/UV/S-TiO, (100 ppm H,0,, 400 ppm KPS, 300 ppm S-TiO, 81.29 20.32 8.06x 107
(2:1))
US Reactor/H,0, (100 ppm H,0,, 1000 W) 22.49 5.62 2.23x107°
US Reactor/KPS (400 ppm KPS, 1000 W) 38.80 9.70 3.85x 107
US Reactor/UV/S-TiO, (300 ppm S-TiO, (2:1), 1000 W) 55.09 13.77 5.47x10°
US Reactor/H,0,/KPS (100 ppm H,0,, 400 ppm KPS, 1000 W) 33.33 8.33 331x10°
US Reactor/H,0,/UV/S-TiO, (100 ppm H,0,, 300 ppm S-TiO, (2:1), 1000 W) 41.96 10.49 4.16x107°
US Reactor/KPS/UV/S-TiO, (400 ppm KPS, 300 ppm S-TiO, (2:1), 1000 W) 58.01 14.50 5.75%x107°
US Reactor/H,0,/KPS/UV/S-TiO, (100 ppm H,0,, 400 ppm KPS, 300 ppm 46.55 11.64 4.62x107°

S-TiO, (2:1), 1000 W)

In some of the combination approaches, the overall
kinetic rate constant did not show any improvement
compared to the sum of the rate constants for the indi-
vidual approaches. Hence, these hybrid techniques
may show lesser efficiency due to the parallel reac-
tions taking place in the reactor which produce radi-
cals having less oxidation potential than the *OH and
SO,*radicals. Due to these undesirable side reactions
and radical scavenging actions, the synergetic coef-
ficient comes out to be lower. Hence, the investiga-
tion of the combined oxidation approaches is a pre-
requisite for determining the most effective approach,

@ Springer

Table 3 Synergistic coefficients for different combination
schemes at large scale

Treatment Scheme Synergetic
Coefficient

US+H,0, 0.6667

US+KPS 0.8056

US +UV/S-TiO, 1.6111

US +H,0,+KPS 0.5814

US +H,0,+UV/S-TiO, 0.8372

US+ KPS +UV/S-TiO, 1

US+H,0,+KPS+UV/S-TiO, 0.6462
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as in some cases the degradation extent may not be
synergistic due to undesirable side reactions. In addi-
tion, the AR131 degradation extent in the case of the
large scale US reactor was quite less than that for
the small scale US horn. The combined approach of
US+KPS+UV/S-TiO, with 90.29% degradation
was the most efficient at lab scale, however, the large
scale approach of US +KPS +UV/S-TiO, resulted in
only 58.01% degradation. The scale up study using
the single horn US reactor suggested that a more
efficient US reactor can be used for US irradiation
instead of the single horn US reactor, which provided
US irradiation insufficient to degrade the recalcitrant
AR131 dye. Therefore, in the future, the utilization of
a dual frequency US reactor with multiple transduc-
ers attached to the walls can be used for the scale up
study. The higher amount of US irradiation typically
increases the quantum of the cavitational events and
therefore reduces the loadings of the various chemical
oxidants required to enhance the generation of *OH
radicals. Lower the utilization of chemical oxidants,
the higher would be environmental viability of the
methods utilized for degradation. Hence, the imple-
mentation of US reactors combined with the hybrid
AOPs increases the environmental friendliness of the
degradation process. Overall, the study clearly con-
firms that it is important to select the best combina-
tion for the specific pollutant in question as per the
methodology presented in the current work.

Conclusions

Ultrasound can be considered one of the efficient
techniques that can provide higher efficiency in the
degradation of various pollutants at modest power
consumption and low operating costs, under opti-
mized operation. In the current study, US-based
degradation of AR131 has shown promising results
at small as well as large scales of operation. In the
case of AR131, an acidic pH of 3, an optimum ini-
tial concentration as 25 mg/L, and an optimum input
power of 140 W resulted in the highest extent of deg-
radation using the individual approach. In the com-
bined approach of US+H,0,, the degradation first
increased and then decreased with the increase of
H,0, dosage, whereas for the US+KPS approach,
the degradation extent increased monotonously

with the increase in KPS dosage. It was thus con-
cluded that AR131 showed resistance to the oxidiz-
ing property of H,0,. The approach of US+H,0,
(100 ppm) achieved a marginal increase in the deg-
radation extent to that obtained with individual US.
The use of KPS and UV/S-TiO, intensified the deg-
radation by a considerable amount (68.54% and
86.97% as degradation, respectively, compared to
only 36.31% for only US at a small scale). With the
inclusion of two or three additives simultaneously,
the degradation extent decreases due to the exces-
sive presence of free radicals and the consequent shift
of the reaction equilibrium towards the recombina-
tion reactions. For example, the US+H,0,+KPS
approach resulted in lower degradation (56.73%)
compared to the US + KPS (68.54%) approach. Simi-
larly, the US+H,0,+KPS+UV/S-TiO, approach
resulted in lower degradation (81.29%) compared to
the US +UV/S-TiO, (86.97%) and US + KPS+ UV/S-
TiO, (90.3%) approaches. Thus, it is important to
select the right combination for the specific dye in
question, confirming the importance of the current
work that elucidates effect for AR131 for the first
time. A relationship between power density and deg-
radation extent was successfully established, tak-
ing into account the observations from the small and
large-scale experiments. The maximum degradation
was achieved for the approach of US+KPS+UV/S-
TiO, for both small (90.3%) and large scale (58.01%)
studies. However, the synergistic coefficient for the
approach of US+KPS+UV/S-TiO, (1.07 and 1 for
small and large scales respectively) was lesser com-
pared to the US+UV/S-TiO, (1.61 and 1.57 for small
and large scale respectively). Therefore, the approach of
US +KPS +UV/S-TiO, was the most efficient in terms
of the extent of degradation achieved, whereas the
approach of US +UV/S-TiO, was the most efficient in
terms of synergy at small and large scales, respectively.
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Appendix A: Cavitational yield for the AR131
degradation using US horn

Volume =200 mL

Time =180 min

Optimum input power =140 W

Duty cycle=70%

Power dissipation per unit volume =700 W/L

Energy dissipation per unit volume=(Power dissipation
per unit volume X Time X Duty cycle)/100=5,292,000 J/L
ARI131 degraded in 180 min for US+KPS+UV/S-
TiO,=(AR131 degradation (%)X Initial concentration)/
100=(90.29x25)/100=22.57 mg/L.

Cavitational yield=AR131 degraded in 180 min /
Energy dissipation per unit volume=_8.96 X 10—-6 mg/J

Appendix B: Cavitational yield for the AR131
degradation using US reactor

Volume =3000 mL

Time =180 min

Optimum input power = 1000 W

Duty cycle=70%

Power dissipation per unit volume=333.33 W/L
Energy dissipation per unit volume=(Power dissipation
per unit volume X Time X Duty cycle)/100=2,520,000 J/L
ARI131 degraded in 180 min for US+KPS+UV/S-
TiO,=(AR131 degradation (%)X Initial concentration)/
100=(58.01x25)/100=14.50 mg/L.

Cavitational yield=AR131 degraded in 180 min /
Energy dissipation per unit volume=35.75 X 10-6 mg/J
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