


Enhanced Sonochemical Degradation of Rhodamine B in Aqueous Solutions: The Role of Additives




Abstract
In the last few years, the control of water pollution due to hazardous dyes has become increasingly important. Sonochemical degradation has recently been reported as an appropriate and attractive process for the treatment of toxic dyestuffs. This study investigates the breakdown of dye molecules in aquatic media using ultrasonic irradiation to clarify the degradation mechanism. Experiments were conducted in a 50–60 Hz ultrasonic reactor with 100 mL dye solutions at the concentration of 25 mg/L. The effects of various additives, including inorganic salts (FeSO4, NaCl, Na2SO4, NaNO3), hydrogen peroxide, carbon tetrachloride, Glucose, and Sucrose, the sonochemical degradation of Rhodamine B (RhB) was investigated.
Results showed that degradation was highly influenced by the initial concentration of the substrate and pH. Addition of FeSO4 enhanced RhB degradation, while increased CCl4 concentrations accelerated removal through oxidant chlorine species. Presence of H2O2 and Na2SO4 also improved the degradation efficiency. NaCl and NaNO3 also enhanced the degradation. However, higher glucose and sucrose concentrations marginally decreased the breakdown efficiency, indicating that radiation from ultrasonic waves remains an encouraging approach for the removal of RhB, even in complex aqueous systems.
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1. INTRODUCTION
Basic Violet 10, or Rhodamine B (RhB), is a basic dye based on xanthene used in textiles, leather, jute, paper, food, paints, inks, and as a fluorescent tracer. Despite its usefulness, RhB poses significant environmental and health hazards. Industrial effluents containing RhB and related synthetic dyes contribute heavily to aquatic pollution, as even trace amounts of dyes in wastewater can impart visible coloration, reduce light penetration, hinder photosynthesis in aquatic plants, alter gas solubility, disrupt natural purification, and raise the chemical oxygen requirement, pH fluctuations, and biodegradation resistance. Conventional dye removal process for example coagulation, flotation, chemical oxidation, flotation,solvent extraction, and membrane filtration have been applied, but these often fail due to high dye stability, cost, and low efficiency. As a result, focus has turned to Advanced Oxidation Processes (AOPs), which mineralize stubborn contaminants by producing hydroxyl radicals (•OH), which are extremely reactive and non-selective oxidants. Among AOPs, sonochemical oxidation has emerged as a promising approach, utilizing ultrasonic irradiation to induce acoustic cavitation in aqueous systems. Microbubbles aggressively form, expand, and collapse during cavitation, creating extremely high localized temperatures (~5000 K) and pressures (hundreds of bars) in a matter of microseconds. Water vapor thermally dissociates as a result of this collapse, releasing hydrogen atoms and hydroxyl radicals that oxidize contaminants by diffusing or recombining with the bulk solution. The efficiency of this process can be further influenced by additives, salts, oxidants, and catalysts, which modify radical generation, transfer, and reaction mechanisms. Gayathri et al. (2010) demonstrated that persulfate activated by cobalt ions, when combined with ultrasonication, markedly enhanced the decolorization efficiency of both basic dyes (RhB, methylene blue) and acid dyes (Acid Orange II, Acid Scarlet Red 3R) [01]. Okitsu et al. (2005) showed that ultrasonic irradiation favored azo dye degradation, while addition of radical scavengers like tert-butanol suppressed the process, confirming the dominant role of hydroxyl radicals [02]. Similarly, Rehorek et al. (2004) reported effective mineralization of azo dyes under ultrasound (850 kHz, 60–120 W), highlighting hydroxyl radical attack as the mechanism responsible for azo bond cleavage and aromatic ring hydroxylation [03]. Wang et al. (2008) compared degradation rates of Acid Red B and RhB in the sight of nanosized ZnO, finding higher efficiency and pseudo-first-order kinetics, with degradation strongly influenced by catalyst loading and pH [04]. Priya et al. (2006) studied RhB degradation with TiO2 catalysts, observing higher rates with anatase phase compared to Degussa P-25, with degradation enhanced by lower pH and higher ultrasound intensity [05]. Other reports highlighted the synergistic effect of combining ultrasound with photocatalysts such as TiO2, Au/TiO2, Ag/TiO2, and combustion-synthesized TiO2, This enhanced the dyes' ability to produce radicals, discolor, and remove all organic carbon [06]. 
Several studies focused on additives and reaction conditions. Merouani et al. (2010) showed that iron ions accelerated RhB degradation, with the order Fe(II) > Fe(III) > Fe(0), and that CCl4 enhanced removal by forming reactive chlorine species. Hydrogen peroxide and Na2SO4 also improved degradation up to an optimum concentration, while high levels of glucose and sucrose decreased removal efficiency due to competitive radical consumption [07]. Uddin et al. (2016) examined the role of dissolved gases and additives, reporting that Ar gas provided the highest efficiency, while CCl4 enhanced degradation via chlorine radicals [08]. Zhang et al. (2009) and Song et al. (2009) coupled ultrasound with Fenton and Fenton-like reagents, confirming enhanced decolorization with H2O2, Fe salts, and fly ash [09, 10]. Wang et al. (2010) coupled ultrasound with electrolysis, reporting accelerated azo bond cleavage and aromatic ring breakdown under acidic conditions [11]. Beyond azo and xanthene dyes, ultrasound has also been applied to phenols, polycyclic aromatic hydrocarbons (PAHs), and other contaminants. Petrier et al. (2010) showed that carbonate radicals generated from bicarbonate ions improved bisphenol-A degradation [12]. Psillakis et al. (2003, 2004) investigated PAH sonodegradation, observed complete removal of low molecular weight PAHs but recalcitrance of higher ones, and enhanced degradation in the presence of Fe2+ due to Fenton-like reactions [13, 14]. Kim et al. (2003) demonstrated pseudo-first-order decomposition of Benzothiophene [15]. Maleki et al. (2005) studied phenol degradation and found that ultrasound reduced phenol toxicity in effluents despite low reaction rates [16].
The role of adsorption in combination with sonication has also been widely studied. Li et al. (2009) and Sayan et al. (2008) showed that ultrasound synergistically enhanced adsorption of dyes such as Direct Blue 78 and Reactive Blue 19 on graphite and activated carbon, achieving nearly complete decolorization [17, 18]. Entezari et al. (2006, 2007) reported improved sono-sorption of methylene blue and Reactive Black 5, where ultrasonic treatment significantly accelerated removal compared to conventional sorption [19, 20]. Tang et al. (2012) introduced TiO2-coated activated carbon as a sonocatalyst, achieving over 80% RhB removal under optimized conditions [21]. While Ling et al. (2016) reported Bi2WO6 as an efficient and reusable sonocatalyst for dye degradation [22]. Kobayashi et al. (2015) highlighted the role of catalyst type, with TiO2 particles offering greater enhancement than Al2O3 during methylene blue sonodegradation [23].
Overall, literature consistently shows that ultrasound alone can degrade dyes and pollutants via hydroxyl radical attack and thermal effects, but its efficiency is significantly improved by the presence of catalysts (TiO2, ZnO, Bi2WO6, Fe, Au), oxidants (H2O2, persulfate, CCl4), and suitable operating conditions (pH, gas atmosphere, frequency, power). The reactions generally follow pseudo-first-order kinetics, with degradation pathways involving azo bond scission, demethylation, hydroxylation, and aromatic ring opening. Despite substantial advances, challenges remain in scaling sonochemical processes due to reactor geometry, energy efficiency, and mass transfer limitations, as shown by Kandasamy  Thangavadivel et al. (2013), who demonstrated that reactor diameter and liquid height strongly influence sonochemical activity [24].
The present work builds upon these studies by systematically investigating The deterioration caused by sonochemically of Rhodamine B under various conditions of additives (FeSO4, H2O2, CCl4, salts, glucose, sucrose), initial dye concentration, and pH. To the best of our knowledge, no comprehensive study has yet been reported on RhB sonolysis under such a range of parameters in a single framework, making this study a novel contribution towards understanding and optimizing the sonochemical removal of hazardous dyes from aqueous systems.
2. Experimental Section
2.1.  Chemicals, Apparatus and Equipments
2.1.1. List of chemicals used:
Rhodamine B (C28H31ClN2O3): (Loba chemie pvt. Ltd 107 wodehouse Road, Mumbai 400005, India), Sodium chloride (NaCl): RANBAXY Fine chemicals Limited A-3, Okhla industrial Area, phase-1, New Delhi-110020 (ISO 9001: 2000 certified company), Ferrous sulphate (FeSO4): Merck Limited, Mumbai-400.018, Sodium sulphate (Na2SO4): Merck KGaA, 64271 Darmstadt, Germany, Sodium nitrate (NaNO3): GB 636-77, Hydrogen peroxide (H2O2): Merck KGaA, 64271 Darmstadt, Germany , Carbon tetrachloride (CCl4): Merck, D-6100 Darmstadt, F.R. Germany, Glucose and Sucrose: From market, Sulphuric acid (H2SO4): Merck KGaA, 64271 Darmstadt, Germany, Sodium hydroxide (NaOH): Merck life science private limited.Shiv Sagar Estate ` A` Dr Annie Besant Road, Worli, Mumbai-400018. The chemicals were used as we received. 

2.2. Experimental Procedure
All studies except those conducted to investigate the impact of starting dye concentration started with a RhB solution concentration of 25 mg L−1 dye stuff prepared by adding 0.0125g dyestuff into 500 mL of distilled water. RhB (25 mgL−1) aqueous solutions with various additives were made by adding the necessary amount of each ingredient and stirring with a magnetic bar. Under various conditions, the sonolytic degradation of RhB was performed at 50–60 Hz with a constant solution volume of 100 mL following the steps shown in figure 1. 320 W of ultrasonic power was set aside from runs that looked into the impact of power. With water circulating, the solution's temperature was kept steady at the necessary level. Using a UV–visible spectrophotometer (UV Mini 1240), a well-known method for figuring out dyestuff concentrations based on Beer’s law calibration plots was used. The bandwidth was 0.5 nm and the wavelength resolution was 1 nm. The glass cell's optical path measured one centimeter in length. For methylene blue and methyl orange, the maximum absorption wavelengths were found to be 665 nm and 464 nm, respectively. The calibration plot was then made. Over the course of the measurements, the calibration was done five times. This plot's linearization typically had a determination coefficient that was near 99.99%. With the exception of those carried out to investigate the impact of solution pH, experiments were carried out at pH 2 and pH 10.02, which came from the dissolving of RhB in distilled water without any additional modification. In order to examine the impact of pH, 0.5N H2SO4 or 0.5N NaOH aqueous solutions were used to change the pH of the solution.
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Figure 1: Sonication process of dyestuff solution.


2.3. Calorimetric power measurement
First of all, temperature change of the sonicator machine had to measure. For this purpose, the following procedure was followed:
100 ml H2O was taken in a conical flask. Then the temperature of water was determined with a digital thermometer till the temperature was stabled known as initial temperature, T1. After that, the apparatus was set into the sonicator machine. The machine was operated for 30 seconds and temperature reading was noted as final temperature for 30 seconds, T2. Then waited till the temperature decreased and stabled again. It was taken as initial temperature for 60 seconds, T1 and final temperature T2 after operating the machine for a minute. Procedure was repeated for 4 times i.e. for 2 minutes in total.  

2.4 Measurement of temperature change with increasing sonication time
A method for assessing an ultrasonic reaction field quantitatively has been studied. One of the key components of sonochemistry is ultrasonic power. One of the most used techniques for determining a solution's actual ultrasonic power input is calorimetry. The computed ultrasonic output power (P) is provided by equation (16).

-----------------------------(01)
Here, 
Cp = heat capacity of water
 	M = mass of water
T = temperature of the sample solution
 t = ultrasonic irradiation time. 











3 RESULTS AND DISCUSSION

3.1. Effect of operational parameters

3.1.1 Effect of temperature

Table-1: Measurement of temperature change:
	
Observation
No.
	Sonication
Time
(sec)
	Initial Temperature
(0C)
	Final Temperature
(0C)
	Temperature Change
(0C)
	Actual power
(Watt)

	01
	30
	24.7
	25.0
	0.3
	4.180

	02
	60
	25.2
	25.6
	0.4
	2.787


	03
	90
	25.6
	26.1
	0.5
	2.322

	04
	120
	26.0
	26.6
	0.6
	2.096

	05
	150
	26.4
	27.1
	0.7
	1.951

	06
	180
	26.7
	27.6
	0.8
	1.858
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Figure-2: Graphical chart for measurement of temperature change with increasing sonication time
Table 1 and Figure 2 show that the temperature at the reaction site is rising as the sonication time increases. Once more, warmth enhances the rate of reaction. Therefore, we can conclude that as the sonication period increases, the dye material's rate of degradation would also increase.
3.1.2. Effect of initial dye concentration

When 100mL of RhB solutions with a concentration of 25mgL−1 were exposed to 50-60 Hz and 320W ultrasonic irradiation, the dye concentration decreased exponentially over time. The initial rate of RhB degradation is seen in Fig. 3.
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Figure-3: Initial RhB degradation rates as predicted and observed experimentally (conditions: volume: 100 mL; initial dye concentration: 25 mgL−1; frequency: 50-60 Hz; power: 320W).

RhB does not degrade according to a first-order kinetic equation. For comparison, the initial degradation rate (mg L−1 min−1) was utilized instead. After reaching 25 mg L−1, the rate rose with concentration and then stayed almost constant. This shows that breakdown takes place at the bubble–liquid contact as well as in the bulk liquid. At low concentrations of dye, OH radicals largely recombine to form H2O2, giving lower rates. With increasing dye concentration, OH radical attack rises until saturation at the bubble surface leads to constant rates. At higher concentrations, radicals are scavenged, H2O2 yield decreases, and reactions occur mainly at the interface.

3.1.3. Effect of pH
The effect of pH on sonochemical degradation of RhB (25 mg L−1) was studied at pH 1.93 and 10.02 and demonstrated in figure 4. Results showed that degradation rates varies under acidic and basic conditions, with the highest rate at low pH and significant degradation in neutral medium. In aqueous solution, RhB exists as cationic (RhB⁺) or zwitterionic (RhB±) forms. At pH above the pKa, the carboxyl group of RhB⁺ is deprotonated, yielding RhB±. Although both forms show similar absorption spectra, RhB exhibits lowest hydrophilicity at very low pH, enhancing degradation, while at higher pH, sonolytic degradation occurs much more slowly. While basic pH (pH=10.02) modifies hydrophobic properties, RhB accumulates at the bubble interface at acidic pH, boosting OH radical assault.
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Figure 4: Time dependence of sonochemical decomposition of RhB in different pH 



3.2. Effect of various additives
3.2.1: Effect of FeSO4 addition
RhB's ultrasonic deterioration in the presence of FeSO4 was examined. Figure-5 shows the initial degradation rate for RhB sonolytic degradation as a function of FeSO4 concentration.
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	Figure-5: Time dependence of sonochemical degradation of RhB in the absence and presence of FeSO4 at neutral medium.
	Figure-6: Time dependence of sonochemical degradation of RhB in the absence and presence of FeSO4 at acidic, basic and neutral condition.  
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	Figure-7: Time dependence of sonochemical degradation of RhB in the absence and presence of FeSO4 at acidic, basic and neutral condition.
	Figure-8: Time dependence of sonochemical degradation of RhB in the absence and presence of FeSO4 at acidic, basic and neutral condition.



RhB concentration over time during sonication with FeSO4 is illustrated in Figures 5–8. In Figure 5, degradation increased at neutral pH, where K2 (20 mM) and K3 (10 mM) were 1 and 4 times higher than K1 (0 mM). Figure 6 shows that FeSO4 enhanced degradation at acidic, neutral, and basic conditions, with K2, K3, and K4 being 2, 4, and 22 times higher than K1. In Figure7, K2, K3, and K4 were 1, 5, and 8 times higher, respectively. Overall, FeSO4 addition enhanced RhB degradation (Fig. 8). This effect is linked to increased surface active sites of Fe⁰ and Fe²⁺, which promotes •OH production. Ultrasonic shock waves clean deactivated surfaces and fragment Fe⁰ particles, improving mass transfer. Fe²⁺ accelerates degradation more effectively than Fe³⁺ due to faster reaction with H2O2. However, excess FeSO4 leads to self-quenching of •OH, so optimum Fe²⁺ concentration is crucial for maximum efficiency.

3.2.2: Effect of NaCl addition 
 The effect of NaCl on the sonolytic degradation of RhB was investigated. Figure-9 shows the initial degradation rate for the sonolytic degradation of RhB as a function of NaCl concentration.
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Figure-9: Time dependence of sonochemical degradation of RhB in the absence and presence of NaCl at neutral medium.

Figure-10: Time dependence of sonochemical degradation of RhB in the absence and presence of NaCl at acidic, basic and neutral condition.





[image: ]Figure-11: Time dependence of sonochemical degradation of RhB in the absence and presence of NaCl at acidic, basic and neutral condition.


Figure-12: Time dependence of sonochemical degradation of RhB in the absence and presence of NaCl at acidic, basic and neutral condition.







Figures 9–11 illustrate the effect of NaCl on RhB degradation under sonication. In Figure 9, the rate increased at neutral pH, where K2 (10 mM) was 2 times higher than K1 (0 mM). Figure 8  shows enhancement at neutral, basic, and acidic conditions, with K2, K3, and K4 being 2, 2, and 7 times higher, respectively. In Figure 11, K2 (acidic) and K3 (basic) were 2 and 4 times higher than K1. Overall, NaCl addition enhanced RhB degradation (Fig. 12), with maximum effect at 25 g L−1. Salt addition pushes RhB molecules from the bulk phase to the bubble interface by increasing hydrophilicity, surface tension, and ionic strength, while reducing vapor pressure [25-29]. 


3.2.3. Effect of salt (Na2SO4) addition
The sonolytic degradation of RhB solutions was examined with the inorganic salt Na2SO4 to assess the impact of salt addition on dye degradation at a concentration of 25 mg L−1. Figure-13 illustrates the impact of Na2SO4 salt on the sonolytic degradation of RhB in aqueous solution. 


























Figure-14: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at neutral medium. 

Figure-13: Time dependence of sonochemical degradation of RhB in the absence and absence and presence of Na2SO4 at neutral medium.




























Figure-16: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at different concentration at neutral medium.


Figure-15: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at neutral medium. 




























Figure-18: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at acidic, basic and neutral condition

Figure-17: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at different concentration at neutral medium.
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Figure-19: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at acidic, basic and neutral condition.  

   Figure-20: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at acidic, basic and neutral condition.
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Figure-22: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at different concentration at acidic, basic and neutral condition.

Figure-21: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at acidic, basic and neutral condition. 
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Figure-23: Time dependence of sonochemical degradation of RhB in the absence and presence of Na2SO4 at various concentration at acidic, basic and neutral condition.



Figures 13–16 demonstrate the impact of Na₂SO₄ on RhB degradation under neutral conditions. In Figure 22, K2 (20 mM) and K3 (10 mM) were 2 and 6 times higher than K1 (0 mM). Figure 23 showed K2 (10 mM) and K3 (20 mM) increased 5 and 6 times, while in Figure 15 both K2 (10 mM) and K3 (20 mM) were 3 times higher. Figure 17 revealed K2 (0.5 M), K3 (1 M), and K4 (2 M) enhanced rates by 3, 5, and 6 times, whereas Figure 18 showed K2 (0.5 M), K3 (1 M), and K4 (2 M) were 3, 6, and 2 times higher than K1. Overall, Na₂SO₄ addition significantly enhanced RhB degradation efficiency at neutral pH, with optimum effects observed at specific concentrations.
Figures 17–20 illustrate the effect of Na₂SO₄ on RhB degradation under different pH conditions. At neutral medium, degradation was consistently enhanced, with rate constants increasing up to 6 times compared to K1 (0 mM). In basic medium (pH 10.02), enhancement was also observed, though in some cases the rate decreased, indicating accumulation. Similarly, in acidic medium (pH 1.93), the effect varied: in some systems the rate was enhanced (up to 2 times), while in others it decreased significantly, showing accumulation. Overall, 1 M Na₂SO₄ improved degradation in acidic and neutral media but caused accumulation in basic medium, whereas 2 M Na₂SO₄ enhanced degradation in basic and neutral media but led to accumulation in acidic medium.
Figures 21 and 23 show the impact of Na₂SO₄ on RhB degradation. Addition of Na₂SO₄ slightly enhanced degradation up to 25 g L⁻¹ compared to the control, with only a minor decrease in its positive effect at higher levels. The initial degradation rate was still higher than the one observed without Na₂SO₄, suggesting an optimum concentration for maximum efficiency. This enhancement occurs as salt addition drives RhB molecules from the large quantity solution to the bubble–liquid interface. Na₂SO₄ also increases hydrophilicity, surface tension, and ionic strength although lowering vapor pressure, thereby promoting sonolytic degradation [25, 27-29].

3.2.4: Effect of NaNO3 addition

To examine the impact resulting from the incorporation of NaNO3, RhB sonolytic degradation at a concentration of 25 mg L−1 was carried out in a 2M NaNO3 solution. Figure-24 exemplifies these results.
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Figure-25: Time dependence of sonochemical degradation of RhB in the absence and presence of NaNO3 at acidic, basic and neutral condition.

Figure-24: Time dependence of sonochemical degradation of RhB in the absence and presence of NaNO3 at neutral medium.



[image: ]Figure-26: Time dependence of sonochemical degradation of RhB in the absence and presence of NaNO3 at acidic, basic and neutral condition. 


Figure-27: Time dependence of sonochemical degradation of RhB in the absence and presence of NaNO3 at acidic, basic and neutral condition.




The fig.-24: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly improved in the presence of NaNO3 at neutral condition. The rate constant K2 (for 20ml) and K3 (for 10 ml) is 6 and 7 times higher than K1 (for 0mM). The fig.-24: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is notice that rate of degradation of RhB significantly improved in the presence of NaNO3 at basic (pH=10.02) condition and neutral condition. 
The rate constant K2 (for basic) and K3 (for neutral) is 4 and 7 times higher than K1 (for 0mM). Where as in acidic (pH=1.93) condition that rate was decreased significantly, it means accumulated.
The fig.-25: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly increased in the presence of NaNO3 at basic (pH=10.02) condition and neutral condition. The rate constant K2 (for basic) and K3 (for neutral) is 4 and 6 times higher than K1 (for 0mM). Where as in acidic (pH=1.93) condition that rate was decreased significantly, it means accumulated.
In these systems, the addition of NaNO3 in a neutral medium enhanced the ultrasonic degradation of RhB. For basic media, RhB underwent enhanced ultrasonic degradation; conversely, in acidic media, the degradation rate decreased significantly, indicating accumulation. Figure-24 illustrates the impact of NaNO3 salt addition on the sonolytic degradation of RhB in an aqueous solution. Figure-26 shows that the addition of NaNO3 improved the degradation of RhB up to 25 g L−1 compared to the absence of this salt. The addition of salt to the dye aqueous solution pushes RhB molecules from the bulk aqueous phase to the bulk bubble interface. Salt may enhance the aqueous phase's hydrophilicity, surface tension, and ionic strength while reducing its vapor pressure[.

3.2.5: Effect of hydrogen peroxide addition
            
The sonolytic degradation of RhB solutions was studied, focusing on the effects of adding H2O2. The degradation of RhB at a concentration of 25 mg L−1 in the presence of 30, 60, and 100 µL H2O2 was examined. Figure 28 provides an illustration of these findings. 
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  Figure-29: Time dependence of sonochemical degradation of RhB in the absence and presence of H2O2 at acidic, basic and neutral condition.

Figure-28: Time dependence of sonochemical degradation of RhB in the absence and presence of H2O2 at various concentration at neutral condition.
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Figure-31: Time dependence of sonochemical degradation of RhB in the absence and presence of H2O2 at acidic, basic and neutral condition
Figure-30: Time dependence of sonochemical degradation of RhB in the absence and presence of H2O2 at acidic, basic and neutral condition.
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Figure-32: Time dependence of sonochemical degradation of RhB in the absence and presence of H2O2 at different concentration in `acidic, basic and neutral medium.




The fig.-28: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly improved in the presence of H2O2 at neutral condition in presence of 30 µL, 60 µL and 100 µL H2O2. 
The fig.-29: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly improved in the presence of H2O2 at neutral condition in presence of 30 µL H2O2. The rate constant K2 (for neutral) is 5 times higher than K1 (for 0mM). Where as in acidic and basic medium that rate was decreased significantly, it means accumulated.
The fig.-30: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly improved in the presence of H2O2 at neutral condition in presence of 60 µL H2O2. The rate constant K2 (for neutral) is 6 times higher than K1 (for 0mM). Where as in acidic and basic medium that rate was decreased significantly, it means accumulated.

The fig. 32: shows time dependence of sonication time Vs. Conc. mM/L. From this figure it is observed that rate of degradation of RhB significantly increased in the presence of H2O2 at neutral condition in presence of 100 µL H2O2. The rate constant K2 (for neutral) is 6 times higher than K1 (for 0mM). Where as in acidic and basic medium that rate was decreased significantly, it means accumulated.

When H2O2 was added to the ultrasound system in a neutral medium, the rate of dye degradation increased. This is a result of the breakdown of hydrogen peroxide into hydroxyl radicals, which leads to a high degradation rate [28-29]. Where as in acidic and basic medium that rate was decreased significantly, it means accumulated. The rate of degradation rose as the concentration of H2O2 increased to 100 mgL−1, but then it declined thereafter. To assess the impact of H2O2 by itself on RhB degradation, control experiments were conducted where H2O2 was added from an external source to a continuously stirred solution of 25mg L−1 RhB in 100mL.

3.2.6: Effect of carbon tetrachloride addition

               The ultrasonic degradation of RhB is expected to have been studied with varying concentrations of carbon tetrachloride at 10 µL, 20 µL, and 40 µL. Results obtained are shown in Fig.-33.
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Figure-34: Time dependence of sonochemical degradation of RhB in the absence and presence of CCl4 at acidic, basic and neutral medium.
Figure-33: Time dependence of sonochemical degradation of RhB in the absence and presence of CCl4 at various concentration in neutral medium.
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Figure-35: Time dependence of sonochemical degradation of RhB in the absence and presence of CCl4 at acidic, basic and neutral medium.

Figure-36: Time dependence of sonochemical degradation of RhB in the absence and presence of CCl4 at acidic, basic and neutral medium. 
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Figure-37: Time dependence of sonochemical degradation of RhB in the absence and presence of CCl4 at various concentration at acidic, basic and neutral medium.  




The fig. 33: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly improved in the presence of CCl4 at neutral condition in presence of 10 µL, 20 µL and 40 µL CCl4. 
The fig. 34: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly improved in the presence of CCl4 at neutral and basic condition in presence of 10 µL CCl4. The rate constant K2 (for neutral) and K3 (for basic) is 7 and 3 times higher than K1 (for 0mM). Where as in acidic medium that rate was decreased significantly, it means accumulated.
The fig. 35: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly improved in the presence of CCl4 at neutral and basic condition in presence of 20 µL CCl4. The rate constant K2 (for neutral) and K3 (for basic) is 7 and 2 times higher than K1 (for 0mM) where as in acidic medium that rate was decreased significantly, it means accumulated.
The fig. 36: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly improved in the presence of CCl4 at neutral and basic condition in presence of 40 µL CCl4. The rate constant K2 (for neutral) and K3 (for basic) is 8 and 1 times higher than K1 (for 0mM) where as in acidic medium that rate was decreased significantly, it means accumulated. 
It was noticed that the degradation of dye was significantly enhanced by the addition of CCl4 in both neutral and basic (pH=10.02) medium whereas in case of acidic (pH=1.93) medium it is accumulated with time. The enhancement can be attributed to the degradation of CCl4 through pyrolytic cleavage within cavitation bubbles, resulting in the release of oxidizing agents that may interact with dye molecules. Various research teams have investigated the sonolytic breakdown of CCl4 [29-34] 
The overall reaction can be written as-
                                      CCl4→ •CCl3 +•Cl                                          (1)
                                       CCl4→: CCl2 +Cl2                                           (2)
                                       •CCl3→: CCl2 +•Cl                                         (3)
                                      •CCl3 +•CCl3→ CCl4 +: CCl2                           (4)
                                       •CCl3 +•CCl3→ C2Cl6                                      (5)
                                       : CCl2 +: CCl2→ C2Cl4                                    (6)
                                      •Cl + •Cl → Cl2                                                 (7)
                                       Cl2 +H2O → HClO + HCl                                (8)
The sonolytic breakdown of CCl4 produces •Cl radicals that initiate a series of recombination reactions, resulting in the formation of additional active species like HClO, Cl2, and chlorine-containing radicals (•Cl, •CCl3, and: CCl2). These species possess strong oxidizing properties and significantly enhance the degradation of RhB in aqueous solution. 
As shown in fig. 39, the destruction rate rose as the concentration of CCl4 increased. 

3.2.7: Effect of glucose addition
              The sonolytic degradation of RhB solutions was examined in the presence of organic competitors like glucose (water solubility: 0.661×103 gL−1, Kow: 1.5×10−3, Henry’s law constant: 4.28×10−20 atmm3mol−1). Figure 38 illustrates the impact of adding glucose (2 M) on the sonochemical degradation of RhB (25 mgL−1).
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Figure-38: Time dependence of sonochemical degradation of RhB in the absence and presence of glucose at neutral medium.

Figure-39: Time dependence of sonochemical degradation of RhB in the absence and presence of glucose at acidic, basic and neutral medium.






The fig.-38: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly enhanced in the presence of glucose at neutral condition. The rate constant K2 (for 20 ml) and K3 (for 10 ml) is 3 and 5 times higher than K1. 
[image: ][bookmark: _Hlk211269220]Figure-41: Time dependence of sonochemical degradation of RhB in the absence and presence of glucose at various concentration at acidic, basic and neutral medium.  

Figure-40: Time dependence of sonochemical degradation of RhB in the absence and presence of glucose at acidic, basic and neutral medium. 





The fig. 37: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly enhanced in the presence of glucose at neutral and acidic condition. The rate constant K2 (for acid condition) and K3 (for neutral condition) is 2 and 5 times higher than K1. Where as in basic medium that rate was decreased significantly, it means accumulated. 
The fig. 38: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly enhanced in the presence of glucose at neutral and acidic condition. The rate constant K2 (for acid condition) and K3 (for neutral condition) is 2 and 3 times higher than K1 (for 0mM sample). Where as in basic medium that rate was decreased significantly, it means accumulated. 
It was noticed that the sonolytic degradation of dye significantly enhanced in the presence of glucose at neutral and acidic (pH=1.93) condition. In case of basic (pH=10.02) condition, the sonolytic degradation of dye decreased significantly, it means accumulated. 
The small reduction in the extent of RhB removal as the relative concentration of glucose in the mixture rises clearly indicates interfacial reactions between RhB and hydroxyl radicals as earlier study conducted by some researcher [35-36]. The current investigation showed that ultrasonic irradiation is a promising method for removing RhB from glucose-containing alimentary liquids.

3.2.8: Effect of sucrose addition

RhB solutions were examined for sonolytic degradation in the presence of organic competitors, including sucrose (water solubility: 2.1×103 gL−1, Kow: 2×10−4, Henry’s law constant: 4.4×10−22 atmm3 mol−1). This Fig42. illustrates the impact of adding sucrose (2 M) on the sonochemical degradation of RhB (25 mgL−1).
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Figure-42: Time dependence of sonochemical degradation of RhB in the absence and presence of sucrose at neutral medium.

Figure-43: Time dependence of sonochemical degradation of RhB in the absence and presence of sucrose at acidic, basic and neutral medium. 
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Figure-45: Time dependence of sonochemical degradation of RhB in the absence and presence of sucrose at various concentration at acidic, basic and neutral medium.
and neutral medium.  

Figure-44: Time dependence of sonochemical degradation of RhB in the absence and presence of sucrose at acidic, basic and neutral medium. 





The fig.41: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly enhenced in the presence of glucose at neutral condition. The rate constant K2 (for 20 ml) and K3 (for 10 ml) is 3 and 7 times higher than K1 (for 0mM sample).Tthe absence and presence of sucrose at acidic, basic and neutral medium. 
The fig.43: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly enhenced in the presence of sucrose at neutral condition. The rate constant K2 (for neutral condition) is 7 times higher than K1 (for 0mM sample). Where as in acidic (pH=1.93) and basic (pH=10.02) medium that rate was decreased significantly, it means accumulated. 
The fig. 44: shows time dependence of sonication time Vs. Conc. mM/L. From that figure it is noticed that rate of degradation of RhB significantly enhenced in the presence of sucrose at neutral condition. The rate constant K2 (for neutral condition) is 3 times higher than K1 (for 0mM sample). Where as in acidic (pH=1.93) and basic (pH=10.02) medium that rate was decreased significantly, it means accumulated. 
It was observed that the sonolytic degradation of dye RhB significantly enhenced in the presence of sucrose at neutral condition. In case of acidic (pH=1.93) condition and basic (pH=10.02) condition, the sonolytic degradation of dye decreased significantly, it means accumulated. 
The slight accumulate in the degree of RhB removal by a decrease in the relative concentration of sucrose in the mixture is a clear indication of interfacial reactions of RhB with hydroxyl radical. Abundant of •OH during the RhB sonodegradation may be responsible for the high sonodegradation [36]. The present study demonstrated that ultrasonic irradiation is a promising process for the removal of RhB from alimentary liquids containing sucrose.  


4. Conclusion
The current study has demonstrated that ultrasonic irradiation can effectively eliminate RhB from water. This research observe that the main reactions involved in sonochemical degradation are those with hydroxyl radicals. The initial degradation of the dye molecule was found to increase by sonodegradation. However, the incorporation of inorganic salts and additives increased the degradation rate significantly. Addition of FeSO4 incresed RhB degradation, while CCl4 accelerated the removal with increasing it doses. H2O2 and Na2SO4 also enhancd the degradation efficiency. Degradation is also facilities by NaCl and NaNO3. However, higher glucose and sucrose marginally decreased the breakdown efficiency compared to lower doses. Hence dye substances can be effectively removed from water using an ultra-sound system in the presence of inorganic salts and additives with low-cost compared to other treatment systems.
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