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ABSTRACT 
Rhodamine B (RhB) dye is studied as target pollutant in this work due to its various adverse effects on skin, 

gastrointestinal and respiration systems. In the present study, decolorization of RhB dye by sonophotocatalysis 

(SPC) method in a synthetic aqueous solution was investigated using a hybrid laboratory-scale, batch-mode reactor 

system with a pure, nano-sized catalyst under ultraviolet A (UVA) light (~365 nm) irradiation for 90 minutes. To 

achieve maximum RhB decolorization, independent parameters which were TiO2 concentration (0.5 to 2.5 g/L), 

initial pH (2 to 10) and concentration of RhB (10 to 50 mg/L), were chosen in this method. The three-level Box-

Behnken factorial design (BBD) was selected to carry out the optimization method. The finding results presented 

that TiO2 concentration of 0.5 g/L, pH 2, and an initial RhB concentration of 15.25 mg/L were optimum parameters 

to achieve maximum RhB decolorization. Further, lamp type, lamp electrical power, and adding H2O2 that could 

affect the removal efficiency were investigated as a first time. Based on ANOVA analysis, concentration of RhB 

stated the most significant effects followed by pH and TiO2 concentration on the model. A good compliance 

between experimental results and predictive values were obtained by the regression analysis for the model with R2 

value of 0.9902. The results showed that the Langmuir–Hinshelwood (L-H) model could clarify the SPC process 

well,where kc and KLH were 0.941 mg/Lmin and 0.129 L/mg, respectively. 

 

Keywords:Rhodamine B (RhB), Sonophotocatalysis (SPC), Box Behnken design (BBD), Hybrid system, 

Decolorization 

 

 

TiO2 Nanokatalizörü Kullanarak Rodamin B (RhB) Boyasının Hibrit 

Sonofotokatalitik Renk Giderimi Optimizasyonu 
 

Öz 
Rhodamine B (RhB) boyası, cilt, gastrointestinal ve solunum sistemleri üzerindeki çeşitli olumsuz etkileri 

nedeniyle bu çalışmada hedef kirletici olarak incelenmiştir. Bu çalışmada, sentetik sulu bir solüsyonda RhB 

boyasının sonofotokataliz (SFK) metoduyla renk giderimi, ultraviyole A (UVA) ışığı (~365 nm) altında 90 

dakikada, saf, nano boyutlu bir katalizörle hibrit laboratuvar ölçekli, kesikli mod reaktör sistemi kullanılarak 

araştırılmıştır. Maksimum RhB renk giderimi elde etmek için, bu yöntemde TiO2 konsantrasyonu (0.5 ila 2.5 g/L), 

başlangıç pH'ı (2 ila 10) ve RhB konsantrasyonu (10 ila 50 mg/L) olan bağımsız parametreler seçilmiştir. 

Optimizasyon sürecini gerçekleştirmek için üç seviyeli Box-Behnken faktöriyel tasarımı (BBD) seçilmiştir. 

Bulunan sonuçlar, 0.5 g/L TiO2 konsantrasyonu, pH 2 ve 15.25 mg/L başlangıç RhB konsantrasyonun maksimum 

RhB renk giderimi elde etmek için optimum parametreler olduğunu göstermiştir. Ayrıca ilk defa lamba tipi, lamba 

elektrik gücü ve giderim verimini etkileyebilecek H2O2 ilavesi incelenmiştir. ANOVA analizine göre, model 

üzerinde RhB konsantrasyonu en önemli etkiye sahipken, bunu pH ve TiO2 konsantrasyonu takip etmiştir. R2 

değeri 0.9902 olan model için regresyon analizi tarafından deneysel sonuçlar ile tahmin değerleri arasında iyi bir 
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uyum elde edilmiştir. Sonuçlar, Langmuir-Hinshelwood (L-H) modelinin, kc ve KLH'ın sırasıyla 0.941 mg/Lmin 

ve 0.129 L/mg olduğu SFK prosesini iyi açıklayabildiğini göstermiştir. 

 

Anahtar Kelimeler:Rodamin B (RhB), Sonofotokataliz (SFK), Box Behnken Dizaynı (BBD), Hibrit sistem, Renk 

Giderimi 

 

I. INTRODUCTION 
 

Synthetic organic dyes have colorful, complex and molecular structure that are extensively used in 

industries, i.e., textile, pharmaceutical, printing, cosmetics, etc. [1]. Turkey’s textiles sector is on the 

first rank within the country, being the third in the European Union, and also it is among the seven 

leading textile exporters in the world, at the end of 2017 [2]. In textile processing industry, 20% of 

industrial wastewater is generated due to dyeing and finishing processes [3]. The synthetic and industrial 

dye effluents are classified as one of the most serious environmental pollutants especially in water 

systems due to their high oxygen demands, strong color, toxic, non-biodegradable, carcinogenic and 

teratogenic structure [3,4]. Water pollution caused by dyes dramatically endanger to human health and 

entire ecosystem and that are responsible for the perturbations for the aquatic life, esthetic pollutions 

[5]. 

 

Rhodamine B (RhB) is a toxic and carcinogenic xanthene dye that is extensively used in textile industries 

and it is dangerous due to its adverse effects such as skin and eyes irritations, carcinogenicity, 

reproductive disorders, respiratory and gastrointestinal diseases [6,7]. Thus, treatment of wastewater 

effluents containing such dye pollutants is considerably significant to prevent any detrimental effects 

towards whole ecosystem. Many conventional physico-chemical and biological treatment methods are 

used for decolorization of dyeing wastewater have various limitations [7-9]. Such limitations are high 

cost, slow kinetics, long treatment times, low performance, difficulty in reactor design, higher waste 

production and energy consumption and ineffectiveness on their degradation [4, 10]. The breakage of 

chromophores resulted with decolorization is the first step for the dye degradation that is monitored by 

a spectrophotometer (a decrease in absorbance) and expressed as the percentage of removed dye 

indicating only the breakage of the chromophores rather than complete mineralization [11-13]. 

Nevertheless, the advanced oxidation processes (AOPs) and their hybrid combinations are feasible and 

renewable techniques to completely degrade wastewater especially containing hardly degradable 

organic dye pollutants and dye’s cleavage products (i.e. aromatic amines) that are more detrimental than 

parent compound until CO2 and H2O by reacting with hydroxyl radicals (●OH) [14-16]. Recently, the 

coupling of photocatalysis (UV/TiO2) and ultrasound (US) waves called ‘sonophotocatalysis’ (SPC), 

have gained attention as a way to combine the advantages of the two processes to degrade all kinds of 

compounds from water owing to easy operational, cheapness, and environmental friendly [17-20]. The 

individual advanced oxidation methods have many drawbacks including, insufficient transmission of 

light in water and limited reactive oxygen species (ROS) generation that prevents several applications 

[21, 22]. However, several phenomena such as cavitation, nucleation and sonoluminescence due to the 

interaction of ultrasound with the dye solution and also the surface of solid catalyst particles are vital 

superiorities on the hybrid SPC process than other individual AOPs in the literature [23]. Consequently, 

the hybrid SPC process poses various advantages: (1) generation of additional free ●OH radicals is 

increased in the reaction mixture, in the presence of catalyst (2) the ultrasonic liquid turbulence between 

catalyst interface and solution phase enables mass transfer between oxygen, pollutants and by-products 

close to the surface of catalyst, (3) catalytic activity is improved owing the ultrasound waves irradiation, 

(4) the required treatment time and cost can be reduced associated with an increase in energy 

consumption that clearly explains the reason why SPC process is preferred [7, 24-27].  

 

To the best our knowledge, there are limited studies on the decolorization of RhB dye by combination 

of ultraviolet with ultrasound and TiO2 catalyst, as compared with literature [14, 17-20]. [18] stated in 

their study that optimum RhB degradation was succeeded by ultrasound-assisted TiO2 photocatalysis 

with 500 mg/L of TiO2 dosage, 20 mg/L of RhB concentration, at pH 7 under 40 kHz frequency and 300 

W ultrasonic power. Also, [10] explained that the maximum degradation as 91% for Rh-B was obtained 
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using sonophotocatalytic (US/UV/TiO2) treatment in 180 min operation period with 10 mg/L of RhB 

and 0.2 g/L H2O2 concentration at pH 2.5. Furthermore, [19] declared that RhB was decolorized 

completely within a few minutes in the US/UV/TiO2 system with 0.5 g/L TiO2, 10 mg/L of RhB and 1 

mmol/L H2O2 concentrations. However, conventional methods to optimize decolorization of RhB that 

are mentioned above could determine one variable independently at a specific time while keeping other 

factors constant, so they are time-consuming [28]. Response surface methodology (RSM) is a popular 

analytical and statistical tool by researchers to obtain optimal operating conditions especially for AOPs 

by creating experimental design [28, 29]. RSM also is used to evaluate the method’s ability in 

quantifying the relation between responses and several variables [30] that also have not been discussed 

before for the evaluation of RhB dye decolorization by SPC method. Box-Behnken design (BBD) is a 

promising RSM method that is mostly used for its fast and economic specialties than traditional 

approaches [31]. Furthermore, there is still a big gap for application of RSM in effectively optimizing 

the hybrid SPC process (US-UV/TiO2). Therefore, in this study, the performance of hybrid SPC method 

was successfully evaluated to treat common used dye pollutant RhB in aqueous solution. In addition, as 

a first time, the effect of UV lamp type and lamp’s electrical power were discussed on the dye 

decolorization by SPC method in this study. Further, the effects of solution pH, TiO2 catalyst and RhB 

concentrations, on the SPC process were examined by BBD in combination with RSM. Optimum 

operating conditions depends on parameter interactions were also carried out. The recommended hybrid 

method achieved the highest (99%) RhB dye decolorization efficiency in a short time with less number 

of examinations.  

 

 

II. MATERIAL AND METHODS 
 

A. CHEMICALS AND REAGENTS 

 
The nanopowder TiO2 (AEROXIDE® P25≥99.5%, anatase form, 21 nm, 35–65 m2/g BET surface area) 

was supplied by Sigma-Aldrich (Germany). Rhodamine B as model pollutant (C.I. Basic Violet 10, 

Molecular formula:C28H31ClN2O3, Color: pink, CI number: 45170, Molecular weight: 479.02 g/mol, 

λmax: 544 nm) was supplied from Sigma–Aldrich (Germany). The molecular structure of RhB was 

shown in Table 1. Sodium hydroxide (NaOH, 99%), and Sulfuric acid (H2SO4, 97%) were procured 

from Merck (Germany). Hydrogen Peroxide (30%, H2O2) was used as an oxidant that provided by 

Sigma- Aldrich (Germany). During the experiments, deionized water was used to prepare necessary 

solutions (Merck Milli-Q (Germany), spec. resistivity: 18.2 MΩ). 

 

 
Figure 1. Characteristics of Rhodamine B (RhB) dye 

 

B. REACTOR DESIGN AND ANALYSIS 

 
All ultrasound, photocatalytic, and sonophotocatalytic experiments were performed using the same 

cylindrical Pyrex glass immersion well reactor filled with 200 mL RhB solution with certain amount of 

TiO2. The batch-mode reactor equipped with a water jacket and a PL-L UVA lamps (Philips, Dutch) (9-

69W; 315 to 380 nm; 110 μW/cm2) and UVC lamp (Philips, Dutch) (9 W; 254 nm) were fitted was used 

to study the SPC method (Figure 2). 3.5 L/min of air was supplied to the reactor system using a diffuser. 

The whole photoreactor system was immersed into an ultrasonic bath for the US experiments (Bandelin 
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DT 106, Germany) with a capacity 5.6 L (operating volume, 200 mL), a tank size of D = 240 mm and 

L = 125 mm, and an operating frequency of 35±3 kHz (120 W, 220 V). During the experiment, the 

reactor temperature was kept constant at 25 ±2 °C with a continuous water bath and a cold water pump. 

Optical densities of samples were measured after filtration of TiO2 catalyst from solution. 

 

 
 

Figure 2. Experimental set up for hybrid SPC system 

 

Optimization of SPC conditions was initially done using a spectrophotometer (Merck Pharo 100, 

Germany). Maximum wavelength (λmax) of RhB dye was read at 544 nm and all absorbance values of 

samples was measured at the same wavelength. Each experiment was carried out in duplicate and their 

average values are presented in this work. Removal efficiency was calculated using Equation 1 [28]: 

 

Removal efficiency (Y)= (
C0−C

C0
) ∗ 100                     (1) 

 

where C0 and C are initial RhB concentration and final concentration after distinct reaction time, 

respectively. 

 

C. EXPERIMENTAL DESIGN 

 
In the current investigation, TiO2 concentration (X1), pH (X2) and initial RhB dosage (X3) were 

independent variables, while decolorization efficiency of RhB dye was the dependent response variable 

in the SPC system. The levels and ranges of the independent variables were shown in Table 1. Previous 

experiments provided insights us to determine the ranges of independent variables. All analytical 

experiments were carried out in duplicate. Experimental data was represented by using second-order 

polynomials to provide the best-fit regression equations to obtain well predictions [21]. 

 

 
Table 1. Experimental design levels 

 

Model Ranges and levels 

Independent variables Low(-1) Medium (0)  High (+1) 

TiO2 concentration (x1, g/L) 0.5 1.5 2.5 

pH (x2) 2 6 10 

RhB dosage (x3, mg/L) 10 30 50 
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The integrated effect of the three independent variables with 15 sets of experiments of which 3 are 

repetitions was evaluated using of BBD. To define model terms and to fit experimental data, a second-

order polynomial equation (Equation 2) was used. Table 2 presents the experiment sets, the predicted 

and observed RhB decolorization. The quadratic response model could be defined as [28]: 

 

Y = β0 + ∑ βixi + ∑ ∑ βijxixj + ∑ βiixi
2ei

k
i=1

j−1
i=1

k
j=2

k
i=1            (2) 

 

Y (%) represented the decolorization efficiency of RhB, β0, βi were the interception coefficient, βii was 

quadratic term, βij was interception coefficient [22]. 

 

Minitab Software (v17) was used to perform regression and optimization applications. “Goodness of 

fit” and analysis of variance (ANOVA) techniques were performed to assess the capacity of designed 

models. The p value of <0.05 means a significant effect for pH, TiO2 and initial RhB concentrations on 

RhB decolorization efficiencies. After all the statistical analysis, three-dimensional (3D) surface plots 

and two-dimensional (2D) contour plots from validated models were generated using RSM while fixing 

a variable constant [31]. Consequently, to achieve maximum RhB decolorization, optimum conditions 

of the process parameters were evaluated.  

 

 
Table 2. Experimental and predicted responses for decolorization percentage of RhB 

 

Run Coded Levels RhB decolorization (%) 

  X1 X2 X3 Experimental Predicted 

1 -1 -1 0 95.5 96.2 

2 1 -1 0 87.8 86.6 

3 -1 1 0 99.9 101.1 

4 1 1 0 98.5 97.8 

5 -1 0 0 96.3 95.6 

6 1 0 0 92.9 94.1 

7 -1 0 1 89.6 88.5 

8 1 0 1 76.4 77.1 

9 0 -1 -1 98.4 98.4 

10 0 1 -1 95.4 95.0 

11 0 -1 1 74.4 74.9 

12 0 1 1 94.3 94.3 

13 0 0 0 94.8 95.2 

14 0 0 0 95.1 95.2 

15 0 0 0 95.5 95.2 

 

 

 

III. RESULTS AND DISCUSSION 
 

A. DECOLORIZATION OF RHODAMINE B UNDER VARIOUS CONDITIONS 
The system was stirred for at least 30 minutes in the dark following the addition of TiO2 photocatalyst 

to produce a homogeneous suspension and to allow the system to reach equilibrium in case of 

adsorption-desorption. As illustrated in Figure 3, the maximum decolorization efficiency of RhB was 

8.56% by catalysis at dark conditions that gives an opinion for the adsorbed RhB dye amount in the 

equilibrium conditions. For comparison, irradiation experiments without adding photocatalyst were also 

performed and 11.1% of RhB decolorization efficiency was obtained in the presence of ultraviolet 

irradiation UVA365 that is called “photolysis”. Besides, individual ultrasound performance on the 
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decolorization of RhB dye was attained as 15.4%, suggesting the unsatisfactory treatment capabilities 

of individual processes. Similar to our findings, [32] stated that 8.2% of RhB was degraded under 40 

kHz ultrasonic vibration in the absence of any catalyst. Our results are also in agreement with [33] who 

stated that RhB solution was decolorized within 2 h of ultrasonic irradiation between 200-500 kHz 

ultrasonic frequencies that could be explained by the fact that the lifetime of the bubbles produced at 

low frequencies was longer and the production of radicals was slow, compared to systems using higher 

frequencies. In addition, especially at low frequencies, the formation of highly hydrophilic intermediates 

via ●OH attack lead to long sonochemical degradation time in order to achieve complete mineralization 

[19]. US-TiO2 showed only 20.5% removal of RhB whereas coupling of US-UV could enhance the 

decolarization efficiency as 40.3%. The decolorization of RhB in the UV-TiO2 system showed high 

removal rates of 86.9% due to the excellent activation capability of TiO2 under UV irradiation as an 

efficient photocatalyst [25, 26]. Combination of US with UV and catalyst substantially promoted the 

decolorization efficiency of RhB (98.51%) basically. Because US conditions help to improve the 

dispersal of TiO2 nanoparticles by preventing agglomeration, thus generation of radicals could be 

increased with higher catalyst active sections exposed [27]. Further, size reduction of photocatalyst 

particles consequent to particle deaggregation cause to an increase in the surface area and catalytic 

performance. So, US can enable to increase the photocatalytic reaction rate by the catalytic activity of 

the catalyst. Also, acoustic cavitation cleans the catalyst surface and mass transfer induced by US is 

accelerated between the solution and catalyst, which might lead to increase the photocatalytic 

degradation rate [20].  

Besides, the decolorization of RhB was promoted in the US-UV/TiO2/H2O2 depended on the 

improvement on H2O2 activation in hybrid process. The limitations of SPC process was overcome by 

supporting the process with H2O2 due to producing extra ●OH in the presence of US and UV processes 

[34]. Fundamentally, adding of H2O2 regardless of its concentration into the SPC system couldn’t 

improve the decolorization efficiency of RhB substantially, but it maximized the removal efficiency in 

a short time compared with US/UV-TiO2 system as shown in Figure 4. Likewise, higher lamp electrical 

power enhanced the degradation of RhB in a short working period regardless of lamp type. 

 

The synergistic relationship between sonocatalytic and photocatalytic processes is confirmed by various 

studies [26, 35]. The synergy index that is the ratio of the hybrid SPC rate constant to the sum of the 

individual processes’ rate constants was calculated to present the contributions from UV and UV-TiO2 

processes. The synergy index was calculated as shown in Equation 3 [36]: 

 

Synergy (%)= 
K(US−UV/TiO2)

K(US)+K(UV/TiO2)
=2.42             (3) 
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Figure 3. The decolorization performances of RhB using various processes. Experiment conditions: 20 mg/L 

RhB, 1.5 g/L catalyst concentration, and pH 5 

 

 
 

Figure 4. The decolorization of RhB dye in the presence of different lamp type, lamp electrical power and H2O2 

concentrations. Reaction conditions: 15.25 mg/L RhB, 0.5 g/L catalyst loading, and pH 2 
 

A synergy value >1.0 shows that hybrid SPC method has a synergistic impact on RhB decolorization 

compared with the individual process [26]. It is thought that the cavitation phenomenon may help higher 

mass transfer. Surface area and catalytic activity are also increased due to disaggregation of the 

photocatalyst particles. Hence, the synergistic effect is supported by the contribution of ultrasonic waves 

[37].  

 

B. BBD ANALYSIS AND STATISTICAL DESIGN 
As presented in Table 2, experimental and predicted values are considerably close to each other that 

demonstrates an interaction between modeled and actual decolorization of RhB dye depend on BBD-

RSM strategy [38].  

 

A quadratic polynomial equation was developed to achieve optimum decolorization efficiency of RhB 

dye owing the individual and collaborative interactions between three independent variables was 

developed [26]: 

 

Efficiency of RhB decolorization (Y): 

 

Y = 101,88 + 0,55 x1 - 2,514 x2 + 0,290 x3 - 0,799 x1*x1 + 0,0654 x2*x2 - 0,01392 x3*x3 + 0,392 x1*x2 

– 0.1239x1*x3 + 0,07147 x2*x3; (R2=0.9902, p<0.05).           (4) 

 

 

C. ANALYSIS OF VARIANCE RESULTS OF THE MODEL 
Probability values (p-values) were used to determine the significance of each factor coefficient as 

presented in Table 3. P < 0.05 means the factor is significant while p > 0.05 means non-significance at 

95% confidence interval [39]. In this study, the ANOVA results of the second order polynomial equation 

model was investigated to obtain F and p values which were 56.02, 0.000, respectively.  This implies 

that model is considerably significant (p<0.05). The changes of terms X1
2, X2

2 and X1X2 would not 

significantly affect the decolorization efficiency of RhB, since their p values that were lower than 0.05. 

In this study, the coefficient of determination is 0.9902 which indicates that the model exhibits the best 

fit. The adequacy of the model was confirmed based on the close R2 adjusted (0.9725) and corresponding 

R2 values similar to Assassi et al. [40]. Lack-of-fit F-value was 22.56 (p value, 4.30%) for the model. 
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Table 3. ANOVA results of the RhB decolorization (Y) 

 

Source 

Sum of 

squares 

Degree 

of 

freedom 

Mean 

square F value p value 

Model 791.462 9 87.94 56.02 0.000 

x1, TiO2 82.626 1 82.626 52.64 0.001 

x2, pH 128.721 1 128.721 82 0.000 

x3, RhB 291.611 1 291.611 185.78 0.000 

x1
2 2.358 1 2.358 1.5 0.275 

x2
2 4.039 1 4.039 2.57 0.170 

x3
2 114.416 1 114.416 72.89 0.000 

x1x2 9.86 1 9.86 6.28 0.054 

x1x3 24.552 1 24.552 15.64 0.011 

x2x3 130.759 1 130.759 83.3 0.000 

Lack of fit 7.848 3 2.541 22.56 0.043 

Pure error 0.225 2 0.113   

Total 799.311 14    

R2=0.9902   R2
(pred)=0.8468 R2

(adj)=0.9725 

 

 
 

Figure 5. Residual plot of model for percentage RhB decolorization 

 

A normal probability plot and histogram of the residual for the decolorization of RhB are illustrated in 

Figure 5. The obtained results were confirmed by the accuracy of the model to predict RhB dye 

decolorization and residual independence [41]. The residuals were in the proximity of straight diagonal 

line that was shown in histogram diagram [21]. Therefore, in the present study, histogram showed 

normal distribution and the developed model was satisfied due to lower residuals for prediction of the 

decolorization efficiency of RhB. 
 

D. ANALYSIS OF VARIANCE RESULTS OF THE MODEL 
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Ultrasonic decolorization of RhB solutions caused to an exponential decrease in the dye decolorization 

with time. The phenomenon of sonophotocatalytic decolorization of RhB could be expressed in a better 

way by using a kinetic study based on the Langmuir-Hinshelwood (L-H) reaction in the following 

equation [42]: 

 

r =
dC

dt
=

krKC

1+KC
                (5) 

 

where r is the rate of SPC decolorization (mg/minL); C is the RhB concentration at a time t (mg/L); K 

is adsorption coefficient; and kr is kinetic constant of the reaction. 

 

The Langmuir–Hinshelwood equation becomes [43]: 

 

r = −
dC

dt
= 𝑘𝑟𝐾𝐶 = 𝐾𝑎𝑝𝑝 ∗ 𝑡              (6) 

 

The apparent degradation constant (Kapp (min−1)) was calculated from the slope of the line of Ln(C/C0) 

as a function of time as shown in Table 4. Further, the half-life times were calculated by the following 

equation for a pseudo-first-order reaction: 

 

𝑡1/2 = −
𝐿𝑛2

𝐾𝑎𝑝𝑝
               (7) 

 
Table 4. Kinetic parameters for the RhB degradation 

 

Co 

(mg/L) 

ro 

(mg/Lmin) 

kapp 

(1/min) 

t1/2 

(min) R2 

kc 

(mg/Lmin) 

KLH 

(L/mg) 

10 0.524 0.0524 13.23 0.9831   

15.25 0.72285 0.0474 14.62 0.9528   

30 0.873 0.0291 23.82 0.9806   

50 0.9 0.0180 38.51 0.9941   

     0.941 0.129 

 

 

E. OPTIMIZATION AND VALIDATION 
 

The 3D response surface and 2D contour plots visualize the synergistic effects between independent 

variables (X1, X2 and X3) and responses (Y) [41]. 

 

According to quadratic model that was obtained by the relationship between independent variables and 

response, absolute values of the coefficients in Equation 4 showed the magnitude of the effect, and the 

“+ and -” signs before the coefficients indicated whether the effect was positive or negative [42]. The 

negative coefficients for the model components X2, X1
2, X3

2, and X1X3 indicated the antagonistic effects 

on the RhB decolorization. While, the positive coefficients for X1, X3, X1X2, X2X3 and X2
2 indicated 

favorable effects on the RhB decolorization. The main individual effects as shown in Figure 6, 

demonstrated that pH had an adverse effect on the RhB decolorization efficiency, where decolorization 

increased with the decrease in the pH, whereas the TiO2 concentration and RhB concentration had a 

favorable effect on the process, where RhB decolorization was improved with larger values of this 

parameters. For the model, all the optimum operating conditions were found at lowest values (0.5 g/L, 

2 and 15.25 mg/L for TiO2 concentration, pH and RhB concentration, respectively). For this reason, the 

highest value of all parameters could limit the decolorization performance. The interactions between the 
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TiO2 concentration and pH, RhB concentration and pH had a favorable effect on response, but the 

interaction between RhB and TiO2 concentrations had no extensive effect on the decolorization of RhB.  

 

E. 1. PH EFFECT 
 

The plots of response RhB decolorization efficiency as a function of the TiO2 concentration and pH, 

while RhB concentration was fixed at 30 mg/L was illustrated in Figure 6(a1) and Figure 6(a2). It 

indicated that decreasing the TiO2 concentration and pH leads to increase RhB decolorization efficiency. 

Acidic pH level supported exceptional decolorization of RhB than basic pH level; the optimum 

degradation was obtained at pH 2 after 90 min of working period. The physical and chemical properties 

of solution that affect the bubble dynamic is determined by pH. In higher pH, RhB could exist as ionic 

form and its diffusion is restricted into bubble-liquid interface. Thus, degradation of RhB could be 

occurred only in the interface that resulted with reduced decolorization efficiency [43].  

Secondly, cationic (RhB+) and zwitterionic form (RhB±) are two principal forms in polar solvents. When 

pH value is higher than pKa of RhB (3.7 [44]), the carboxyl group is cationic (RhB+) or in zwitterionic 

form (RhB±). The carboxyl group of cationic form (RhB+) is deprotonated and the dye is transformed 

into zwitterionic form (RhB±), when the pH value is higher than pKa of RhB [45]. In other words, RhB 

has positive charge at low pH and negative charge at high pH due to its amphoteric nature [18].  At 

lower pH conditions, the hydrophilic character of RhB is lowest where the compound is in its cationic 

form and the degradation rate of RhB is maximum at the low pH. In strong acidic pH, RhB exists in 

higher concentrations at the bubble interface. Hence, the dye molecule is more exposed to the OH radical 

attack [47]. Furthermore, [46] supported the findings that the decrease in the degradation for higher pH 

values than pKa of RhB (3.7) is due to increase in the hydrophilic character of RhB as a result of 

dissociation of the molecule that lead to retard RhB molecular diffusion into the reaction zone. So, at 

this bubble interface, the uncombined OH radicals become maximum. For sonication, many researchers 

have already found that decrease in the solution pH leads to increase the sonochemical degradation rate 

due to formation of free radical scavengers (i.e. CO3
2-) which results in a decrease in the concentration 

of ●OH at higher pH value [20].  

 

E. 2. TIO2 CATALYST CONCENTRATION EFFECT 
 

It was considered that the nano-sized TiO2 catalyst concentration could affect the decolorization of dye 

pollutant via adsorption and oxidation. The synergy of TiO2 and initial RhB concentrations at a constant 

pH for RhB decolorization was given in Figure 6(b1) and 6(b2). The decolorization performance of 

RhB improved at the low level of RhB concentration; but the RhB concentration increased when the 

RhB decolorization efficiency decreased with increasing TiO2 concentration. Besides, the synergy 

between TiO2 (X1) and initial RhB concentration (X3) indicated a negative coefficient, which could 

indicate an adverse effect of X1X3 interaction on RhB decolorization. Increasing RhB dye concentration 

leads to mass transfer limitations and constant OH- production that resulted with low decolorization 

efficiency [48].  

 

Photons-embedded light that is emitted from UV light hits the surface of the catalyst and free electrons 

and protons are generated that are resulted from charge separation of TiO2. These charge separation 

enables the degradation of RhB decolorization. Besides, hydroxyl radicals are generated from free 

electrons that react with oxygen molecules. Likewise, hydroxyl radicals can be generated from water 

molecules resulted from oxidation of dye molecules [31]. This phenomenon is thought to enhance the 

SPC decolorization of RhB pollutant in the aqueous media. Besides, the nucleation location of cavitation 

bubbles increases due to increased nanoparticle concentration. This leads to the increase of RhB 

degradation [18]. However, TiO2 concentration of more than optimal 0.5 g/L, the specific activity of the 

catalyst is decreased due to particle aggregation, light scattering, and screening effects [49]. Similar 

behavior of the TiO2 particles, has also been reported [18], dealing with degradation of RhB at the 0.5 

g/L of TiO2. [19] studied on the sonophotocatalysis of RhB decolorization with TiO2 nanocatalyst in the 

range of 0.1 to 2 g/L and the optimum catalyst concentration for RhB decolorization was obtained at 0.5 

g/L. They explained that the number of catalyst particle would not be sufficient to originate the primary 
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reaction at low TiO2 concentration. Hence, 0.5 g/L of TiO2 concentration was accepted as the optimum 

catalyst concentration for RhB decolorization by hybrid SPC process.  

 

 

E. 3. RHB DYE DOSAGE EFFECT 
 

Figures 6(c1) and 6(c2) presents the effect of initial RhB concentration and pH and their synergic 

relations on the RhB decolorization at TiO2 concentration of 1.5 g/L. The RhB decolorization efficiency 

reached a maximum degradation while the pH value and initial RhB concentration approached to 2.0 

and 20 mg/L, respectively. 

The experiments were conducted for 10, 20, 30, 40, 50 mg/L RhB dye to evaluate the effectiveness of 

SPC decolorization performance as shown in Figure 6(b1-b2) and Figure 6(c1-c2). The decolorization 

of RhB dye decreased along with an increase in dye concentration as similar as many studies in the 

literature [20, 28]. The main reasons of the obtained results are the accumulation of dye molecules at 

the cavity interface and OH radicals show a great tendency to react with the pollutant molecule [20]. 

However, when RhB dye concentration increased, limited active sections could be available for the same 

TiO2 concentration that resulted with less RhB molecular affection by OH- [50]. It was further considered 

that, as the initial RhB concentration increased, higher concentration of intermediates was formed that 

competed with RhB for OH radicals. However, at the certain RhB concentration, organic dye molecules 

adhered to the surface of solid nanoparticles that affected the nucleation of cavitation bubbles, thus 

degradation efficiency was reduced [18]. Similar results have been reported for the case of ultrasound 

assisted degradation by [10]. Similar to our findings, [46] showed in their study that increasing initial 

RhB concentration from 5.95 mg/L to 12.5 mg/L and its intermediates at the bubble-liquid interface 

could lead to limit RhB degradation by the available interfacial area and OH radicals. [20] showed that 

almost complete decolorization (94%) of RhB was obtained after 1 h of irradiation under sonication at 

10 mg/L of RhB concencentration. When RhB concentration was below 10 mg/L, 100% RhB 

decolorization was achieved, thus optimum RhB dye concentration was accepted as 10 mg/L for RhB 

decolorization by hybrid SPC process. 

According to the obtained results, it can be concluded that considering decolorization efficiency, the 

optimum values of these parameters for the SPC system were 0.5 g/L TiO2 concentration, pH 2 and 

15.25 mg/L RhB dye concentration. In order to validate the model prediction, the RhB decolorization 

performance was tested experimentally under optimum conditions. 98.5% of RhB decolorization 

efficiency was achieved under the optimum operating conditions, which confirmed the results of the 

developed model (99% decolorization efficiency). As shown in Table 5, the decolorization kinetics of 

RhB by SPC process is comparable to other advanced oxidation methods that performed almost 

complete RhB dye decolorization. In this study, levels of the independent variables were chosen at the 

most extensive ranges due to ease of operation and to get a knowledge about the interaction of different 

variables in the extensive perspective according to literature review. For instance, [51] already informed 

that the degradation efficiency of RhB was much slower in basic conditions (pH 8 and pH 10) than at 

acid medium (pH 6, 4 and 2) by sonocatalytic degradation using TiO2. However, the necessity of 

examining the decolorization performances of RhB at higher and lower variable’s levels cannot be 

ignored in the next studies. 
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Figure 6. Surface and counter plots for RhB decolorization in 90-min by US-UV/TiO2 system. Hold values are: 

a1–a2 [RhB]: 30 mg/L, b1–b2 [pH]: 6, c1–c2 [TiO2]: 1.5 g/L 

 

Table 5. Comparison of RhB decolorization efficiencies between SPC and other AOPs in the literature 

 

Catalyst 

dosage 

Pollutant 

concentration 

Removal 

efficiency 

Power Time 

(min) 

Kinetic rate 

(min-1) 

References 

TiO2 0.5 g/L RhB 10 mg/L 99% UV=36 W 

US=120 W 

90 0.0174 Present 

study 

ZnO 1 g/L RhB 100 mg/L 54% UV=24 W 120 0.007 [52] 

Na2S2O8 

20mM 

RhB 10 mg/L 

 

85% US=60 W 60 - [17] 

1 wt% Ag 

doped on TiO2 

15mg/L 

RhB 10 mg/L 

 

90% UV=250 W 

 

60 0.036 [53] 

TiO2 2 g/L RhB 10 mg/L 

 

93% UV=11 W 

US=1000 

W 

180 0.0162 [20] 

TiO2 0.5 g/L RhB 20 mg/L 

 

99% US=300 W 40 - [18] 

TiO2 0.3 g/L RhB 10 mg/L 

 

85% UV 

US=170 W 

180 8.6*103 [10] 



 

2010 

 

TiO2 NTs 

2g/L 

RhB 50 mg/L 

 

85% US=50 W 120 0.015 [54] 

 

 

IV. CONCLUSION 
 

The key findings of this study could be summarized as:  

 

1) The calculated synergy value (2.42) indicated that the hybrid SPC method had a synergistic impact 

on RhB decolorization compared with the individual process and hybrid US-UV/TiO2 system is an 

efficient and feasible technique to treat a type RhB containing wastewater compared to individual AOPs 

process;  

 

2) A good compliance between experimental results and predictive values were obtained by the 

regression analysis for the model with R2 value of 0.9902;  

 

3) Based on ANOVA analysis, concentration of RhB stated the most significant effects (F=185.78) 

followed by pH (F= 82) and TiO2 concentration (F=52.64) on the model; 

 

4) Adding of H2O2 regardless of its concentration into the SPC process maximized the decolorization 

efficiency in a short time compared with US/UV-TiO2 system regardless of its concentration. Likewise, 

higher lamp electrical power enhanced the degradation of RhB in a short working period regardless of 

lamp type;  

 

5) Optimum parameters were obtained as 0.5 g/L of TiO2, pH 2 and 10 mg/L of RhB, respectively. 

Further studies target the investigation of the independent variables effects on decolorization efficiency 

of RhB dye lower than mentioned optimum values found by SPC method;  

 

6) The polynomial model indicated that decolorization of RhB was predicated as 98.5% at optimum 

conditions which was also confirmed by the validation study; 

 

7) the Langmuir–Hinshelwood (L-H) model could strongly clarify the SPC process well, where kc and 

KLH were 0.941 mg/Lmin and 0.129 L/mg, respectively.  

 

Consequently, less experiments and short time are the fundamental advantages in this approach to attain 

targeted information. Further studies need to apply this new combined system for pilot scale wastewater 

treatment. 
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