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Anthraquinone dyes represent the largest class of textile dyes in industrial use. These reactive 
anthraquinone dyes are not easily amenable by conventional treatment methods due to their stability 
and non-biodegradable nature. Heterogeneous solar nano photocatalysis has been found to be the most 
promising treatment process for the degradation of various dyes. In the present work alizarin red S is 
used as model compound for the nanophotocatalytic degradation. The effects of operational variables 
such as catalyst dose, pH, H2O2/COD ratio are investigated. The complete color removal is achieved at 
optimum conditions of catalyst dose of 7 mg/500 mL, pH= 7 and contact time 95 min for dye sample. 
This is the first   attempt made   to analyse the degradation pathway of the dye by the   thermo acoustical 
studies of solar nanophotocatalytic degradation of alizarin red S.  Based on the data obtained, various 
acoustical parameters like adiabatic compressibility, intermolecular free length, acoustic impedance, 
relative association, solvation number, vander Waal’s constant, Rao’s constant and relative association 
have been calculated.  From the data of acoustical parameters, the intermolecular interactions between 
the selected dye, H2O2 and the nano photocatalyst have been discussed and the mechanism of 
nanophotocatalytic degradation of alizarin red S is proposed. 
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1. Introduction 

A textile industry is one of the oldest and largest industries in the world. 
It produces large quantities of highly coloured effluents, which are 
generally toxic and carcinogenic nature [1-6]. Continually release of 
wastewater containing dyes into water bodies is growing a global 
pollution problem as a result of their wide industrial uses. In aquatic 
environment, the dyes undergo biochemical changes and consume 
dissolved oxygen, which further threat to the living organism in aquatic 
ecosystem as well as human health [7-9]. Consequently, it is definitely 
necessary to remove the dye contaminant before discharging them into 
streams [10-12]. The various conventional technologies such as 
precipitation, adsorption, air stripping, flocculation, reverse osmosis a 
textile effluents. These currently employed methods for the removal of 
coloured effluents in industrial water are classical and do not lead to 
complete destruction of the dyes. These methods do not work efficiently 
due to high solubility of dyes as well as their resistance to chemical and 
biological degradation. These techniques are considered to be non-
destructive, since they only transfer the non-biodegradable matter into 
sludge, giving rise to new type of pollution, which needs further treatment 
[13-18]. 

Recently there has been considerable interest in the utilization of 
advanced oxidation processes (AOPs) for the complete destruction of dyes. 
AOPs are based on generation of reactive species such as hydroxyl radicals 
that oxidizes a broad range of organic pollutants quickly and non-
selectively [19-23]. Nano photo catalytic AOPs include combination of 
semiconductors, light and oxidants. Heterogeneous nanophoto catalysis 
has emerged as an important destructive technology leading to the total 
mineralization of most of the organic pollutants including organic reactive 
dyes [24-26]. In the tropical countries use of solar irradiation is very 
attractive technology from the economical point of view. 

In the recent years, ultrasonic technique has become a more powerful 
tool in providing information regarding the behaviour of liquids and solids 
owing to its ability of characterizing physiochemical behaviour of the 
medium [27-30]. An ultrasonic study gives the information about the 
nature of molecular interaction in the solute-solvent and solvent-solvent 

mixture and it plays an important role in the development of molecular 
sciences. These interaction help in better understanding the nature of 
solute and solvent i.e. whether the solute modifies or distorts the structure 
of the solvent. It is non-destructive and very effective technique for the 
investigation of various thermo dynamic parameters [31]. It is revealed 
from the literature survey that solar nano photocalytic degradation of 
alizarin red S and its correlation with the thermo acoustical parameters 
have not been reported so far. 

The aim of the present work is to optimize the factors affecting solar 
nano photocatalytic degradation of substrate alizarin red S viz. amount of 
nanocatalyst dose, H2O2/COD ratio, pH.  This is the first   attempt made    to 
analyse the degradation pathway of the dye by the   thermo acoustical 
studies of solar nanophotocatalytic degradation of alizarin red S. At an 
optimised conditions nanophotocatalytic AOPs, acoustical parameters like 
adiabatic compressibility, intermolecular free length, acoustic impedance, 
relative association, solvation number, Vander Waal’s constant, Rao’s 
constant and relative association were determined. This would help to 
understand the solute and solvent interaction and to propose the 
mechanism of degradation of alizarin red S. 
 

2. Experimental Methods 

2.1 Materials 

All AR grade chemicals were used in the experiments. Also, these 
chemicals used as received without further purification. The solutions 
were prepared in double distilled water. All stock solutions were stored in 
amber coloured light resistant pyrex glass bottles. Sodium hydroxide (1 
M) and sulphuric acid (1 M) were used for pH adjustment. 
 

 
Fig. 1 Structure of alizarin red S (Molecular Formula: C14H7NaO7S; Average mass: 
342.25589;  C.I. No. 58005; Scientific name -Sodium3,4-dihydroxy-9,10-dioxo-
9,10-dihydro-2- anthracenesulfonate) 
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2.2 Experimental Procedures 

In the experiment a stock solution of the substrate of conc. 1x10-2 mol/L 
was used. Batch experiments were carried out to determine the effect of 
pH, H2O2 concentration, and nanophotocatalyst CuO doses during 
degradation of selected dye. The solar photocatalytic degradation was 
carried out in 1 L flat glass vessel provided with an aquarium pump for the 
continuous agitation of the sample. During the reaction, the solution was 
stirred by magnetic pellet to ensure its homogeneity. 500 mL of the 
substrate was taken in the photo reactor and irradiated with sunlight. 
Samples were pipetted at regular time interval from the reaction vessel. 
Then a centrifugation process was applied to separate CuO catalyst 
particles after photo catalysis. The samples were immediately analysed to 
avoid further reaction.  

 
2.3 Analysis 

The pH of the solution was measured using Elico pH meter LI-120 
equipped with a combined calomel-glass electrode. Shimadzu UV-Visible 
1800 Spectrophotometer was used for the measurement of absorbance of 
the substrate. A calibration plot between absorbance and concentration of 
dye was plotted experimentally, which gave a high linear regression 
coefficient of 0.987 at 430 nm (Fig. 2). 
 

 

Fig. 2 Calibration plot of Alizarin Red S 

The progress of the photocatalytic degradation of the dye was 
monitored by taking out aliquots at regular intervals and recording 
absorbance by UV-VIS spectrophotometer. The percentage of degradation 
was calculated by the formula 

                  Percentage degradation =  
(Co−C)

Co
 x100 

where   Co = initial substrate concentration 
          C = final substrate concentration at a given time. 
 

2.4 Thermoacostical Study of the Substrate at Optimized Parameters 

The densities (ρ) of these binary solution were measured accurately 
using 25 mL specific gravity bottle in an electronic balance precisely and 
accurately. The basic parameter ultrasonic velocity (ν) has been measured 
on Digital Ultrasonic Pulse Echo Velocity Meter (Vi Microsystems Pvt. Ltd. 
Model VCT‐70 at 2 MHz) with an accuracy of 0.1%. By using ultrasonic 
velocity and density the following acoustical parameters like adiabatic 
compressibility, intermolecular free length, acoustic impedance, relative 
association, solvation number, Vander Waal’s constant, Rao’s constant and 
relative association were calculated by applying the following expressions 
[32]. 

Ultrasonic velocity                     .fU    (1)     

Adiabatic compressibility:










 2

U

1

   (2) 
(U = Ultrasonic velocity of solution, ρ = Density of the solution) 
 

Acoustic impedance  UZ    (3) 

Intermolecular free length
 TfL

  (4) 

(KT is Jacobson’s constant, 
8

10)T375.0875.93(TK



 and  

    T = Absolute temperature in Kelvin) 
 

Rao’s constant R = ( 
𝑀

𝜌
) ν2    (5) 

M = Mol. Wt. 
Wada’s constant W = M ĸ-1/7/ρ   (6) 

Relative association =   
ρ

ρ0
     (7) 

ρ and ρ0 are the densities of the solution at time t and t=0 resp. 

Solvation Number=M/M0 (1- 
𝛽

𝛽0
)(

100−𝑥

𝑥
)   (8) 

Vander Waal constant = 
𝑀

𝜌
[1- 

𝑅𝑇

𝑀𝑉2
√1 +

𝑀𝑉2

3𝑅𝑇
−1]   (9)    

M= Mol. Wt., V is the volume of the solution                  
Relative Association= (ρ/ρ0) (U0 /U)1/3   (10)  
 

where ρ   = Density of liquid mixture 
             ρ0   = Density of pure liquid mixture 
             U   = Ultrasonic velocity of solution  
             U0 = Ultrasonic velocity of solution 

 

3. Results and Discussion 

3.1 Effect of pH  

pH is one of the most important factor for the generation of hydroxyl 
radicals. An attempt has been made to study the effect of pH on the 
degradation of substrate under sunlight. It has been observed that at 
optimal concentration of dyes in both acidic and alkaline pH tends to lower 
the degradation efficiency of anthraquinone dye. The maximum 
degradation was observed at pH 7 as shown in (Fig. 3). This is may be due 
to the fact that at high pH values the hydroxyl radicals are so quickly 
discarded that they do not have proper time to react with dyes in waste 
water. Also the pH influences the surface properties of CuO 
nanophotocatalyst, dissociation of organic pollutants (or dyes in waste 
water) and formation of hydroxyl radicals [25]. Therefore, the result 
indicates that pH value has a significant effect on the adsorption properties 
at the photocatalyst surface and hence photodegradation rates are quite 
insignificant with extreme pH values. Photo degradation is optimized at 
pH 7. 

 
Fig. 3 Effect of pH on the degradation 

3.2 Effect Nano CuO Catalyst  

Fig. 4 shows the effect of nanophotocatalyst loading on the rate of 
degradation of the selected substrate at an optimized pH 7. The photo 
degradation was studied by varying catalyst dose from 3 to 15 mg/500 mL. 
The percentage degradation of the substrate increases with an increase in 
the dosage of the photo catalyst. However with further increase in 
photocatalyst doses decreases the percentage degradation of the dye. The 
maximum degradation efficiency was attained with 7 mg of CuO 
nanophotocatalyst and thereafter the rate of degradation decreased. The 
increase in degradation rate may be explained by the fragmentation of 
catalyst which produces higher surface area. Thereafter with further 
increase in catalyst loading, the degradation rate starts declining. This 
nature is due to the screening effect i.e., above a certain amount of catalyst 
loading, the turbidity of the solution increases and ultraviolet rays start 
getting scattered, hence reducing the optical path [33, 34]. The 
aggregation of catalyst particles, which reduces the interfacial area 
between the substrate solution and the nano photocatalysts may be other 
reason for the decrease in the degradation rate [35]. 
 

 
Fig. 4 Effect of nano photocatalyst doses 
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3.3 Effect of Dose of H2O2/COD Ratio Degradation of Selected Dye 

A series of experiments of substrate with different H2O2/COD ratios viz. 
1, 2, 3& 4 were carried out to optimize H2O2/COD ratio. It was optimized 
at 1 (Fig. 5). Further increase in H2O2 concentration lowered the 
degradation rate. This is because of the excess H2O2 reacts with the 
hydroxyl radicals earlier formed and hence acts as an inhibiting agent of 
degradation by consuming the hydroxyl radicals responsible for degrading 
the substrate molecule. 
 

 

Fig. 5   Effect of H2O2/COD ratio on the degradation 

 

The measured values of adiabatic compressibility, intermolecular free 
length, acoustic impedance, relative association, solvation number, Vander 
Waal’s constant, Rao’s constant and relative association of 
nanophotocatalytic degradation of the substrate at an optimized 
parameters viz. pH, H2O2/COD ratio and nanophocatalyst dose with the 
exposure time are incorporated. The graphical representation of the data 
obtained from the measurement of the various parameters are given in 
Figs. 6-13.  

At the optimized experimental condition the value of various 
parameters viz. adiabatic compressibility, intermolecular free length and 
intermolecular relative association increases with the exposure time. But 
the ultrasonic velocity, acoustic impedance, molar sound velocity (Rao’s 
constant), Wada’s constant, Vander Waal’s constant and solvation number 
decreases nonlinearly.  

 It is seen that ultrasonic velocity decreases linearly with the exposure 
time. This descending value of ultrasonic velocity may be due to decrease 
in the no. of particles of solute. This indicates that with the increase in the 
exposure time, the rate of degradation of solute particles with the 
exposure time is also decreases & hence ultrasonic velocity also decreases. 
Hence, there is no transfer of sound energy from one particle to another 
which is confirms the observation of the nano photocatalytic   degradation 
study.  

From Figs. 6 and 7, it is clearly shown that the values of adiabatic 
compressibility & intermolecular free length increases linearly with the 
increase in the exposure time. The increase in the values of adiabatic 
compressibility and intermolecular free length with respect to increase in 
the exposure time indicates that the solute-solvent interaction decreases 
with the exposure time.  As a result the structural arrangement is attended. 
This ascending value of adiabatic compressibility and intermolecular free 
length with respect to exposure time shows that there is breaking of bonds 
formed between the solute and solvent molecules [20, 21] and also 
observed in the degradation study. 
 

 
Fig. 6 Adiabatic compressibility vs Time 

 
Fig. 7 Intermolecular free length vs Time 

Similarly the values of acoustic impedance decreases with the exposure 
time while the relative association increases linearly. The ascending trend 
of the relative association indicates the increase in the strength of 
interactions between unlike molecules. This may be due to the hydrophilic 
nature of the interacting molecules & the interaction decreases with the 
exposure time (Figs. 8 and 9). 
 

 
Fig. 8 Acoustic Impedance vs Time 

 
Fig. 9 Relative Association vs Time 

 

The molar velocity (R) indicates the cube root of ultrasound velocity 
through 1 molar volume of the mixture and is also called as Rao’s constant. 
It gives the interaction exist in the solution.  The descending trend of the 
Rao’s constant with the exposure time indicates the interaction decreases 
with the time (Fig. 10). While Wada’s constant depends on the molar 
compressibility. It gives the confirmation for an existing interaction in the 
solution. In this study shows the decrease in the Wada’s constant with the 
time Fig. 11.  

 

 
Fig. 10 Rao’s Constant vs Time 

 
Fig. 11 Wada’s constant vs Time 
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This indicates that the interaction between solute and solvent is 
decreasing with the time. This may be due to insufficient amount of H2O2 
after time 60 min. Hence, the observed trends of Rao’s constant and 
Wada’s constant indicate that the magnitude of interactions is decreasing 
with the increasing time intervals. 

The degree of solvation is the number of solvent molecules per ion, 
which remains attached to a given ion, long enough to experience its 
translation movement when solution is formed. Structure of the 
surrounding molecules also affects the solvation number.  The 
compressibility of the solution is mainly due to the free solvent molecules. 
Fig. 12 shows the descending order of the solvation number with the 
exposure time. This may be due to fact that with the increase of the 
exposure time the solute and solvent interaction is decreasing. Thus the 
have more probability of contacting solvent molecules.   Vander Waal’s 
constant is an indicator of molecular volume. Fig. 13 shows the descending 
order of Vander Waal’s constant with time. This indicates decrease in the 
molecular volume and thus the no. of solute molecules decreases with the 
exposure time and hence finally substrate is completely depredated. 

 
Fig. 12 Solvation Number vs Time 

 
Fig. 13 vander Waal’s Constant vs Time 

On the basis of this study an attempt is made to propose the mechanism 
of the degradation of the alizarin red S as shown in Fig. 14. 
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Fig. 14 Mechanism of degradation of alizarin red S 

 

4. Conclusion 

In the present study, the wastewater containing dye was degraded by 
using solar nano photocatalytic advanced oxidation process. The results 
obtained in the present study show the great efficiencies of advanced 
oxidation processes in removing anthraquinone dyes which are resistant 
to other conventional treatment processes. This is the first report on the 
thermo acoustical photocatalytic degradation of alizarin red S. This 
analysis could be useful for suggesting the mechanism of degradation of 
the substrate. The application of heterogeneous photocatalytic treatment 
using CuO for the degradation of alizarin red S has been found to be 
promising process. Further addition of H2O2 to the above system made the 
degradation much faster and could degrade the dye. The observations of 
these investigations clearly demonstrated the importance of choosing the 
optimum degradation parameters which are essential for any practical 
application of photocatalytic oxidation process. This technique is eco-
friendly because it uses conventional energy. Also solar 
nanophotocatalytic degradation seems to be the most appealing choice for 
the complete degradation and substantial mineralization of alizarin red S 
and may be extended to treat real industrial wastewater. 
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