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A B S T R A C T   

The treatment of industrial effluents has limitations due to their hazardous nature and complex structure which 
resists biological treatment methods. The possible approach to the treatment of Polymer Wastewater and Dye 
Wastewater was studied by carrying out laboratory-scale experiments in the present study. These wastewater 
samples were collected from two different industries for the study. Ozone and Hydrogen Peroxide is used as 
oxidative agents for the treatment of these hazardous wastewater samples. The Polymer Wastewater was treated 
successfully using these oxidative chemicals and achieved a maximum COD reduction of up to 91%. The Dye 
wastewater was treated using Ultrasonication with oxidative additives and achieved a COD reduction of about 
66%. Therefore, integrated approaches are a must to treat industrial complex wastewater effluents and opti-
mization of possible combinations of individual units must be optimised.   

1. Introduction 

Water is the most important necessity for life on Earth, and it is used 
in a variety of domestic and industrial activities. The rapid growth of 
polluting industries such as pharmaceuticals, distilleries, textile, fertil-
izers, tanneries, and mining industries, as well as rising living standards, 
human population, and urbanization, have resulted in the production of 
toxic and recalcitrant wastewater containing hazardous contaminants 
(Table 1), resulting in water crises around the world in recent years 
(Chang et al., 2009 Doltade et al., 2019; Ferrari et al., 2003;). 

1.1. Open water sources in India 

The open water quality(Lakes, Ponds, and Rivers) in the Indian 
context has been becoming one of the challenges for its treatment. This 
issue is mainly due to the restrictions to the flow of water, reduction of 
oxygen solubility and growth of the water hyacinth (Doltade et al., 
2017). All these factors are responsible to reduce the self-cleaning ca-
pacity of the lakes, ponds and rivers. The self-cleaning capacity of lake 
refers to the natural way in which the open water sources get rid of the 
pollutants discharged into it. The flow of these water sources and the 
presence of bacteria (Aerobic and Anaerobic) decompose the pollutants 
and converts them into stable harmless substances. There are some 
factors which contribute to the Self-Cleaning capacity of the open water 
sources. The natural processes can help to keep these sources clean to 

certain extent but they cannot overcome uncontrolled pollution. The 
emerging contaminants like, micro-plastic, biological and chemicals 
have been rising in water resources due to the rapid growth of indus-
trialization and population across India (Chang et al., 2009 Doltade 
et al., 2019; Ferrari et al., 2003; Doltade et al., 2017;). There are several 
representative examples for lakes in India like Rankala lake, Kolhapur 
(Doltade et al., 2017), Bhandupeshwar lake, Mumbai, Bandhan lake, 
Warangal, Bindusagar lake, Bhubaneswar etc. 

1.2. Industrial effluent 

The recalcitrant compounds are resistant to biological treatment due 
to their poor biodegradability index, and have high chemical oxygen 
demand and low biological oxygen demand values (Kausley et al., 2019; 
Malik et al., 2017). Since these non-biodegradable organic compounds 
are potential carcinogens, endocrine disruptors, and toxic to living or-
ganisms, even a small amount of their presence in wastewater poses 
serious health risks. Industries are the primary source of these 
non-biodegradable and toxic chemicals in the atmosphere (Chang et al., 
2009 Doltade et al., 2019; Nitoi et al., 2013; Vuppala et al., 2019; Vilardi 
et al., 2020; Vilardi, 2020;). As a consequence, prioritizing the treatment 
of industrial wastewater is important. 
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1.3. Treatment technologies for wastewater 

The treatment of wastewater can be categorised into four funda-
mental techniques; physical, mechanical, biological (Vuppala et al., 
2019 Vilardi et al., 2020;) and chemical (Vilardi, 2020 Vilardi et al., 
2020;). The physical treatment of water includes Screening, Aeration, 
Flocculation, Sedimentation and Filtration (Gągol et al., 2018 Shah 
et al., 2018; Fernandes et al., 2018; Fernandes et al., 2019;). The sus-
pended materials can be removed using the micro screen in the form of a 
drum-like fine masque. In this process, the air is sparged in the waste-
water to remove Carbon dioxide, Hydrogen Sulfide (Asghar et al., 2015). 
This aeration can be carried out by waterfalls, cascade spray, fountain 
aerators, mechanical aeration, etc. The coagulation treatment is used to 
conglomerate particulates into large clumps and those will settle down 
easily. Several substances like stone, sand, chalk and microorganisms 
are insoluble in water (Malik et al., 2020 Oliveira et al., 2020;). The 
separation of the insoluble substances from water can be carried out 
using sedimentation and filtration. Moreover, biological approaches are 
commonly used for wastewater treatment at BOD5:COD ratios greater 
than 0.4, most industrial wastewater is found to be inadequate due to the 
presence of recalcitrant pollutants (BOD5:COD = 0.2) in the wastewater 
(Jenkins, 1982 Tehrani-Bagha et al., 2010; Lucas et al., 2010; Mule et al., 
2021;). To degrade industrial wastewater containing bio-refractory 
contaminants, advanced oxidation methods are typically used. Howev-
er, despite advanced oxidation methods shows high degradation per-
formance, they need regulated operating conditions and a high energy 
input, which raises the process cost, and they often only convert recal-
citrant pollutants from liquid to solid phase. An effective treatment 
system for wastewater treatment is a fundamental requirement in to-
day’s society (Chinh et al., 2019 Chinh et al., 2021;). In order to tackle it 
efficiently, industrial wastewater study should include biodegradability 
enhancement, as well as degradation and mineralization of recalcitrant 
organics. This was an attempt to approach the solution to address 
polymer and dye industrial wastewater issue via oxidation/advanced 
oxidation and/or a combination of these technologies. 

1.4. Advanced oxidation technologies 

There are several advanced oxidation processes(AOPs) cited in 
recent years in various research articles for the treatment of recalcitrant 
organic pollutants present in the wastewater (Mänttäri et al., 2008 Kalra 
et al., 2011; Doltade and Gole, 2017;). These processes include primarily 
Ozonation, Fenton/Fenton-like reaction, Photocatalysis, Sulphate 
radical based AOPs Acoustic and Hydrodynamic cavitation and their 
combination for the effective removal of the organic pollutants from 
industrial effluent (Doltade and Gole, 2017 Boczkaj et al., 2017;). 

1.5. Cavitation 

Cavitation is the formation, growth and subsequent collapse of the 
cavities occurring in a very small interval of time (microseconds), 
releasing large magnitude of energy. The effects of cavity collapse are, 
creation of hot spots, releasing highly reactive free radicals, cleaning of 
solid surfaces, and enhancement in mass transfer rates. The collapse of 
bubbles generates localized ‘‘hot spots’’ with transient temperature of 
about 10,000 K, pressures of about 1000 atm. Under such extreme 
conditions water molecules are dissociated into *OH and H* radicals. 
These radicals then diffuse into the bulk liquid medium where they react 
with organic pollutants and oxidize them (Rayaroth et al., 2022 Gągol 
et al., 2020;). 

Based on mode of generation there are four principal types of cavi-
tation like Acoustic, Hydrodynamic, Optic and Particle cavitation. 
Acoustic cavitation (Fedorov et al., 2020) is a result of pressure variation 
in a liquid when ultrasound (sound with frequency greater than 16 KHz) 
waves pass through it. Hydrodynamic cavitation (Doltade and Pandit, 
2021 Cako et al., 2020;) is produced by pressure variation in a flowing 
liquid caused by the velocity variation in the system by changing the 
flow geometry of the flow system. Optic cavitation is produced as a 
result of the rupture of a liquid due to high-intensity light or a laser. 
Particle cavitation is produced by any type of elementary particle beam 
(e.g., a proton) rupturing a liquid, resulting in cavitation. Acoustic and 
Hydrodynamic cavitation are only capable to generate intensive 
collapse of cavities to degrade organic pollutants at scale. 

2. Material and methods 

2.1. Materials 

COD reagents like H2SO4, K2Cr2O7, Fe2SO4, HgSO4, and Ag2SO4 were 
procured from the local vendor of Thomas Baker. A magnetic needle- 
based stirrer was used for the continuous mixing. Ozonator (Make: 
Eltech, 5 g/hr) was used to add ozone to the effluent. H2O2(30%) was 
also procured from SD Fine. Sonication horn (Dakshin, 750 kW) was 
used for the treatment of effluent. COD digester (Hanna) was used to 
digest the water samples. Deionized(DI) (Make: Millipore Ultrapure 
Water System, Model Direct-Q5) water was used for dilution of the water 
samples during COD analysis. The DI water instrument was used from 
the Central analytical instrument laboratory, Department of Chemical 
Engineering, Institute of Chemical Technology, Mumbai, India. What-
man filter paper having a pore size of 42 µm was used for the filtration of 
the treated water sample. 

2.2. Analytical methods 

Standard COD procedure was used to estimate the COD of water 
samples (Jenkins, 1982). 

2.3. Experimental setup and experimental procedure 

A wastewater sample of volume about 250 ml was taken in a 500 ml 
glass beaker for the treatment. The approximate liquid height was 
70 mm. A magnetic Stirrer was used at 240 Revolutions Per Minute 
(RPM) to continuous homogenize the wastewater (Fig. 1). Hydrogen 
Peroxide(H2O2) was directly added to the wastewater. Ozone(O3) was 
provided with a spherical sparger for uniform distribution of Ozone in 
the wastewater taken for treatment. Wastewater was treated using 
Sonication horn (22 kHz) at 40% power amplitude (i.e. 40% of 750 kW) 
for 1 hour and then filtered it using Whatman filter paper having a pore 
size of 42 µm. The formed suspended solids were removed using filtered 
paper. The COD of the filtered wastewater sample was analysed using 
the standard COD procedure as mentioned in the analytical method 
section (Jenkins, 1982). 

Table 1 
Source of pollutants responsible for the water pollution.  

Sr. 
No. 

Contaminants Material in water (lakes, river or industrial) 

1 Organic Particles Such as feces, Hairs, Food Waste, Vomit, Paper 
Fibers, Plant Material, etc. 

2 Soluble Organic 
materials 

Urea, Fruit Sugar, Soluble Proteins, etc. 

3 Inorganic Particles Sand, Grit, Metal Particles, Rubber Residues from 
Tires, Ceramics, etc. 

4 Soluble Inorganic 
material 

Ammonia, Road Salt, Sea Salt, Cyanide, Hydrogen 
Sulfide, Thiocynates, etc. 

5 Macro-solids Sanitary Napkins, Nappies, Needles, Children Toys, 
Dead Animals or Plants, etc. 

6 Gases Hydrogen Sulfide, Carbon Dioxide, Methane, etc. 
7 Emulsions Paints, Hair Colorants, Emulsified Oils, etc. 
8 Toxins Pesticides, Poisons, etc. 
9 Micro-plastics Polyester, Polyamide, Polyethylene, 

Polypropylene, etc. 
10 Thermal Pollution Power Station and Industrial Manufactures 
11 Sewage wastewater Bacteria, Viruses, Protozoa, Parasites.  
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3. Results and discussions 

The wastewater samples were collected from two different industries 
and the COD analysis was carried out since the industrial requirement 
was the only reduction of COD in the effluent. To reduce the COD to the 
desirable limit (<300 ppm) (Heidari et al., 2021 Yuan et al., 2020; 
Fernandes et al., 2020;), various treatment approach was used at labo-
ratory scale experiments and the study was carried out to optimize the 
processes. 

3.1. Polymer wastewater 

The polymer wastewater was collected from the Supreme Silicon Pvt. 
Ltd., Aurangabad, India. It was visually faint milky in colour having an 
emulsion like appearance (Fig. 2). The viscosity of this wastewater 
should be marginally higher than the normal water. The COD of the 
original polymer wastewater was measured and it was about 1920 ppm. 

Fig. 1. Schematic of the experimental setup used to treat industrial wastewater.  

Fig. 2. Photographic evidence of polymer wastewater and its treated samples.  
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3.2. Treatment methodology of polymer wastewater 

Initially, polymer industrial wastewater was treated with Ozone. The 
continuous stirring was provided with a magnetic stirrer at 240 RPM for 
homogenous mixing of wastewater and maintains maximum uniform 
solubility of the Ozone throughout the water. Ozone was sparged in the 
250 ml wastewater over 60 min. The significant reduction in the COD 
was obtained only with the Ozone and it was about 288 ppm (85%). 
Ozone is known for the high oxidation potential (+2.07 V) which breaks 
the organic compounds into number of low molecular compounds 
(Doltade et al., 2019 Jenkins, 1982; Tehrani-Bagha et al., 2010;). 
Further experiments were carried out to get maximum COD reduction; 
polymer wastewater was treated by a combination of active oxidation 
processes like Ozonation and Hydrogen Peroxide. Continuous stirring 
was also provided for mixing of H2O2 and Ozone in the wastewater 
during treatment over 60 min. The maximum COD reduction was ob-
tained in this case (Ozonation + H2O2 + Stirrer@240 RPM) of about 
176 ppm (91%) (Table 2), which is within the prescribed imit of the 
Environmental Pollution Control Board (i.e. <300 ppm) (Lucas et al., 
2010). The highest COD reduction was obtained in the case of the 
combination of Ozone and H2O2 than the only Ozonation. The Peroxone 
process is well where Ozone and H2O2 are used to get synergetic 
oxidative effects. In this process, ozone reacts with hydrogen peroxide to 
produce hydroxyl radicals, which are highly energetic particles. It may 
be due to the synergetic effect of both Ozone and H2O2. These both are 
well known for the strong oxidizing action. The liquid H2O2 easily dis-
sociates when it added to the water and forms hydroxyl ions (− OH). 
These formed hydroxyl radicals degrade the organic pollutants/chem-
icals present in the wastewater. Therefore, the combination of Ozone 
and H2O2 has given a synergetic effect to reduce the COD of the 
wastewater to maximum than their individual effects. The obtained 
treated water was clean and transparent as shown in Fig. 2. 

3.3. Dye wastewater 

The Dye wastewater was collected from the Mehta Dye Intermediates 
Pvt. Ltd., Vapi, Mumbai, India. This wastewater was dark orange in 
colour (Fig. 3). The initial COD of this dye wastewater was high at about 
6026 ppm. 

3.4. Treatment methodology of dye wastewater 

The direct optimised treatment approach was used here as it was 
used in the Polymer wastewater treatment. The Dye wastewater was a 
mixture of acid and base dyes hence the representative formula of 
Metanil Yellow(Yellow 36) is C18H14N3NaO3S having molecular wt. 
375.4. The structure of dye is always hexagonal double-bonded (i.e. 
Aromatic ring) having very high strength. Such dye effluent cannot be 
treated easily by a single treatment unit, it needs an integrated treatment 
technique and hence the treatment cost of the dye effluent is very high 
(40–100 INR/m3 or 0.54–1.34 US$/m3) than other industrial effluents 
(20–60 INR/m3 or 0.27–0.80 US$/m3). 

The industrial dye effluent was treated at a laboratory scale by in-
tegrated active oxidation processes like Ozonation, Hydrogen Peroxide 
followed by Ultranication. The continuous stirring was provided using a 
magnetic stirrer at 240 RPM during treatment. Ultrasonic horn (Dakshin 
make) was used at 40% of power amplitude (40% of 750 kW) for the 
treatment of dye wastewater over 60 min. The samples were drawn over 

particular interval during treatment 0 min, 15 min and 60 min for the 
analysis. The marginal reduction in the COD about 20% (average COD 
4800 ppm) was obtained with this combination approach of US+
Ozone+ H2O2 +Stirrer after 20 min treatment. A significant reduction of 
COD of about 66% (average COD 2026 ppm) was observed with the 
same treatment approach after 60 min of treatment (Table 3). This 
process was not continued after 60 min due to high power consumption, 
hence it becomes non-economical. 

Sonication was used here due to its numerous effects, both chemical 
and physical. The sound waves migrate through a medium, inducing 
pressure variations and cavitation to grow and collapse, transforming 
the sound waves into mechanical energy (Malik et al., 2020 Klavarioti 
et al., 2009;). The chemical effects associated with the ultrasound are 
responsible here for maximum utilization of the Ozone and H2O2 in the 
wastewater (Oliveira et al., 2020 Jenkins, 1982; Tehrani-Bagha et al., 
2010;); results in maximum degradation of the dye. That is the con-
version of complex aromatic compounds to simple aliphatic compounds 
in the most stable state of water and carbon dioxide, or to compounds 
that are more readily degradable and can be handled biologically. 
Advanced oxidation processes (AOPs) are a powerful method for 
removing any form of organic pollutants, making them a promising 
choice for treating industrial wastewater. The advanced oxidation pro-
cess works by generating highly oxidizing radicals, especially the hy-
droxyl radical (*OH, E◦= 2.8 V), which can oxidize even the most 
recalcitrant pollutants to CO2 and H2O. The hydroxyl radicals formed in 
AOPs attacks the organic molecules by abstracting a hydrogen atom 
from the molecule via a common pathway. 

3.5. Commercial aspects 

The commercial recommendations for the treatment of industrial 
Wastewater was given based on the past water treatment experience and 
current experiments carried out on various industrial Wastewater. 
Cavitation is an emerging area in the treatment of wastewater. Recently, 
the commercial applications were successfully attempted using Hydro-
dynamic cavitation to treat wastewater like Rankala Lake water treat-
ment (5.84 INR/m3 or 0.078 US$/m3) (Doltade et al., 2017), Bharat 
Petroleum Effluent treatment at Mumbai (8 INR/m3 or 0.11 US$/m3) 
(Doltade et al., 2019), and Borewell water treatment using modified 
India Mark II handpump (Doltade and Pandit, 2021). The treatment cost 
of the water was low in the range of 5–10 INR/m3 or 0.067–0.13 US$/m3 

(Appendix-I). Therefore, the possible integration of the Ozonation and 
Hydrogen Peroxide with the Hydrodynamic Cavitation can be an option 
for the treatment of industrial effluent at commercial scale (Doltade 
et al., 2019 Mule et al., 2021;). 

4. Conclusions 

Polymer wastewater and Dye wastewater were treated successfully 
at a laboratory scale setup. Ozone and Hydrogen Peroxide was used as 
oxidative additives for the treatment. The maximum reduction of COD in 
the polymer wastewater was obtained of about 91% in presence of ad-
ditives over 60 min treatment with continuous stirring at 240 RPM. The 
synergetic effects were observed with the combination of both additives 
than the individual effects during treatment. The dye wastewater was 
treated using Ultrasonication at 40% amplitude with additives and 
continuous stirring at 240 RPM. The maximum reduction of COD was 
obtained about 66% for dye wastewater over 60 min of treatment. The 

Table 2 
Polymer Wastewater treatment using integrated approach.  

Sr.No. Treatment method Processingtime, min AverageCOD, ppm %Reduction 

1 Original Wastewater 0 6026 – 
2 Wastewater + O3 + Stirrer @240 RPM 60 4800 20 
3 Wastewater + O3 + H2O2 + Stirrer @240 RPM 60 2026 66  
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techno-economic analysis has shown the commercial viability of the 
integrated process like Hydrodynamic Cavitation with oxidative addi-
tives Ozone and Hydrogen Peroxide. The treatment cost of this process 
will be in the range of 10–20 INR/m3 or 0.13–0.27 US$/m3 of industrial 
effluent.\ 
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Appendix-I 

Estimation of the total Ozone utilized: 
The mass flowrate(ṁ) of the Ozone utilized for the treatment of water was 5 g/hr. 
The density of the Ozone(ρ) is 2.14 kg/m3 

Therefore, the volumetric flowrate (Q, m3/min) of the Ozone is, 

Q =
mass flowrate(ṁ)

density of the Ozone(ρ) =
5 × 10− 3

60 

Q = 8.33 × 105 m3/min 
The total volume of Ozone(V) utilized over 60 min of the water treatment is, 
V = Q × 60 

Fig. 3. Dye wastewater collected from Mehta Dye Intermediates Pvt. Ltd. Vapi, India.  

Table 3 
Dye Wastewater treatment using integrated approach.  

Sr.No. WaterSample Treatment method Processingtime, min AverageCOD, ppm %Reduction 

1 Dye 
wastewater 

Original Dye wastewater 0 6026 – 

2 Dye 
wastewater 

Wastewater + O3 + US + H2O2 and Magnetic stirrer @240 RPM 15 4800 20 

3 Dye 
wastewater 

Wastewater + O3 + US + H2O2 and Magnetic stirrer @240 RPM 60 2026 66  
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V = 5 × 10− 3 m3 

Costing for Ozone 
Ozone generator utilizes 14.3 kWh power to produce 1 kg of Ozone. 
The amount of Ozone utilized to treat water is 5 g (5 × 10− 3 kg) over 60 min of treatment. 
Therefore, power utilized by the Ozone generator(P) to produce 5 × 10− 3 kg Ozone is, 
P = 5 × 10− 3 kg × 14.3 kWh/kg / 1 
P = 7.15 × 10− 2 kWh(A) 
The commercial cost of the electricity is 7 INR /kWh. 
Therefore, the amount required to produce 7.15 × 10− 2 kWh power is, 
= 7.15 × 10− 2 kWh × 7 INR /kWh 
= 0.5 INR /5 g Ozone gas. 
Therefore, the cost required to treat 250 ml of water was INR 0.5 or 0.0067 US$. This cost will also reduce at commercial scale of operation. 
Energy and costing for Hydrodynamic Cavitation 
The laboratory and pilot scale experiments have shown that, 3 bar operating pressure and 30 cycles are ideal processing conditions for the 

wastewater treatment using hydrodynamic cavitation, but again it varies with nature and concentration of the pollutants present in the water. Hence, 
energy and cost estimation were done based on ideal conditions. Here in the process, energy requirement was also less as only centrifugal pump uses 
electrical energy to pass the water through cavitating reactor. Power utilized by centrifugal pump for the treatment (P) is, 

P(kW) = Pressure drop across the cavitating reactor(kPa) × output volumetric flowrate(m3/s) 
= dP × Q 
= (3 × 102) × (100 m3/hr) 
= 3 × 102 × 2.78 × 10− 2 (N/m2 * m3/s) 
= 8.34 kW 
Consider the processing period of 8 hrs/day. 
Power in kW.hr = 8.34 × 1 (hr) 
= 8.34 kW.hr 
The electricity cost is assumed to be INR. 7/kW.hr. 
The cost required to pass 100 litre water through cavitating reactor once is, 
= 8.34 (kW.hr) × 7 INR/ kW.hr 
= 58.38 INR/100 m3 

= 0.5838 INR /m3/pass 
The treatment cost of Hydrodynamic cavitation(HC) to treat Dye water is 5.84 INR /m3 or 0.078 US$/m3 of lake water. 
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