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Abstract: Advanced wastewater treatment technologies play a crucial rule in treatment of industrial 
and municipal wastewater making it suitable for reuse in processes.  In this paper, wastewater 
treatment technologies like automated chemostat treatment, soil biotechnology, reed bed 
technology, hydrodynamic cavitation, wet air oxidation, advanced oxidation processes, 
electrochemical technologies and advanced electrochemical technologies have been discussed. 
Basic principles, applications, advantages and disadvantages of treatment technologies have been 
emphasized in this paper. These technologies provide alternatives for better protection of public 
health and environment. With advances in manufacturing industries and growing awareness water, 
application of these treatment technologies would increase at an unprecedented scale. 
Keywords: Advanced Oxidation Processes; Automated Chemostat Treatment. 
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INTRODUCTION 
 

Conventional wastewater treatment 
technologies improve the quality of wastewater 
discharged into the environment. These 
technologies do not make wastewater fit for 
further beneficial uses so that it can be recycled 
or reused in different processes. Application of 
innovative and advanced wastewater treatment 
technologies improves the quality of 
wastewater to overcome the limitation of 
conventional technologies to achieve the goal 
of resource conservation through recycle and 
reuse. Wastewater from many industries are 
non-biodegradable in nature and show toxicity 
or inert behaviour to conventional systems. 
Therefore, advanced technologies are used to 
breakdown the complex contaminants into 
simpler forms easily degraded by biological 
treatment. They are also essential for removal 
of refractory organics remaining in wastewater 
even after treatment for longer term and are 
toxic to environment in all forms. The advanced 
technology has advantage that they can be 
used in small area also. 

 

ADVANCED TREATMENT 
TECHNOLOGIES 
 

Different types of advance treatment 
technologies are used for wastewater 
treatment, some of them are listed below: 
i. Automated Chemostat Treatment (ACT) 
ii. Soil Biotechnology (SBT) 
iii. Reed Bed Technology (RBT) 
iv. Hydrodynamic Cavitation (HDC) 
v. Wet Air Oxidation (WAO) 
vi. Advanced Oxidation Processes (AOPs) 
vii. Electrochemical Technologies 
viii. Advanced Electrochemical Technologies 

 

AUTOMATED CHEMOSTAT 
TREATMENT (ACT) 
 

It is a novel method in the treatment of sludge. 
The scientific concepts behind ACT are the use 
of an appropriate bacterial cocktail for a given 
type of polluted water and an innovative 
chemostat. The process is maintained in a 
balanced state of bacterial growth and organic 
compound degradation. The process in 
Chemostat reactor is independent of F/M ratio, 
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COD and BOD load. It is controlled through a 
control system which helps in overcoming the 
COD shock loads. Bio-mass recycle is not a 
requirement for the process as chemostat 
operates at low biomass concentration (MLSS 
value of around 100 - 400 ppm dependence on 
the organic load in the system). Due to the low 
concentration of bacteria, no aggregates are 
formed and each bacteria acts as a single unit, 
increasing the surface area available and 
achieving optimum biological biodegradation of 
the organic matter (Jain et al., 2016). 
 

Features 
Features of ACT as per Jain et al. (2016) are 
as follows: 
i. There is no longer any need to reactivate 

bio-sludge. 
ii. ACT eliminates the requirement of DAF 

process and save time. 
iii. Output, which is virtually sludge-free, can be 

deposited directly in nature by reducing bio-
sludge handing and the creation of black 
sludge, as well as sufficiently eliminating 
nitrogen. 

iv. ACT’s output meets the strictest disposal 
standards, requiring no further handling. 

v. The quality achieved by ACT can 
sometimes even surpass international 
standards such as COD<50 ppm and 
Oil<2ppm as typical, so that quality 
achievements are clearly distinctive and 
unprecedented. 

vi. ACT offers highly effective treatment of side 
streams, so often the cause of catastrophes 
in conventional treatment processes. Side 
streams severely impact the mainstream, 
causing bottlenecks and more severe 
events. 

vii. ACT can be implemented without adding a 
complete additional treatment system. 

viii. Allows separation of heavily contaminated 
streams and increases overall productivity. 

ix. Provides an efficient way to break down and 
remove oil, phenols, Polycyclic Aromatic 
Hydrocarbons (PAHs) and other organics. 

x. The patented process utilizes unique 
bioremediation technology to reduce 
hydrocarbons, TOC, COD and suspended 
solids from greasy and oily waters, leaving 

effluent of high-quality meeting stringent 
industry standards. 

xi. The bioreactor can be applied on-site (using 
the available infrastructure) due to its high 
flexibility in process modulation. This 
dramatically decreases operational and 
maintenance costs. 

xii. This trailblazing green process is easy to 
modify and can be used in various sites, 
including oil refineries, oil storage farms, 
drilling sites, marine ports, contaminated 
reservoirs and storage tanks.  

 

Benefits 
i. Low bacteria concentration. 
ii. No sludge recycle. 
iii. Sludge wasting period equals the reactor 

retention time. 
iv. Can sustain high COD fluctuations. 
v. Reduces bio sludge and chemical usage as 

well as reducing black sludge creation.  
vi. Can react fast to a COD shock load. 
vii. Constant stability – no upsets, high quality 

output. 
viii. Lower cost of operation. 
ix. Simple auto – control process. 
x. Virtually sludge-free, meeting strictest 

disposal standards.  
xi. Easy to Modify and increase capacity. 

 

Limitation 
Nutrient requirement may vary depending on 
the inlet COD load. 
 

SOIL BIOTECHNOLOGY (SBT) 
 

This technology was initially developed at 
Indian Institute of Technology (IIT), Mumbai 
over two decades of research. Soil Bio-
technology is a terrestrial system for 
wastewater treatment which is based on the 
principle of trickling filter. Soil biotechnology 
(SBT) is an environment friendly waste 
processing technology that offers systems for 
processing of both solid organic wastes and 
wastewater treatment using bacteria, 
earthworms and mineral additives in a garden-
like setup. In this system, combination of 
physical processes like sedimentation, 
infiltration and biochemical processes are 
carried out to remove the suspended solids, 
organic and inorganic contents of the 
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wastewater. Suitable mineral constitution, 
culture containing native micro-flora and bio- 
indicator plants are the key components of the 
system. SBT systems are constructed from 
RCC, stone-masonry or soil bunds. It consists 
of raw water tank, bioreactor containment, 
treated water tank, piping and pumps. Since it 
reinforces the carbon and nitrogen cycles in 
nature, the quality of the treated water exceeds 
state pollution control board standards reducing 
chemical oxygen demand (COD) nitrates to 
very low levels unlike any other STP method. 
The treated water can be reused for flushing 
toilets, gardening, washing yards or cars 
instead of using drinking water for such 
purposes. The treated water can also use to 
recharge ground water using rain water 
harvesting recharge wells(Jain et al., 2016). 
 

Salient Features 
i. The process can be run on batch or 

continuous mode. 
ii. No sludge production. 
iii. Mechanical aeration is not required. 
iv. The overall time of operation is 6-7 hours 

per day. The soil biotechnology system bed 
is dried prior to next cycle of use.   

 

Advantages 
i. Life of filtering media bed is long.  
ii. Requires minimal maintenance.  
iii. More reliable. 
iv. It is energy and cost efficient.  
v. SBT can be used for arsenic/iron removal, 

hospital waste processing, and industrial 
wastewater processing and industrial air 
purification. 

 

Application 
vi. Sewage recycling for reuse in construction, 

cleaning and gardening, ground water 
recharge; 

vii. Industrial air purification (volatile organic 
emissions). 

viii. Primary purification of drinking water as well 
swimming pool water. 

ix. Purification of Industrial effluent of organic 
nature (e.g. Pharma, Specialty chemicals, 
Dairy, Distillery, Wineries, Paper and Pulp 
mills, etc).  

 

 

REED BED TECHNOLOGY (RBT) 
 

Reed beds are gravel filled, contained, shallow 
beds, planted with plants (e.g. reeds), and 
specially design to treat wastewater including 
sewage, agricultural, industrial and road 
wastewaters. Wastewater, black or grey, is 
passed through the root zone of the reeds where 
it undergoes treatment. Primary treated effluent 
from the house is initially filtered prior to entering 
the reed bed through an effluent filter fitted to 
the grey-water collection tank or septic tank 
outlet pipe then it is passes through reed bed 
system. Reed beds are generally designed to 
detain the wastewater for a period of 5 to 7 days 
and the quality of treated effluent improves with 
increased residence time. The phragmite is one 
of the most widespread flowering plants in the 
world. It is a tough adaptable plant, which can 
grow in polluted waters and find sustenance in 
sludge (Jain et al., 2016). Reed beds perform 3 
basic functions:  
i. Dewater the sludge 
ii. Transform it into mineral and humus like 

components 
iii. Store sludge for a number of years 

 

Types of Reed Beds 
Horizontal Flow Reed Beds: Horizontal Flow 
systems only work when the effluent is of low 
strength. They are not to be used to treat septic 
tank effluent, as this is too strong. They can 
reduce the level of BOD and SS in sewage 
treatment plant effluent. Horizontal flow reed-
beds should only be considered for tertiary 
treatment after a full sewage treatment plant. 
 

Vertical Flow Reed Beds: Vertical flow systems 
are more efficient than horizontal flow reed-beds 
and can handle stronger strength 
effluent. They can reduce ammonia as well 
as BOD and SS levels. Vertical flow ones can be 
used to treat septic tank effluent. 
 

Factors Influencing the Purification Process 
of Reed Bed Treatment Systems 
i. Hydraulic loading rate and hydraulic 

detention time  
ii. Temperature 
iii. Influent pollutant concentration 
iv. Oxygen supply  
v. Development stage of the reed ecosystem 
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Features of the Reed Bed System 
i. Operation and maintenance free, 
ii. Can handle difficult effluents, 
iii. Self-sustaining, 
iv. Adaptability, 
v. Clean and cost efficient, 
vi. A single reed bed system is able to treat 

effluents from a number of sources, 
vii. No trained staffs are required for its 

operation. 
The treated effluent can be safely used for 
irrigation and the crops grown have higher yield 
and do not create any health problem. 

 

Application 
i. Rural areas  
ii. Food processing industry 
iii. Breweries 
iv. Animal husbandry 
v. Sewage from residential, institutional and 

industrial complexes 
vi. Chemical industry 

 

HYDRODYNAMIC CAVITATION 
 

Cavitation is defined as the phenomenon of 
formation, growth and subsequent collapse of 
micro bubbles or cavities occurring in small 
interval of time, releasing large magnitudes of 
energy. Cavitation can be achieved by the 
passage of ultrasound or by alterations in the 
flow and pressure (Hydrodynamic Cavitation). 

In the case of hydrodynamic cavitation, flow 
geometry is altered in such a way that the 
kinetic energy increases at the expense of local 
pressure of the liquid, which can create cavities 
depending on the vapor pressure of the liquid. 
This process results in sudden drop and 
increase of pressure in a liquid, which creates 
cavities and bubbles followed by sudden and 
violent collapse. This process results in 
generation of shock waves leading to 
generation of hydroxyl free radical. This 
hydroxyl free radical causes the development 
of localized forces which have destructive 
effects on the solids in dispersions, emulsions 
and slurries affecting particle size and 
distribution resulting to reduction in COD 
(Parmar et al., 2017). Some factors which are 
affecting the hydrodynamic cavitation are given 
in table 1. The 2 main mechanisms which are 
responsible for the degradation of pollutants 
using hydrodynamic cavitation are as follows:  
i. The thermal decomposition/pyrolysis of the 

volatile refractory organic molecules takes 
place which are entangled inside the cavity 
at the time collapse of the cavity occurs.  

ii. The reaction of OH• radicals which occurs 
with the refractory organic pollutant at the 
interface of cavity of wastewater. Bubbles 
which gets collapsed are of the size of 2 to 
10 μm.  

 

Table 1. Factors Affecting Hydrodynamic Cavitation 
S. No. Property Favourable Conditions 

1. Inlet pressure/Rotor speed of the 
equipment 

• Use increased pressures/rotor speed. 

• Operate below an optimum value to avoid super-
cavitation. 

2. Diameter of the constriction • Carry out an optimization for the application. 

• Select higher diameters for applications which require 
intense cavitation. 

• Select lower diameters with a large number of holes for 
applications with reduced intensity. 

3. Percentage of free area for the flow i.e. the 
cross-sectional area of holes on the orifice 
to the total cross-sectional area of the pipe. 

• Use smaller free areas to produce high intense 
cavitation. 

 

Advantages 
i. Enhances performance of existing effluent 

treatment facility, 
ii. Mixing takes place on micro scale,  
iii. Can be designed and operated practically 

for any pressure and flow rate,  
iv. Comparatively low operating cost, 

v. No additional hardware requirement, 
vi. Requires no operational supervision and 

maintenance,  
vii. Stream can be easily bypassed when 

required,  
viii. Less sludge generation, chemical 

consumption and time required, 
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ix. Eco-friendly way to reduce the pollution load 
of wastewater and 

x. Can be coupled with other AOPs, if 
required. 

 

Disadvantage 
The main disadvantage is it requires more 
energy. 
 

WET AIR OXIDATION (WAO) 
 

Wet oxidation, also known as wet air oxidation, 
refers to a process of oxidizing suspended or 
dissolved material in liquid phase with 
dissolved oxygen at elevated temperature. It is 
a method for treatment of waste streams that 
are too dilute to incinerate and too 
concentrated for biological treatment. Non-
biodegradable liquid wastes generated from 
industrial and agricultural processes can be 
treated by wet oxidation in order to eliminate 
their toxicity and enhance their biodegradability. 
A typical condition for wet air oxidation ranges 
from 180°C and pressure of 2 MPa to 315°C 
and 20 MPa pressure. Types of wet air 
oxidation include: (i) Thermal Wet Air Oxidation 
and (ii) Catalytic Wet Air Oxidation. Oxygen 
reacts with organic compounds resulting 
propagation of radicals: R•, OH•, HO2•, ROO• 
then Exothermic oxidation of organic 
compounds mostly into CO2, H2O, NH3, SO4

2-, 
PO4

3- takes place (Tungler et al., 2015). 
 

Process 
The typical wet oxidation system is a 
continuous process using rotary compressor 
and pump to compress the air (or oxygen) and 
feed liquid stream to the required operating 
pressure. Heat exchangers serve to recover 
energy from the reactor effluent and use it to 
preheat the feed/air mixture entering the 
reactor. Auxiliary energy, usually steam, is 
necessary for start-up and can provide trim 
heat if required. The residence time in the 
reactor vessel is several hours at a temperature 
that enables the oxidation reactions to proceed 
in some cases toward total mineralization. The 
reactor is a bubble column; it is coupled after 
the heat exchanger with a separator for the 
separation of the effluent and the off-gases. 
Since the oxidation reactions are exothermic, 

sufficient energy may be released in the reactor 
to allow the wet oxidation system to operate 
without any additional heat input at or above 
COD >~10000 mg/L (Tungler et al., 2015). 

 

Typical Reactions in WAO 
𝑂2 +  𝐻2𝑂 →  𝑂𝐻∗ 

via OH* radical formation 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐𝑠 +  𝑂2 →  𝐶𝑂2 +  𝐻2𝑂 + 𝑅𝐶𝑂𝑂𝐻∗ 

𝑆𝑢𝑙𝑝ℎ𝑢𝑟 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 +  𝑂2 →  𝑆𝑂4
2− 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝐶𝑙 +  𝑂2 →  𝐶𝑙− +  𝐶𝑂2 + 𝑅𝐶𝑂𝑂𝐻∗ 
𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑁 +  𝑂2 →  𝑁𝐻3 +  𝐶𝑂2 + 𝑅𝐶𝑂𝑂𝐻∗ 

𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑜𝑢𝑠 +  𝑂2 →  𝑃𝑂4
3− 

 

Advantages 
i. It can handle concentrated waste COD 

10,000 – 5,00,000 mg/L. 
ii. It can handle toxic chemicals cyanides, 

sulphides and priority pollutants. 
iii. Waste with high TDS can be handled. 
iv. Energy integration possible. 
v. Very less space, even it can be 

underground. 
vi. Lower operating cost. 

 

Limitation 
Capital intensive due to exotic MOC. However, 
depreciation benefit makes it attractive. 

 

ADVANCED OXIDATION PROCESS 
 

Advanced oxidation processes characterized 
by the generation of hydroxyl radicals (OH.) can 
be used to destroy a wide range of toxic and 
bio-refractory compounds. The efficiency of the 
AOP is generally maximized by the use of an 
appropriate catalyst and/or ultraviolet light. In 
most AOP, the objective is to use systems that 
produce the hydroxyl radical (HO.) or another 
species of similar reactivity such as sulfate 
radical anion (SO4

-.).These radicals react with 
the majority of organic substances at rates 
often approaching the diffusion-controlled limit 
(unit reaction efficiency per encounter). Both of 
these species are thus highly reactive and only 
modestly selective in their capacity to degrade 
toxic organic compounds present in aqueous 
solution. The AOP are of two main types: 
homogeneous and heterogeneous processes 
(table 3). Standard Reduction Potentials of 
Common Oxidants are given in table 2. 
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Table 2. Standard Reduction Potentials of Common Oxidants  
(Babuponusami and Muthukumar, 2013) 

Oxidant Oxidation Potential (V) 
Fluorine 3.03 
Hydroxyl Radical 2.80 
Atomic Oxygen 2.42 
Ozone 2.07 
Hydrogen Peroxide 1.77 
Potassium Permanganate 1.67 
Chlorine Dioxide 1.50 
Hypochlorous Acid 1.49 
Chlorine 1.36 
Oxygen 1.23 
Bromine 1.09 

 

Table 3. Classification of Conventional AOPs (Babuponusami and Muthukumar, 2013) 
Type of 
Process 

Example 

Homogeneous • Fenton based processes 
• Fenton 
• Fenton like 
• Sono-Fenton 
• Photo-Fenton 
• Electro-Fenton 
• Sono-Electro-Fenton 
• Photo-Electro-Fenton 
• Sono-Photo-Fenton 
• O3 based processes 
• O3 
• O3 + UV 
• O3 + H2O2 
• O3 + UV + H2O2 

Heterogeneous • H2O2 + Fe2+/Fe3+/ mn+ - solid 
• TiO2/ZnO/CdS + UV 
• H2O2 + Fe0/Fe (nano-zero valent iron) 
• H2O2 + immobilized nano-zero valent iron 

 

Advantages 
i. Effectively eliminate organic compounds in 

aqueous phase, rather than collecting or 
transferring pollutants into another phase. 

ii. Due to the remarkable reactivity of ·OH, it 
virtually reacts with almost every aqueous 
pollutant without discriminating.  

iii. Heavy metals can also be removed in forms 
of precipitated M(OH)x. 

iv. In some AOPs designs, disinfection can 
also be achieved. 

v. Since the complete reduction product of 
·OH is H2O, AOPs theoretically do not 
introduce any new hazardous substances 
into the water. 

 

Shortcomings 
i. Operational cost of AOPs is fairly high. 
ii. Presence of bicarbonate ions (HCO3

−) can 
appreciably reduce the concentration of ·OH 

due to scavenging processes that yield H2O 
and a much less reactive species, ·CO3

−. 
iii. It is not cost effective to use solely AOPs to 

handle a large amount of wastewater. 
 

Application 
i. Overall organic content reduction (COD) 
ii. Specific pollutant destruction 
iii. Sludge treatment 
iv. Colour and odour reduction 

 

AOP Technologies 
AOP technologies as explained by Deng and 
Zhao (2015), AOP technologies can be 
categorized as: 
i. Hydroxyl Radical – based AOPs 
ii. Ozone – based AOPs 

iii. UV – based AOPs 
iv. Fenton – related AOPs 
v. Other AOPs 
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vi. Sulphate Radical – based AOPs 
Different AOP systems are depicted in table 4 
and Major mechanisms for organics removal 

during wastewater treatment by different 
AOPs in table 5. 

 

Table 4. AOP Systems 
O3 3O3 + H2O → 2OH⋅ + 4O2 

O3/H2O2 H2O2 → HO2− + H+ 
HO2− + O3 → OH⋅ + O2− + O2 

O3/UV O3 + H2O + hv → H2O2 + O2 

UV/TiO2 TiO2 + hv → e−cb + hv+vb 
hv+vb + OH−(surface) → OH⋅ 
hv+vb + H2O(absorbed) → OH⋅ + H+ 

e−cb + O2(absorbed) → O2⋅− 

UV/H2O2 H2O2 + hv → 2OH⋅ 
Fenton  Fe2+ + H2O2 → Fe3+ + OH. + OH− 

Fe3+ + H2O2 → Fe2+ + HO.2 + H+  
OH. + H2O2→HO.2 + H2O 
OH. + Fe2+ → Fe3+ + OH− 
Fe3+ + HO.2 → Fe2+ + O2H+ 
Fe2+ + HO.2 + H+ → Fe3+ + H2O2  
2HO.2 → H2O2 + O2 

Persulphates S2O82- → 2SO4⋅− 

S2O82- + Mn+ → SO4⋅− + SO42− + Mn+1 
 

Table 5. Major mechanisms for organics removal during wastewater treatment by different AOPs 

(Babuponusami and Muthukumar, 2013) 
AOP Type Oxidant for Advanced 

Oxidation 
Other Occurring Mechanisms 

 

O3 OH. Direct O3 oxidation 

O3/H2O2 OH. Direct O3 oxidation, H2O2 oxidation 

O3/UV  OH. UV photolysis 

UV/TiO2 OH. UV photolysis 

UV/H2O2 OH. UV photolysis, H2O2 oxidation 

Fenton Reaction OH. Iron coagulation, Iron sludge – induced adsorption 

Photo – Fenton 
Reaction 

OH. Iron coagulation, Iron sludge – induced adsorption, UV photolysis 

Ultrasonic irradiation  OH. Acoustic cavitation generates transient high temperatures (>5000K) 
and pressures (>1000 atm), and produce H. and HO2., besides OH. 

Heat/persulphate SO4. - Persulphate Oxidation 

UV/persulphate SO4. - Persulphate Oxidation, UV photolysis 

Fe(II)/persulphate SO4. - Persulphate Oxidation, Iron coagulation, Iron sludge – induced 
adsorption 

OH-/persulphate SO4. - / OH. Persulphate Oxidation 
 

Fenton Oxidation 
Chemical oxidation done by hydroxyl radicals, 
is referred to as advanced oxidation, due to the 
fact that hydroxyl radicals are highly reactive 
oxidants having shorter life. Fenton’s reagent is 
the result of reaction between hydrogen 
peroxide (H2O2) and ferrous iron (Fe2+), 
producing the hydroxyl radical (OH.). Hydroxyl 
radical is a strong oxidant capable of oxidizing 
various organic compounds. The process may 
be applied as pre-treatment to wastewater, 
sludge, or contaminated soil, with the effects 
being:  

i. Overall reduction in organic matter (COD) 
ii. Destruction of specific pollutant 
iii. Treatment of sludge 
iv. Increasing the bioavailability of recalcitrant 

organics 
v. Reduction in colour and odour measures 

 

Chemistry of Fenton Oxidation 
The rate constant for the reaction of ferrous ion 
with hydrogen peroxide is high and Fe2+ 
oxidizes to Fe3+ in a few seconds to minute in 
the presence of excess amounts of hydrogen 
peroxide.  
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Fe2+ + H2O2 → Fe3+ + OH− + OH. 
Hydrogen peroxide decomposes catalytically by 
Fe3+ and generates again hydroxyl radicals 
according to following reactions:  
 

Fe3+ + H2O2 → H+ + Fe – OOH2+ 
Fe – OOH2+ → HO2∙ + Fe2+ 

Fe2+ + H2O2 → Fe3+ + OH− + OH. 

 

Mechanism For Fenton Oxidation 
As reported by Parmar (2014), Mechanisms for 
Fenton Oxidation are described below: 
By Radical Addition: Unsaturated aliphatic or 
aromatic organic compound (e.g. C6H6) results 
in the production of a radical organic compound 
that can be oxidized further. It can add itself to 
the contaminant.  

R + OH. → ROH 
 

By Hydrogen Abstraction: The hydroxyl 
radical can abstract a hydrogen atom from 
water, as with alkanes or alcohols. The removal 
of a hydrogen atom results in the formation of a 
radical organic compound, initiating a chain 
reaction where the radical organic compound 
reacts with oxygen, producing a peroxyl radical, 
which can react with another compound and so 
on. 

R + OH. → R. + H2O 
 

By Electron Transfer: Electron transfer results 
in the formation of ions of a higher valence. 
Oxidation of a monovalent negative ion will 
result in the formation of an atom or a free 
radical.  

Rn + OH. → Rn-1 + OH- 

 

By Radical Combination: Two radicals can 
combine to form a stable product.  

OH. + OH.  → H2O2 
 

Factors Affecting Fenton Oxidation 
Factors affecting fenton oxidation are as follows 
(Parmar, 2014): 
i. pH 
ii. Temperature 
iii. Reaction Time 
iv. Dosage of H2O2/Fe2+ 
v. Iron type (Ferrous Fe2+ – Ferric Fe3+) 
vi. Characteristics of wastewater 

 
 

 

Advantages Over Conventional Methods of 
Fenton Oxidation 
i. Very effective at removing resistant organic 

compounds  
ii. Capable of complete mineralization of 

organic contaminant into carbon dioxide if 
desired  

iii. Less susceptible to the presence of toxic 
chemicals  

iv. Produce less harmful by-products 
v. Less maintenance required 
vi. Rapid 
vii. Low production of residual sludge  
viii. Unreacted H2O2 degrades to oxygen  

 

Photo-Fenton 
One of the most efficient AOP is the photo-
Fenton reaction (Fe2+/Fe3+, H2O2, UV light), 
which successfully oxidizes a wide range of 
organic and inorganic compounds. The 
irradiation of Fenton reaction systems with 
UV/Vis light (250-400 nm) strongly accelerates 
the rate of degradation. This behaviour is due 
principally to the photochemical reduction of 
Fe(III) back to Fe(II), for which the overall 
process can be written as: 
𝐹𝑒3+ +  𝐻2𝑂 + ℎ𝜗 →  𝐹𝑒2+ +  𝑂𝐻. +  𝐻+ 
 

Studies of the photochemistry of Fe(OH)2+, 
which is the predominant species in solution at 
this pH and that is formed by deprotonation of 
hexaaquairon(III), have shown that 
Fe(OH)2+ undergoes a relatively efficient 
photoreaction upon excitation with UV light to 
produce Fe(II) and the hydroxyl radical. 
Therefore, irradiation of Fenton reaction 
systems not only regenerates Fe(II), the crucial 
catalytic species in the Fenton reaction, but 
also produces an additional hydroxyl radical, 
the species responsible for provoking the 
degradation of organic material. As a 
consequence of these two effects, the photo-
Fenton process is faster than the conventional 
thermal Fenton process. 
 

It generally produces oxidation products of 
low toxic, requires only small quantities of iron 
salt (which can be either Fe3+ or Fe2+) and 
offers the possibility of using solar radiation as 
the source of light in the reaction process. 
Sunlight constitutes an inexpensive, 
environmentally friendly, renewable source of 
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ultraviolet photons for use in photochemical 
processes. The disadvantages of the photo-
Fenton process include the low pH values 
required and the need for removal of the iron 
catalyst after the reaction has terminated. If 
necessary, however, the residual Fe(III) can 
usually be precipitated as iron hydroxide by 
increasing the pH (Amilcar et al., 2013). 
 

Ozonation 
Ozone is a powerful oxidizing agent with a high 
reduction potential (2.07V) that can react with 
many organic substrates. Using ozone, the 
oxidation of organic matrix can occur via either 
direct or indirect routes. In the direct oxidation 
route, ozone molecules can react directly with 
other organic or inorganic molecules via 
electrophilic addition. The electrophilic attack of 
ozone occurs on atoms with a negative charge 
(N, P, O, or nucleophilic carbons) or on carbon-
carbon, carbon-nitrogen and nitrogen-nitrogen 
pi-bonds. Indirectly, ozone can react via radical 
pathways (mainly involving HO•) initiated by the 
decomposition of ozone. A process that 
employs ozone is only characterized as an 
AOP when the ozone decomposes to generate 
hydroxyl radicals, a reaction that is catalysed 
by hydroxide ions (OH-) in alkaline medium or 
by transition metal cations(Amilcar et al., 2013). 

2O3+ 2H2O → 2HO∙ + O2 + 2HO2∙ 
The efficiency of ozone in degrading organic 
compounds is improved when combined with 
H2O2, UV radiation or ultrasound. The initial 
step in the UV photolysis of ozone is 
dissociation to molecular oxygen and an 
oxygen atom, which then reacts with water to 
produce H2O2: 

O3+ hv → O2+ O∙ 
H2O+ O∙ → H2O2 

In a second photochemical step, H2O2 photo-
dissociates into the active species, two 
hydroxyl radicals: 

H2O2+ hv → 2HO∙ 
 

ELECTROCHEMICAL TECHNOLOGY 
Electrochemical processes do not require 
chemical additions and indeed electrons are 
the only reactants added to the process to 
simulate reaction. Some of the electrochemical 
technologies include: 
i. Electro-deposition 

ii. Electro-coagulation 
iii. Electro-floatation 
iv. Electrolysis 
v. Electro-oxidation 

 

Electro-deposition 
Metals such as Ni, Co, Cr, Ag, Au, Fe, Cu, Zn 
and V are widely used as base catalysts for 
multiple applications, including: oil refining, 
batteries, chemical processes, air emissions 
control, etc. In addition, in the electronics 
industry, these metals represent a significant 
waste from circuit boards. The electrolytic 
recovery of metals involves two steps: 
collection of heavy metals and stripping of the 
collected metals. The electrochemical 
mechanism for metal recovery is based on the 
cathodic deposition of the metal: 

𝑀𝑛+ +  𝑛𝑒− → 𝑀  
Metals are removed from the water in the 
cathodic compartment of the electrochemical 
cell, while water is oxidized at the anode of the 
electrochemical cell. The development of the 
electrochemical process is highly affected by 
the current efficiency (CE) as well as the 
space-time yield (STY) of the reactor-defined 
as the mass of product produced by the reactor 
volume per unit time (Botte, 2017). 
 

Electro-coagulation 
Electrocoagulation (EC) has been used for the 
treatment of wastewater for the removal of 
suspended solids, the removal or destruction of 
microorganisms, algae, iron, silicates and 
humus. EC applications include the treatment 
of wastewater from textile, petroleum and oils 
shale wastewater, municipal sewage, oily 
wastewater, etc. EC involves the generation of 
coagulants in situ by electrically dissolving 
either Al or Fe ions from Al or Fe electrodes, 
respectively. EC processes explained by 
Mollah et al. (2001) involves three successive 
stages: 
Formation of coagulants by electrolytic 
oxidation of the sacrificial electrode.  
Destabilization of the contaminants, 
particulate suspension and breaking of 
emulsions. 
Aggregation of the destabilized phases to form 
flocs.  
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The destabilization mechanism of the 
contaminants, particulate suspension and 
breaking of emulsions has been described in 
broad steps and may be summarized as 
follows: 
i. Compression of the diffuse double-layer 

around the charged species. 
ii. Charge neutralization of the ionic species 

present in wastewater. 
iii. Floc formation (Sweep Coagulation). 

 

Reactions involved in EC process (For Fe 
Electrodes) 
Iron hydroxide is produced by oxidation of iron 
in an electrolytic system. For production of 
Fe(OH)n, two mechanisms are proposed by 
Mollah et al. (2001):  
 

Mechanism 1 

Anode: 4𝐹𝑒(𝑠) → 4𝐹𝑒(𝑎𝑞)
2+ +  8𝑒− 

4𝐹𝑒(𝑎𝑞)
2+ +  10𝐻2𝑂 +  𝑂2(𝑔) →

4𝐹𝑒(𝑂𝐻)3(𝑠) +  4𝐻(𝑎𝑞)
+   

Cathode: 8𝐻(𝑎𝑞)
+ +  8𝑒− →  4𝐻2(𝑔) 

Overall: 4𝐹𝑒𝑠 +  10𝐻2𝑂 +  𝑂2(𝑔) →   

4𝐹𝑒(𝑂𝐻)3(𝑠) +  4𝐻2(𝑔)  
 

Mechanism 2 

Anode:    𝐹𝑒(𝑠) →  𝐹𝑒(𝑎𝑞)
2+ +  2𝑒− 

Cathode: 𝐹𝑒(𝑎𝑞)
2+ +  2𝑂𝐻(𝑎𝑞)

−  →  𝐹𝑒(𝑂𝐻)2(𝑠) 

2𝐻2𝑂(𝑙) +  2𝑒− →  𝐻2 +  2𝑂𝐻(𝑎𝑞)
−  

Overall:  𝐹𝑒(𝑠) +  2𝐻2𝑂(𝑙) →

 𝐹𝑒(𝑂𝐻)2(𝑠) +  𝐻2(𝑔) 
 

The Fe(OH)n(s) formed remain in aqueous 
stream as gelatinous suspension, which 
removes contaminants from wastewater either 
by electrostatic attraction or by complexation, 
and then coagulation occurs. In surface 
complexation, contaminant acts as ligand (L) 
and chemically binds hydrous iron: 
𝐿 − 𝐻(𝑎𝑞)(𝑂𝐻)𝑂𝐹𝑒(𝑠) →  𝐿 − 𝑂𝐹𝑒(𝑠) +  𝐻2𝑂 

The pre-hydrolysis of Fe3+ leads to formation of 
reactive clusters for treatment of water.  
 

Factors Affecting Electrocoagulation 
Garcia-Segura et al. (2017) described factors 
affecting electrocoagulation as follows: 
Electrode Material: Higher charge valence 
metal-ionic coagulants are preferred due to 
their greater electrical double-layer 

compression that enhances the pollutants 
coagulation. 
pH: pH conditions significantly vary the 
physiochemical properties of coagulants, such 
as: (i) the solubility of metal hydroxides, (ii) the 
electrical conductivity of metal hydroxides and 
(iii) the size of colloidal particles of coagulant 
complexes. Thus, neutral and alkaline media 
are preferred for coagulation. 
Current Density: The applied current density 
(j) controls the electrochemical reactions that 
take place in solution as well as their extension 
and kinetics. 
Electrolyte: The supporting electrolyte is 
required in solution that avoids migration 
effects and contributes to increase the solution 
conductivity, diminishing the ohmic drop and 
the energy consumption. 
Inter-Electrode Gap Distance: The space 
between the electrodes has a direct influence 
on the potential drop that is minimized 
decreasing the distance between anode and 
cathode. 
Electrode Arrangements: The connection 
mode of the electrodes in the EC cell affects 
removal efficiency, energy consumption and 
the cost. Parallel arrangement is generally used 
for lower energy consumption. 
 

Advantages of Electrocoagulation 
Advantages of electrocoagulation as per Mollah 
et al. (2001) are following: 
i. EC requires simple equipment and is easy 

to operate. 
ii. Wastewater treated by EC gives clear, 

colourless and odourless water. 
iii. Sludge formed by EC tends to be readily 

settable and easy to dewater, because it is 
composed of mainly metallic 
oxides/hydroxides.  

iv. Flocs formed by EC are similar to chemical 
floc, except that EC floc tends to be much 
larger, contains less bound water, is acid-
resistant and more stable, and therefore, 
can be separated faster by filtration. 

v. EC produces effluent with less total 
dissolved solids (TDS) content as compared 
with chemical treatments.  

vi. The EC process has the advantage of 
removing the smallest colloidal particles, 
because the applied electric field sets them 
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in faster motion, thereby facilitating the 
coagulation. 

vii. The EC process avoids uses of chemicals, 
and so there is no problem of neutralizing 
excess chemicals and no possibility of 
secondary pollution caused by chemical 
substances added at high concentration as 
when chemical coagulation of wastewater is 
used. 

viii. The electrolytic processes in the EC cell are 
controlled electrically with no moving parts, 
thus requiring less maintenance. 

 

Disadvantages of Electrocoagulation 
Disadvantages of electrocoagulation as per 
Mollah et al. (2001) are following: 
i. The sacrificial electrodes are dissolved into 

wastewater streams as a result of oxidation, 
and need to be regularly replaced. 

ii. The use of electricity may be expensive in 
many places. 

iii. An impermeable oxide film may be formed 
on the cathode leading to loss of efficiency 
of the EC unit. 

iv. High conductivity of the wastewater 
suspension is required. 

v. Gelatinous hydroxide may tend to solubilize 
in some cases. 

 

Electro-Floatation 
Electro flotation (EF) has been used for 
different applications in wastewater treatment 
including mineral recovery, separation of oil 
and low-density suspended solids, spent 
cooling lubricant, wastewater from coke 
production, food processing wastewater, etc. In 
the EF process tiny bubbles of hydrogen and 
oxygen are generated from water electrolysis; 
the bubbles lead to the flotation of pollutants to 
the surface of the water. Typical EF systems 
consist of two electrodes, a power supply, and 
a sludge-handling unit. Electrodes are typically 
placed at the bottom of the cell and they can be 
placed vertically or horizontally. A simple 
blower system eliminates any hazard from the 
predominant escaping gas (hydrogen). This 
process provides several advantages in the 
treatment of wastewater: 
i. The electrode grids can be arranged to 

provide good coverage of the whole surface 

area of the flotation tank, enhancing mixing 
of the wastewater and the gas bubbles;  

ii. Gas production and residence time can be 
checked quickly and are easily controlled 
with a power source. Typical cell voltages 
are in the range of 5-20 V;  

iii. Gas generation is a function of the current 
and the salinity of the process; therefore, it 
is easy to control by monitoring pH and 
applied power;  

iv. It can be implemented in cases where air 
could be difficult to dissolve in a particular 
effluent. 

The performance of an EF system is reflected 
by the pollutant removal efficiency and the 
power and/or chemical consumption. The 
removal efficiency is affected by the size of the 
bubbles. The power consumption is affected 
by: the design of the reactor, the type of 
electrodes, concentration of the electrolyte, 
temperature, pH, and arrangement of the 
electrodes. The electrode system is the most 
important part of the EF unit. Typically, 
electrodes that are not dissolved are 
recommended for the EF unit (Botte, 2017). 

 

Electrodialysis 
An electrodialysis (ED) process is an 
electrochemical separation process where ions 
are moved across polymeric anion and cation 
exchange membranes in a potential field 
voltage. When an electrical potential difference 
is applied across an alternating series of cation 
and anion-exchange membranes between two 
electrodes, positive migrate to the cathode 
(negative electrode) and negative ions migrate 
towards the anode. The presence of the ion 
exchange membranes traps them in alternating 
compartments, resulting in streams of dilute 
and concentrated ions. ED has been a useful 
process for separation of ions and salts using 
IEMs (Feng et al., 2016). 
 

The development of bipolar membrane, which 
is a composite membrane consisting of a cation 
exchange layer and an anion-exchange layer 
pressed together, can split solvents into H+ and 
OH-/CH3O- at the interface under a reverse 
potential bias. The use of this bipolar 
membrane has resulted in new technologies 
categorized as bipolar membrane 
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electrodialysis (BMED). This solvent splitting 
technique has been used in more applications 
than other conventional ED techniques (CED) 
in chemical or biochemical synthesis, food 
processing, and pollution control. ED has also 
been integrated with processes used in water 
treatment and reuse, including pressure-driven 
membrane processes, such as microfiltration 
(MF), ultrafiltration (UF), nanofiltration (NF) and 
reverse osmosis (Feng et al., 2016). 
 

Electro-Oxidation 
Electrochemical oxidation (EO) has been used 
for the removal of organic compounds from 
wastewater produced in/by distilleries, 
agrochemical industries, pulp and paper mills, 
textile industries, oilfields, hospitals, 
pharmaceutical industries, micro-pollutants 
(e.g. pesticides), etc. Numerous studies at the 
pilot scale have demonstrated the removal of 
organics by EO including phenolic compounds, 
chlorinated organics, disinfection by-products, 
pharmaceuticals and various industrial streams. 
EO of pollutants can be performed by indirect 
electrochemical oxidation (IEO) and direct 
electrochemical oxidation (DEO). In DEO 
process, electrooxidation of organic pollutants 
occurs directly on oxide anodes (MOx) in which 
water (in alkaline or acidic media) is also 
partially oxidized to generate physically 
adsorbed active oxygen (adsorbed hydroxyl 
radicals, ·OH). In the IEO process, strong 
oxidants are produced. The oxidants lead to the 
oxidation of the pollutant at the bulk of the 
solution. Typically, the oxidation of the pollutant 
with the oxidant is fast, however, the process is 
limited by the generation of the oxidant and its 
mass transport to the bulk of the solution 
(Botte, 2017). 

 

ADVANCED ELECTROCHEMICAL 
TECHNOLOGIES 
 

Photo-Assisted Electrochemical Methods 
Integration of photocatalysis and 
electrocatalysis are used for the treatment of 
toxic and/or recalcitrant organic compounds. 
DSA type oxide electrodes can be utilized in 
photo-assisted electrochemical degradation 
processes in which the limitation of generation 
of high reactive oxidants can be overcome 
through UV light irradiation. In addition, these 

anodes can generate chloro oxidant species 
(Cl2, HOCl, and OCl–), when electrolysis are 
carried out at a high chloride solution at certain 
pH conditions. Thus, the combination of the 
chloro oxidant species generation and UV 
irradiation can result in the formation highly 
reactive species (Feng et al., 2016). 

 

Sonification 
In an electrochemical oxidation process for the 
treatment of pollutants, the current efficiency 
usually gradually decreases during treatment. 
Thus, the pollutants and their intermediates are 
often adsorbed onto the electrode surface 
during oxidation and reduce the active sites on 
the electrode surface, resulting in partial or 
complete poisoning of electrode. In addition, an 
electrochemical process is often limited by the 
mass transport in the system, which also 
decreases the current efficiency. Recently, 
sono-chemical technologies have been 
proposed in order to activate the electrode 
surface and enhance mass transfer efficiency. 
This hybrid process has been applied to 
degradation of several organic pollutants, 
including textile dyes, aromatics, nitro-
compounds and chlorinated compounds. The 
efficiency of conductive diamond 
electrochemical oxidation (CDEO) coupled to 
ultrasound (US) was recently used for the 
degradation of organics in wastewater. 
Synergistic effects are observed on the 
oxidation rates due to the improvement of mass 
transfer to the conductive-diamond surface of 
the electrode (Feng et al., 2016). 

 

Electro-Fenton 
This process has been developed to overcome 
the drawbacks of the Fenton process through a 
controlled synthesis of H2O2 in the solution to 
be treated and catalyzing the Fenton reaction 
by electrochemical regeneration of Fe2+.H2O2 is 
generated by a two-electron reduction of O2 
from compressed air in an electrochemical cell 
in an acidic medium. The electrochemical 
supply of H2O2 is of great interest because the 
in-situ generation avoids the risks linked to its 
transport and storage, in addition to the reagent 
cost savings.  

𝑂2 +  2𝐻+ +  2𝑒− →  𝐻2𝑂2 
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Thereby the Fenton reaction can proceed if a 
catalytic amount of about 10-4 M of ferrous (or 
ferric) iron is externally added to the solution. The 
Fenton reaction then generates ferric iron that can 
be reduced at the cathode, at the same potential 
serving H2O2 generation to regenerate Fe2+ ions. 

𝐹𝑒3+ +  𝑒− →  𝐹𝑒2+ 
Thus, in the EF process, Fenton’s reagent is 
generated in a continuous and controlled manner 
in an electrochemical reactor. This leads to the 
continuous formation of OH• without accumulation 
of Fenton’s reagent, thus avoiding wasting 
reactions (Oturan and Oturan, 2018). 

 

CONCLUSION 
 

The treatment technologies described can be 
introduced at any stage of the wastewater 
treatment depending on their respective operating 
conditions or they may also be utilized for the 
complete removal of pollutants. Application of 
advanced electrochemical technologies are 
limited due to lack of technological aspects and 
thus requires research whereas others are being 
implemented in various sectors depending on 
their feasibility, advantages, limitations and 
economy for wastewater treatment. It can be 
concluded that along with rapid industrialization 
and limitation of water resources, application and 
implementation of advanced wastewater 
treatment technologies will increase at a 
logarithmic scale. 
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