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Chapter 17
Electrochemical Treatment of Antibiotics 
in Wastewater

Sajjad Hussain, Saad Ullah Khan, and Saima Gul

Abstract Antibiotics are vital for the healthcare of human and animals; these prod-
ucts are used to prevent, alleviate and cure disease and give a better way of living. 
However, after administration a large fraction of these products are excreted 
unchanged into water bodies, and nobody knows about the ultimate destination of 
these chemical compounds. Similarly the possible adverse effects due to the pres-
ence of these chemical to environment and human health are unknown due to lack 
of information. Most of the antibiotics products are reached to water bodies unal-
tered and known as active pharmaceutical ingredient. These products are trans-
formed into metabolites and even into some other compounds through natural 
process which occurs in aquatic environment. Currently different technologies such 
as physical, chemical and biological or advance oxidation processes are used to 
treat the antibiotics. Some of these technologies are time consuming, ineffective and 
non-adequate for the emerging contaminants; furthermore few methods like AOPs 
(Advance Oxidation Processes) are innovative and efficient but they are expensive, 
need high energy and produced reactive or unstable oxidant which are not able to 
remove refractory contaminants. Therefore it needs an innovative green technolo-
gies which enable to decontaminate the water containing antibiotics. The electro-
chemical technologies offer an alternative way to treat these pollutants; the major 
process are electro-oxidation, electro-reduction, electrocoagulation, electro-Fenton, 
photoelectron-Fenton, sono-electrochemical, etc. The electrochemical technologies 
have some advantages over the other oxidation processes, like easily operation, high 
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efficiency, coupling with other process, and low temperature required for its opera-
tion; moreover it can be powered with the help of solar panel to decrease the energy 
consumption. However still exist some challenges to overcome like designing and 
cost of electrode, improving the basic scientific understanding and in some cases the 
production of toxic intermediates. This study explores the electrochemical tech-
nologies and their application towards treatment of antibiotics.

Keywords Electrochemical oxidation · Antibiotics · Emerging contaminants · 
Electro-Fenton

17.1  Introduction

All living organisms depend on water and the terrestrial life, in particular depends on 
fresh water resources. However, more than 97% of total water reservoir is saline, 
which does not support life on land. 75% of fresh water are confined in ice caps and 
glaciers. Spring, stream, pond, lakes and rivers are the major sources of potable 
water, comprising 0.01% of the total water (Baird 1999). Recently the global climate 
is drastically changed which put a high tension on water supplies. Heretofore, some 
regions are facing water scarcity and Pakistan is among top 15 countries with serious 
water dearth (https://www.un.org.pk/water-insecurity/). As life on earth completely 
depends on water, therefore the quality and quantity should be managed properly. At 
the same time, the fast industrialization and urbanization have resulted in serious 
surface water pollution with organic compounds such as dyes, pesticides, herbicides, 
cleansing agents, foot stabilizer, their metabolites and transformation products.

Recently, the focus of environmental scientist is diverting from conventional 
organic pollutants and is mainly focused on the micro-organic pollutants, which are 
known as emerging contaminants. These chemicals are found at level of (μg L−1) in 
the water bodies and are determined with the help of more sophisticated analyti-
cal instrumentations (Reemtsma and Jekel 2006; Barceló and Petrovic 2008). The 
recent advances in ultra-performance chromatography coupled with mass allow the 
detection of such emerging pollutants like pharmaceuticals, metabolites, and trans-
formation (Petrovic and Barceló 2006). There is no common description not a com-
prehensive inventory that could be clearly included under the term “emerging 
contaminant”. Many of these chemicals, in ppb levels or below, are responsible for 
contamination of aquatic environment. Because of such lower concentration they 
are often called micro-pollutants. Many of these have been found to form intermedi-
ates often more complex and toxic than the parent compound because they pass 
through various chemical, photolytic, hydrological, and microbial transformations 
in the aquatic environment (Fig. 17.1). 

These contaminants might also be emerging because it discover from a novel 
source or it may reach to human through new route (Fig. 17.1) or it may be due to 
its sensing and decontamination methods (U.S.  Department of Defense (DoD) 
2006). Emerging pollutants can be classified into some broad categories like phar-
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maceuticals and personal care products (PPCPs), endocrine disruptor chemicals 
(EDCs), perfluorochemicals (PFCs), polychlorinated naphthalenes (PCNs), 
polydimethylsiloxanes (PDMSs), bisphenol A (BPA), polychlorinated alkanes 
(PCAs) quaternary ammonium compounds (QACs), triclosan (TCS), triclocarban 
(TCC), pesticides, benzothiazoles, benzotriazoles, and engineered nano-materials 
(Lapworth et al. 2012). Figure 17.2 represents simple classification of ECs and its 
properties.

The data-related presence, risk assessment and ecotoxicological are not avail-
able, so it is hard to explore adverse health or environmental consequences (Barceló 
2003). In many countries these contaminants are in the process of legislation; how-
ever still their synergistic effects are unknown because of the lack of information. 
Some of these emerging contaminants have been discussed in detail below.

17.2  Endocrine Disrupting Chemicals (EDCs)

Among the emerging pollutants, endocrine disrupters affect animal reproduction 
(Ghiselli and Jardim 2007; Bila and Dezotti 2007). These substances may have 
synthetic (Xenoestrogens) or natural origins (phytoestrogens) and can disturb the 

Fig. 17.1 Possible sources of pharmaceuticals distribution aquatic environment and their fate
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endocrine system, even at low concentrations. The effects of these substances have 
been found in various situations such as feminization of fish, reduced hatching of 
eggs of various species of animals (Grover et al. 2009), cancer in humans, and dis-
order in the reproductive system. The endocrine system is one of the vital systems 
of the animal body consisting of glands, hormones and receptors found in various 
parts of the body. The endocrine system is important because hormones have an 
important regulatory function in various organs such as testis, ovary, pancreas, adre-
nals, thyroid, parathyroid, pituitary and thalamus glands. Some features are directly 
controlled by hormones, as the activities of organs, levels of salts, sugars and lipids 
in the blood, storage of energy, sexual characteristics, etc. There are various possi-
ble sources of EDCs; it can be synthesized or can come as by-products of emissions 
from pulp and paper industries, steel foundries and motor vehicles and incineration 
of products, especially those containing chlorine like PVC. However, there are sev-
eral other products including cosmetics, sun blocks, fragrances, contraceptive pills, 
solvents, surfactants, pesticides, herbicides, plastics, etc. that may contain endo-
crine disrupters. Several substances classified (Maia and Dezotti 2007) as endocrine 
disrupters include phthalates (Haarstad and Borch 2004), flame retardant (Wensing 
et  al. 2005), alkylphenols, organochlorine compounds, bisphenol (Abdelmalek 
et al. 2008; Alonso-Magdalena et al. 2006), polycyclic aromatic hydrocarbons, pes-
ticides (Africa et  al. 2006; Birkhøj et  al. 2004), biphenyls compounds, drugs, 
phytoestrogens, natural estrogens and heavy metals. The endocrine disrupters are 

Fig. 17.2 Different types of emerging contaminants and their characteristics

S. Hussain et al.



359

accumulated in fatty tissues in infected animal’s body. The combination of EDCs 
with another chemical may have a synergistic effect and the toxicity is often higher 
than that of each substance separately. In case of herbicides, there are cases where 
the sub-product is more hazardous than original substance and the mixture between 
the two make them even more toxic (Richard et al. 2005; Yousef et al. 1995).

Pesticides are also considered endocrine disruptors and have been found to cause 
infertility, cancer of the testis, prostate, breast and ovary, etc. The estrogenic activity 
of several pesticides has been a concern. Some organochlorines pesticides such as 
DDT and its metabolites, the methoxychlor, dieldrin and mirex have been found to 
have this disrupting action (Meyer et al. 1999).

Pharmaceutical products are the important class of chemical serving and improv-
ing the standards of human life. It can be categorized according to the biological 
action and purport such as the use of antibiotics to treat bacterial infections, analge-
sic to reduce pain, and antineoplastic in anticancer therapy. The antibiotics have 
potential towards bacteria resistance and that is why they are of specific interest; 
after administration these pharmaceuticals undergo structural changes in human and 
animals bodies and get converted into metabolites which still acts as API (active 
pharmaceutical ingredient).

This variation seldom complete and a specific proportion of the parent com-
pound API is normally discharged alongside the metabolite. For example, few anti-
biotics are broken down to 95%, while other antibiotics are only 5%. An investigation 
of the intake and throughput rates of APIs demonstrated that 75% of the antibiotics 
utilized in Germany were discharged unaltered, i.e. still active APIs (Kümmerer and 
Henninger 2003). From way back, the manufacturing and use of chemicals and 
pharmaceuticals have caused severe environmental pollution and severe health 
effects. The APIs used in medicine and additives can enter the environment via vari-
ous non-fixed sources, pharmaceutical industries, sewage treatment plant effluents 
and domestic wastes. Pharmaceuticals is utilized in veterinary for treatment of dis-
eases, as growth promoter, and a huge amount is discharged as waste and ultimately 
enter the water bodies (Kümmerer 2010). Figure 17.1 shows the possible routes of 
such pharmaceutical products. If they become part of soil components, they can 
reach groundwater and some can also be transported from surplus to surface water 
in case of heavy rain.

17.3  Antibiotics

Antibiotics are an important group of pharmaceuticals. It is used for the bacterial 
infection. They are widely used as a medicine for human, animals as well as for 
marine life. The basic purpose of antibiotics is the prevention and treatment of 
microbial contagion, whereas it is also used for promotion of animal growth. The 
standard definition of an antibiotic is a chemical that microorganism produce to 
disturb the growth of other organism. It may be classified on the basis of chemical 
structure or the way of microorganism prevention. It is widely used in medicine, 
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veterinary, agriculture and marine inhibits for the obviation and treatment of 
 diseases. Some antibiotics like streptomycines are utilized in fruit crops, while oth-
ers are utilized in bee keeping (Kümmerer 2008).

Antibiotic is the class of pharmaceuticals that can be subgrouped into β-lactams, 
quinolones, tetracycline, macrolides, sulphonamides and others. Active compound 
may be neutral, ionic, or dipolar ions and come under the category of complex mol-
ecule with various functions. Physical, chemical and biological characteristic may 
vary with pH due to various functionalities in single molecule (Kümmerer 2008). 
Pharmaceuticals active compound, in particular antibiotics, are mostly complex 
molecules relative to the chemicals of industrial and environmental concern (Trivedi 
and Vasudevan 2007). Antibiotics may be metabolized more or less broadly by 
humans and animals. Human antibiotics are defecated in metabolic waste and can 
reach the sewage treatment plant (STP). As a still active compound, the non- 
metabolized fraction is excreted. From the survey of all compounds, approximately 
75% of antibiotics consumed in Germany are unchanged (Kümmerer and Henninger 
2003). In STP, antibiotics are only incompletely removed, and if it is not completely 
removed, it may reach the environment and mostly the water bodies. Its some 
amount may also touch the surface water or ground water. Liquid manure may also 
loose active substance during the raining from the top of soil. 

Sulphonamides and trimethoprim are bacteriostatic agents that synergistically 
target and inhibit two pathway steps in bacterial folic acid synthesis (Masters et al. 
2003; Skold 2001). Both these are very effective toward various potential bacterial 
infections. Sulphonamides are not entirely utilized and may excrete in parts into 
sewage in the form of source compounds and metabolites (Gobel et al. 2005; Hirsch 
et al. 1999). N4-acetylated is the main metabolite of sulphonamides, a biologically 
inactive product, that transform back to the active parent compound in period of 
sewage handling (Gobel et al. 2005). So, this may lead to inefficient subtraction of 
sulphonamides, especially sulphamethoxazole amid the biological treatment of 
waste (Gobel et al. 2007).

Sulphamethoxazole is one of the most commonly observed municipal sewage 
sulphamides (Brown et al. 2006; Kim et al. 2007; Gobel et al. 2007; Levine et al. 
2006; Yang et al. 2005). Sulphamethoxazole, for instance, was noted to have con-
centration of up to 7.91 mg L−1 in sewage impacts in China, and this is among the 
15 best selling medicine (Peng et  al. 2006). Metabolites of some antibiotic like 
SMX (acetylated, N4 acetyle SMX) have been found in more concentration than 
parent antibiotic SMX in wastewater treatment plant.

SMX partially destroyed in conventional wastewater plants and ends up in water 
bodies with the possibility to unfavourably effect both marine and terrain organ-
isms. Sulphamethoxazole in range of (0–1000 μg L−1) has been found and can cause 
adverse effects on the plant kingdom (Brain et al. 2004). Adverse effects to aquatic 
bacteria (Vibrio fischeri), freshwater invertebrates (Daphnia magna) and Japanese 
medaka fish (Oryzias latipes) have been reported for sulphamethoxazole (Kim et al. 
2007). As mentioned above, conventional techniques, e.g. biotreatment and physi-
cochemical treatment, including coagulation, volatilization, adsorption, sedimenta-
tion and filtration, cannot completely remove the SMX in STPs and also show the 
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need of efficient removal of antibiotics and their metabolites from the water bodies 
to prevent its adverse effects on the environmental life (Jones et al. 2005; Rahman 
et al. 2009; Suárez et al. 2008).

The most important environmental problem in the present scenario is to safe-
guard the integrity of our water resources from the dangerous concentration of 
SMX. Today, the development of innovative and economical wastewater technolo-
gies aimed at reducing the daily amounts of antibiotics released into the environ-
ment or transforming them into less toxic or more biodegradable intermediates is 
increasingly important. A wide range of chemical and physical methods for the 
degradation of antibiotics in waste water are available. The methods of treatment 
included in this work are described in detail here.

17.4  Electrochemical Technologies for Wastewater 
Treatment

Electrochemical treatment is one of oxidation processes that can mineralize organic 
materials into water, carbon dioxide and inorganic molecules. The electrochemical 
oxidation process has proved fruitful in recent years for the treatment of wastewater, 
mainly because of its efficiency and ease of operation. The use of electrochemistry 
for environmental protection was the subject of a number of books and reviews. 
Somewhere else (Ibanez et al. 1994) the main features of electrochemical technolo-
gies are explained in detail. The electrochemical technologies are flexible and should 
be applied directly or indirectly and could be easily scale up from microliter to mil-
lions of litres, and it can be easily coupled with other processes like photochemical, 
sonochemical, bio-degradation or photo catalysis. The process is also an energeti-
cally efficient and work on minimum temperature and pressure and there is less 
power wastage during operation. Similarly the process is easy to operate and auto-
mate and only electrically controlled variables are used in the process. Along with 
all these characteristic the electrochemical process is also environmentally compat-
ible and produce only electrons during the process, which are high potential parti-
cles whose reactivity can be adjusted by selecting an appropriate electro catalyst to 
avoid unwanted metabolites from being produced. Furthermore, it is cost effective 
in term of operation, space and labours; however some electrode materials are expen-
sive which increase the capital cost of the process. Therefore intensive research 
aims to discover more efficient electrode materials, electro-catalyst and optimized 
parameters for electrochemical applications. In the last two decades, electrochemi-
cal technologies have become a focus of scientist around the world. Not only are the 
electrochemical technologies cost comparable to other technologies, they are some-
times more efficient and compact. 

Electrochemical technologies offer a versatile way to treat the wastewater. 
Broadly speaking, it can be used to separate the pollutant from wastewater such as 
electrocoagulation and electro-filtration and it used to decompose and destroy the 
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organic pollutant into harmless product in water. The degradation of pollutants may 
be done by direct electrochemical process or indirect electrochemical process by 
some oxidant species generating at electrode surface. The electrochemical pro-
cesses which produced (•OH) are called electrochemical advanced oxidation pro-
cesses (EAOPs). As we already discussed, electrochemical processes are versatile 
and may be coupled with some other advanced oxidation processes. Some of the 
most common electrochemical processes used for the treatment of antibiotic are 
shown in Fig. 17.3.

17.5  Electrochemical Oxidation

17.5.1  Electrochemical Oxidation without NaCl

The application of electrochemical oxidation for wastewater effluent is not new; it 
has root back in the nineteenth centuries. Initially Kuhn studies oxidative degrada-
tion of some cyanides, thiocyanates and phenol compounds using both anodic and 
chlorine oxidizing (Kuhn 1971). After that, Nilsson investigated the oxidation of 
simple, monohydric phenols at a PbO2 anode in aqueous sulphuric acid (Nilsson 
et al. 1973). Afterwards some others extensively investigated the synthetic wastewa-
ter containing phenol and aniline. However in the 1990s Feng and Johnson moved 
forward to explore the mechanism of electrochemical oxidation (Feng and 
Johnson 1990).

They reveal that upon the discharge of H2O on the electrode surface (S) produced 
hydroxyl radicals (•OH) which adsorbed on electrode surface represent as S[OH] 
(Eq.  17.1). It is further proposed that these S[OH] may be shifted to oxidation 
product through oxygen transfer mechanisms (Eq.  17.2) or oxidize the organic 
compound (R) into (RO) as shown in equation (Eq. 17.3).

Fig. 17.3 Different electrochemical processes used for the degradation of antibiotics
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S H O S OH H[ ]+ →   + ++

2
• e

 
(17.1)

 
S OH H O S O H•  + → [ ]+ + ++

2 2 3 3e
 

(17.2)

 
S OH R S RO H•  + → [ ]+ + ++ e

 
(17.3)

Furthermore, in the 1990s Comninellis elaborated a simplified mechanism for elec-
trochemical oxidation of organic compound using different electrode materials (Pt, 
Ti/lrO2, Ti/SnO2). He proposed that oxide anodes (MOx) forming the so-called 
higher oxide MOx + 1 and degradation occurs with electrodes at the surface where 
hydroxyl radical accumulated (Comninellis 1994). Comninellis thoroughly investi-
gated the electrochemical conversion mechanism of organic compound using metal 
and metal oxide electrodes and proposed that water molecule has adsorbed on the 
electrode surface and generate adsorbed hydroxyl radicals as in Eq.  (17.4).

 
MO H O MO OH Hx x e+ → ( ) + ++ −

2
.

 
(17.4)

However it is strongly depend on anode materials and hence we differentiate them 
into two classes, i.e. active and nonactive anodes.

 1. In case of active anode the Eq. (17.4) followed by interaction of oxygen of oxide 
electrode with MOx (HO•) and transformed it into higher oxide state as followed 
by Eq. (17.5).

 
MO OH R MO H .x x e.( ) + → + ++

+ −
1  

(17.5)

The activation of surface redox pair MOx + 1/MOx, often referred as active oxygen 
which may chemisorb active oxygen (MOx + 1). If there is no organic species in 
the premises, the physisorbed MOx (HO•) and chemisorbed MOx + 1 converted 
into dioxygen following (Eqs. 17.6 and 17.7)

 
MO MO Ox x+ → +1 2

1

2  
(17.6)

 
MO OH MO O H MOx x xe.( ) → + + + ++ −1

2 2
 

(17.7)

However if organic compound are present, then the chemisorbed oxygen act as 
mediator for the selective conversion of pollutants on electrode surface.

 MO R MO ROx x+ + → +1  (17.8)

 2. In case of nonactive anode no higher oxide is formed and adsorbed hydroxyl 
radicals non-selective degraded the organic pollutants into CO2 as represented in 
Eq. 17.8.
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MO OH R MO CO Hx x m e.( ) + → + + ++ −

2  
(17.9)

Nevertheless, “active oxygen” or “active electrode” by both chemisorbtion and 
physisorbtion also lead an aggressive side reaction such as oxygen production 
that results in reduction in the proficiency of the anodic process. Generally, 
anodes with low oxygen production potential such as carbon, graphite, IrO2, 
RuO2 or platinum have an “active” nature, and may only partially oxidize pollut-
ants, while anodes with high oxygen production potential, such as antimony-
doped tin oxide, lead dioxide or BDD, have “non-active” behaviour and leads to 
almost the total mineralization of organic pollutants. It is therefore considered 
ideal electrodes for the wastewater treatment (Comninellis 1994). These differ-
ent types of electrode (anodes)  with their oxidation potential are present in 
Table 17.1.

Organic pollutant can be degraded electrochemically by either direct or indirect 
oxidation. The mechanism of direct or indirect Ibanez in Fig. 17.4(1)) and (2).1 
and oxidation mechanism has strongly depended on the electrode material con-
struction, operating condition and supporting electrolyte (Panizza 2010) 
(Fig. 17.4).

The pollutant has been adsorbed on the electrode surface and then oxidized, the 
phenomenon is so-called direct oxidation (Fig. 17.4(1)) Low potential favours the 
direct electro-oxidation, but remediation rate is usually low and depending on the 
anode’s electrocatalytic activity. High degradation has been reported by György 
et al. (1997) for the electrodes, namely Platinum and Palladium and metal oxide 
anodes like IrO2, RuO2−TiO2 and Ir-TiO2. The major problem associated with 
anodic electro-oxidation is decrease in catalytic activity at fixed potential before the 
evolution of oxygen. It is because of the development of organic film on the anode 
surface and commonly termed as the deactivation of electrodes. The proposal of 
indirect oxidation Fig. 17.4(2) is to prevent the fouling of the electrode by avoiding 
the exchange of direct electrons between the organic and the anode. Therefore, pol-

Table 17.1 Classes of electrode based on oxidation power and ability towards O2 evolution 
reaction

Electrode type Composition
Ability towards 
OER

Oxidation potential 
(V)

OER 
overpotential

Active anode RuO2-TiO2

DSA-Cl2

Good 1.4–1.7 0.18

IrO2-Ta2O5

DSA-O2

Good 1.5–1.8 0.25

Ti/Pt Good 1.7–1.9 0.30
Carbon/
graphite

Good 1.7

Non-active 
anode

Ti/PbO2 Poor 1.8–2.0 0.50
Ti/SnO2-Sb2O5 Poor 1.9–2.2 0.70
p-Si/BDD Poor 2.2–2.6 1.3
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lutants are oxidized in indirect electrolysis through the generation of certain redox 
species (Fig. 17.4(3)), which provide a path for access of electron to the organics 
pollutants. Following are the key concerns for achieving high efficiency in indirect 
electrolytic processes:

• The potential of generated redox species should not be close to the potential for 
the evolution of oxygen.

• The generated redox species should be high.
• The reaction rate of the generated redox species and the contaminant should be 

higher than the competition rate.
• Adsorption of pollutants must be controlled.

Fig. 17.4 Schematic diagram of electrochemical degradation mechanism of organic pollutant (R): 
(1) Direct electro-oxidation (2) by hydroxyl radical formation from water discharge and (3) by 
means of inorganic mediators
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Boron-doped diamond (BBD), a non-active electrode, has been examined 
broadly for the remediation of organic compounds in recent years. High O2 over 
potential of BBD electrodes makes it better than metal oxide anodes and show effi-
cient results for the direct oxidation of contaminants. Higher degradation activity 
towards organic compounds of BBD electrodes is due to the formation of weakly 
adsorbed ·OH radical from the electrolysis of water and has been presented in Eq. 
(17.10) (Comninellis 1994).

 
BBD H O BBD OH H+ → 






 + ++ −

2
1 11



e
 

(17.10)

BBD anodes also generate many oxidizing species such as ozone, H2O2 and ferrate 
(Sáez et al. 2008; Sáez et al. 2008). BBD anodes can produce peroxydicarbonate 
(C2O6

2−), peroxydiphosphate (P2O8
4−) and peroxydisulphate (S2O8

2−), oxidants in 
the existence of ions, for example, CO3

−2, PO4
3− and SO4

−2. Peroxydisulphate radi-
cal production occurs in two stages (Eqs. 17.11–17.14). First, the sulphate radical 
forms from the reaction of sulphate containing compound with electrogenerated 
·OH, and in second stage, two sulphate radicals combine and produce peroxydisul-
phate (Serrano et al. 2002; Cañizares et al. 2009).

 SO SO4
2

4
1− − −→ +. e  (17.11)

 
HSO OH SO H O4 4 2 12− −+ → + ( ). .

 
(17.12)

 H SO OH SO H O2 4 4 3+ → +− +. .

 (17.13)

 SO SO S O4 4 2 8
2. .− − −+ →  (17.14)

To strengthen the AO process efficiency, a great attention has been attracted towards 
the selection of suitable substrate (Wang et al. 2013). The criteria for suitable sub-
strate is: good conductance of electricity, sufficient body strength, electrochemical 
inertness and easy development of protective films on the surface of the substratum 
through passivation (Chen et al. 2003). For this objective, various substrates have 
been studied for the BBD anode like Si, Ti, Nb, etc. Si substrate has generally been 
used for the BBD film deposition. But the delicate nature and variable conductivity 
due to experimental environment of Si create hurdles for the selection as a suitable 
substrate (Sun et al. 2011). Ti was found the suitable substrate for the BBD film 
deposition (Chen et al. 2003; (Sun et al. 2011; Chen 2004).

The removal and degradation of antibiotics has been studied by various research-
ers. Mora-Gomez et al. studied the degradation of Norfloxacin in a boron-doped 
diamond (BDD) or a novel Sb-doped SnO2 ceramic anode (non-active anode). The 
process of degradation on both electrodes was found to be first order and BDD 
showed good oxidizing power towards antibiotic norfloxacin, and up to 92% TOC 
has been removed (Mora-Gomez et al. 2019). Kaur et al. reported the degradation 
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of antibiotic amoxicillin using active (Titanium coated ruthenium oxide) Ti/RuO2 
and investigated various operating parameters. They demonstrated that 60% amoxi-
cillin degraded and 48% TOC has been removed and finally they also proposed the 
degradation pathway (Kaur et al. 2019).

17.5.2  Electrochemical Oxidation with NaCl

Electrochemical oxidation exhibits different behaviour in the presence of some 
active oxidizing species like chlorine, chlorine (Cl2), hypochlorous acid (HOCl) and 
hypochlorite ions (OCl−1). However, the mechanism of electro-oxidation using inor-
ganic mediator is still not explored completely. Definitely, oxidation of organic mol-
ecules has been either accomplished at the electrode surface through adsorbed 
oxychloro species (i.e. chloro and oxychloro radicals) or in the main bulk solution 
through long-lasting oxidant (i.e. Chlorine, hypochlorous acid, or hypochlorite) by 
electro-oxidation of mediated chloride ion, referring reaction (Eq. 17.15–17.18):

 2 22Cl Cl− −→ + e  (17.15)

 2 2 2 22H O OH H→ + ++ −. e  (17.16)

 Cl H O HOCl H Cl2 22+ → + ++ −

 (17.17)

 HOCl H OCl→ ++ −
 (17.18)

The formation of intermediacy active chlorine species and the mechanism of its 
reaction have been recommended by Bonfatti et  al. (2000b) and Bonfatti et  al. 
(2000a), (Fig. 17.5).

Fig. 17.5 Schematic diagram of chlorine-mediated electrochemical degradation mechanism of 
organic pollutant (adopted from (Bonfatti, De Battisti, et al. 2000))
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They expanded the idea of Comninellis (1994) for the chlorine medium electro- 
oxidation process. They replaced mediated oxychloro species from chloride ions 
instead of hydroxyl radicals. The potential of anodic reactivity for the adsorbed 
chloride-oxychloride radicals increases in the chloride ion mediation by resisting 
the oxygen-evolution reaction. The widely used anode materials for onsite genera-
tion of active chloride oxidants depend on the platinum or on mixed metal oxides 
(such as, IrO2, TiO2, RuO2,). These materials have high electro-catalytic property 
for chlorine production, and also long haul mechanical and chemical strength. Well- 
known dimensionally stable anodes DSA® has excellent capacity to generate elec-
trochemically chlorine and hypochlorite by the electrolysis of NaCl which is widely 
used as a supporting electrolyte for the treatment of wastewater (Rajkumar and Kim 
2006; Chen et al. 2011). The use of dimensionally stable anodes (DSA®) has been 
in the degradation of organic compounds such as atrazine (Malpass et al. 2010), 
carbaryl (Malpass et al. 2009) and dyes (Malpass et al. 2008), mainly due to their 
flexibility, electro-catalytic efficiency, chemical strength and good lifetime.

Traditionally strong oxidants species like chlorine (Cl2), hypochlorous acid 
(HOCl) and hypochlorite ions (OCl−1) were traditionally used for industrial waste-
water treatment (Rajeshwar and 1997; Tarr 2003). These agents are also widely 
used for drinking water disinfection (Martínez-Huitle and Brillas 2008). 
Electrochemical technology provide a substitutive indirect electro-oxidation 
process for the treatment of organic pollutants with active chlorine species from 
direct chloride ion oxidation at appropriate anodes. This strategy contrasts from EO 
in the utilization of contaminated chloride containing solution amid electrolysis to 
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create active chlorine on site. However the major problem associated with indirect 
oxidation is the generation of chlorinated organic compound during the process, 
which subsequently increases the toxicity of wastewater. Panizza and Cerisola 
(2003) observed the chlorinated organic compound during the oxidation of 2-naph-
thol and surfaced to maximum at about 9 Ah dm−3, which vanished during the elec-
trolysis. On the other hand, it has also been reported that, by selecting suitable 
operating parameters, an organic compound, i.e. glucose, can be combusted in the 
chlorine medium without generation of organo-chlorine compounds (Bonfatti et al. 
2000b; Bonfatti et al. 2000a).

Hussain et  al. (2015) thoroughly elaborate an antibiotic sulphamethoxazole 
(SMX) using  DSA electrode in sodium chloride medium. The work explain the 
kinetics and electrochemical degradation route under different experimental condi-
tions. They also explain the NaCl, current density and pH have prominent effect on 
the degradation of sulphamethoxazole. Figure 17.6  reveals that mixed anode are 
capable of generating active chlorine species  at different concentration of NaCl 
which efficiently degrade and mineralize antibiotic sulphamethoxazole.

The study also demonstrate the possible route of degradation of SMX and almost 
nine major intermediates of the reaction were identified by LC-ESI-QTOF- MS 
which contain some lower molecular weight organic intermediates like C6H9NO2S 
(m/z = 179), C6H4NOCl (m/z = 141), and C6H6O (m/z = 110)). The degradation of 
SMX proceeds via different routes involving rapture of oxazole and benzene rings 
by hydroxle radicals and active chlorine. Similarly the  study also reveals and 
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depicted in Fig. 17.7 that degradation was pH dependent between 2.5 to 9 and reveal 
that acidic pH is more favourable for degradation, at this pH higher oxidation poten-
tial species like HOCl are responsible for the SMX degradation. Rajkumar et al. 
2007), Figure 17.6 presents the effect of pH on the electrochemical degradation and 
mineralization of SMX.

The material of electrode plays a vital role in electrochemical degradation 
process, and lead oxide anode is an attractive, low-cost and better electrochemical 
activity towards organic oxidation (Chen et al. 2014; Dai et al. 2016). The electro-
catalytic performance of PbO2 anode can be enhanced by adding some internal 
layers like Sb-SnO2, α-PbO2, F−, Co2+ and Ce3+.

Dai et al. has successfully prepared rare earth Lanthanum (La) and Yttrium (Y), 
co-doped Ti/Sn-SbOx/PbO2 electrodes (La-Y-PbO2 electrode) that showed a high 
performance for the degradation and mineralization of aspirin (Dai et  al. 2016). 
After that they utilized the modified PbO2 anode for the levofloxacin and electrode 
showed high treatment efficiency and low cost (Xia and Dai 2018). The anodic deg-
radation was dependent on current density 30 mA cm−2, pH 3 and initial LFX (levo-
floxacin) concentration 800  mg  L−1. Different aromatic intermediate products of 
LFX degradation were found with different structure to the LFX molecule including 
pepiperazinyl hydroxylation, decarboxylation and defluorination. They also found 
some inorganic species like CO2, H2O, NH4+, NO3− and F− during mineralization 
of levofloxacin.

17.6  Indirect Electrochemical Oxidation

17.6.1  Electro-Fenton Process

The Fenton process is a simple process for producing (•OH) through Eq. (17.19). 
The hydroxyl radicals perform an important role in electro-Fenton and Photo 
Electro-Fenton process, which degrade unselectively the organic compounds into 
carbon dioxide and water by hydroxylation and dehydrogenation reactions because 
of high reduction potential of (•OH) Eo = 2.8 V vs. SHE. Ferrous ion is vital for the 
Fenton process; however some other metal ions lik Cu2+ may also be used in Fenton 
like process to produce (•OH) from H2O2.

 Fe H O Fe OH OH.2
2 2

3+ + −+ → + +  (17.19)

The H2O2 may also be decomposed into (•OH) by ultraviolet radiation in photo- 
Fenton process (Eq. 17.20), leading to some propagation (Eqs. 17.21–17.23) and 
termination reactions (Eqs. 17.24–17.26) (Bataineh et al. 2012; Keenan and Sedlak 
2008; Lee et al. 2013; Liu et al. 2018).

 H O OH.
2 2 2+ →hv  (17.20)
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 OH H O H O HO .. + → +2 2 2 2  (17.21)

 HO H O OH H O O2 2 2 2 2
. .+ → + +  (17.22)

 OH HO HO OH. .+ → +− −
2 2  (17.23)

 2 2 2 2HO H O OH. → + −

 (17.24)

 OH HO H O O. .+ → +2 2 2  (17.25)

 2 2 2OH H O. →  (17.26)

 Fe H O Fe HO H3
2 2

2
2

+ + ++ → + +.  (17.27)

However the Fe3+ slow down the production of •OH in Fenton process, and subse-
quently decrease the H2O2 degradation and generate unwanted hydroperoxyl radical 
(HO2

•) (Eq. 17.27).
The hydrogen peroxide is not only the way for producing •OH, likewise in elec-

trochemical process these radicals are formed at the electrode solution interface 
from H2O discharge reaction (Eq. 17.28) or in the bulk of solution by adding a suit-
able catalyst like Fe2+ and electro-generated hydroxyl radical (Eq. 17.29) (Brillas 
et al. 2009)

 
M H O M OH H+ → ( ) + ++ −2 2

. e
 

(17.28)

 Fe H O Fe OH OH2
2 2

3+ + −+ → + +.  (17.29)

The electro-Fenton process produce •OH using electrochemical assisted Fenton pro-
cess and H2O2 is regularly produced in bulk of solution by reduction of dissolved 
oxygen (Eq. 17.30) and small quantity of a catalyst like Fe2+ is added to produce 
•OH in simple Fenton process (Eq. 17.19). Fe3+ is reduced straightforward to Fe2+ at 
cathode (Eq. 17.31) (Brillas et al. 2009).

 O H e H O2 2 22 2+ + →+ −

 (17.30)

 Fe e Fe3 22+ − ++ →  (17.31)

The electrolyte played an important role in any electrochemical process, and during 
EF process Na2SO4 is generally used as electrolyte due to its low activity, Though 
some other electrolytes like NaCl may also be used for EF process, NaCl produced 
Cl2 and HOCl in EF process which start reaction with •OH and consumed these 
strong oxidant (Eq. 17.32–17.37).
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 2 2 2Cl e Cl− −→ +  (17.32)

 Cl H O H Cl HClO2 2+ → + ++ −

 (17.33)

 OH Cl OHCl. + →−
−



 (17.34)

 OHCl H Cl H O


−
++ → +. 2  (17.35)

 OH SO O OH SO. .+ → − +− − −
4
2

4  (17.36)

 SO e SO4 4
. .− − −+ →  (17.37)

The electro-Fenton process generate electrochemically H2O2 using two or three 
electrodes in a single or separated cell. Generally graphite, carbon felt, boron doped 
diamond (BDD), Ti4O7 and gas diffusion electrode (GDE) are employed as cathode 
(Brillas and Sirés 2012) (Ganiyu et al. 2017) (Zhou et al. 2018) (Salazar et al. 2017). 
Sopaj et al. (2015) performed comparative study of different anode materials for 
degradation of sulphamethazine (SMT) in EF system. The author tested Pt, BBD, 
dimensionally stable anode (DSA, Ti/RuO2-IrO2) and graphite felt (GF). The author 
observed that GF is the most effective anode for the degradation of SMT at low 
applied current density. It cannot be used at higher current density as it burns for 
long operation time. The author concluded BBD as the best anode that achieved 
almost complete mineralization (98.5% TOC removal).

The use of EF process offers many advantages than simple Fenton process. In EF 
process, Fenton reagent is generated in situ and due to this in situ generation of 
Fenton reagents, the cost of transportation and storage and risk associated with it 
decreases. The reaction loss of Fenton regents also decreases; as in the EF process, 
a control amount of Fenton reagents is produced and consumed. So, as a result 
sludge formation also reduces. It provides a high rate of organic degradation due to 
Fe2+ electrochemical regeneration, that catalyses the reaction of Fenton (Sirés et al. 
2014; Rodrigo et al. 2014; Oturan and Oturan 2018; Zhu et al. 2011).

There are a several working parameters engaged with the effectiveness of the EF 
process that have been examined for quite a while (Nidheesh and Gandhimathi 
2012; Martínez-Huitle et al. 2015; Oturan and Aaron 2014; Brillas et al. 2009). The 
main parameters are: applied current density, type and concentration of catalyst, pH 
of contaminated water, distance between the electrode, supply of oxygen and more 
importantly the electrode materials (Liu et al. 2018).

The pH is an essential parameter and it is usually recommended to carry out the 
EF process at about pH 3 (Boye et al. 2003). H2O2 has been generated in the acidic 
medium as in (Eq. 17.28). However, pH value below 2 leads to conversion of H2O2 
into peroxonium (H3O2

+) which is less reactive towards Fe2+ and less •OH radical is 
produced via Fenton reaction (Mousset et al. 2017). H2O2 decomposes to water and 
oxygen at a high pH level. Fe3+ is precipitated as Fe (OH)3 at pH above 4, and at pH 
below 1, Fe2+ forms H2O2 complexes (Pignatello 1992).
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The voltage is also an essential factor in EF process because the rate of applied 
current promotes the production of •OH. This factor therefore considerably influ-
ences the oxidation and/or mineralization proficiency of the process (Oturan and 
Aaron 2014; (Sankara Narayanan et  al. 2003). However, high current stimulates 
unnecessary side reaction (reduction or oxidation of water to H2 or O2) or wasting 
(recombination or oxidation reactions) in the electrolytic cell (Zhang et al. 2007; 
Brillas et al. 2009; Sirés et al. 2014).

The nature or concentration of the catalyst is another important parameter. 
Among the different catalyst tried for the EF process, iron (Fe2+/Fe3+) has been 
appeared to be extraordinary compared to others in light of the fact that it isn’t 
unsafe, has low expenses and requires low concentration (Brillas et al. 2009). The 
optimal value of Fe2+ concentration depends on the cathode used. It has been 
reported that the optimal value of Fe2+ as a catalyst for carbon-felt cathode is in 
range of 0.1–0.2 mM, while for gas diffusion cathode, 0.5 mM has been reported in 
lots of literature (Brillas et al. 2009; Oturan and Aaron 2014; Sirés et al. 2014). In 
general, high Fe2+ concentrations are avoided as they promote the waste reaction as 
in (Eqs.  17.38 and 17.39) (Oturan and Aaron 2014; Panizza and Cerisola 2001; 
Babuponnusami and Muthukumar 2014).

 
Fe H O Fe OH2

2 2

2+ +
+ → ( )  

(17.38)

 Fe OH Fe OH2 3+ + −+ → +.
 (17.39)

The Cu2+/Cu+ pair was similarly examined as a catalyst in the EF process and con-
flicting results have reported. For a case, a current report has revealed that copper 
can be more effective and cost-proficient than iron with a greater rate of TOC reduc-
tion (Panizza and Cerisola 2001). Conversely, different analysts have accentuated 
that iron as a catalyst offers a superior mineralization productivity than Cu ion par-
ticles (Panizza and Cerisola 2001). Recently Zhou et al. (2018) studied the oxida-
tion of levofloxacin and trimethoprim by EF process and compared the degradation 
of these two antibiotics in the presence of Pd-Fe3O4 and Fe3O4 as a catalyst. The 
author observed that levofloxacin shows high oxidation in the presence of Pd-Fe3O4 
instead of Fe3O4. The rate constant increased from value of 0.156 to 0.243 min−1 by 
substituting Pd-Fe3O4 instead of Fe3O4 as a catalyst, while trimethoprim shows no 
improvement by changing catalyst.

Similarly, Barhoumi et al. (2017) also compared two different catalysts, i.e. chal-
copyrite with conventional EF process for degradation of tetracycline. The author 
observed that the presence of chalcopyrite shows high degradation compared to 
conventional EF process. Almost complete mineralization (98% TOC removal) was 
achieved in the presence of chalcopyrite in 360 min of operation under optimum 
operating condition. Likewise, Chen et al. (2017) compared different catalytic deg-
radation of antibiotic ciprofloxacin (CIP) in EF system. The author first studied the 
effect of Fe2+ and Fe3+ dosage for the oxidation and mineralization of CIP. Almost 
73% and 72% TOC were removed by Fe2+ and Fe3+ at optimum condition. Then 
Fe3+-CIP chelate was tested for the degradation of CIP. The author observed that 
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Fe3+-CIP chelate had no significant effect on the degradation and mineralization of 
CIP in EF process.

Air supply and air diffuser are additionally critical parameters which impact oxy-
gen exchange and hydrodynamic conditions in the reactors altogether. The low oxy-
gen stream rate, the solution fed up unsaturated and oxygen exchange can turns into 
the controlling step, influencing the effectiveness of H2O2 production and conse-
quently •OH generation through Fenton’s reaction.

The temperature has direct relation with the kinetics of reaction, and therefore it 
can be a crucial factor for EF process. It can also impact the mass transfer parame-
ters (coefficient of diffusion, etc.). Temperature between 20 and 30 °C is commonly 
reported in the literature (Panizza and Cerisola 2001). As the temperature increase, 
it decreases the solubility of O2 and enhances the decomposition rate of H2O2. 
Similarly, the type of electrolyte also affects the EF process. Ghoneim et al. (2011) 
conducted a study on the effect of nature of electrolyte. The author studied three 
different electrolytes, i.e. Na2SO4, NaCl and KCl. The author concluded that 
improved efficiency of SO4

−2 shows that SO4
−2 gives the higher conductivity com-

pared to Cl−. Similarly, Ghoneim et al. (2011) also compared the KCl and NaCl and 
the author concluded that higher degradation rate of KCl shows that K+ gives higher 
conductivity compared to Na+. It is also observed that sodium sulphate gives slower 
degradation rate of pollutant that NaClO4 or NaNO3 as a supporting electrolyte and 
it is due to formation of iron sulphate complexes in EF process. The presence of 
electrolyte in the solution decreases the ohmic potential drop and, as a result, the 
energy consumption of the process decreases. Furthermore, it has also been reported 
that too high concentration of electrolyte can also promote side reaction, and due to 
this the TOC reduction may decrease.

17.6.2  Photo-Electro-Fenton and Solar Photo-Electro-Fenton

Brillas’ group broadly studied the phenomenon of EF treatment of organic com-
pound assisting with irradiation by means of artificial UV radiation or solar radia-
tion and termed as PEF or SPEF process (Brillas et al. 2009; Brillas et al. 1998; 
Boye et al. 2003; Flox et al. 2007; Flox et al. 2007; Garcia-Segura et al. 2014; Thiam 
et  al. 2015). The Fe(III)-hydroxyl complexes formed in electro-Fenton process 
(Eq. 17.38) should be photo-catalytically reduced and should regenerate.OH and 
Fe2+ (Eq. 17.40) (Sun and Pignatello 1993), which result in the production of regen-
eration. Complexes are formed between Fe3+ and some organics due the direct pho-
tolysis according to the general (Eq. 17.41) (Vogler 1993; Zuo and Hoigne 1992; 
Faust and Zepp 1993). It allows the formation of weak oxidizing species such as 
superoxide anion radical, carbon dioxide anion radical and H2O2 and as a result Fe2+ 
regenerate in parallel.

 FeOH Fe OH.2 2+ ++ → +hv  (17.40)

 
Fe OOCR Fe CO R.( ) + → + +

+ +2 2
2hv

 
(17.41)

S. Hussain et al.



375

PEF process utilizes the UVA of wavelength in range of 315–400  nm, UVB of 
wavelength in range of 280–315 nm and UVC wavelength in range of <280 nm 
radiation. Artificial lamps radiation may be utilized in PEF treatments. The wave-
length and intensity of radiation source may affect the degradation mechanism. The 
degradation rate can be increased by increasing the intensity of radiation source. 
When the radiation source emits light in range of wavelength that pollutant can 
absorb radiation efficiently, the phenomenon is termed as direct photolysis. Among 
synthetic lights, the UVA lights have been the most generally utilized (Brillas et al. 
2008; Flox et  al. 2006; Borràs et  al. 2013; El-Ghenymy et  al. 2013; Moreira 
et al. 2015).

The PEF process may also be facilitated by using Fe3+ carboxylate complex; 
Vilar et al. recently degraded antibiotic trimethoprim in a lab-scale reactor equipped 
with BDD and carbon-PTFE cathode. The study revealed that the presence of com-
plex promotes the generation of Fe3+ to Fe2+ at high pH and also decreased the for-
mation of unwanted species like chloride, chlorate or sulphate in PEF process 
(Moreira et al. 2015). The iron for the EF or PEF may also be provided by non- 
conventional reagent; an antibiotic tetracycline has been removed in EF process 
utilizing chalcopyrite as a source of iron, and the study showed 90% of mineraliza-
tion of recalcitrant antibiotic tetracycline (Barhoumi et al. 2017).

Due to the high electrical cost of PEF method, it limits the application of degra-
dation of organic pollutants. However, SPEF process can be utilized to overcome 
the limitation of PEF method by utilizing solar light instead of UV light. A self- 
sustainable solar-assisted photo electro-Fenton (SPEF) system applied to degrade 
antibiotic trimethoprim (TMP) and SPEF process is then compared with other pro-
cesses like anodic oxidation (RuO2/Ti), AO-H2O2 and EF; it was demonstrated that 
SPEF mineralized the TMP antibiotic up to 8% in 6 h of treatment (Zhang et al. 
2016). Furthermore SPEF was able to degrade sulphamethoxazole (SMX) in pilot 
plant; a study conducted elsewhere showed up to complete removal and 90% TOC 
was eliminated in SPEF process (Murillo-Sierra et al. 2018).

Fig. 17.8 Schematic 
diagram of Bio-Electro- 
Fenton process
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17.6.3  Bio-Electro-Fenton

There are different bio-electrochemical systems such as microbial fuel cell, micro-
bial electrolysis cell and microbial reverse-electro-dialysis cells which are used to 
treat the wastewater. The biodegradable waste could be easily degraded in these 
systems at anodic chamber; however bio-refractory materials like antibiotic could 
not be degraded by bacteria. Initially Zhu and Ni used microbial fuel cell electro- 
Fenton system for the degradation of refractory compound in cathodic chamber, and 
named the process Bio-electro-Fenton (Zhu and Ni 2009).

The electrons are released due to oxidation of organic matter (like acetate ion) 
through microorganisms in an anodic chamber (Eq.  17.42), and then moved to 
cathodic chamber by electrical connection, where H2O2 is produced by oxygen 
reduction reaction (Eq. 17.43). Fe2+ is produced there using some iron source, which 
consequently generated •OH to treat the contaminant (Eqs.  17.43 and 17.44) as 
described in Fig. 17.8.

 CH COO H O CO H3 2 22 2 7 8− + −+ → + + e  (17.42)

 O H H O2 2 22 2+ + →+ −e  (17.43)

 Fe Fe3 22+ − ++ →e  (17.44)

Some researchers coupled EF and biological system (Olvera-Vargas et al. 2016a; 
Ganzenko et al. 2018; Olvera-Vargas et al. 2017) and applied for the degradation of 
pharmaceuticals such as metoprolol, furosemide, ranitidine and real pharmaceutical 
wastewater. EF may be coupled with biological system either pre-treatment or post 
treatment.

The Bio-electro-Fenton was broadly classified as microbial fuel cell electro- 
Fenton (MFC), microbial electrolysis cell (MEC) electro-Fenton and microbial 
reverse-electro-dialysis cell (MREC) Electro-Fenton system and these systems are 
self-sustainable in terms of electricity. The anode and cathode materials are impor-
tant in any electrochemical process; similarly in Bio-Electro-Fenton (BFE) mostly 
a cost-effective anode is used like activated carbon, graphite, carbon felt, carbon 
mesh, and carbon cloth (Li et al. 2018). The previous studies showed that anode 
must have strong compatibility with microorganism, good conductivity, chemical 
stability and high active surface area. Similarly, the cathode material in BEF pro-
cess plays a vital role because the production of H2O2 through oxygen oxidation 
reaction takes place at cathode. The graphite (Zhang et al. 2015), carbon felt (Zhu 
and Ni 2009) and gas-diffusion electrodes (Rozendal et al. 2009) are widely used as 
cathode in BEF process. Recently some other carbon materials like graphene or 
reduced graphene oxide and some iron containing electrode like Fe@Fe2O3/carbon 
felt (Xu et al. 2011), Fe@Fe2O3/graphite (Yong et al. 2017), Fe@Fe2O3/NCF (Xu 
et al. 2013), CNT/FeOOH (Feng et al. 2010), Fe2O3/active carbon felt (Ling et al. 
2016) and Carbon felt/FeOOH (Wang et al. 2014) have been applied ac cathode 
material for BEF. Mansour et al. (2014) studied sulphamethazine degradation by 
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combined EF-biological system of 0.2 mM. Batch biological treatment was per-
formed under continuous stirring in the presence of activated sludge at 25 °C. While 
the EF process was performed in 1 L of undivided cell holding carbon felt cathode 
and a tube-shaped platinum anode. The solution was continuously stirred and oxy-
gen was supped at 450  mL  min−1. EF process was initiated in the presence of 
0.5 mM Fe2+, 0.05 M sodium sulphate, pH 3 and 500 mA at 18 °C. After 6 h of EF 
process alone, the TOC removal was 6.5% with an optimum condition of 0.1 mM 
pollutant 0.1 mM Fe2+ and 200 mA, while 0% TOC removal was observed only for 
the biological system. After 0.5 h of operation, the TOC removal for the combined 
EF-biological system was 61.4% while the TOC removal was 78.8% and 93.9%, 
respectively, after 1 and 4 h of operation. Biodegradability was also assessed in the 
combination degradation process and was <0.4 after 0.5 h of operation and 0.5 after 
1 h of operation.

Mansour et al. (2015) treated Tunisian pharmaceutical wastewater with 200 ppm 
of sulphamethazine. Fresh activated sludge was introduced in a batch reactor for the 
biological degradation investigation. The EF process was performed in 1 L undi-
vided cell holding carbon felt cathode and a tube-shaped platinum anode. The 
 solution was continuously stirred and oxygen was supplied at 450 mL min−1. EF 
oxidative treatment was initiated in the presence of 0.5 mM Fe2+, 0.05 M sodium 
sulphate, pH 3 and 500 mA at 18 °C. The TOC removal percentage for the EF sys-
tem alone is 7.5%, while the TOC removal percentage for the combined EF-biological 
system is 81.4%, while BOD5/COD is 0.35 after 100 min.

Olvera-Vargas et al. (2016b) studied the 0.1 mM Ranitidine synthetic solution by 
combining the EF-biological system. Biological degradation was performed in 
batch reactor at 30 °C for 7 days, while 300 mL of undivided cell holding carbon felt 
cathode and BDD anode was used for EF oxidation. The solution was continuously 
stirred and dense air was supplied perpetually. The process was initiated in the pres-
ence of 0.1 mM Fe2+, 0.05 M sodium sulphate, pH 3 and 500 mA applied current. 
59% TOC removal was observed for the 1 h of EF operation, while, for the combine 
system, 94% TOC removal was observed for 1 h of operation. BOD5/COD for the 
EF-biological system is 0.37 for 1 h of operation.

Furthermore, the microorganisms are important for BEF process, because they 
catalysed the electron from organic waste to anode (Li et al. 2017). A variety of 
domestic waste, municipal wastewater, brewery wastewater, and sewage sludge 
contain these electro-genic microorganisms which are able to transfer electron from 
waste to anode. However some exoelectrogenic microorganisms have been sepa-
rated such as Geobacter species and Shewanella species which have high potential 
to generate power density as compared to mixed culture (Wang and Ren 2013). 
Ferrag-Siagh et al. (2013) reported the oxidation and degradation of tetracycline by 
coupling EF and biological system. Biological process was carried out from 21 to 
25 days. Activated sludge was used as a biological substrate in 500 mL of biological 
reactor at 25 °C. While, for EF process, a Batch reactor containing carbon felt was 
used as a cathode and tube-shaped platinum was used as anode. The capacity of the 
reactor was I L and oxygen was supplied perpetually. The oxidative EF process was 
initiated in the presence of 0.1  mM Fe2+, 0.05  M sodium sulphate and 
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300 mA. Efficiency of both processes was evaluated individually and then efficiency 
of combined EF and biological system was evaluated. It was concluded that EF 
process alone decreases COD: after 2 h = 66%, after 4 h = 86% and after 6 h = 93%. 
While, the TOC: after 2 h = 46%, after 4 h = 72%. The TOC removal efficiency of 
only biological system after 25 days was 10%. While, the TOC removal efficiency 
of combine system was: after 2 h = 69%, after 4 h = 86%.

17.6.3.1  Sono-Electrochemical Process

Ultrasound offer an alternative method for the treatment of contaminants and 
received a considerable attention in recent years (Serna-Galvis et al. 2019; Dietrich 
et  al. 2017; Yang et  al. 2016). The ultrasound is a sound wave with frequencies 
above 18 kHz, and therefore cannot be heard by human ear. There are two distinct 
categories of ultrasound: (a) ultrasound of high frequency or diagnostic ultrasound, 
with frequency between 2 and 10 MHz and is used mainly for medical applications, 
such as prenatal ultrasound, and (b) the ultrasound of low frequency or power ultra-
sound, which has frequency between 20 kHz and 2 MHz and is responsible for the 
phenomenon of cavitation.

The propagation of sound waves in a liquid medium causes cavitation. This is 
defined as the phenomenon that involves the formation, growth and violent collapse 
(implosion) of cavities or bubbles of steam and gases at high sound pressure. A 
sound wave consists of cycles of compression (positive pressure) and expansion 
(negative pressure) (Serna-Galvis et al. 2019). The formation and growth of bubbles 
occur in the expansion stage, and during the compression, occurs contraction and 
implosion of the bubbles. The collapse of bubbles generates highly reactive radical 
species and heat. On such drastic conditions, oxidizing species are generated by 
homolytic cleavage of molecules of gas or solvent. HO● radicals and some other 
reactive oxidizing species are produced from sonolysis of water (Eqs. 17.45–17.49). 
In these equations “)))” represents the ultrasound waves.

 H O OH H.
2 + → +))) .

 (17.45)

 O O.
2 2+ →)))  (17.46)

 H O O HO.
2 2 2+ →.

 (17.47)

 O H O OH.
2 + → +. .

 (17.48)

 2 2 2OH H O. →  (17.49)

The main advantages of electrochemical processes and sonochemical on other 
AOPs are: (a) the oxidizing species are generated in situ, and therefore it is unneces-
sary to add them to the solution being treated, (b) both processes do not require a 
rigorous control of pH of the solution and (c) at the end of the process, the treated 
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solution can be easily separated from the reaction system and is not necessary to 
introduce any additional steps.

Regarding the electrochemical process, another advantage is that the electrode 
can be reused several times. These characteristics show that the combination of 
electrochemistry with sonochemistry can result in a promising and interesting pro-
cess for the destruction of organic contaminants in water which is known as 
sono-electrochemistry.

The hydroxyl radicals produced by electrochemical and sonochemical processes 
can oxidize organic contaminants. In addition to the generation of ROS, synergistic 
effects could be expected to couple the sonication and oxidation via electrochemical 
in one reactor (Ren et al. 2013). In addition, the physical effects of ultrasound such 
as streaming, microjets and acoustic cavitation (AC) shockwaves contribute to 
increased mass transfer, reduced electrode passivation and a reduction in the accu-
mulation of gas bubbles in the electrodes (Pollet 2012; Neppolian et al. 2012). In 
sono-electrochemical process different kinds of electrode have been studied; Ren 
et  al. (2014) degraded Triclosan using Niobium coated diamond electrode under 
high frequency ultrasound (850 kHz); the electrode gives the efficient result with 
affirmative synergistic effect which degraded 92% of pollutant in 15 min following 
pseudo-first-order kinetics. Similarly Tran et al. oxidized carbamazepine using Ti/
PbO2 with sonochemical process. The author observed that increasing applied cur-
rent density enhances the gradation of synergy; however, it also increases the 
imposed ultrasonic power. Highest ultrasonic power was reported for highest syn-
ergy degree value, i.e. 33% at lowest current intensity of 1 A and 40 W of ultrasonic 
power remove 99.5% pollutant by combined effect of sono-electrochemical process 
(Tran et al., 2017). On the contrary, Pt and graphite electrochemical system couple 
with ultrasonic process, which effectively degrade SMX at nominal current density 
of 20 mA cm−2 in both sodium sulphate and sodium chloride medium. It was inter-
esting to note that combined US-EC system also prevents the generation of complex 
chlorinated by-product that is normally detected with sodium chloride (Huang et al. 
2017). The sono-electrochemical process is also applicable in different matrix; Ren 
et al. (2019) reported the combined effect of US-EC for the Chlorpyrifos effluent 
using different matrix. The combined US-EC successfully removed 93.3% chlorpy-
rifos under 20 V and 200 W US power. The couple process was observed to follow 
pseudo-first order kinetics.

17.6.4  Photo-Electrochemical Process  
or Photo- Electrocatalytic Process

The efficacy of an electrochemical process can be magnified by coupling with UV 
radiation and the process is known as photo-electrochemical or photo- electrocatalytic 
technique. In simple photocatalytic process various semiconductors such as TiO2, 
ZnO, and WO3 can be used for the photocalalytic process in suspension form and 
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the process is independent of mass transfer. However the suspension semiconductor 
needs filtration at final stage, which is a difficult step at industrial scale. The nano-
crystalline from anatase of TiO2 is a semiconductor material widely used in photo-
catalysis for light-initiated destruction of organic contaminants in wastewaters 
(Peralta-Hernández et  al. 2006). It has exceptionally appealing characteristic for 
this application, for example, minimal effort, low danger and a wide band gape of 
3.2 eV, which results in high strength and avoid photo-corrosion (Peralta-Hernández 
et al. 2006). As the photocatalytic material is irradiated with UV light having greater 
energy than bandgap of material, the electron in valance band (VB) is activated and 
promoted into the conduction band (CB), generating charged electron (e−) and hole 
(h+) (Eq. 17.50). The (h+) has good oxidation ability and degraded the organic pol-
lutants directly or it may react with H2O and produce hydroxyl radical which indi-
rectly oxidized the pollutant (Liu et  al. 2019; Banerjee et  al. 2015) (Eqs.  17.51 
and 17.52).

   TiO CB VB2 + → +− +hv e h  (17.50)

 
hVB ads ads adsH O HO H+

( ) ( ) ( )
++ → +2

.

 
(17.51)

 
hVB ads ads

.RX RX+
( ) ( )

++ →
 

(17.52)

Similarly, the (e−) reacts with O2 and produces reactive oxygen species and some 
other species like superoxide O2−•, HO2

•, and H2O2 also produced •OH by interaction 
of hυ and H2O2 (Pillai et al. 2017; Xie and Li 2006) (Eqs. 17.52–17.57).

 
O Oads CB ads2 2( )

−
( )
−+ →e .

 
(17.53)

 
O H HOads ads

.
2 2( )
− +

( )+ ↔.

 
(17.54)

 
2 2 2 2 2HO H O Oads ads( ) ( )→ +.

 
(17.55)

 H O HO.
2 2 2+ →hv  (17.56)

 
H O O O HOads

.
2 2 2 2+ → +( )

−.

 
(17.57)

However these electron (e−) and hole (h+) re-join each other by releasing heat and 
consequently decrease the efficiency of degradation process (Pillai et al. 2017; Bai 
et al. 2019; Peralta-Hernández et al. 2006; Robert and Malato 2002) (Eqs. 17.58 
and 17.59).

 e hCB VB TiO Heat− ++ → +2  (17.58)

 eCB HO HO− −+ →.

 (17.59)
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The photo-electrochemical process present different synergetic way to enhance 
degradation process like it avoid the recombination of these electron (e−) and hole 
(h+) by applying bias potential through external circuit. So the hole should be avail-
able for the sole degradation purpose and enhance the degradation of pollutant 
(Fig. 17.9). Similarly, the potential between the OER potential and redox potential 
enhances the direct electro-oxidation pollutant. Similarly, the indirect photocata-
lytic generated species minimize the electrode fouling. Likewise, the electrochemi-
cally generated O2 takes the electrons and may produce H2O2 (Fig. 17.9).

Light-inducted electrochemical process can efficiently treat wastewater. The 
light-supported method applied either a constant i (current density) or a constant 
bias anodic potential (Eanode) to a TiO2-based thin film anode such DSA® subjected 
to UV illumination. In this situation, external electrical circuit constantly release 
photo-induced electron from the anode which result in the prevention of reaction 
(Eq. 17.56) (Bessegato et al. 2014) and promote the generation of high sum of holes 
and heterogeneous •OH from reaction (Eq. 17.51). Thus, there is generation of high 
photo-induced species, and it also increases the organic destruction relative to the 
photocatalysis (Bai et al. 2019; Bessegato et al. 2016; Xie and Li 2006; Zanoni et al. 
2003; Peralta-Hernández et al. 2006). Commonly, most widely used photo-induced 
anode is Ti meshes or plates coated with TiO2 (Carneiro et al. 2005; Zainal et al. 
2005; Carneiro et al. 2004), or Ti/Ru0.3Ti0.7O2 (Socha et al. 2006; Socha et al. 2005; 
Socha et al. 2007; Pelegrini et al. 1999; Catanho et al. 2006; Hussain et al. 2017). 

Fig. 17.9 Photo-electro-catalytic process for the pollutant (R) degradation
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Different parameters can influence the efficiency of photo-electrochemical degrada-
tion, such as pH, pollutant concentration and the most important is supporting elec-
trolyte. Different studies described more efficient removal of pollutant using NaCl 
medium due to the electroformation of oxidizing species at the anode (Su et  al. 
2016; Zanoni et  al. 2004; Yuan et  al. 2011; Hussain et  al. 2017). The reaction 
(Eqs. 17.60–17.65) described the mechanism for generating chlorine radicals dur-
ing photo-electrochemical process.

 HO Cl ClHO. .+ →− −
 (17.60)

 ClHO H Cl H O. .− ++ → + 2  (17.61)

 Cl Cl Cl. .+ →− −
2  (17.62)

 Cl H O H Cl2 2
.− + −+ →  (17.63)

 Cl Cl Cl Cl2 2 2
. .− − −+ → +  (17.64)

 HOCl H OCl↔ ++ −
 (17.65)

These radicals oxidize and mineralize the organic substances, which is more effi-
cient than pure electrochemical process. In addition, photoactive substances can be 
cleaved into the solution, increasing the speed and efficiency of the oxidation reac-
tion, and also break the bonds between C-Cl in chlorinated organic compounds and 
generate highly oxidizing species, improving the efficacy of the process 
(Eq. 17.66–17.68).

Fig. 17.10 Photo-electrochemical flow cell for the degradation of SMX antibiotic (Hussain et al. 
2017)
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 Cl OH Cl OH.− + → +hϑ .
 (17.66)

 Cl O Cl O .− + → + −hϑ .
 (17.67)

 Cl Cl Cl− + →hϑ 2  (17.68)

The photo-assisted electrochemical process is generally more efficient than electro-
chemical and can efficiently oxidize the organic contaminants. Many studies have 
demonstrated that DSA® electrodes can be successfully used in photo- electrochemical 
oxidation processes (Pelegrini and Bertazzoli 2002; Alves et al. 2010). In a recent 
study Hussain et  al. conducted the photochemical, electrochemical and photo- 
assisted electrochemical degradation of antibiotic SMX in a UV-illuminated elec-
trochemical flow cell as presented in Fig. 17.10

The author compare the degradation and TOC removal of SMX in these three 
processes, and conclude that the photo-assisted electrochemical was more efficient 
to eliminate 100% of SMX within 10 min, while only 76.6% and 42.3% of the SMX 
could be removed by electrochemical and photocatalytic processes, respectively, as 
shown in Fig. 17.11. Similarly, TOC abatement of 16.5%, 28.6% and 49.6% of TOC 
was eliminated from SMX after 120  min of photocatalytic, electrochemical and 
photo-assisted electrochemical degradation, respectively. It is clear that combining 
UV irradiation with the electrochemical process generates a significant synergic 
effect to the degradation and mineralization of SMX. Furthermore, the energy con-
sumption parameter for electrochemical and photoelectrochemcial process was 
compared; the electrical energy per order (EEO) increased from 0.67 to 1.06 kW hm−3 
order−1 as the current density increased from 10 to 60 mA cm−2 and dropped from 
8.82 to 0.57 kW hm−3 order−1 which was less than sole electrochemical process.

100

80

60

40

20

0

Photocatalytic
Electrochemical

Photo-Assisted
Electrochemical

TOC Removal
%

Degradation %

Fig. 17.11 Comparative TOC and degradation values of SMX in photo-catalytic, electrochemical 
and photo-assisted electrochemical process, duration 10 min
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Likewise another investigation also reported the SMX removal in TiO2/Ti Photo 
anode (Su et al. 2016). The author observed that when increasing the anodic poten-
tial in range of 0–0.5 V, decreasing the pH from 10.1 to 2.7 and increasing the molar 
concentration of sodium chloride in range of 1–100 mM, the degradation rate of 
pollutant increases. After 70 min of operation and 0.5 V, almost 100% organic com-
pound was removed.

Different pharmaceuticals and antibiotic have been studied; the degradation of 
ibuprofen and naproxen by electrochemical process assisted with radiation source 
(Zhao et al. 2009) using BDD modified with Bi2MoO6 film onto a BDD in cylindri-
cal quartz assisted with light emission source of 150  W Xe lamp (wave-
length > 420 nm). Bi2MoO6 has the capacity to absorb the visible light at 460 nm. 
The photo-assisted electrochemical process degraded both ibuprofen and naproxen 
in range of visible light radiation. However the degradation rate of these pollutants 
was greater in combined process than the sole process of photo catalysis and elec-
trochemical process. The ibuprofen and naproxen were also productively mineral-
ized in the combine process. Furthermore Cui et  al. (2016) conducted a 
photo-electrochemical study for the degradation of acetylsalicylic in aqueous 
 solution using Pt/TiO2 NTs photo electrode, then electrochemical process coupled 
with photo catalytic process by using Xe lamp, power of 6.7 mW cm−2. Almost 
98.3% organic compounds was removed in 4 h of photo electrochemical process. 
Similarly, Li et al. (2016a) investigated same pollutant acetylsalicylic in aqueous 
solution by photo-electrochemical process using Pd/C-N-S-TiO2 as anode, while 
electrochemical process was assisted by photo using 350 W Xe lamp. After 2.5 h of 
operation, nearly 90% organic compound was removed by combined UV+ visible 
radiation source assisting electrochemical process, while only 50% organic com-
pound was removed by only visible light assisting electrochemical process. 
Kondalkar et al. (2014) studied cafetaxime as a model pollutant by photoelectro-
catalytic process. TiO2 was used as photo anode while UV light source, power of 
5 mW cm−2, was used to assist the electrochemical process. In 50 mg L−1 initial 
concentration of pollutant, 1.5  V and pH in range of 3–10 conditions, almost 
60–95% organic compound can be removed. Li et al. (2016b) studied ciprofloxacin 
by anodic oxidation coupled with light emission source. TiO2 NTs was used as 
photo anode, while UV light source was used. Changing the initial concentration of 
pollutant in range of 0.1–10 mg L−1, almost 90–100% organic compound can be 
removed in 2 h of operation. Similarly, Liu et al. (2016) studied ofloxacin by com-
bined photo electrochemical process. UV lamp with power 15 W was used as light 
emission source, while TiO2 NTs was used as working photo anode. In 0.05 mM of 
initial concentration of pollutant, applied current of 8 mA, and pH = 2 conditions, 
almost 50% organic compound was removed after 2 h of operation by the combined 
process. Tantis et  al. (2015) studied omeprazole using UVA (1.5 mW cm−2) and 
P25/FTO as a working photo anode. The author observed that omeprazole degraded 
at rate of 1.4 mg L−1 h−1. ZnFe2O4 have been used as photo anode for the abetment 
of salicylic acid; the investigation reveals about 49% removal and almost 20 COD 
decrease was reported (Kumbhar et al. 2015).
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17.7  Suggestion and Future Research Challenges

A key challenge in the successful implementation of electrochemical treatment of 
industrial and environmental application is to reduce the energy consumption and 
cost. Moreover, enhancing the long-term stability, electrolytic efficiency and reduc-
ing the cost of electrode materials and advancement in material science and nano-
technology can be vital. Additionally in some cases where NaCl is used as electrolyte 
the formation of organochlorine by-products is also one of the main challenges of 
electrochemical process. Laboratory scale experiment should be performed with 
real water samples and measurement of AOX (Adsorbable organic halogen), toxic-
ity, chlorate and perchlorate is required when oxidation occurs. It may also concern 
the presence of low concentration of pollutants that may limit the electrochemical 
reactivity through mass transfer (such as contaminants concentration below that dis-
solved salts and organic compounds). Therefore, research should be focused towards 
authentic condition of wastewater. In addition, it is also necessary for complete 
evaluation of electrochemical system on the basis of appropriate figure of values 
that provide complete information on reactor configuration, operating parameters, 
and electrolytic composition. Electrochemical systems are especially suitable for 
the harmful organic waste treatment. For a case, aqueous film-foaming solution 
containing high concentration of fluorinated surfactants can be treated by electrodes 
such as BBD and Ti/SnO2.

Electrochemical system has many beneficial aspects, such as no need of chemi-
cal storage and handling, operation control simplicity, reactor design compactness 
and the adaptability to varying organic load in wastewater. Referring to these essen-
tial benefits, the application of electrochemical process may be addressed in the 
fragmented treatment of water and wastewater, and also in dispersed point of entry 
and point of use water treatment.

17.8  Conclusion and Perspectives

Electrochemistry-based treatment technologies have a tremendous power to degrade 
antibiotic in aqueous solution. Some of these technologies like Electro-Fenton, Bio- 
electro- Fenton and photo-electrocatalytic obtain good focus in the last decades. 
Many of these processes efficiently degrade the antibiotics; however some process 
do not completely mineralize the antibiotics, because of slow degradation rates. 
Similarly the performance of Fenton process has been improved by coupling with 
photochemical or sonochemical process or by coupling with biological process, and 
by using solar radiation the energy of treatment process could be decreased.

Recently the self-sustainable Bio-electro-Fenton process has been developed 
which degrade the organic contaminants and also produce electricity. Some of them 
like reverse electro dialysis system (RED) generate electricity from salinity gradient 
from fresh and saline water, and on the other side it degrades the organic pollutant 
by providing electron at anodic chamber. Lately some new photocatalytic semicon-
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ducting materials have been developed for photoelectrochemical process which 
degrade the antibiotic wastewater efficiently. However the electrochemical process 
still has some problem like scale up, electricity demand, electrode cost, and applica-
tion towards real complex medium, so more work will be needed for full implemen-
tation on global scale. Finally it can be concluded that electrochemical technologies 
offer a promising way to treat wastewater containing antibiotics.
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