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The development of affordable and modular water/wastewater treatment technologies is highly desirable
to counter the adverse effects of antibiotics. Electrochemical treatment, especially electrocatalysis, has a
vast potential to degrade antibiotics due to its higher treatment efficiency, low power consumption, and
flexible design. Correspondingly, the current review broadly discusses the present status and future trends
regarding the electrocatalytic degradation of antibiotics. At the beginning, antibiotic distribution and the
merits and demerits of conventional treatment technologies are briefly conveyed. Later, the electrocatalytic
removal of antibiotics is discussed in detail with a special focus on catalyst type (e.g., metal-based and
Received 28th December 2020, carbon-based nanomaterials), oxidative/reductive degradation pathways, and reaction mechanisms. A
Accepted 14th March 2021 comprehensive assessment of removal efficiency, operational cost, environmental toxicity of nanomaterials,
DOI: 10.1039/d0en01276a and residual by-product management has also been carried out. Overall, the feasibility of electrocatalysis
technology for antibiotic removal and the critical strategies required for its development have been

rsc.li/es-nano summarized to provide a roadmap for future research.

Environmental significance

Over the years, the quality and quantity of available water resources have been adversely affected due to the unregulated consumption and discharge of
antibiotics. Thus, the development of a robust, effective treatment technology like electrocatalysis is obligatory. Electrocatalysis as a treatment option
incorporates an extensive array of research fields, including materials science, nanomaterials, electroanalytical, and environmental engineering. The
understanding of the architecture of nanomaterials and their environmental compatibility enables tailoring of electrocatalysts with superior performance
in the degradation of antibiotics. The brief insight into electrocatalysis as a treatment option creates a layout for developing new functional nanomaterials
and resolving environmental crises due to the accumulation of antibiotics and antibiotic-resistant genes.

1. Introduction matrices such as surface water, soil, sludge, etc. include
improper disposal from households, hospitals, industries,
) ) ) I animal husbandry, aquaculture, wastewater treatment plants
sources 1s - common 1n re.cent times. Ant1b10.t1cs can b.e (WWTPs), and sewer leakage.>" Globally, azithromycin (AZI)
defined as biologically active natural, synthetic, or semi- (254-529 ng L), ciprofloxacin (CPX) (245-1149 ng L)

) )

synthetic compounds that kill microorganisms or inhibit o . (OFX) (1998-518 ng L), sulfamethoxazole (SMX)
their growth or metabolic activity." Broadly, antibiotics can (1325-5053 ng L') and tetracycline (TTC) (561-31.4 ng L)
be categorized as p-lactams, fluoroquinolones (FQs),

macrolides, sulphonamides, tetracyclines, aminoglycosides,
carbapenems, cephalosporins, chloramphenicols, imidazoles,
lincosamides, and others based on their therapeutic use and
structure (Table 1). The global consumption of antibiotics
has increased by 65% between 2000 and 2015 and is expected
to reach 200% by 2030.> The primary sources responsible for
the distribution of antibiotics in the different environment

Detection of a multitude of antibiotics in various water

are the most detected antibiotics in wastewater and surface
water sources, as shown in (Fig. 1)."®

Although the environmental concentrations of antibiotics
are in the range of ng L™ to mg L™", the biologically active
and pseudo-persistent nature of these compounds is of
concern. For instance, antibiotics are responsible for
inhibiting photosynthesis via blocking photosystem II and
generating reactive oxygen species (ROS) in photoautotrophic
organisms.’ In multicellular organisms, bioaccumulation of
Environmental and Water Resources Engineering Division, Department of Civil antibiotics is stated to cause a decline in the reproduction
Engineering, IIT Madras, Chennai 600 036, India. E-mail: ligy@iitm.ac.in; rate, feminization of male fish, imbalance in the intestine’s
Fax: +91 44 22574252; Tel: +91 44 22574274 microbiota, and propagation of detrimental bacteria.'® The
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impression of antibiotics on promoting the growth of
antibiotic-resistant genes (ARGs) and antibiotic-resistant
bacteria (ARB) has also been well established." Most
importantly, the presence of ARGs is not controlled by
antibiotic consumption.'*'* A recent report indicated that
drug-resistant pathogens (ARBs) could contribute to an
economic loss of 2-3.5% of GDP and death of 10 million
people by 2050."*"'® Moreover, with the increase in the global
temperature (10 °C), the rise in antibiotic resistance of 4.2%
in E. coli, 2.2% in Klebsiella pneumonia, and 2.7% in
Staphylococcus aureus is projected.'® Thus, it is imperative to
develop strict regulations, supplementary surveillance, and
treatment technologies to counter the impending ecosystem
hazard.
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2. Treatment technologies for the
elimination of antibiotics in water/
wastewater systems

To tackle the challenges and hazards mentioned above,
developing appropriate  WW treatment options is very
important. Accordingly, physicochemical (e.g., adsorption®®
and membrane technologies'®), conventional biological
processes®®>' (like activated sludge process and membrane
bioreactors), advanced oxidation processes® (e.g;, UV,*
ozonation,*  Fenton's,”>® and photocatalysis®’), and
constructed wetlands**>> have been considered as an
alternative to eliminate antibiotics from water/WW systems
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Fig. 1 Global average concentration of antibiotics in various
environmental matrices.>®

(Fig. 2). Among the practiced methods, adsorption and
membrane filtration are widely recommended due to their
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ease of operation and favourable treatment efficiency.'****
Nonetheless, drawbacks such as high test concentrations (mg
L™ relative to the environmental level (ng L™ to ug L),
high cost of production of adsorbents like commercial resins
($15-20 per kg)** and carbon-metal oxide composites®*>>
and disposal of spent adsorbents and membranes limit their
application. Likewise, conventional activated sludge (CAS)
and membrane bioreactor (MBR) are the most prevalent
biological treatments;*® however, these systems are not
explicitly designed to eliminate recalcitrant emerging
contaminants (ECs). Thus, life cycle and cost-benefit analysis
of novel adsorptive materials, better understanding of the
removal mechanism in the presence of foulants, coexisting
ions, and organic matter, fouled membrane behaviour as
adsorption sites, and process optimization in the biological
process need to be addressed.

Advanced oxidation processes (AOPs) are emerging
technologies that provide the advantages of high treatment
efficiency, robustness, ease of automation, and creation of
stable end products (e.g., CO, and H,0). The primary reactive
species in AOPs is the hydroxyl radical ("OH) (rate constant of
10°-10° M s7')." AOPs can be broadly classified as
photochemical (photo-Fenton, UV/H,0,, UV/O3,
sonochemical, and photocatalysis) and non-photochemical
(chlorination, ozonation, Fenton's, and electrochemical)
methods (Fig. 2). Ozonation and chlorination are the most
popular tertiary WW treatment technologies with the
potential to degrade more than 90% of antibiotics and
ARGs.>"*"73° However, slower kinetics and toxic organohalide
formation (during chlorination), and low aqueous solubility
of O; molecule hinder the complete mineralization of

b) Physicochemical o > Adsorption
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- > Membrane Filtration
- A a 2 3
< = o 4
EdEgR <
oo
b4 .
RNA synthesis 'a Photoch 1 Photocatalysis
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Fig. 2 Various classes of commonly used antibiotics and their mode of action (a), removal percentages of different classes of antibiotics via

physicochemical, biological, and oxidation processes (b).
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pollutants.>*® The Fenton's process is another well-
established AOP, whereby the chain reactions in the presence
of a non-toxic catalyst (Fe>"), acidic medium (pH = 2.8-3.0),
and oxidant (H,0,) produces ‘OH. However, slower kinetics
(cause precipitation of Fe’") and organic matter presence
causes unsatisfactory performance.*’ Thus, modification in
terms of photo-Fenton (PF), electro-Fenton (EF), and solar
photo-Fenton (SPF) has been reported.”® Pulse power plasma
(high voltage discharge) has also been utilized to degrade
FQs like CPX via oxidizing species such as ‘'OH, O,", H,0,,
03, etc.*> However, high input energy, cautious handling and
operation, and nitrate formation in the treated effluent are
some chief constraints. In the past decade, photocatalysis
has been one of the most researched AOPs whereby light
photons absorbed on the catalyst surface endorse the
movement of electrons (from the valence (VB) to the
conduction band (CB)) and trigger the formation of reactive
radicals, namely ‘OH and 0,.*”**** Nonetheless, a
comprehensive investigation in the development of catalysts
working in the visible region of light is still inadequate.*® In
a nutshell, among the different AOPs, Fenton's process is the
least effective and environmentally incompatible due to high
sludge production and low mineralization rate. Even though
photocatalysis is an effective treatment option, a clear-cut
understanding regarding the degradation pathways,
efficiency under a diverse light source, and reusability
options in the perspective of a real-world scenario are not yet
attained. In this context, the application of electrochemical
technologies, specifically electrocatalysis, as a water/WW
treatment tool is still a new frontier.

Electrochemical technologies can contribute as a stand-
alone unit or in the treatment train to remove recalcitrant
compounds. The modular design with the potential of
automation, no chemical requirement, and multiple
contaminant degradation makes the electrochemical system
a preferred choice over many traditional approaches.”®
Electrochemical treatment has been identified as a proficient
process for the oxidation of organic compounds,?” reducing
halogens,*®*° electro-deionization,”® and recovery of metals
and energy.”' However, one of the chief challenges of the
process is the poor electrode efficiency and stability, which
govern the capital cost, energy demand, and treatment
efficacy. Subsequently, modification of the electrodes with
catalysts is being considered as a possible solution. The
incorporation of catalysts provides extended electrode
stability, cutbacks in working potential and reduced side
reactions.”® Also, the operational factors such as applied
potential, current density, pH, and electrolyte nature and cell
designs play a crucial role in determining the degradation
profile. Hence, an in-depth examination of electrocatalysis as
a treatment technology for antibiotic removal is an important
task. Accordingly, the present review article discusses the
electrocatalytic degradation of antibiotics and its associated
mechanisms (e.g;, oxidation/reduction). In addition,
performance evaluation of catalysts with respect to specific
antibiotics has been made, and the best-performing catalytic

This journal is © The Royal Society of Chemistry 2021
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systems have been identified. Finally, recommendations for
designing catalysts based on the properties of the targeted
antibiotic are encompassed. The possibilities of scale-up with
respective environmental and economic implications have
also been conversed.

3. Electrochemical methods for
antibiotic removal

3.1 Fundamental principle of electrochemical oxidation and
reduction

Electrochemical oxidation techniques have been widely used
to remove antibiotics due to their ease of operation.”® The
principal mechanism involved in the electrochemical
oxidation reaction is the water splitting at the anode to form
surface [S] adsorbed 'OH, which leads to the oxidation of
antibiotics (eqn (1) and (2)). At the same time, the oxygen
(O,) evolution reaction (OER) is an unavoidable side reaction

(eqn (3)),™

[S]+H,0 — S[OH]+H" + ¢ (1)
SfOH]+R — [S]+ RO+ H' + e~ (2)
S['OH] + H,0 — [S] + O, + 3H" + 3¢~ (3)

It has been well known that "'OH adsorption is mainly
influenced by the anode material.>® In this context, metal oxide
anodes can strongly adsorb "'OH on their surface and convert it
to a higher oxidation state, resulting in selective oxidation of
target pollutants (eqn (2)). Such electrodes are named ‘active
electrodes’ since pollutants undergo direct oxidation after
adsorption on the electrode surface (Fig. 3a).>®*” Common
examples of active electrodes include graphite, Pt, IrO,, and
RuO,. In contrast, anodes that retain a weak interaction with
‘OH have been grouped as ‘non-active anodes’ with the
characteristic of non-selective degradation wvia indirect
oxidation (Fig. 3b). The application of PbO,, SnO,, Sb-SnO,,
and boron-doped diamond (BDD) as an oxidative non-active
electrode has been widely explored. Due to mass transfer
limitations, the kinetics of direct oxidation (e.g., adsorption of
the organic pollutant or 'OH on the anode) is relatively slower
than indirect oxidation.”® Subsequently, the efficiency of the
anode for the degradation of antibiotics is adversely
impacted.”® Therefore, recognizing destruction pathways based
on direct/indirect oxidation or combining both is essential for
ensuring complete mineralization of antibiotics.

Concurrent to electrochemical oxidation, the reduction of
the pollutant can also be exploited for the degradation. For
instance, the electrochemical reduction of nitrate and
organic chlorine has been well established.**”® Thereupon,
the electrochemical reduction has also been extended to
degrade antibiotics with nitro (NO,) and halogen
functionality. It has been envisioned that direct reductive
dechlorination and catalytic hydrogenation (indirect) are
two common pathways for the destruction of halogenated
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Fig. 3 General mechanisms of electrochemical degradation. Direct oxidation on active anodes (a), indirect oxidation on non-active anodes (b),
direct reduction pathway at the cathode (c), and indirect reduction at the cathode (d).

compounds (Fig. 3c and d).*° Briefly, during direct
dechlorination, the C-X bond in the target pollutant cleaves
to form halomethyl radical (‘R-X;;_,), which successively
leads to the formation of electrons and negative carbon ions
(eqn  (4)-(6)).*° The primary disadvantage of direct
dechlorination is the higher energy requirement for cleaving
the C-X bond (397-544 kJ mol™). Thus, indirect reduction
known as hydrodechlorination has been benefitted. In this
method, the target pollutant is absorbed on the non-active
sites of the cathode and undergoes dechlorination via
hydrogen (H,) produced from reactive sites of the cathode
(Fig. 3d).°" For electron transfer and reductant production,
an aprotic solvent like water is commonly used as it
behaves as an electron acceptor, yielding H, for reduction
of C-X (eqn (7)-(9))-

R-X(4m t € — RXpp+X (4)
‘R-X(3-nm) T € = R-Xip (5)
RXgp) = RXpp + X (6)
2H,0 + 2¢” — H,! + 20H" )

1140 | Environ. Sci.. Nano, 2021, 8, 1133-1176

H,!— [S]H* (8)
R-X(4—p) + 2H* = R-X3_p + H + X 9)

For detoxification of antibiotics with the nitro group, the
primary step is the reduction of the nitro group into an
amino group. During the direct electrochemical reduction via
2e” and 4e  transfer, the hydroxylamine is formed as the
common intermediate, which finally yields azo and azoxy
dimers (eqn (10)-(12)).°> The degradation of these azo
compounds is challenging and ultimately affects antibiotic
mineralization efficacy.

RNH, + R'NHOH — RN=NR' (10)
R'NHOH + O, — R-NO (11)
R-NO + RNHOH — R-NO=NR' + H,0 (12)

To tackle such challenges, indirect electrochemical
reduction has been studied.®*®* In this process, the redox
agent (electrode or catalyst) acts as an electron carrier to
detach a substrate from the electrode surface (Fig. 3d).*
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Consequently, heterogeneous catalysis via 6e  transfer is
followed. In this way, unnecessary side reactions can be
avoided, thus providing better selectivity and reduced applied
potential.®* It is noteworthy to mention that an in-depth
mechanism of reducing nitro-containing antibiotics has not
been well established. Studies were conducted by focusing on
selective degradation; however, the response of electron
mediators and  solvent behavior during indirect
electroreduction are still unclear. As a result, more research
at the elemental level is required to fill these gaps.

3.2 Behaviour of electrolyte

The nature and concentration of supporting electrolytes play
a pivotal role in electrocatalytic degradation by governing
proton exchange for cathodic and anodic reactions. The
presence of electrolytes provides high electrical conductivity
leading to faster electron transfer and elevated degradation
rate. The most typical electrolytes used for antibiotic
degradation include Na,SO, and NaCl, H,CO;, HAc-NaAc,
NH;-H,0-NH,Cl, and Na,HPO,-NaH,P0,.°® In general, an
increase in the concentration of electrolytes (NaCl or Na,-
SO,) enhances the removal rates. This is due to decreased
ohmic resistance which leads to accelerated -electron
transport.®® Nevertheless, at a very high concentration (>0.2
M Na,SO,), the degradation efficiency can be adversely
affected due to the absorption of the reactive species on the
electrode surface and the diminishing number of active
sites.®® When NaCl is used as an electrolyte, the oxidative
efficiency of the system is enhanced attributed to the
production of active chlorine species, e.g., Cl,, HCIO, and
ClO™ (eqn (13)-(15)).*”

2CI" = Clygaq) + 2€” (13)
Clyaq) + H,O — HCIO + CI” + H' (14)
HCIO — ClO” + H' (15)

Although the E° value of Cl, and HCIO (1.36 V and 1.49 V
vs. SHE) is much lower than that of ‘OH (2.8 V), they can
selectively target electron-rich moieties such as unsaturated
C-C bonds and provide a faster degradation rate.®® Yet, the
potential threats of hazardous chlorinated by-products at
high current density adversely affect the mineralization of
antibiotics.®” In this line, applying low current density and
higher flow rate is recommended; however, a decrease in
treatment efficiency is unavoidable.®® Hence, K,SO, was
tested as a supporting electrolyte for SMX and CPX
degradation.”” The presence of SO,  resulted in the
generation of strong oxidants such as persulfate (S,05>7) (E°
= 2.01 V) and sulfate radicals (SO,) (E° = 2.6-3.2 V) which
have the ability to selectively degrade pollutants near the
electrode surface (eqn (16)-(19)). It should be noted that
S,04% is kinetically slower and needs activation of SO," for
oxidizing CPX and SMX (eqn (17)).”° Nevertheless, at a much
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higher electrolyte concentration (>0.2 M), the inhibitory
effects due to ‘OH scavenging via persulfate have also been
noted (eqn (18)).°® Overall, it has been envisioned that
besides ‘OH, SO, plays a complementary role in the

selective degradation by electron transfer reactions.®””°
250,% — S,04% + 2¢” (16)
S,04% +e — ‘SO, +S0,*” (17)
S,04> + 'OH — SO, + HSO, + 0.50, (18)
250, +'OH — SO, + OH~ (19)

Similarly, carbonate ions are also found to enhance the
catalytic property of electrochemical cells via the formation
of percarbonate ions (C,O4 ). During the reaction, HCO; "
undergoes reduction at the cathode to produce OH (eqn
(20)).”" A subsequent increase in the pH (8-9) enhances the
carbonate ion concentration (CO;*), leading to C,O¢
production (eqn (21)-(22)).”> The favourable effects of
percarbonate ions for the degradation of norfloxacin (NOFX)
were easily achieved at a high concentration (>0.05 M) of
electrolyte and in the absence of CI” and sulfate.”" However,
on long-term use of carbonate ions as an electrolyte at high
pH can cause scaling of the electrochemical cell; hindering
the degradation efficiency.

HCO;™ + H,O + 2¢” — HCO, + 90H~ (20)
HCO;” — CO;” +H' (21)
2C0;% — Cy06 +2¢ (22)

The use of NaNO; as an electrolyte causes an inhibitory
effect on the degradation of antibiotics. The NO;™ present in
the electrolyte undergoes cathodic reduction to produce NO,"
and NH;, which obstruct direct electron transfer and
increases the pH of the solution (eqn (23) and (24)).”* The
alleviated pH favours the formation of NH; molecules,
resulting in a continuous chain process. This phenomenon
restricts the electron movement and eventually limits net
degradation efficiency (eqn (25)).

NO,;™ +2H' + 2¢” — NO, + H,O (23)
NO,” + 5H,0 + 6e” — NH; + 70H~ (24)
2NH; + — N, + 6H" + 6e~ (25)

Though the presence of electrolytes aids in improving the
electrical conductivity and generating strong oxidant species,
the compatibility of electrolytes with antibiotics and the
effect of pH cannot be ignored. By using NaCl as the
electrolyte, high degradation efficiency was reported for FQs
like NOFX and CPX.®””" This can be attributable to the ability
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of CI' to attack the electrophilic piperazinyl ring effectively.
Additionally, the 'OH produced in the system contributed
towards the abstraction of halogen and hydroxylation. Similar
observations were also reported while using alkaline electrolyte
(carbonate).” However, for degradation of SMX, Na,SO, and
NaBr were reported to provide high degradation efficiency.®®
This can be due to the ease of SO, to participate in the
electron transfer reaction with the amine functional group. In a
nutshell, it can be established that the nature of the electrolyte,
generation of electroactive species, and applied current play a
pivotal role in the mineralization. Hence, optimization is
required between operational parameters such as pH, current
density, electrolyte, and reaction time for electrocatalytic
degradation of antibiotics in lab-scale systems which can be
further extended to practical or field scale.

3.3 Overview of the existing electrode materials

The nature of the electrode and electroactive species
determines the kinetics, selectivity, and efficiency of the
electrochemical process. Due to the inert nature and higher
overpotential for O, evolution, non-active electrodes like BDD
and PbO, have been tested to remove pharmaceuticals,
endocrine disruptors, and personal care products. For
instance, PbO, showed >90% degradation efficiency for FQs.”*
The low cost of PbO, electrodes provides an effective electrode
option; however, secondary pollution of Pb via leaching has
not been considered in many studies. Also, the application of
PbO,-based electrodes in the field scale may be limited due to
its brittleness. As a replacement, BDD electrodes have been
extensively utilized to eliminate SMX and FQs with 67-90%
removal efficiency in a mixed water system.®®”>”® The major
degradation pathway for the BDD electrode includes the
generation of ‘OH and other ROS depending on the ions in the
supporting electrolyte.’® The advantages of BDD electrodes
such as a wide potential window for water discharge (up to 3.5
V), stability in extremely acidic medium, and weak adsorption
capacity for 'OH makes it suitable for electrochemical
oxidation.”” However, the high capital cost, elevated applied
current (compared with Pb), slow kinetics for O, evolution,
and non-selective degradation restrict its widespread
application.”””® Additionally, the fabrication of BDD with
optimized boron content and hybridized carbon ratio for the
oxidation of antibiotics is still not well explored.”®

Carbon (graphene)-based electrodes with diverse
functional groups on the surface, higher specific surface area,
amplified electrical conductivity, chemical stability, are
gaining wide attention as electrocatalysts or catalysts for the
removal of antibiotics.”” The application of graphene-based
electrodes seems to be a plausible option owing to its cost-
effectiveness and electrochemical properties. The enriched
surface properties of graphene (e.g., carbonyl (C=0) and
hydroxyl (-OH) groups) results in enhanced activation of H,O
to ‘'OH and H,0, intermediate to O, (HO,').*° Nonetheless,
prior to the scale-up, the in-depth reaction mechanism and
kinetics for various organic contaminants need to be
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assessed. Recently, dimensionally stable anodes (DSAs) like
Ti-RuO, have also been utilized as an alternative to BDD and
graphene-based systems.”*®'® The presence of a mixed
metal oxide (MMO) coating provides inherent catalytic
properties and enhanced stability to DSAs. The primary
difference between the DSA and other electrodes such as
BDD, Pt, and graphene is the simultaneous occurrence of
both direct and indirect oxidation, e.g., the DSA follows direct
oxidation (electron transfer from anode to antibiotics) at the
surface of the anode and/or indirect oxidation at the bulk
solution (eqn (26)).%*

Ti-RuO, + Antibiotic — Ti-RuO,(Antibiotic),q
— nCO, + products + nH' + ne” (26)

Apart from this, water electrolysis is also a principal step
in the DSA, which results in similar reactions to those of
graphene (eqn (27)-(29)).*" 1t should be noted that oxygen
evolution is the main inevitable side-reaction which weakens
the degradation kinetics.

Ti-RuO, + H,0 — Ti-RuO,('OH),q + H"
+ e (surface reaction/physisorption) (27)

Ti-RuO,('OH),q — Ti-RuO; + H"
+e (chemical reaction/chemisorption) (28)

Ti-RuO; + R — Ti-RuO,
+ RO (electrochemical conversion) (29)

Miyata et al’* compared the competencies of active (Ti/
Ir0,) and non-active (Ti/PbO,) electrodes to oxidize
antibiotics. It has been found that the active electrode
showed better performance than the non-active electrode.
This is because of the enhanced generation of chemisorbed
'OH at the anode (eqn (28) and (29)). The generated ‘'OH can
further oxidize to O, and favours selective oxidation of target
compounds. Besides, Ti is a low-cost and highly conductive
stable material, thus enriching its use as the primary support
material for both active and non-active electrodes.”®

It can be summarised that the electrodes mentioned above
face the limitations of higher energy requirement, the
formation of toxic intermediates in particular cases, and lack
of electrode stability. Even though BDD-like electrodes are
the most favoured candidates for electrochemical oxidation,
their high cost prohibits regular use. Furthermore, the
durability, recyclability, and stability of BDD in field-scale
WW treatment are unknown. Thus, viable ways to counter
issues like high power input, elevated capital investment,
and selective antibiotic degradation to non-toxic/less toxic
end products are essential.

3.4 Performance evaluation of available electrodes
Electrochemical treatment technologies provide a desirable

option for the mineralization of antibiotics. However, the
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diverse nature of antibiotics limits the consistent
performance of the electrodes. For instance, under alkaline
conditions, the degradation of N-functionalized antibiotics is
highly problematic due to their protonation, whereas metal-
based electrodes are unstable under highly acidic conditions
(Pb leaching). Hence, understanding the behaviour of the
electrode at various operational parameters for different
antibiotics is necessary. Accordingly, in the current section,
the performances of DSA, BDD, and carbon-based electrodes
for degrading diverse classes of antibiotics were assessed in
detail.

3.4.1. Dimensionally stable electrodes. DSAs are made up
of a titanium (Ti) support sheltered by metal oxides (e.g., Ru,
Ti, Ir, Sn, and Sb).*® Compared to BDD electrodes, DSAs have
higher stability and particular electrocatalytic features (e.g.,
production of active chlorine from chloride ions).””*" This
unique characteristic of the DSA has attracted attention for
its use in electrocatalysis, where stability and the electrode's
properties are crucial parameters. In this context, iridium-
based metal oxide (IrO,) serves as a pioneering catalyst owing
to oxidation via (i) e~ transfer from the pollutant to IrO, and
(ii) surface reaction between the contaminant and IrO;.*>
This ability of Ti/IrO, for oxidation was verified by Miyata
et al.”* for degrading 99.4% TTC in 360 min with 1500 mA as
applied current. Though the activity of Ti/IrO, was found to
be lower than that of Ti/PbO, (99.9% in 2 h), in terms of
environmental sustainability (ie., to avoid secondary Pb
pollution), Ti/IrO, was preferred. Additionally, active Cl, and
percarbonate ions from the electrolyte (refer to section 3.2)
supplemented the degradation of antibiotics. Analogously,
Ti/IrO, was reported to possess better degradation efficiency
for NOFX in real samples (e.g., seawater and municipal WW)
than distilled water.”’ For example, 40 mg L™ NOFX was
eradicated in 60 min in seawater, whereas it took 120 and
180 min for WW and distilled water, respectively (Table 2).
Though the application of the DSA is successful in treating
antibiotics in real samples, the toxicity or mineralization
ability in a complex matrix has not been discussed in detail.
Therefore, the technical gap in applying the DSA in practical
environmental conditions (neutral or alkaline pH) needs to
be addressed in the future.

RuO, is another common coating material for Ti other
than IrO, in the DSA system because of its extended
electrocatalytic activity towards diverse oxidizing species,
durability, and high oxygen evolution potential (OEP) (~1.9
V). Ti/RuO, has been reported to degrade 79% of AZI (47.2
mg L") in 180 min through indirect oxidation (Fig. 3b).*?
Appropriately, electrocatalysis of AZI using Ti/RuO, was
found to be faster (180 min) than photolysis (1200 min) and
photocatalysis (414 min).’®> Similarly, successful AMX
abatement was also verified at low current density (5.88 mA
em™) with Ti/RuO, (60% in 240 min).*' The reported
observations were superior to those of a BDD electrode
operated at higher current density (e.g., 100% mineralization
in 360 min at 41.7 mA cm™2,°® 84% removal in 240 min at 40
mA cm 2% and 94% mineralization in 480 min at 120 mA

This journal is © The Royal Society of Chemistry 2021

View Article Online

Critical review

em™?) (Table 2).*” 1t is worth mentioning that “OH produced
on Ti/IrO, or Ti/RuO, reacts with a covalently bound oxygen
atom to form chemisorbed active oxygen species (refer to
section 3.3).°* This phenomenon increases the consumption
of 'OH and ultimately reduces its availability for oxidizing
antibiotics. In other words, an unhealthy competition for ‘'OH
from antibiotics and covalent oxygen will be developed,
which can adversely affect the mineralization yield of the
DSA. Therefore, complete mineralization of antibiotics is not
possible.”® Consequently, BDD electrodes were found to serve
as an alternative to DSAs.

3.4.2. Boron-doped diamond (BDD) electrodes. BDD anode
material with a wide electrochemical window has been
identified as a perfect choice to achieve the mineralization of
antibiotics. For example, a BDD/carbon felt electrochemical
system yielded high mineralization efficiency for TTC (98%
in 360 min)** and AMX (94% in 480 min)*’ at an applied
current of 120-500 mA, through active ‘OH formation. More
specifically, BDD/carbon felt outperformed other electrodes
(BDD/stainless steel (SS) > Ti/RuO,-IrO,/carbon felt > Ti/
RuO,-1r0,/SS).*>  This outstanding performance was
accomplished due to the synergetic action of BDD and
carbon felt, ie., higher H,O, generation at carbon felt and
utilization of generated H,O, to produce superoxide radicals
by BDD (eqn (30)).*°”

H,0, + BDD('OH) — BDD(HO,) + H,0 (30)

In some cases, the occurrence of parallel non-oxidative
reactions, i.e., consumption of ‘'OH by the BDD anode and
production of secondary oxidants H,0, and HO,',*” results in
poor mineralization efficiency at higher current densities
(>80 mA ecm™).”® For instance, electrooxidation (EO) of low
concentration of AMX (1.1 mg L™ at 25 mA ¢m™>) using BDD
showed 90% removal in 30 min.*® However, extremely poor
mineralization (~1%) raises a query about the manifestation
of adsorbed AMX on the catalyst surface and the ecotoxicity of
the by-products. Likewise, poor removal/mineralization (72.9-
67.7%) in 180 min was obtained for SMX (0.5 mg L™")*® due to
slower chemical reaction near the anode surface. Controlling
the kinetic parameters (e.g., mass flow) is an effective way to
accomplish amplified mineralization (Table 2).°° Briefly,
under mass transfer limitations every antibiotic molecule
which reaches the electrode surface is predominantly
oxidized. In other words, there is sufficient availability of
oxidant ('OH) for degradation and subsequent
mineralization.®*®°®  For example, ~90% removal and
mineralization of NOFX (100 mg L™') was observed by
Coledam et al.®® under mass transfer limitations. The authors
have also observed that the achieved efficiency is independent
of the boron-doping level/characteristics of BDD which adds
significant merit to the BDD electrodes.'® This specific
kinetic excellence of mass transfer limitations was also used
to treat various other complex antibiotics such as CPX and
SMX.*”° 1t can be noted that mass transfer limitation (i >
iim) and the use of auxiliary ions (e.g., CI” and SO,*") can aid
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Table 2 Commonly used electrodes for electrochemical oxidation and reduction
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Working Features of Operational Removal % and

Antibiotics  electrode electrode parameters recyclability Reaction pathway Remarks Ref.

SFX (i) Graphite (i) Flake - Conc. =30 mg (i) RE = 76% in 180 Indirect oxidation Graphene electrode 80
smooth surface, L', Na,SO, =10 min, RC =5 cycles via generation of  showed more electrical
thickness <5 g L', potential = OH and O, and thermal conductivity
um and higher 1.5 Vvs. SCE due to fold morphology
capacitance

(ii) Graphene (i) Fold
morphology

AZI Ti-RuO, Ti coated with ~ Conc. =47.2 mg ME: 79% in 180 min Indirect oxidation Enhanced and selective 83
thin layer of L™ NaCl = is prominent detection in the presence
metal oxide, 0.0007 gL' 1= of NaCl
high 300 mA
electrocatalytic
activity and
stability in
corrosive
environment

TTC, OCT (i) Ti/IrO, (i) Active Conc. =100 mg (i) RE: 100% in 360 Direct and (i) Ti/PbO, power 74
electrode L™ Na,SO, and min indirect oxidation consumption =2.7 g

NaCl=1gL™, 1 OTC kW h™*
(ii) Ti/PbO, (ii) Non-active =1500 mA (if) RE: 100% in 120 (ii) ted electrolyte conc.,
electrode min ted removal

Amoxicillin  Ti/RuO, Low cost, Conc. = 50 mg RE: 70% at pH 7 in 60  Indirect oxidation (i) Maximum removal at 81

trihydrate dimensional L', NaCl=1-2¢g min to open fB-lactam  pH 7

(AMX) stability and L7, =588 mA ring following (ii) ted removal by Ted
high em™? pseudo first-order current density and Cl™
electroactivity, kinetics conc.
high efficiency (iii) SEC = 3.26 to 0.66
under strong kW h g”' TOC removed
acidic
conditions

NOFX Ti/IrO, Good Conc. =39.8 mg (i) RE (NaCl): ~70% in  Direct and (i) ted removal by Ted 71
electrocatalytic L™, i=6.53 mA 20 min indirect oxidation Cl” and led nitrate
ability to form  cm™?, urine, (ii) RE (seawater) by active Cl and  (ii) pH effect on RE: 9 >
active chlorine  seawater, ~100% in 60 min percarbonate to 7.5>6.5>3
species from municipal WW  (iii) RE (WW) = 100%  cleave piperazine
chloride ions (pH 8.0. Cl" 18 in 120 min ring

mg L™, metal (iv) RE (urine) = 100%
extract = 110 mg in 180 min

L™, peptone =

160 mg L™, urea

=30mg L™,

K,HPO, = 28 mg

L', MgS0,4-7H,0

=4.0mgL™", Cl,

=0.90 mg L)

AMX BDD Non-selective, Conc. (COD) = ME: 75% in 240 min Indirect oxidation (i) fed CI” fed ME 84
inert, large 1-2 gL, NaCl = (OH") via (ii) ted treatment time
oxidation 4gL™, pH 3-9,{ electrophilic led COD
potential =30-50 mA cm™? attack on AMX
window

SMX BDD Non-selective, Synthetic WW RE: 72.9% in 180 min  Indirect oxidation (i) Limited ‘OH 58
inert, large (NaHCO; = 96 following production
oxidation mg L™}, NaCl = 7 pseudo-first-order (ii) ECs showed fed
potential mg L7, kinetics. removal than organic

window, and
surface area =
189 cm?
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Cas0,-2H,0 = 60
mg L™, urea=6
mg L™, KCI = 4,
CaCl, = 3 mg
L™, MgS04-7H,0
=125mg L,

Oxidation is
dominant than
mass transfer

matter

(iii) Limited influence of
flow rate

(iv) Ttemperature
tdegradation
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Working Features of Operational Removal % and

Antibiotics  electrode electrode parameters recyclability Reaction pathway Remarks Ref.

NH, H,PO, = 1.2
mg L™, meat
extract = 22 mg
L™, peptone = 32
mg L), hospital
WWTP effluent
(COD = 78.4 mg
O, per L), conc.
=0.5mgL ", i=
5mAcm % Q=
125-500 L h™

CPX, SMX BDD Non-selective, Conc. SMX =15 (i) RE (SO4>): 100% in  Non-selective (i) SO, ted removal 67
inert, large mg L™, CPX =23 250 min reaction of 'OH
oxidation mg L', pH 7.84, (ii) ME (SO,>): 84-71% indirect oxidation (ii) CI” ted ME under i ~
potential K,S0,=1.74 ¢ in 300 min via addition to [
window L™, i=1.45-7.52 (iii) RE (CI): 100% in  C-C, C-N, and (iii) ME led (i/ifjm > 30)

mA cm 2, Q= 240 min C-S double bonds
120-300 Lh™ (iv) ME (Cl'): 90% in and H-abstraction (iv) No significant
300 min impact of common
organics

AMX BDD Non-selective, Conc. (COD). =  ME: 75% in 240 min Indirect oxidation (i) fed CI” ted ME 84
inert, large 1-2 g L', NaCl = (OH") via (ii) Ted treatment time
oxidation 4gL7', pH 3-9,{ electrophilic led COD
potential =30-50 mA cm > attack on AMX
window

AMP BDD Pt wire: good Conc. = 1.1 mg (i) RE (BDD): 68% in 10 Indirect oxidation (i) Ted removal with fed 85

Pt wire conductivity, L', SPS conc. = min combines with persulfate conc.
inert and stable 100-500 mg L™",  (ii) RE (Pt): 39% in 10  non-radical (ii) fed current and led
at high Na,SO, =14.2 g min electro-activation  initial conc.
potentials, low L', i=5-110 mA of SPS (iii) No impact of
oxygen cm™ bicarbonate
evolution (iv) 40% | in humic acid
overpotential (10 mg L)
(1.6 V)

NOFX BDD OER (2 V) fed Conc. = 100 mg  RE: 80% in 120 min Mass transport (i) Ted removal under 86
when boron L™, Na,S0O, = ME: 90% in 300 min controlled mass transfer limitation
doping fed, Ted 14.2 gL', i=10 first-order (ii) No effect of pH and
blockage of mA ecm™ reaction indirect  pK, of NOFX
active sites with oxidation
ted boron
doping (sp*
carbon)

SMX BDD Non-selective, Conc. = 30 mg RE:100% in 60 min, Oxidation aided (i) Ted removal with tfed 75
inert, large L7, Na,S0, = ME: 73.8% in 360 min by ‘OH, resulting  current density
oxidation 14.2 gL, pH 7, in the (ii) No effect of pH
potential i=45mA cm™> replacement and  (iii) Ted removal with CI™
window oxidation of NH, and SO,*> and led with

group and nitrate and humic acid
addition of OH
group

SMX BDD Non-selective, Conc. = 10 mg RE: 86.0% in 90 min Transformation (i) ed oxidation in the 68
inert, large L™, Na,SO, =1 g with oxygen injection ~ and oxidation of ~ presence of NaCl and
oxidation L7, NaCl=0.4g functional moiety NaBr
potential L™, NaBr = 0.71 (ii) ted removal on
window gL I=25A oxygenation when

This journal is © The Royal Society of Chemistry 2021
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Table 2 (continued)
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Working Features of Operational Removal % and
Antibiotics  electrode electrode parameters recyclability Reaction pathway Remarks Ref.
TTC (i) Pt Ti/RuO,-IrO,: Conc. =100 mg (i) ME (Pt/carbon felt)  Direct and (i) ME order: 82
relatively low O, L Na,S0,=7.1 80% indirect oxidation Ti/RuO,-IrO,/stainless
(ii) BDD evolution gL', pH 4.3,I= (ii) ME (BDD/carbon assisted by "OH steel (SS) <
overpotential 500 mA felt): 98% and H,0, Ti/RuO,-IrO,/carbon-felt
and < BDD/carbon-felt
chemisorption
of radicals
(iii) DSA (iii) ME (i) Carbon-felt cathode
(Ti/RuO,-Ir0O,) (Ti/RuO,-IrO,/stainless ted oxidation compared
steel): 22% in 300 min to SS
AMX (i) Pt Ti O;: high Conc. = 19.6 mg (i) ME (Pt): 41% Cleavage of the (i) ME Ted with fed 87
electrical L™, Na,S0O, = 7.1 peptide bond current density
(ii) BDD conductivity at g L™, pH ~ 5.7, (ii) ME (BDD): 94% followed by (if) ME order: BDD >
room =120 mA hydroxylation, Ti,O; > DSA > Pt
(iii) DSA temperature, (iii) ME (DSA): 36% dehydrogenation, (iii) ME enhanced on the
(Ti/RuO,-Ir0,) good corrosion and carbon-felt cathode
resistance and decarboxylation ~ (H,O, production)
(iv) Ti,O5 high chemical (iv) ME (Ti405): 69% in (iv) ted current (>120
stability (i > 5 480 min mA), led ME for BDD
mA cm?), non- due to recombination
active electrode
NFZ, MNZ, Graphite fiber Conc. = 35 mg (i) RE (NFZ): 94.7% Reduction of nitro (i) Ted cathode potential 88
CAP, FLO brush twisted L', phosphate group followed by Ted the degradation
with Ti wire buffer solution dechlorination efficiency
(PBS)=20.57 g (i) RE (MNZ): 82.3% (ii) ME order: NFZ >
L', potential = MNZ > CAP > FLO
-0.15 to -1.25V  (iii) RE (CAP): 76.3% (iii) NaCl buffer solution
(iv) RE (FLO): 25.8% in and 0.002 M PBS, led
540 min at -0.45 V ME of CAP and FLO
FZD Graphite fiber Conc. 1-35 mg  RE: 93.9% in 540 min  Reduction of the (i) Ted cathode potential 89

brush twisted
with Ti wire

L' phosphate
buffer solution =
20.6 g L™
potential —0.15
to-1.25V

at-0.45V

and conc. Ted the
degradation efficiency
(ii) RE in electrolyte: Na,
CO;-NaHCO; < PBS <
NaCl

nitro group and
destruction of
furan and oxazole
ring

RE: removal efficiency, ME: mineralization, RC: recyclability, T - increase, | — decrease, SEC: specific energy consumption.

in accomplishing higher mineralization efficiency for
antibiotics. Nevertheless, the degradation of antibiotics under
mass transfer limitations is non-selective.'®* In a nutshell, the
mineralization efficiency of the BDD electrode is highly
dependent on the physicochemical properties of the
antibiotics and experimental (e.g., applied current density)
and kinetic (e.g,, mass flow between the electrodes)
parameters. The non-selective degradation of antibiotics and
the undetermined fate of the BDD electrode after use might
raise the question of the ecotoxicity of the end products.
Hence, with the high cost and described technical gaps, the
application of BDD as a reliable electrochemical treatment
system for antibiotics is limited.

3.4.3. Carbon-based electrodes. Carbon-based electrodes
(e.g., graphite and graphene) have the potential to act as a
robust anode and cathode for oxidative and reductive
degradation of recalcitrant pollutants. The excellent
conductivity of graphite and a large number of delocalized
electrons allow its direct use as an electron donor in

146 | Environ. Sci.: Nano, 2021, 8, 1133-1176

electrochemical reactions.’®® Likewise, the symmetrical

honeycomb structure of graphene provides efficient electron
transfer, making it suitable for oxidation and reduction
reactions.’®® The withstandability of the graphene electrode
at higher current densities is superior to that of commonly
used metal electrodes (six order higher than copper).
Accordingly, an attempt was made to understand the
reductive degradation efficiency of graphite fiber brushes as
the cathode for degrading chloramphenicol (CAP),
nitrofurazone (NFZ), metronidazole (MNZ), furazolidone
(FZD), and florfenicol (FLO).*®®° For efficient reductive
degradation, the conversion of the nitro group to amine and
dehalogenation is essential. Consequently, the degradation
efficiency of >95% at —0.95 V under neutral conditions was
reported for all the selected antibiotics.®® 1t was
demonstrated that FZD could be reduced at —0.15 V into 3-(5-
hydroxylaminefurfurylideneamino)-2-oxazolidinone (HOAM),
3-(5-aminefurfurylideneamino)-2-oxazolidinone (AMF), and
the N-N fraction product (5-nitro-2-furyl) methenamine

This journal is © The Royal Society of Chemistry 2021
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(NFM). However, alleviated negative cathode potential
assisted in the faster and complete degradation of FZD with
hydrogen evolution as a side reaction. For instance, at a
cathode potential higher than -1.25 V, 98.8% degradation,
97.4-100% mineralization, and complete inhibition of
antibacterial activity were achieved in 540 min.*

When the reductive degradation efficiency of NFZ, MNZ,
CAP, and FLO was tested, NFZ initiated degradation at a much
lower potential (-0.15 V, degradation 84.9% in 540 min) than
the other three antibiotics (-0.3 V, degradation 59.3-10.2% in
540-720 min). The presence of the nitro group on the furan
ring and the N-N on the side chain of NFZ allowed degradation
at a much lower cathode potential. The cathode potential of
<0.8 V was recommended to ensure the decolorization of NFZ
and production of linear chain end products ([(5-
hydroxyamino-2-furyl)-methyl]-hydrazinecarboxamide ~ (AMH),
[(5-amino-2-furyl}-methylene]-hydrazinecarboxamide =~ (AMN),
5-hydroxy-cadaverine, 5-amino-pentanamide, and NFM). For
the degradation of CAP, the end products included nitroso
product (NO), aromatic amine product (AMCI2), and
dechlorinated AMCI2 products (AMCI and AM), while for FLO,
various dehalogenated end products were obtained. When the
cathode potential was higher than -0.45 and -0.75 V for CAP
and FLO, respectively, degradation efficiency was significantly
reduced to 44.3% and 25.8%.%° This could be due to steric
hindrance in hydro dehalogenation for the second or third
halogen atom in CAP and FLO at higher cathode potential.
Thus, the potential in the range of —0.95 to -1.25 V was

a) ra
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recommended. The degradation of MNZ was followed by the
formation of 2-methyl-5-amineimidazole-1-ethanol as a non-
toxic amine end product at the applied potential range of —0.3
to —1.25 V.%® The relative ease of degradation of MNZ can be
attributed to the reactive N-containing group. Overall, the
cathodic reducibility followed the order NFZ > FDZ > MNZ >
CAP > FLO. The primary parameter for efficient cathodic
reduction is the continuous supply of electrons, which is
governed by the nature of the electrode and the applied
potential. Though the lower reduction potential seems to be a
feasible option for complete degradation of the pollutant, the
increased energy consumption and the stability of the electrode
are the two crucial parameters that need to be understood
before practical use.

Another advantage of the carbon electrode over BDD or
the DSA is its use as both a cathode and an anode. For
instance, the surface properties such as surface defects and
functional groups (e.g:, carbonyl (C=O0), hydroxyl (-OH), and
phenolic (-C¢H;)) in graphene make it apt for oxidative
degradation.’® The hydrophilic functional groups enhance
the charge transfer between the electrode and the adsorbed
water molecules.'® Consequently, the generated "OH is a
prominent reactive species in the graphene-based oxidative
electrochemical system. This efficacy of graphene and
graphite for oxidative degradation has been verified for SFX
with 100% and 76% removal in 180 min, respectively, via
indirect oxidation.** The difference in removal between
graphene and graphite is mainly due to the lower

Graphene

Graphene/Sulfisoxazole/Isopropanol

- —_—

Graphene/Sulfisoxazole/Benzoquinone

04F Graphene/Sulfisoxazole/

03} Ethylene diamine tetraacetic acid
02F

01f Graphene/Sulfisoxazole
0.0,

100 120
Time (min)

140 160 | 200

Fig. 4 Structural advantages of graphene (a) in the electrochemical oxidation of SIZ (b and c). Reprinted with permission from ref. 80. Copyright

2016, Elsevier.

This journal is © The Royal Society of Chemistry 2021
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competence of the graphite electrode to oxidize H,O, and
H,O (eqn (31)-(33)) which restricts the production of ‘OH
and O, in comparison with graphene.

H,0+e — OH+H' (31)
2'0H — H,0, (32)
H,0,+e — 0, +H" (33)

Furthermore, graphite possesses elevated structural
functionalities and capacitance (e.g., fold morphology and
-0.005 to 0.005 A) than graphene (e.g., layered structure and
-0.01 to 0.01 A). This indirectly implies that graphene is a
better electrode material than graphite (Fig. 4a and b).'°®
Apart from its superior activity in the degradation, graphene
was also found to have excellent recycling ability (5 cycles
with 100% removal efficiency). Overall, graphene can be
readily used to degrade N- and S-functionalized antibiotics
with greater confidence (Table 2). However, only a limited
number of studies related to the electrocatalytic ability of
graphene have been conducted so far. It opens up a platform
for researchers in the area of graphene/graphite technology
to conduct intensive research about the factors controlling
the degradation of antibiotics using low-cost carbon
materials (e.g., graphene).

To this end, the performance abilities of BDD and DSA
electrodes are almost well understood in terms of process
parameters (e.g., current density, electrolyte, reaction
mechanism, etc.). The use of graphene as an electrode is not
well established; thus, it requires further investigation. In
terms of cost, the DSA is a better material compared to BDD;
however, etching of Ti support due to corrosion needs to be
encountered. Likewise, the high cost of BDD can be
overwhelmed by its superior performance at low current
density (mass transfer limitation), but this is not a competent
way to attain complete mineralization of specific antibiotics.
Incorporating a suitable catalyst or dopant for the
modification of the electrode is desirable for extending the
lifetime of the electrode, selectivity towards end products,
and higher mineralization efficiency. The following section
offers a detailed description of the so-far tested catalysts for
improving conventional/traditional electrodes (e.g., BDD,
DSA, PbO,, and graphene/graphite) to treat antibiotics.

4. Oxidative electrocatalysis

Electrocatalytic oxidation describes an electrolytic reaction at
the anode assisted by catalysts in the solid phase (coated/
impregnated on electrodes) that act as both electron donor/
acceptor.”” Thus, the anode material plays a vital role in
electrochemical oxidation. In this regard, traditional anodes
are often decorated with catalysts such as metal or carbon-
based materials. The modification of the well-known
electrodes (e.g., PbO,, Ti, graphite, and carbon nanotubes
(CNTs)) with metals (Cu, Mo, Co, Ce, and Ru) enhances the

148 | Environ. Sci.. Nano, 2021, 8, 1133-1176
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surface roughness and functionalization. This heterogeneity
also reduces the OEP of the reaction and improves the
reaction kinetics, selectivity, and efficiency.*® Additionally,
issues such as higher energy requirements, high cost of
operation, and the formation of undesirable by-products can
be tackled. Various functionalization/modification strategies
of the catalysts have been tested to improve the performances
of previously described anodes. Also, operational factors,
such as applied potential and the presence of coexisting ions,
invariably affect the efficiency of the processes and the
stability of the catalyst (Table 3). Hence, the following
sections discuss the efficacy of incorporating the catalyst on
the electrode to degrade antibiotics successfully.

4.1 Modified Ti electrodes

A durable electrode material such as the DSA (e.g., Ti/RuO,)
with relatively higher oxygen evolution potential (~2 V)
provides an option to tackle the common challenges of the
PbO, electrode (e.g., acidic operational conditions and
brittleness). For instance, Ti/RuO, degraded ~80% OFX in 30
min in synthetic WW at neutral pH. The dominant reactive
species involved in the indirect oxidation were 'OH, HO,',
HOC], and CIO™ (ref. 107) (as discussed in sections 3.3 and
3.2). However, the poor mineralization efficiency (46.3%) due
to restricted oxidation by H,O, and HO, questions the
environmental compatibility of the electrode.”®'*® Thus,
identifying a catalyst with high mineralization capability to
obtain treated effluents with less toxicity is crucial. In this
line, SnO, has been tested as a dopant owing to its superior
catalytic activity, ease of combination with Ti, and adequate
electrical conductivity."*® It should be noted that the low
conductivity of pristine SnO, limits its direct application in
water/WW treatment.”*" Thus, multi-metal doping via Sb, Ce,
and La increases the conductivity and OEP by forming
cracks/crystal defects in the electrodes.'® For instance,
SnO,-Sb/Ti was effectively exploited as an electrocatalyst to
completely degrade (99.5% in 120 min) CPX (50 mg L") with
moderate current density of 30 mA cm >.'°® The achieved
higher efficiency was due to the uniform distribution of Sb
on SnO, which increased the mass transfer diffusion.**° It
should be noted that under higher current density (100 mA
ecm™), Sn0,-Sb becomes unstable, leading to inevitable
leaching."*'** Thus, it is highly recommended to optimize
the applied potential over SnO,-Sb/Ti prior to its application
as an electrocatalyst for degrading antibiotics.

Other than the structural defects created by the co-dopant
(Sb) in Ti electrodes, the high oxygen evolution overpotential
of metals such as Ce (3.14 V) leads to improved
electrocatalytic activities.'® Precisely, doping of Ce into
SnO,-Sb/Ti induces an additional energy band, which in turn
constructs expedient channels for electron transfer.** This
kind of electronic characteristics aided good removal (72.4%)
and mineralization (41.6%) efficiency for TTC.'” The two
main demerits of Ce-SnO,-Sb/Ti are the limited formation of
active sites'” and the complex synthesis of catalysts tagged

This journal is © The Royal Society of Chemistry 2021
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with the higher chemical cost. Accordingly, Ti/SnO,-Cu with
the OEP of 2.1 V was fabricated.""® The addition of Cu
instead of Sb in the Ti/SnO, electrode yielded a highly coarse,
porous, and 3D structure with uniform distribution of active
layers."'® Subsequently, interparticle charge transfer was
imminent due to the local distortion in the Ti crystals.'**>"%¢
Ultimately, oxygen adsorption of Ti/SnO,-Cu (38.7%) was far
better than that of Ti/SnO,-Sb (13.7%), with 90% removal of
CFD in 60 min. This distinguishing value of Ti/SnO,-Cu
clearly indicates that during the electrooxidation, ‘'OH has a
more significant impact than electro-incineration (absorption
of the electron by antibiotics on the surface of the electrode).

Overall, it could be established that the non-active
electrodes play an imperative role in the degradation of
antibiotics. The prerequisite structural investigation based on
the nature of the target is vital for achieving higher
mineralization efficiency. The p-block and f-block elements
offer a broad paradigm to create permanent defects/cracks
and oxygen storage spaces in the Ti support. Accordingly, the
external surface area of the electrode directly assists a rise in
OEP. Nonetheless, prolonged synthesis procedures with
diverse methodologies in the multiple doping electrode
systems (e.g., Ce-SnO,-Sb/Ti (ref. 109)) lead to complexity in
practical applications. In addition, the main purpose of using
a dopant/catalyst on the surface of Ti is to avoid the
electron-hole recombination phenomenon by properly
shielding the exposed area of Ti. This is because the
electrons present in the electron-hole pairs help create new
oxidation centers on the TiO, surface, which increases the
catalytic property of the composites."*” Therefore, proper
coating methods are necessary to cover the Ti surface
effectively; otherwise, leaching of the catalyst (Ce/Cu/Si/SnO,)
may quickly affect the inherent property of the Ti support
(increased rate of corrosion or decreased life span).
Commonly, deactivation of electrodes is accompanied by
catalyst detachment, metal substrate passivation, catalyst
consumption, and structural damage under prolonged
usage.""*® Thus, identifying the capability/durability of the
catalyst is essential prior to upscaling.

4.2 Modified PbO,, electrodes

The simplicity and excellent oxidation ability of PbO, have
attracted attention for its use to degrade antibiotics in water
and WW systems. However, inhibition of the catalytic activity
of PbO, under acidic conditions is found to be the major
constraint. Thus, applying modifiers (e.g., Ti and Al) as an
active layer on the surface to avoid leaching has been
investigated.''" However, the latter modifications are not
satisfactory for removing larger complex molecules (e.g.,
antibiotic).®* Thus, doping with materials of superior
electronic characteristics (e.g:, transition metals and
lanthanides) and low cost (e.g., carbon black) is being
preferred. Likewise, depending on the nature of antibiotics,
different combinations of dopant (bi, tri, or tetra) are hosted
on the surface of PbO,. For instance, the utilization of AI** as
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a dopant contributed a considerable increment in ‘OH
production.®® Subsequently, 87.3% removal in 150 min at a
high concentration of CAP (500 mg L) was obtained.
Though the efficiency of Al-PbO, is satisfactory, the presence
of insufficient active sites in an anodic region resulted in low
mineralization efficiency (52.1% in 150 min). Thus, doping of
Cu has been verified owing to its superior conductivity (Cu is
5.9 x 10° Q' em™) than Al (3.8 x 10° Q' ¢cm™), smaller
crystal size (33 nm), and effective surface areas (PbO, and
Cu-PbO, were 2.81 and 2.91 cm?)."*" Cu-PbO, demonstrated
higher removal of AMX (99.4% in 150 min at 7 = 30 mA cm?)
with excellent recyclability (8th cycle - 4.1% reduction). The
major limitation of Cu-PbO, was the conversion of ‘OH into
H,0, at higher current density (up to 100 mA cm?), which
adversely affected the mineralization efficiency (46.3% in 150
min)."*>*% In order to increase the mineralization efficiency
of Cu-PbO,, two methods can be employed: (i) using an
appropriate current density to prevent the conversion of ‘OH
into H,O0, and (ii) addition of a -catalyst (e.g., TiO,
nanosheets) to convert H,O, into O, . The TiO, nanosheets
are known to develop O, from H,0, by external energy (e.g.,
current density, heat, light)."*! Therefore, co-doping of TiO,
nanostructures with Cu-PbO, may help solve the issues
related to the lower mineralization and conversion of 'OH
into H,O,.

The unique outer electronic configuration of rare earth
elements such as La, Y, and Tb has also been used to
stimulate the electrochemical properties of the PbO,
electrode. For example, PbO, modified with La and Y resulted
in outstanding performance for LVFX degradation (PbO,

TiO,/PbO,

b) 375
— Ti/PbO2
300 e Ti/PbO,-Tb

8225}
=

o

= 150}
N

751
| r"‘“\,

0 100 200 300 400 500
Z' / ohm

View Article Online

Critical review

(83.3%), Y-PbO, (90.9%), La-PbO, (85.6%), and La-Y-PbO,
(95.4%))."** To achieve better degradation efficiency, the pH
of the system was maintained at 3 (97.2%). This is positively
related to the ionic characteristics of LVFX at different pH
(eg., pH <5.7: cationic, 5.7 < 7.9: zwitterionic, >7.9:
anionic). This excellent performance of lanthanide catalysts
was mainly due to lanthanide contractions and the spin-orbit
coupling phenomenon.'** Moreover, the combination of Y
and La created synergy in the electronic levels of composite
(La-Y-PbO,) and enhanced overall electrical conductivity,
ultimately increasing the degradation efficiency. Careful
observation on the degradation performances between Y and
La indicates that the contribution of Y (90.9%) was higher
than that of La (85.6%) in La-Y-PbO, for the degradation of
LVFX.""? This might be due to the relatively lower electrical
conductivity of La (1.6 x 10* Q™" em™) than Y (1.8 x 10* Q"
em™).** In addition, the uniform distribution of lanthanides
enhances the roughness of PbO, and eventually decreases
the chance of instant brittleness.**

Composite electrodes made up of Ti/SnO,-Sb/La-PbO,
have also been reported to achieve higher TOC (95.1% in 30
min) and defluorination rates (95.3% in 8 min) for FQs.”?
The obtained higher mineralization and formation of less
toxic end products (e.g., CO,, H,O, NO;™, and F) were better
than  selective ~ 'OH  oxidation of FQs  using
permanganate(vn)'*®> and ferrate(vi)."*® In continuation, Ti/
SnO,-Sb/Er-PbO, was also employed to degrade complex (N-
and S-functionalized) antibiotics (e.g:, SMX).""* The well-
known electrocatalytic ability of Er helped to achieve 62.3%
removal of TOC and 22.4% and 98.8% removal of N and S in

)145

Tb-TiO,/PbO,

—.— Ti/PbO2
—a— Ti/l PbO:-'l‘b

Potential / V

45}

3.0F

L

0 40 80 120 160 200
Time /h

Fig. 5 Morphological (a) and electrochemical (b and c) properties of Tb-Ti/PbO,. Reprinted with permission from ref. 114. Copyright 2020,

Elsevier.
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the form of NO;~ and SO,>", respectively."** The distinctive
behaviour of the electrode over other La-based dopants is
due to its ability to simultaneously degrade the metabolite of
SMX (acetyl-sulfamethoxazole (Ac-SMX)). It is worth saying
that the obtained rate constant (0.268 min™") and electric
energy consumption (0.58-8.97 W h L) to degrade SMX
were approximately four times lower than that of Ac-SMX
(6.88-44.2 W h L™). This clearly emphasizes the obscurity
involved in the complete degradation of recalcitrant
pollutants like SMX. Also, it defines the need for tracking the
destructive  behaviour of the metabolite and the
mineralization of the parent compound. Apart from
enhancing electron mobility, lanthanides have also been
utilized to increase the mechanical stability of PbO,. The
composite electrode Tb-Ti/PbO, was able to degrade (76.1%)
imidacloprid (IMD) because of higher OEP (2.82 V). The
doping of Tb into PbO, suppressed the electron-hole
recombination of Ti by shielding the exposed area of Ti with
pyramid-like microparticles (Fig. 5a)."** This uniform coating
of Tb also favourably altered the crystalline orientation of
PbO, (e.g., diffraction peak changed from the (211) to the
(110) plane). Consequently, enhanced electrochemical
properties,’*”'*® reusability (67.5% after 10th cycle), and
extended service lifetime (Tb-Ti/PbO,: 183 h and Ti/PbO,: 13
h) were obtained (Fig. 5b and c)."** Thus, Tb served as the
best co-dopant among other lanthanides for PbO,
modification.

Though the electrocatalytic performance of metal- and
lanthanide-doped PbO, is significant, the ecotoxicity effect of
spent catalysts is a major problem.'*® In this regard, eco-
friendly materials as a dopant have been verified. Wang
et al.’™® studied the degradation of MNZ on PbO, using
conductive carbon black as a modifier. The low electrical
resistance, nontoxic nature, strong interface performance,
and stable structure of conductive carbon black made it a
preferable choice compared to metal oxides and rare earth
metals.”®® The improved direct electron transfer rate via
carbon black resulted in 91.8% MNZ removal in 120 min with
excellent recyclability (87.5% after the 8th cycle).''® Along
with the high electrical conductivity, elevated "OH generation
at the surface due to the exclusive interaction of the water
molecules with active sites (carbon) resulted in the
outstanding behaviour of the electrode.” After electrolysis
of C-PbO, over 180 min, the leaching test indicated the
absence of toxic heavy metal (e.g., Ti, Sb, and Sn) in the spent
solution. Also, the detected dissolved concentration of Pb>*
was 0.008 mg L', which is within the World Health
Organization (WHO) permissible value (0.01 mg L™'). This
indicates the possible application of environmentally friendly
materials to augment the stability and efficiency of the
parent electrode and counter toxic end product formation.

Overall, the modification in the traditional PbO, electrode
with metal oxide and rare earth metal opens up the
opportunity to tackle poor stability, low oxidation evolution
potential, poor mineralization efficiency, and reusability.
However, the requirement of highly acidic conditions (pH

154 | Environ. Sci.: Nano, 2021, 8, 1133-1176
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~3) raises the question about electrode compatibility in real
applications. The correlation between the properties of
antibiotics and catalysts at different pH conditions has not
been thoroughly studied yet. Such progress is vital from the
perspective of fabrication of the material and the application
of the designed electrode in actual WW treatment.

4.3 Modified carbon electrodes

The surface functionality of the electrode plays a key role in
the anodic electrocatalysis reaction. Considering this,
extensive work has been carried out on various carbon
materials such as graphite, graphene, or CNT in the field of
electrochemistry. However, the lower OEP (1.7 V) of graphite/
graphene limits their pristine application in the
electrocatalysis process.”” Hence, several metal oxide
dopants such as RuO,, SnO,, and TiO, have been
investigated to increase the electrode's potential window, e.g.,
the oxygen evolution overpotential of SnO,-TiO, and TiO,-
RuO, is 1.9 V and 2 V, respectively.'®”***> The doping of metal
oxides enhances the ‘OH production via activation of H,O
molecules. Hence, embedding these metal oxides into
nanographite enriches its electrocatalytic activity towards
antibiotics. As proof of this, Guo et al''® reported 98.7%
degradation efficiency (120 min) for CFT using SnO,-TiO,/
nanographite as the anode. Similarly, the RuO,-TiO,/
nanographite-based electrode showed 97.3% (kapp: 0.03477
min") degradation efficiency for CFT in 120 min and this
efficiency was superior to that of the pristine nanographite
(76.6% and kap, = 0.02278 min ') and TiO,/nanographite
(90.3% and  kapp 0.01473 min™").""” The enhanced
performance of SnO,-TiO, and RuO,-TiO, was based on
their physicochemical properties (e.g., electrical conductivity
(1 S em™), chemical stability, isoelectric point (5.5), and high
surface reactivity).'>® For instance, doping of TiO, and RuO,
on nanographite increases the electron transfer resistance
(decrease in electronic conductivity). This also ensures
appropriate electron mobility in the electrochemical cell
(Fig. 6a), which in turn elevates the production of reactive
"OH species."'”*** This increased generation of ‘OH on the
surface of RuO,-TiO,/nanographite ultimately helps to
degrade antibiotics through indirect oxidation (Fig. 6b).
Meanwhile, TiO, also develops electrons and holes in the CB
and VB, respectively, thus offering extra synergy for direct
oxidation of CFT by anodic holes.">>'® Overall, the
collaborative advantages of RuO, and TiO, are responsible
for the enhanced efficacy of RuO,-TiO,/nanographite.
Moreover, this kind of multiple doping of metal oxides on
nanographite eventually contributes to excellent recycling
capacity. For instance, the performance efficacy of RuO,-
TiO,/nanographite decreased by only 3.2% after 15 cycles
(cycle 1: 97.3% and cycle 15: 94.2%).""7

Along similar lines, MoOj/nanographite composite also acts
as a promising choice.""® Specifically, the coating of Mo over
nanographite developed lattice distortion (the original peak of
nanographite at 26.5° was shifted to the left) in graphite by

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Electrochemical properties (a) and mechanism (b) involved in the electrocatalytic degradation of antibiotics using RuO,-TiO,/nanographite.
Reprinted with permission from ref. 117. Copyright 2018, Elsevier.

decreasing the layer spacing of graphite (Fig. 7c). The unique
sesame cake-like structure of MoOs/nanographite (Fig. 7a)

composite considerably supported the exposure of CFD to "OH
and facilitated 99.9% degradation efficiency (60 min and 2 V)."*’
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Fig. 7 Electrochemical behaviours of MoOs/nanographite composite for the degradation of CFD. SEM images of nanographite and MoOs/
nanographite (a), concurrent production and transport of "‘OH (b), change in crystallinity of graphite after inclusion of Mo (c), and feature of MoOs/
nanographite at different reusability cycles (d and e). Reprinted with permission from ref. 119. Copyright 2018, Elsevier.
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The behaviour of MoO; and nanographite as an electron
acceptor and donor, respectively, decreased the electrode
resistance.”®” More importantly, the uniform distribution of
MoO; nanoparticles on the nanographite increased the contact
at the interface and developed a potential drop which boosted
‘OH production (Fig. 7b). The structural advantage of the
sesame-like structure of MoOs/nanographite was further proven
by the low degradation efficiency for pristine nanographite
(46.7%) and DSA (69.2%).""° Additionally, the reuse capacity of
MoOj;/nanographite was studied for more than 40 cycles, with a
gradual decrease in the degradation efficiency after 10 cycles
and a significant decline at 40 cycles (Fig. 7d).""’ It is noteworthy
to point out that the reuse potential of MoOs/nanographite is
very high compared to transition metal-based catalyst (Ti/SnO,-
Cu)."™ Whilst the extreme environmental conditions involved in
the electrochemical process (baking, applied voltage, and
intense oxidizing environment) results in the detachment of
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binder (polyvinylpyrrolidone) from the matrix of an electrode
(Fig. 7e).""® Overall, the MoOs/nanographite electrode is a
feasible option for electrocatalytic degradation of antibiotics due
to its connected nanostructure.

Analogous to graphite support, CNTs are also an attractive
option due to their large surface area, improved corrosion
resistance, and superior pi-pi interactions.”*®'*' For
instance, La,03;—CuO,/CNT shows comparable performance
with MoOj;/nanographite with 90% degradation of CFD (1 mg
L™ in 30 min at a much lower current density (0.8 mA
em™)."*° This superior activity of La,0;~CuO, was mainly
accompanied by the developed synergy between the doping
elements and the native electrode surface (Fig. 8a).
Specifically, CNTs served as an excellent electron donor, La
improved the crystalline nature of the active surface, and Cu
increased the corrosion resistance and oxygen evolution
potential. Likewise, CNT/agarose (AG)/indium tin oxide (ITO)

°\m’;;|(\(lation
0, 0
NHy

[|L‘LKIEQ]*H](IH(,‘M“OH

CO, H,0

)
-’

8 G/CNT-Ce/Pb0O,-Ce
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Fig. 8 Removal mechanism of La,03-CuO, (a). Reprinted with permission from ref. 120. Copyright 2019, Elsevier. Electrochemical properties of
graphite/CNT-Ce/PbO, (b). Recycling capability of graphite/CNT-Ce/PbO, towards ceftazidime (c). Reprinted with permission from ref. 122.

Copyright 2020, Elsevier.
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was assessed for the degradation of TCH (10-100 mg L") at
neutral pH.""® More than 90% degradation was observed due
to the non-selective oxidation via the superoxide anion.
However, the mineralization efficiency was not satisfactory.
More importantly, the intermediates generated registered
maximal chronic toxicity for green algae and Escherichia coli
ACTCC25922.""® Thus, to reduce the toxicity of the
intermediates, rare earth metals such as Ce and Zr were
utilized as a dopant.

Doping of Ce improved the morphological properties of
multiwalled carbon nanotubes (MWCNTs) by forming proper
crystal orientation and enriching the movement of outer shell
electrons. This free movement of electrons assisted active
oxygen accumulation on the surface of the electrode.'”®
Subsequently, MWCNT-Ce yielded a maximum CFD removal
(100% in 60 min) at 3 mA cm™."*' Similarly, the addition of
CeO, to the graphite/CNT-Ce/PbO, electrode assisted the rise
in the OEP (2.4 V), production of ‘OH, and faster electron
transfer rate (Re: 5.12 Q cm2).'**> Apart from the
morphological improvement, the addition of CeO, also
refined the electronic structure of the electrode and
favourably affected the reusability of the electrode
(Fig. 8b and c). Correspondingly, the graphite/CNT-Ce/PbO,-
Ce anode successfully degraded 50 mg L™ of CFD with an
extended life span (graphite/CNT-Ce/PbO,-Ce - 1500 min,
graphite/CNT-Ce/PbO, - 1260 min, and graphite/PbO, - 720
min)."**> Compared to pristine graphite, multi-doping of Ce
on graphite (graphite/CNT-Ce/PbO,-Ce) improved the
efficiency of the catalyst for CFD degradation. However, the
chemical cost for utilizing rare-earth elements is critical with
respect to the environmental and economic front.
Consequently, using low-cost and abundant metal oxides
such as TiO, is explored as a co-catalyst for CNTs to offer
better surface coverage and improved resistance to
59 For instance, CeO,-ZrO, eutectic doped on
TiO,/CNT enabled new oxygen vacancies, enriching electron
mobility and controlling the release of ‘OH.'®" The
superconducting point of Ti (0.4) and Zr (0.61) ensured
desirable improvements (72.9-83.4%) in the electrical
property of CeO,-Zr0,/TiO,/CNT."** This proves that TiO,,
along with oxides of lanthanides, protects electrode
deactivation and guarantees a continuous controlled supply
of 'OH in the system.

Generally, the application of metal oxides on a carbon-
based support enhances the recyclability of the electrode with
constant degradation efficiency. However, it has been
reported that MWCNTs and graphene possess higher toxicity
than carbon black and graphite."®" Specifically, the health
impact (e.g., lung irritation) of exposure to 2.5 mg m™
MWCNTs is higher than exposure to 10 mg m™ graphene. It
is noteworthy to mention that apart from graphite, the most
used anode material is CNT (Table 3). Thus, it is crucial to
understand the toxicity-related issues during the use of CNTs.
Moreover, dopants like Co also demonstrate potential
toxicity.®® The use of less toxic metals such as Al should be
developed. In a nutshell, carbon-based electrodes are low-

corrosion.
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cost, long-life materials, stable, and highly conductive.
Nonetheless, the modification of this pristine material via
various rare earth elements as dopants is expensive. Thus,
the fabrication of electrocatalysts using economically viable
precursors (e.g., Ti, Al, and so on) resolves the sustainability
and cost-related issues.

4.4 Miscellaneous electrodes

Conventional electrodes (e.g., Ti, carbon-based, and PbO,)
have shown remarkable performance for electrochemical
oxidation but have significant limitations such as low
stability, mass transfer limitations, etc. Hence, electrodes
like nickel foam (Ni-F) or particle electrodes have been
explored. Ni-F electrode is efficient for generating O,” via
oxygen reduction reactions (ORRs). Additionally, particle
electrodes made up of Cu, Al, or Sb have also been tested
to degrade antibiotics. In this section, examples of
electrodes other than Ti, Pb, and carbon-based electrodes
are discussed.

4.4.1. Cathode assisted anodic oxidation. Degradation of
antibiotics is primarily acquired by the anodic oxidation
reaction where ‘OH generated at the anode helps to
mineralize the antibiotic. Additionally, the cathode can also
produce ‘OH via H,0, and offers additional synergy during
the electro-oxidation of organics.'®” It should be noted that
in AOPs, the contribution of ‘OH produced from the cathodic
reaction was only about 20%.'®® However, an efficient
cathode can support the electronic transmission rate via
controlling the production of ‘OH from H,0,. In this line,
CooSg/partly graphitized carbon (PGC) and Ti/IrO,/RuO, were
used as cathode and anode, respectively.'*® This system
achieved 84.3% mineralization in 480 min via (i) generation
of H,0, (eqn (34) and (35)) and (ii) dissociation of H,O, to
"OH (eqn (36)).

C0oSg + 9OH™ — C0ySg(OH), + 9¢~ (34)
0, +e +2H" — H,0, (35)
H,0, +e — OH + OH (36)

The smooth 3D porous structure and high electrical
conductivity of the Ni-F substrate also favour its application
in the ORR/electro-Fenton (EF) type of electrochemical
reactions.’® Though Ni-F has a spongy, porous, and large
surface area, the need for additional active sites for O,
production (eqn (37) and (38)) limits its direct application in
antibiotic treatment.'®®

Ni° + 20, — Ni*" + 20, (37)
0,  +e +2H" — H,0, (38)
To overcome these inherent disadvantages, carbonaceous

materials have been broadly preferred as robust
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catalysts.">”'®®  The carbon catalysts on Ni-F provide
enhanced surface area and charge transfer properties.
Various types of carbon-based catalysts such as glucose-
derived coatings,'®” activated carbon fiber,'®® and functional
group doped carbon'" have been prepared, and their ability
to enhance the oxidation has been tested. The 2e” reduction
capability of carbon enables its use in EF processes.'>* Thus,
the coating/electrodeposition of carbonaceous material on
commercial electrodes such as PbO, or Ni-F is recognized as
a growing research area. For instance, nitrogen-doped porous
carbon CN/Ni-F increased the effective surface area (3.01
m?> g™' for Ni-F and 257 m”® g for CN/Ni-F), minimized
charge transfer resistance (95.7 Q to 19.7 Q), and increased
the production of H,0, (Ni-F: 95 uM and CN/Ni-F: 1519 uM)
along with elevated current efficiency (13.8 times higher)."**
Also, the sharing of a nitrogen lone pair of electrons to the
electrons of carbon increased the oxygen reduction potential
of the electrode.'® Subsequently, 100% removal and 90%
mineralization efficacy of STZ was attained. It has also been
envisioned that ‘'OH generated from EF has a higher impact
than 'OH formed via direct oxidation of H,O in the
degradation of STZ.

It is worth mentioning that secondary pollution/toxicity
from the chemical compounds (e.g, Co) leached in the
preparation stage is inevitable. Hence, effort needs to be
taken to control the leachability of toxic metals by co-doping
an element such as Ti, Sn, and Sb or fabricating the
interlayer structure. In similar lines, the use of carbon
sources derived from low-cost/waste material (e.g., biochar) is
advised. Nevertheless, nitrogen functionalization also
involves using toxic chemicals (e.g., p-phenylenediamine),"”®
which further raises ecotoxicity-related issues. Similarly, the
use of urea as an inexpensive, non-toxic nitrogen dopant
(nitrogen content >46%) serves as a suitable alternative to
p-phenylenediamine.’”* Thus, efforts are needed to test the
efficacy of urea-derived nitrogen functionalized carbon as a
catalyst for cathodes (e.g., Ni-F).

4.4.2. Particle electrodes. Recently, particle electrodes such
as activated carbon, alumina (y-Al,O3), zeolite, and ion
exchange resins are also being explored as a support material
for electrochemical degradation.'”” The advantage of the
particle electrode is the highly porous nature and behaviour
of each particle as an independent 3D electrolytic cell.'”?
Thus, the conventional challenges of mass transfer and
limited degradation potential of the electrode can be
resolved. Accordingly, Ti-Sn/y-Al,O3-based particle anode was
used to treat 100 mg L' CAP."*® The uniform particle
distribution of Ti and Sn-Sb over y-Al,O3; supported gradual
enhancement in the removal rate (92% in 180 min).
Similarly, Bi-Sn-Sb/y-Al,0;-based particle anode was
prepared and tested to remove TTC (Table 3)."*” The SnO,
particles loaded onto the porous Al,0; were responsible for
the high electrocatalytic activity. Simultaneously, the presence
of Sb induced defects onto the intercalated layer of SnO, and
supported the oxidation of SnO, in the metal oxide lattice.'”*
The removal efficiency of 86% (pH ~5.9) was attained via
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non-selective oxidation by "OH.'*” The addition of Ti or Bi
over Sn/y-Al,O; supported the formation of rigid morphology.
This kind of surface compactness regulated the charge
distribution and acted as a protection shield of the electrode.
Despite this, justifying the exact role of elements in a multi-
doped system like Ti-Sn-Sb/y-Al,O; or Bi-Sn/y-Al,O; is
challenging because each element's behaviour in the
presence of others is different from their individual
properties. Thus, detailed characterization analysis is
recommended for identifying the roles of each component in
a cumulative system.

The facilitation of Sb over SnO, was further confirmed
from its higher removal characteristics (100% removal and
93% mineralization) towards CPX.'?® This superior
performance of Sb-doped SnO, was mainly due to the
effective electrode surface area and the compact arrangement
of nanoparticles (50-200 nm). This appropriate morphology
possessed excellent OEP (2.2 V), which assisted 'OH
production. Though the electrode's efficacy was superior, the
multiple electrocatalyst coatings (16 times) on the substrate
is a major hurdle in practical fabrication. Thus, reducing the
time consumption in the coating process or modifying the
electrode with other suitable materials is needed. Overall, the
application of particle electrodes to increase the degradation
efficiency of the pollutant is highly desirable. However, the
morphology, size, and synergy of the co-dopant play a pivotal
role in ROS production. Moreover, in practical use, the
durability of the particle electrode, leaching and
agglomeration of nanoparticle from the electrode, and
stability under various flow rates are challenging. Hence,
different electrochemical cell configurations such as flowing
electrode or flow by electrode should also be assessed before
establishing the particle electrode at the pilot scale.

5. Reductive electrocatalysis

Similar to electrochemical oxidation, electrochemical
reduction is also a clean and robust approach to remove
antibiotics. Mostly, the process has been used for the
mineralization of halogenated or nitro-containing antibiotics.
The prime factors determining the feasibility of cathodic
reduction technology in WW treatment are the efficiency,
selectivity, and continuous supply of electrons from the
cathode. Accordingly, both biotic and abiotic cathodes have
been verified as a tool for reducing antibiotics like CAP,
nitrofuran, and MNZ.'®® However, complete dehalogenation
and reduction of nitro groups is not highly viable. For
instance, a potential of >-1.25 V is required for the complete
dehalogenation of CAP or FLO.*® Due to the drawback of
considerably high applied potential, various modifications in
the bare cathode with noble metals and transition metals
have been practiced (Table 4). In this line, the current section
debriefs the reader towards the various dopants used in
electrode modifications and limitations of the developed
electrode in real-time application.
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Working electrode Structural Removal %
properties of Features of Operational  and Degradation
Antibiotics Support  Catalyst electrocatalysts electrode parameters recyclability =~ mechanism Remarks Ref.
CAP, FLO, Ti C-Co-P/O Amorphous, Porous, Conc. = 20 DCE (CAP):  Reduction via (i) DCE and 175
TAP nanocluster stable mg L7, 98.7% DCE  H* and RC better than
array with size Na,SO, = 14.2 (TAP): 74.2% formation of Pd/C
300-400 nm gL', applied DCE (FLO):  Co-Cl bond (ii) ted
voltage = -1.2  91% in 60 removal of
V vs. SCE min, RC: 19 TAP than CAP
cycles and FLO was
due to its
molecular
structure
FLO Ti C-Co-P Crystalline Porous, Conc. = 20 DCE: 97.4%  Reduction via (i) Vertical 176
vertical stable mg L, in 60 min, direct electron  nanostructure
nanoarray on Na,SO, =14.2 RC: 4 cycles transfer and H¥ enhanced
both sides of Ti g L', applied electron and
with an voltage = —1.2 mass transfer
effective surface V vs. Ag/AgCl (ii) Crystal
area of 21.3 structure
m> g™ aided H*
production
(iii) Ted
removal at
alkaline pH
FLO, TAP  Glassy MWCNT (i) Surface area (i) No Conc. =2 mg RE (FLO): Dehalogenation (i) RE of 65
carbon =7.05 mm?, graphitized L7, 78%, RE via H* and electrode
electrode high electrical ~ polymer NH;-H,0- (TAP): 76%  carbonyl dependent on
conductivity carbon NH,Cl=8.9¢g in 720 min  reduction the ratio of
L', applied at-1.3V, MWCNT and
voltage = -1.2 RC: 6 cycles dihexadecyl
V vs. Ag/AgCl phosphate
(ii) Low (i) ted conc.
electrical led removal
resistance,
high
thermal
and
chemical
stability
FLO Ni-Foam Ultrafine Pd (i) Ultrafine (8 3D, porous, Conc. =20 RE: 99.5% in Production of (i) Ni-foam 177
um size) electrically mg L™, 120 min, RC: H* from water  and Pd
conductive, Na,SO, =14.2 20 cycles molecule or worked in
synergies g L', applied proton at Pd-Ni synergy to
with Pd voltage —1.2 V micro interface  produce H*
(ii) No vs. Ag/AgCl (ii) Instability
agglomeration. of electrode at
8.89% Pd PpH below 4
(iii) Surface
area 4.26
mZ g*l
MNZ Graphite Nafion/titanocene Selective High Conc. = 100 RE: 99% in  Indirect Leaching of 178
felt reduction of surface mg L7, 60 min; RC:  reduction via titanocene
nitro to amino  area, applied 3 cycles 6e” transfer affects the ME
groups porous, and voltage = -0.5
superior V vs. SCE
stability

DCE: dechlorination efficiency, RE: removal efficiency, RC
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5.1 Modified Ti electrodes

Cobalt-based catalysts have opened new fronts in the
development of non-noble metal electrocatalysts. The
oxidation potential of Co-doped materials has been well
discussed in the previous section. Likewise, the
dehalogenation activity of some cobalt compounds such as
cobalt(i) salen and cobalt-phosphorus-derived compounds
has been previously reported.””>'®® The cobalt-phosphorus-
derived compounds have been identified for their potential
to generate reactive hydrogen (H*) by activating water
molecules or protons at particular applied cathode potentials,
thus providing the basis for exploitation of Co-based material
as an effective candidate for reductive catalysts.'”® Cobalt-
phosphorus/oxide (Co-P/O) has been reported with a
dehalogenation efficiency of 91%, 98.7%, and 74.2% for FLO,
CAP, and TAP, respectively, at —1.2 V vs. saturated calomel
electrode (SCE). The relatively low dechlorination efficiency
for TAP was due to inadequate separation of electronic
densities in the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO).
Consequently, a cutback in the polarity and redox reactivity
of TAP is observed.'®" The durability of the Co-P/O electrode
system was confirmed by extended removal (86%) of FLO in
the 19th cycle lasting 2280 min."”> Overall, Co-P/O showed
excellent dechlorination efficiency (91%) and stability.
However, the major demerit of Co-P/O was its non-crystalline
structure which restricts the production of H* and
considerably increased applied potential (1.2 V vs. SCE)."”®
Thus, crystalline cobalt phosphide nanosheet arrays (C-Co-P)
were developed on a Ti plate (C-Co-P/Ti) to augment the
production of H¥*, electron transfer, and mass transfer
(Fig. 9a). The vertical (height = 2.5 um) nanosheet array

a) Ti plate Co(OH),/Ti

\/ f‘ \/

Electrodeposition
b)

phosphorization
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provided a large number of active sites and faster mass
transfer by nanoscale convection and enhanced exposure
between the catalyst and FLO."® The interconnected
structure of the CoP sheet reduced the electrode
resistance.'® The high crystallization in C-CoP with the
dominant (200) plane of CoP and lattice spacing of 0.25 nm
facilitated effective adsorption of H,."®* Consequently, 95.7%
removal of FLO in 30 min at -1.2 V (vs. Ag/AgCl) was achieved
using C-CoP/Ti. The obtained dehalogenation efficiency was
much higher than those of amorphous CoP/Ti (22.8%), Pd/Ti
(35.9%), and bare Ti (18.9%). The dehalogenation of FLO
resulted in four main products, ie., FLO-Cl (one chlorine
atom was removed from FLO), FLO-2Cl (two chlorine atoms
were removed from FLO), FLO-F (one fluorine atom was
removed from FLO), and FLO-2CIF (two chlorine atoms and
one fluorine atom were removed from FLO), when C-CoP/Ti
was used as an electrode. Accordingly, both indirect (H*) and
direct (electron transfer) reduction supported the degradation
of FLO (Fig. 9b)."”>'7® C-CoP/Ti showed feasibility in
degradation at a pH range of 3-9 for 5 cycles without
leaching, thus demonstrating the robust and cost-effective
nature of C-CoP/Ti for electrochemical applications. It is
imperative to mention that increasing the potential to -1.5 V
results in a side reaction (hydrogen evolution reaction) that
could affect the system. Also, the highly alkaline (pH 12)
nature of the treated effluent restricts its direct use for
consumption. Hence, monitoring the power fluctuation and
variation in pH is necessary for electrochemical reduction
systems. Additionally, the optimization of the proton
availability in the reaction medium is also highly desirable to
maintain neutral pH. Overall, the application of non-noble
metals like Co is an efficient way to reduce cost. However,
prior to field application the behaviour of the catalyst in the

Dehalogenanon Mechanism

\\)@*f\"
¥

CoP/Ti

C-CoP/Ti cathode

Fig. 9 Fabrication and dehalogenation process of CoP nanosheet arrays on a Ti plate (a). Reprinted with permission from ref. 176. Copyright 2019,
American Chemical Society. Electrocatalytic reductive dehalogenation of FLO on Co-P/O (b). Reprinted with permission from ref. 175. Copyright

2018, Elsevier.
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presence of foulant and deactivating agent should be
thoroughly understood. Since the nature of the cathode
material plays a crucial role in reducing the high
overpotential associated with breaking of the C-X bond, the
application of metal precursors such as Fe, Cu, and Ni
should also be explored owing to their remarkable
electrocatalytic activities. The high reductive degradation
potential of Fe (nZVI) and CuO has been well established for
nitrate and halogenated volatile organic compound
degradation.*®*®  However, their use as reductive
electrocatalysts for antibiotics has not been verified so far.

5.2 Modified carbon electrodes

Carbon-based electrodes such as graphite felt, carbon paper,
carbon fibers, etc. have been employed for electrochemical
systems due to their high conduction, porous nature,
relatively large surface area, and mechanical/thermal
stability.'®® Moreover, graphite felt as a substrate has a much
lower cost than metal-based electrodes like Ni-F or Ti.
Accordingly, electrocatalytic treatment was used as a
pretreatment unit with titanocene dichloride ((CsHjs),TiCl,)
as catalysts and graphite felt as the stable substrate for MNZ
defunctionalization."’® Titanocene has been investigated for
selective reduction of nitro groups into amino compounds.
However, its non-selectivity to degrade nitro groups obstructs
direct application (without support).®* Hence, immobilization
of the catalyst using Nafion® on graphite felt resulted in
enhanced electron transfer reactions and recovery. The
modified electrode (titanocene 2 g L™, initial concentration
of Nafion®: 0.8%, and sonication time: 30 min) was able to
reduce 99.9% of MNZ (100 mg L") to the amino group via
6e” transfer reactions (eqn (39))."”® This is in contrast with
the reduction on direct graphite felt, where direct
electrochemical reduction via 4e” transfer and subsequent
2e” was the major mechanism (eqn (40) and (41)).

(CsH;),Ti(OH,)," + RNO, + 7H" — 6(CsHs),Ti(OH,),>"

+ RNH;" + 2H,0 (39)
RNO, + 4H' + 4¢° — RNHOH (40)
RNHOH + 2H' + 2¢” — RNH, (41)

The improved turnover number (139) (compared to bare
graphite felt) and the excellent performance of titanocene-
modified carbon electrode for 3 cycles (~80%) made the
electrode highly desirable for heterogeneous catalytic
reduction. However, the slow leaching of the metal complex
catalyst (titanocene) and deactivation renders a 65% decrease
in the electrochemical signal of the catalyst, hindering long-
time application of the electrode.’®® In a nutshell, the study
lays an outstanding foundation for applying organometallic
complex-modified carbon electrodes for the reduction
reaction. Nonetheless, modifications in terms of extended
durability are essential.
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Alternatively, the glassy carbon electrode (GCE) is another
often utilized electrode for electrochemical sensing and
degradation. The polymeric and non-graphitizing carbon
developed from thermal degradation shows high thermal and
chemical stability and low resistivity ((~3-8) x 10™* Q cm),
making it suitable for electrocatalysis.’®” However, compared
to previously described carbon materials, the accessible
surface area is relatively low (0.071 ¢cm?) due to closed pores
(30 v/v)."®® Hence, doping of GCE with various metal and
non-metal nanoparticles has been reported. Accordingly, a
homogenous 3D network of densely coated MWCNTs on
glassy carbon electrode (MWCNT-GCE) was fabricated using
dihexadecyl phosphate (DHP) in a 1:1 ratio for cathodic
reduction of FLO.*® In terms of performance, MWCNT-GCE
has demonstrated 87% and 89% removal of TAP and FLO (2
mg L") at -1.2 V in 1440 min owing to the large surface area,
enhanced active site, and electron transfer.®®> Moreover, the
reduction of FLO was more favourable at neutral pH due to
the low dispersion of MWCNT/DHP in acidic medium and
inhibition of dehalogenation in alkaline medium.'®® Since
the increased amount of DHP can reduce electrical
conductivity, concentration optimization for MWCNTs and
DHP is mandatory for proper dispersion and homogenous
coating. Furthermore, above the bias voltage of —1.2 V, the
hydrogen evolution reaction was reported,® thus giving rise
to unwanted side reactions. Moreover, the dehalogenation
efficiency was reduced to ~50% in six regeneration cycles.
Typically, the modification of MWCNTs is feasible and
straightforward; however, the durability of the modified
electrode is unfavourable. Furthermore, the slow kinetics and
highly selective pH make the process challenging for real
WW treatment.

To conclude, it has been established that carbon-based
material works as an excellent support for carrying out
heterogeneous and homogenous reductive catalysis. However,
with a minimal number of studies, the durability of
electrodes and catalysts in real WW cannot be described.
Organometallic complexes of Ti have demonstrated excellent
performance due to the concurrent occurrence of direct and
indirect reduction reactions. In similar lines, the utilization
of phthalocyanine-based metals (Co, Ni, Mn, Pt) may be
explored due to their high faradic efficiency and turnover
number.'®® It is also essential to identify efficient anchoring
groups that are more stable in acidic or basic solutions'" to
bind molecular catalysts to the electrode surface and avoid
leaching.

5.3 Miscellaneous electrodes

Noble metals such as Pd, Pt, and Ag have been well
established for their dehalogenation potential via the
involvement of atomic hydrogen (H*) as a reducing agent.'®”
However, deactivation, pH-sensitive nature, and
agglomeration limit their direct use. For instance, Pd is
known to have a high affinity for hydrogen adsorption (H,qs),
but using a stand-alone Pd electrode is expensive. Apart from
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the cost, the agglomeration of Pd in the solution results in
reduced reactivity."”> Therefore, Pd nanoparticles dispersed
on stable electrode substrates like Ti/TiO, nanotubes,'?
reduced graphene oxide,'®* and Ni-F,"”” have been verified
for electroreduction. Ni-F is highly desirable as an electrode
material due to its 3D porous structure, high electrical
conductivity, and stronger metal-hydrogen (M-H*) binding
capacity, favouring more hydrogen evolution for hydro
dechlorination.’”” Also, Ti and carbon-based substrates often
interact with Pd via weak interaction (oxygen functional
group), resulting in reduced efficiency and leaching of
catalyst (Pd) during the reaction. Given that, Yang et al'”’
utilized ultrafine Pd nanoparticles immobilized on a 3D self-
supported Ni-F surface (Pd/Ni-F) for electrocatalytic reduction
of FLO. At the applied potential of —1.2 V vs. Ag/AgCl, 99.5%
FLO (20 mg L") degradation was reported in 120 min using
Pd/Ni-F as an electrode. The obtained degradation efficiency
was much higher than that of pure Ni-F (15.6%) and Pd/
carbon (67.9%) electrodes."””” The porous structure (100 to
400 pm) of Ni-F enabled improved mass transfers.
Simultaneously, the displacement of Ni atoms by Pd atoms
enhanced the specific surface area (1.90 to 4.26 m* g),
electrochemically active surface area (Pd@Ni-F electrode (13.7
mA V), Ni-F (0.87 mA V)), electron transfer (ohmic resistance
was decreased from 45 Q to 7 Q) and atomic H* production.
The Pd/Ni-F electrode showed high durability for 20 cycles
(2440 min) with only a 5% drop in degradation efficiency.'””
Overall, it can be established that Pd-Ni-F is stable, durable,
and efficient for FLO degradation at neutral pH. It is
noteworthy to mention that at a potential higher than -1.4 V,
electrolysis of H,O diminished degradation efficiency since
produced H, cannot split into H*. Simultaneously, at a pH of
less than 4, leaching of Ni is prominent. Thus, the use of
substrates such as stainless steel can also be tested.
Furthermore, the application of Ag-based nanostructures
such as nanowires and nanorods as a catalyst can be tested
to minimize the operational cost and achieve higher
degradation efficiency.

6. Design criteria of electrocatalysts

The performance evaluation of electrocatalyst towards
specific antibiotics under optimal experimental conditions is
vital while stepping up the lab-scale technology into field
scale. This assessment may also help to determine the pros
and cons of the existing electrodes; subsequently, it offers a
platform to develop a novel material. In this regard, the best
performing electrocatalysts for each antibiotic are identified.
Recommendations for further improvement of
electrocatalysts are also included. It should be noted that
only limited (fewer than two) studies have been reported for
electrocatalytic degradation of antibiotics such as OFX, STZ,
LVF, ENF, SMX, MNZ, IMD, and CAP. For these antibiotics, a
suggestion regarding the best performing electrocatalyst is
not provided. Additionally, from the materials science and
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engineering point of view, the recommendations of designing
electrocatalysts are communicated.

6.1 Tetracycline and oxytetracycline

Tetracyclines are among the most frequently used antibiotics
in aquaculture and veterinary medicine due to their activity
against both Gram-negative and Gram-positive
microrganisms.'®® TTC and OCT are commonly used to treat
respiratory and systemic infections by inhibiting protein
synthesis in bacteria. The relatively low Henry's constant
(from 3.45 x 107>* to 3.91 x 1072° atm m® mol™) and the
octanol-water partition coefficient suggest weak volatilization
and the hydrophilic nature of the compounds. Also, three
pK, values indicate their stability in acidic conditions
(Table 1). The presence of high electron density functional
groups such as a double bond, phenolic, and amine groups
favours the attack of ROS during electrocatalytic degradation
and subsequent mineralization of the molecule.’®® (Fig. 10b)
The most suitable electrocatalyst to degrade TTC and OCT
was SnO,-Sb because of its excellent removal and
mineralization efficiency at near-neutral pH (6) (Table 3).
This provides an advantage in terms of no buffer
requirement to maintain pH. However, at a high
concentration of TTC (100 mg L"), degradation was slightly
tricky due to the limited concentration of ROS.
Correspondingly, the supply of aeration in the electrocatalytic
system is known to increase ROS formation, which
consequently amplifies the degradation efficiency."””” In
terms of mechanistic purpose, SnO, is prominently involved
in the electrocatalytic process, and the presence of Sb at the
backbone of Sn ensures the presence of abundant defects/
active sites. These cumulative features of Sn-Sb elevated the
conductivity of the electrode.'”* Apart from Sn-Sb, the Ag-
ITO combination also demonstrated excellent removal
efficiency for TTC (96% in 30 min) degradation.''® Like the
morphological advantages of Sn-Sb, the Ag-ITO combination
also possessed diverse chemical interactions (e.g., van der
Waals, n-n, and cation-n interactions) on the surface of the
electrode. Ultimately, it warrants continuous electron
mobility in the solution, resulting in higher production of
active species.’”” It is noteworthy to mention that chemical
interactions developed by Ag-ITO were found to be stronger
than the morphological defects created by Sn-Sb in the
generation of active species/sites. For instance, irrespective of
the operational parameters, CNT-Ag-ITO (82% in 180 min)
exhibited higher mineralization efficiency than Ti/Sn-Sb-Ce
(41.6% in 120 min) and Al,O3/Bi-Sn-Sb (41% in 180 min)
(Table 3), thus implying that the selection of catalysts based
on their chemical bonding with the electrode surface is more
vital than altering the morphology of the electrode. Surface
changes in the electrode (e.g., defects, cracks, and lumps)
play a lesser role in enhancing the mineralization efficiency.
For instance, the presence of cracks/defects on the surface of
the electrode restricts the free flow of electrolyte. Though
defects/cracks are beneficial owing to their increase in the
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diffusion of reactive radicals over the electrode, a relatively
large number of defects/cracks lead to surface detachment of
the catalyst coating."”® This type of deterioration causes lower
production of reactive species and ends up with lower
degradation/mineralization efficiency. Hence, designing a
catalyst with more chemical bonds on the surface helps in
achieving higher degradation and mineralization efficiency of
TTC and OCT.

6.2 Ceftazidime and ceftriaxone

Ceftazidime (CFD) and ceftriaxone (CFT) are semi-synthetic
third-generation cephalosporins used against Gram-negative
microorganisms to treat respiratory, intestinal, and
abdominal infections.’® CFD and CFT are responsible for
the inactivation of penicillin-binding proteins in organisms,
restricting cell wall assembly during cell division. The
presence of B-lactam groups allows resistance among Gram-
negative bacteria and affects the biodegradability of the
compound.'® Accordingly, a combination of transition and
rare earth metals has been tested as a catalyst for the
opening of the B-lactam ring via the formation of a strongly
polarized structure. For example, excellent degradation at
near-neutral pH was obtained even for a low concentration of
CFD (1 mg L™") at lower current density (0.8 mA cm?) using
CNT-La,0;-CuO, (90% in 30 min)'*® and Ti-Sn0O,-Cu
(97.5% in 60 min at pH 3.4 and 20 mA cm>)."'® Similarly,
the combination of Ce with graphite-CNT augmented CFD
degradation (100% in 120 min at 3 mA cm™)"**> than PGC-

This journal is © The Royal Society of Chemistry 2021

C04Sg (99.9% in 240 min at pH 5 and 30 mA cm™2)."*® This
efficacy of rare earth elements can be explained by their
unique 4f electronic arrangement. On the other hand,
compared to a multi-dopant (e.g,, CeO,-ZrO,-TiO,) on
CNT,'*® the performance of a single dopant (e.g., Ce) on
MWCNT was found to be superior to treat low concentrations
of CFD (1 mg L' at 3 mA cm)."" This explains that
compared to CNT, MWCNT offers more sites for Ce
occupation through partial enlargement in the surface, ie.,
effective sharing of Ce by the C-O and C=O bonds of
MWCNT during electrodeposition. The mutual sharing of
chemical bonds (especially oxygen cores) resulted in an
increase in oxygen content (O,) on the electrode's surface,
ultimately resulting in higher degradation efficiency.>*® On
the other hand, multi-doping of CeO,-ZrO,-TiO, onto the
CNT results in surface saturation due to agglomeration of
nanoparticles.’* As a consequence, the active sites in the
electrode were reduced. Therefore, it is essential to
understand the surface saturation point and the
fundamental chemical/mechanical properties of the original
electrode before modification. Overall, it has been
envisioned that the performance of the carbon electrode
(either CNT or graphite) is better than that of the Ti-based
electrode to treat all concentration ranges (1 mg L™ to 50
mg L") of CFD at different operating conditions. This is
due to the wuse of CNT/graphite as nanostructured
interlayers, which possibly diminishes the particle size of
the catalyst (~2%) and enhances the physical-chemical
stability of the material.>*" Also, the layer formation and
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aromatic rings in the CNT/graphite attract CFD near the
electrode surface via m-m interactions and increase the
degradation efficiency.

CFT can also be effectively treated by carbon electrodes
coated with either SnO,-TiO, or RuO,-TiO,. Though the
efficiencies of these modified electrodes were similar at
identical operational conditions, nanographite-RuO,-TiO,
yielded commendable mineralization than nanographite—
SnO,-TiO, (Table 3). It is worth mentioning that the ionic
radii of Ru*" (0.062 nm) and Sn*" (0.069 nm) are similar to
that of Ti*" (0.068 nm). This enables the formation of a
rutile-type crystal structure which results in improved redox
reversibility and specific capacitance.****°* Moreover, the use
of nanographite as a modifier provides interlayers between
RuO,/Sn0O, with TiO,. The coexistence of RuO, along with
nanographite and TiO, decreases the agglomeration and
stabilizes the oxygen evolution potential and lifetime of the
material.”’°> This regularizing particle size (prevents
agglomeration) is not present in SnO,, which results in the
lower performance of nanographite-SnO,-TiO, than
nanographite-RuO,-TiO,. The major hindrance to large-scale
application of RuO, is the high cost (twice) compared to
SnO,. Hence, based on the treatment requirement (e.g.,
degradation or mineralization, volume of treated water, cost),
one can select anyone of the catalysts mentioned above to
abate CFT.

6.3 Ciprofloxacin

Ciprofloxacin (CPX) is a second-generation broad-spectrum,
synthetic FQ used for human and veterinary therapeutic use.
CPX inactivates microorganisms through inhibition of
DNA.>' To inhibit the activity of hydrophilic CPX, the
degradation of the quinolone moiety followed by
defluorination is necessary. Moreover, the existence of CPX in
the zwitterionic form (pK, 6.1 and 8.7) (Table 1), i.e., cationic
< pH: 6.1 zwitterions < pH: 8.1 anionic, facilitates
interactions with ‘OH under acidic conditions and creates a
shield against the OER. Accordingly, Sn-Sb-based
electrocatalyst was identified to be apt due to its dominant
efficacy for breaking the quinolone moiety and the C-F bond.
The Sb-SnO,-doped Ti electrode showed satisfactory
performance (mineralization (=70% in 120 min)), indicating
generation of an ample amount of active species to break the
quinolone moiety, followed by CPX defluorination (C-F)
(Fig. 10a).'°® The requirement of acidic pH limits its
application in real water and wastewater. Conversely, OFX
also belongs to quinolones and possesses a similar pK, value
(Table 1) and showed good removal at pH 6.8 using Ti/
RuO,.'®” Thus, future studies need to focus on the
degradation pattern of CPX at neutral pH.

6.4 Florfenicol

Florfenicol (FLO) is a broad-spectrum, semisynthetic
antibiotic belonging to the class of chloramphenicols. The
mechanism of interaction includes the inhibition of protein
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synthesis by binding with the 50S ribosomal unit. The high
lipophilicity of the compound due to the presence of a
phenicol group depicts an increased risk of FLO in the
environment.”** In terms of electrocatalytic degradation, the
requirement of higher energy to break halogen and sulfonyl
methyl groups hindered its complete degradation.
Accordingly, Co-P-based -catalysts, Pd nanoparticles, and
MWCNTs have been verified for 80-99.5% degradation of
FLO in the applied potential range of -0.9 to -1.2 V. The
extended stability (2400 min), no leaching, and >95% in 20
cycles makes ultrafine Pd doped on Ni-F the best reductive
electrocatalyst. Moreover, the catalyst (Pd) and substrate (Ni-
F) offered synergism to capture H*, making the electrode
highly efficient. Compared with other reductive catalysts, the
ease of synthesis of Pd-Ni aids in the scale-up. However, the
high cost of the precursor can hinder practical use.

6.5 Engineering electrocatalysts for antibiotic removal

RuO, and SnO, are the most widely used catalyst materials
which possess similar electronic properties. However,
aggregation of RuO, in the absence of the co-catalyst and
high resistivity of SnO, at room temperature limits their
direct use.>*> Nonetheless, the relatively low cost of SnO,
makes doping with other elements such as Ce to increase the
electrical conductivity feasible.”®® Likewise, graphite and
CNTs serve as an excellent catalyst by forming interlayers,
which enhances the electron transition, penetration of
electrolyte, and shelf-life of the electrode material.
Nevertheless, their toxicity is not known so far. Accordingly,
the application of the rare earth elements La, Ce, and Eu
have been tested to boost the electrochemical performance of
DSA, BDD, and carbon electrodes. A rare earth elements
holds superior electrocatalytic property owing to their free
electrons. The coupling of these ions with the SnO,-Sb/Ti
system results in a gradual increase in electron mobility and
OEP. The oxygen evolution potential of rare earth metal-
doped Ti/SnO,-Sb composite is in the order Ti/SnO,-Sb-Eu
> Ti/SnO,-La > Ti/Sn0,-Sb-Ce.?*” 1t is evident that Ti/SnO,—
Sb-Eu has more electrocatalytic activity than Ti/SnO,-Sb-Ce.
This is because the addition of La or Eu helps to develop a
smooth and compact structure, whereas the morphology
created by Ce is loose, uneven, and with coarse cracks.??”
This allows easy penetration of electrolyte and decreases the
conductivity of the material. Therefore, considering the
structural and electrical properties, La and Eu are better
catalysts than Ce.”®®

The electrocatalysts summarized in this work for
degradation of antibiotics have their own merits and
demerits. Therefore, a few recommendations for improving
the antibiotic degradation performance using a new type of
electrode material have been provided. Porous carbons
derived from metal-organic frameworks are a new class of
advanced carbon materials possessing excellent surface
features (surface area, porous nature, and functional
moieties), unique internal cavities, shorter transport paths,
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and superior electrocatalytic ability to degrade/mineralize
antibiotics.?**'® Accordingly, N-doped carbon derived from
MOFs can be an effective cathode material for oxygen
reduction reactions and degradation of antibiotics like CAP
and STZ. It is noteworthy to mention that heteroatom doping
is the most recommended method to enhance the
electrochemical performance of carbon materials.*** Other
options such as layered double hydroxides and monoliths are
low-cost and stable materials for electrochemical oxidation
and reduction applications. These materials possess higher
tensile  strength, corrosion resistance, and lesser
agglomeration than electrode materials used so far.
Additionally, the application of polyoxometalate (Mo, V, etc.)-
based electrode materials can be investigated due to their
fast mediated electron, proton, and oxygen atom transfer
abilities.?'®> However, the research in these areas is still at the
toddler level, and significant exploration is needed in the
future.

7. Toxicity implication

The feasibility of implementing electrocatalytic degradation
for the removal of antibiotics is well verified. However, the
practical applicability of the process is often limited by
residual toxicity. Hence, for sustainable management of
antibiotics via electrocatalytic degradation, toxicity induced
by precursors or the end products should thoroughly be
understood. For toxicity assessment, acute and chronic tests
are often carried out using bioassays. The bioluminescence
inhibition test (Vibrio fischeri), invertebrate toxicity test
(Daphnia magna), and algae growth inhibition test are the
most commonly used toxicity assessment tools.”™® Battery
toxicity tests involving representatives from different trophic
levels are also advised, as they provide better insights into
permissible limits of contaminants in both terrestrial and
aquatic environments.”’* Among the previously discussed
electrocatalysts, the toxicity of Pb, Co, and CNTs has
already been well understood. Accordingly, here the efforts
are laid to understand residual toxicity in the treated
effluent.

The incomplete mineralization of antibiotics is claimed to
produce toxic end products. For example, 84% removal of
NOFX was reported in 120 min via BDD electrode. However,
the growth of E. coli was inhibited due to incomplete
decomposition of the quinolone structure. The hydroxylation
and ring cleavage of the piperazine moiety in NOFX was
confirmed only after 300 min with 90% mineralization.®®
Consequently, the E. coli growth inhibition was ceased.
Similar observations have been noted during the degradation
of ENF using Ti/SnO,-Sb/La-PbO, anode, whereby V. fischeri
bioluminescence inhibition ratio was initially alleviated and
later dropped significantly.”® This pattern is commonly
reported due to the formation of toxic intermediates such
as pyridine, phenols, and aminothiazole during the course
of oxidation. Hence, it is essential to optimize the reaction
time for the mineralization of antibiotics to counter end
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product toxicity. Primary producers such as algae are crucial
for the aquatic food chain. Hence, they have been utilized
for ecotoxicity interpretation. Accordingly, a growth
inhibition test (D. subspicatus) was used to evaluate the
toxicity of the CPX, NOFX, and their oxidation mixtures.
The reported ECj, values of CPX (8.8 mg L™'), NOFX (6.8
mg L"), and mixture (6.7-8.7 mg L") were either equivalent
or increased.”® Thus, the residual toxicity after
electrochemical  oxidation  makes BDD  electrodes
undesirable for FQs oxidation.

Similarly, during TCH degradation by CNT/Ag/ITO,
intermediates formed by oxidation of the hydroxyl group and
tertiary amine groups were found to be 1400 times more toxic
than the parent compound for green algae."*®
Simultaneously, when antimicrobial toxicity was assessed for
E. coli ATCC25922, the growth was inhibited due to the
formation of toxic intermediates after 120 min of reaction.
Consequently, the reaction time was increased to 300 min,
which decreased the hybrid toxicity of TCH and
intermediates."'® Since the toxicity interpretations were
different for green algae and E. coli, the battery test is
recommended prior to real-time application of the
electrocatalysts. Overall, it is worth mentioning that rather
than removal rate, mineralization efficiency should be
considered as the chief criterion to compare the treatment
efficiency of various AOPs. Furthermore, functional groups in
antibiotics responsible for antibacterial/toxic effects should
be identified, and specific attention is necessitated to convert
them into less toxic/non-toxic end products. In this way, the
environmental toxicity of intermediates/end products should
be taken as one of the primary parameters while selecting
the electrocatalyst and operation parameters.

Frontistis et al.®® reported 17% inhibition to V. fischeri
even after complete AMP removal in a real WW matrix. The
residual inhibition was due to the presence of the inherent
refractory compound in the WW matrix. The antibacterial
activity of FLO was determined after catalytic reduction using
the Co-P electrode. A significant decrease in the inhibition
was noted; however, delay (480 min) in the inhibition of E.
coli DH50. asserted the presence of antibacterial activity in
the treated effluent.’® Such residual antibacterial inhibition
is a concern since long-term discharge of such treated
effluent can result in the development of ARGs in the
environment. Consequently, complete mineralization and
inhibition of antibiotic activity are recommended. As
electrolytes are an indispensable part of electrochemical
degradation, the effect of the electrolyte's nature on the
toxicity of the treated effluent was also considered. The use
of NaCl as an electrolyte increased the effluent toxicity by 2.5
times due to the production of toxic chlorinated products
such as perchlorate and organohalides.”® To reduce the
toxicity, lower current density was recommended; however,
the mineralization efficiency can be adversely affected.
Consequently, the application of Na,SO, as an electrolyte
for efficient degradation (discussed in section 3.2) and
nontoxic effluent is suggested. To this end, it can be well
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established that the formation of toxic intermediates and
end products can be highly expected if electrocatalytic
degradation is incomplete. Hence, regular monitoring of the
treated water serves as an effective solution. In terms of
process kinetics, the nature of the electrode and the applied
potential positively affect the end product formation. For
instance, a non-selective electrode like BDD and reduced
current density often produce more toxic end products than
the modified electrode. The use of NaCl also impairs the
quality of treated water due to the formation of chlorinated
species. Overall, careful interventions are needed during the
electrode modification to obtain a stable and selective
electrode. At the same time, the optimization of reaction
time, current density, and nature of electrolyte are equally
essential to obtain complete mineralization and
antibacterial activity inhibition.

8. Economic assessment

Cost estimation of any process is highly desirable to ensure
its sustainability and direction for future developments.
Generally, life cycle cost estimation is the sum of capital,
infrastructure, operation, transport, and waste management
costs.””® To assess the economics of any treatment process,
the most common method described is the calculation of the
capital expenditures (CAPEX), operating expenses (OPEX),
and the total cost (TC). The TC per volume of treated effluent
is calculated as the sum of the OPEX and the remuneration
over the CAPEX (RCAPEX).”'® Often, the application of
electrocatalysis is limited due to the uncertainty of the cost
involved. It has been verified that among the various AOPs
(discussed in section 2) used for the degradation of refractory
contaminants, electrochemical technologies have the lowest
energy consumption in the range of 150-500 kW h m™.%¢
Additionally, features like faster kinetics, less chemical
requirement, and smaller sludge production significantly
reduce the life cycle cost of the process. During the
electrocatalytic processes, electrodes are the most significant
contributor to the operation cost. The precursors involved in
the fabrication of electrodes, electrode stability, and power
consumption are vital criteria defining the chemical cost and
operational cost. To better understand the affordability of the
process, the OPEX (sum of chemical and energy consumed)
for various electrodes discussed previously was calculated.
For the calculation of chemical cost, individual precursor cost
was obtained from the dealer. The operational energy cost
was calculated using eqn (42).%

E x Electrical cost(-3+
Energy Cost § = (ky&a’ h)
g Qx(Co—Ce)x10

(42)

where, E is the hourly energy consumed (kW h h™), Q is flow
rate (m®> h™), C, and C. are the inital and effluent
concentration (mg L"), respectively. On comparing the cost
of the modified electrode (e.g., CeO,-ZrO,-TiO,/CNT, La-Y/
PbO,) with that of the commercially available electrode (e.g.,
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BDD ($7125 per m?), a significant reduction was noted.
Among the selected electrodes, La-Y/PbO, showed the lowest
cost of operation ($34.2 per m?) followed by SnO,-Sb/Ti
($61.2 per m?), Sn0,-Sb-LaPbO,/Ti ($62.1 per m*) and CeO,~
Zr0,-TiO,/CNT ($888 per m?). Additionally, the doping of
electrode with La-based metal provided enhanced and
selective degradation of the antibiotics. For assessing the
energy cost during the operation, specific energy (Esp)
consumption was used as a criterion. Cu/PbO, and Ni/carbon
electrode significantly boosted the removal of AMX''' and
STZ,"** respectively, with Eg, of 82.2 kW h kg COD ™" and 95.3
kW h kg COD™, respectively. The introduction of LaPbO, in
SnO,-Sb/Ti decreased Eg, from 210 to 132 kW h kg COD ™.
However, when the energy consumption of modified
electrodes is compared with that of commercial BDD (72 kW
h kg COD™) electrode, the energy consumption was still at
the higher end.” Thus, the electrical energy cost ($ per m?)
of different modified electrodes can be arranged in the order
Sn0,-Sb/Ti ($166 per m?*) > SnO,-Sb-LaPbO,/Ti ($14.7 per
m?) > Ce0,~ZrO,-TiO,/CNT ($9.24 per m?) > Ni/carbon
electrode ($6.68 per m*) > Cu/PbO, ($5.76 per m*) > BDD
($5.25 per m?) > La-Y/PbO,. Overall, La-Y/PbO, showed the
least OPEX of ~$38 per m” with an energy consumption of
40 kW h kg cOD ™.

The lifetime of the electrode is yet another parameter that
governs the operational cost associated with electrocatalytic
treatment. For instance, SnO,-doped electrodes have shown
remarkable performance and similar cost when compared with
BDD. However, short service time reduces its applicability.*®
DSAs are interesting options for commercial electrodes
whereby a mixed metal coating induces catalytic properties and
provides extended stability for long-term applications. Other
electrodes that rendered aptness from the technical and
economic standpoint for antibiotic degradation were MoO;/
nanographite, Pd/Ni-F, and CeO,-ZrO,-TiO,/CNT. These
electrodes were reported with higher stability, e.g., more than
15 cycles and less than 5% reduction in degradation efficiency.
However, the complete life cycle assessment inclusive of the
cost benefit is recommended prior to commercial adoption.
Overall, the chemical cost involved in the lab-scale production
of the electrode for electrocatalysis is considerably low
compared to commercial electrodes. Nonetheless, the
prolonged stability of many fabricated electrodes tested on a
bench scale is unknown. Future studies in terms of techno-
economic analysis, life cycle assessment, and risk prediction
are essential before commercialization.

9. Conclusion and prospects

So far, electrochemical oxidation/reduction of antibiotics has
proved to have numerous benefits over other treatment
options in terms of efficiency, cost, adaptability, and quality
of treated effluent. With the advent of cheap and renewable
electricity, electrocatalysis has immense potential as a water/
wastewater treatment technology. For this purpose, DSA,
BDD, PbO,, and graphene-based electrodes have been
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extensively used for the electrochemical degradation of
antibiotics. Yet, fundamental gaps from the perspective of
synthesis, durability, residual toxicity, corrosion resistance,
high working potential, low mineralization efficiency, and
cost still exist. Thus, the modification of conventional
electrodes (Ti, PbO,, carbon, etc.) with a catalyst (metal, non-
metal, and carbon materials) is highly appreciated. The use
of an appropriate catalyst-electrode combination can
enhance reaction kinetics, product selectivity, and combat
undesirable side reactions. Accordingly, some successful
attempts have been made to mineralize antibiotics via
electrocatalytic oxidation and reduction. It was interesting to
note that the inherent properties of precursors such as high
electrical conductivity, spin-orbit coupling (lanthanides),
electron donor phenomenon (carbon and Co-P), atomic H*
production (noble metals), and H* capture (Ni-F) have been
proficiently explored. However, the critical parameters
hindering most of the electrocatalytic processes were the
high cost, low reusability, limited mass transfer, and residual
toxicity. Thus, understanding electrode and electrolyte
interaction and corrosion/fouling of electrodes in real WW
are required. Simultaneously, investigating the architecture
of electrocatalysts in terms of nano-structuring can provide
strong synergism of bulk and interfacial properties, leading
to enhanced reaction rates and degradation efficiency. The
doping of electrocatalysts with single or multiple mixed metal
oxides is also a reasonable approach to improve oxidative
and reductive degradation. However, the leaching and
dissolution of the catalyst is a major drawback. The
introduction of an interlayer allows the enhancement in the
stability and durability of the doped electrode. Nonetheless,
the insight into the electrochemical mechanism and the
transport phenomenon is not fully understood. Future
research on experimental and theoretical approaches such as
in situ electrochemical and surface characterization, density
functional theory (DFT), and development of models to
understand separate concentration profiles (reactant,
substrate, and intermediate) are some promising ways to
address this challenge.

From the environmental researchers’ perspective,
electrocatalysis is still at an infant stage, and it requires
immense development for scaling up to the field. Two critical
challenges in the scaling up of electrocatalysis are the high
cost and mass transfer limitation. Thus, the utilization of
reactors with 3D electrodes or photo-electrocatalysts is one of
many possible solutions. Additionally, it is imperative to have
a detailed life cycle assessment and techno-economic
assessment for categorizing electrocatalysis as an
economically feasible and environmentally sustainable water
treatment option. Moreover, with recent developments in
electroactive membrane technology and bio-electrochemical
systems, integrating these technologies with electrocatalysis
is a profitable way to improve the quality of WW.
Concurrently, the combination of the photovoltaic system
and desalination unit (for conductive electrolyte) with
electrocatalysis can help cut back the operational cost. To
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make electrocatalysis a ‘fit to purpose’ water treatment
solution, developing a high-performance electrocatalyst is
essential. This opens up a new frontier for collaborations
between the scientists working in the area of materials
science, electrochemistry, and environmental sciences to
fabricate novel advanced materials and combat emerging
contaminants like antibiotics and antibiotic-resistant genes.

Abbreviations

Ac-SMX Acetyl-sulfamethoxazole

AG Agarose

AMCI2 Aromatic amine product

AMF 3-(5-Aminefurfurylideneamino)-2-
oxazolidinone

AMH [(5-Hydroxyamino-2-furyl)-methyl]-
hydrazinecarboxamide

AMN [(5-Amino-2-furyl)-methylene]-
hydrazinecarboxamide

AMP Ampicillin

AMX Amoxicillin

AOPs Advanced oxidation processes

ARB Antibiotic-resistant bacteria

ARGs Antibiotic-resistant genes

AZ1 Azithromycin

BDD Boron-doped diamond

C=0 Carbonyl

C,06 Percarbonate ions

-CgHj Phenolic

CAP Chloramphenicol

CAPEX Capital expenditure

CAS Conventional activated sludge

CB Conduction band

CFD Ceftazidime

CFT Ceftriaxone

CNT Carbon nanotube

CO;*" Carbonate ion

Co-P/O Cobalt-phosphorus/oxide

CPX Ciprofloxacin

DCE Dechlorination efficiency

DHP Dihexadecyl phosphate

DSA Dimensionally stable anode

ECs Emerging contaminants

EF Electro-Fenton

ENF Enrofloxacin

FLO Florfenicol

FQs Fluoroquinolones

FZD Furazolidone

GCE Glassy carbon electrode

H* Reactive hydrogen

H, Hydrogen

Haqs Hydrogen adsorption

HOAM 3-(5-Hydroxylaminefurfurylideneamino)-2-
oxazolidinone

HOMO Highest occupied molecular orbital

[ > lim Mass transfer limitation
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Sulfisoxazole
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