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Abstract

Active pharmaceutical ingredients (APIs) and their intermediate residues have recently been considered a serious concern.
Among technologies, bio-electrochemical technologies (BETs) have stimulated the production of bio-electrical energy.
This review aims to examine the benefit and mechanism of BETs on the degradation of high-consumption pharmaceuti-
cal compounds, including antibiotic, anti-inflammatory, and analgesic drugs, and the stimulation of enzymes induced in a
bioreactor. Moreover, intermediates and the proposed pathways of pharmaceutical compound biodegradation in BETs are
to be explained in this review. According to studies performed exclusively, the benefit of BETS is using bio-electroactive
microbes to mineralize recalcitrant pharmaceutical contaminants by promoting enzyme activity and energy. Since BETs use
the electron transfer chain between bio-anode/-cathode and pharmaceuticals, the enzyme activity is essential in the oxidation
and reduction of phenolic rings of drugs and the ineffective detoxification of effluent from the treatment plant. This study is
suggested a vital and influential role of BETs in mineralizing and enzyme induction in bioreactors. Eventually, a content of
future developments or outlooks of BETSs are propounded to improve the pharmaceutical industries’ wastewater problems.
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Introduction

Pharmaceuticals have been developing in different formula-
tions and forms in recent decades which has been consumed
for treating various diseases such as cancer and increasing
the health and life span of sick people. Today, the phar-
maceutical residue is introduced into the wastewater treat-
ment plant’s (WWTP) influent and effluent, sludge, and
receiving water bodies (surface water and groundwater)
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through different routes (Patel et al. 2019; Rivera-Utrilla
et al. 2013) resulting in their presence in the environment as
a severe threat on environmental and human health (Patel
et al. 2019). As mentioned in the literature (Patel et al. 2019;
Rivera-Utrilla et al. 2013; Martz 2012; Xiao et al. 2021;
Ahmed et al. 2017; Tiwari et al. 2017), the pharmaceuti-
cals in aquatic environments have been detected for dec-
ades. APIs sustain the environment significantly because
of their persistence and low biodegradability (Martz 2012).
The presence of antimicrobial resistance genes (ARGs), the
stability of super pathogens, and thus deadly diseases can
rise by APIs in WWTPs (Xiao et al. 2021). Most of the
conventional treatment processes in WWTPs are unsuit-
able for removing pharmaceutical pollutants and their toxic
intermediates or other xenobiotic compounds (Ahmed et al.
2017). The study reported the pharmaceuticals removal in
sedimentation and flocculation processes as < 10% (Tiwari
et al. 2017).

In addition, the adsorption process transfers the contam-
inants into another phase (Tiwari et al. 2017). The main
disadvantage of this process is the production of secondary
pollutants.
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Mainly, conventional biological processes are regarded
as environmentally friendly treatment methods but they
might not be resistant to contaminant toxicity at high con-
centrations (Huang et al. 2011). For example, an activated
sludge process removes the low-concentration pharmaceu-
tical residues for a long time but does not do at a specific
contact time in the treatment plant. It has been noted that
the activated sludge process raises the production of more
dangerous metabolites than the original compound. In addi-
tion, the biological activated carbon process provides high
sludge, so it augments the management costs of produced
sludge (Ahmed et al. 2017). Activated carbon in the biologi-
cal activated carbon process is an appropriate material for
sludge development and improves its density characteristics,
which include some degrading organic material of bacteria.
Therefore, advancing cost-effective and confident techniques
for the removal or degradation in the concentration of phar-
maceuticals is necessary.

BETs, the combined electrochemical and microbial
systems, can improve the degradability of pharmaceutical
compounds owing to accelerated microbial degradation by
collaborating electrochemical reactions with electrodes.
BETs which are involved in microbial fuel cells (MFCs) and
microbial electrolysis cells (MECs) manipulate the miner-
alization of compounds and thus are regarded as a favorable
option for the cost-effective removal or bioremediation of
recalcitrant or xenobiotic contaminants (Yan et al. 2019; Fer-
nando et al. 2019; Ahmed et al. 2021). In addition, MFCs, as
one of the typical BETS, can be used for producing electrical
energy (Mook et al. 2013).

The electrical stimulation in BETs affects removal effi-
ciency, energy production, microbial community and struc-
ture, antibiotic resistance genes, controlling of the fouling
issue of membrane bioreactor, and new material devel-
opment such as ammonium recovery as fertilizer using a
low voltage at MECs through increasing oxygen reduction
at cathode and cations transfer chain (Ahmed et al. 2021;
Ramirez-Vargas et al. 2018) that several researchers have
confirmed these results in their recent studies and literature
reviews. For example, antibiotics are eliminated in MFC to
enhance electrical energy generation by bio-sorption and
biodegradation processes (Chakraborty et al. 2020). Cec-
conet et al. (2018) reported that they have found low energy
consumption and high nitrate removal efficiency for treating
groundwater nitrate in BETs. Other than electrical stimu-
lation, the enzymes or enzyme activity (intracellular and
extracellular) induced by BETs, especially electrical current,
imply their effect on the degradation mechanism and meta-
bolic pathway of pharmaceuticals. For example, dehydro-
genase, laccase, and phosphatase enzymes are essential to
degrading drugs or other contaminants in BETs (Bilal et al.
2020; Lloret et al. 2013). The principle aim of this study
is to review the recent developments of BETs in the field
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of high-consumption pharmaceutical contaminants and to
discuss the factors affecting them as enzyme activity, detoxi-
fication, and its pathway. Eventually, future developments
or outlooks are suggested to improve the pharmaceutical
wastewater problems.

Pharmaceutical and its intermediate residues
in aquatic environments

Pharmaceuticals are considered micro-pollutants with their
unique properties, including various structure forms and
intermediates of drugs and their low concentration in aque-
ous solutions. Pharmaceutical compounds are composed of
APIs, which are introduced into the environment in metabo-
lized and non-metabolized forms through wastewater sew-
age systems. Several studies have detected the parent and
by-products of pharmaceutical compounds in the effluent
after traditional wastewater treatment and identified it as
an environmental concern in many countries (Tiwari et al.
2017). Introducing these pollutants into the environment
harms aquatic creatures and human health but will increase
the growth of pharmaceutical-resistant microorganisms
(Tiwari et al. 2017). The pharmaceutical compound’s bio-
logical, physical and chemical activity will confirm the solu-
bility or ionization of the mixture in water. A low ionization
compound will tend to adsorb to solid surfaces such as soil,
sludge, biomass, and sediments. The residues of pharma-
ceuticals and their intermediates may be polar or nonpolar
components. Tiwari et al. (2017) reported that the presence
of pharmaceutical residue in the environment depends on
its removal mechanism in WWTPs, including adsorption,
oxidation, photolysis, volatilization, and biodegradation.
Similarly, Fatta-Kassinos et al. (2011) declared that the
transformation of the main composition of pharmaceuticals
occurs using biological and photolysis mechanisms during
wastewater treatment so that high-polarity and low-activity
intermediates are produced and then assessed their fate and
effects in the environment. Although fluoroquinolone anti-
biotics concentration was determined from 0.32 ug L™ to
5.7 mg L™! in industrial effluent, the removal efficiency of
biological degradation is high in the range of 94.5-99.9%
is considered the primary removal mechanism rather than
sorption by sludge (Guo et al. 2017). Hence, there is no
problem with drug residue disposing of its effluent in the
environment.

On the other hand, various studies often detected phar-
maceuticals and their intermediate residues in the environ-
ment (especially effluent of WWTPs). Many researchers
have investigated the pharmaceutical residues in wastewa-
ter, environmental waters, and sediment and their impacts
in recent years (Matongo et al. 2015; Hernando et al. 2006;
Sacher et al. 2008; Zhou et al. 2009; Dogan et al. 2020;
K'oreje et al. 2016). The pharmaceutical residues in sewage
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usually observe at the highest concentration compared to
other environmental samples. For example, Alygizakis et al.
(2016) determined 158 pharmaceutical components in the
Eastern Mediterranean seawater with the highest concen-
tration of ingredients related to antibiotics, e.g., amoxicil-
lin, anti-inflammatory, and analgesics, e.g., caffeine and
salicylic acid. It revealed wastewater discharge is the pri-
mary contamination in offshore seawater. Antibiotics and
anti-inflammatory and analgesic drugs are the favorite drug
groups that frequently detect at the inlet and outlet of waste-
water treatment plants (Fatta-Kassinos et al. 2011). Penicil-
lin, ciprofloxacin, sulfamethoxazole, cefixime, azithromy-
cin, and tetracycline were identified in Oman and European
countries. (Al-Riyami et al. 2018; Rodriguez-Mozaz et al.
2020, Tiwari et al. 2017). Widespread acetaminophen,
aspirin, ibuprofen, and diclofenac residue, which are anti-
inflammatory and analgesic drugs, have been observed in
most of the studied wastewaters (PraveenKumarreddy et al.
2021; Kumar et al. 2020; Tyumina et al. 2020). Moreover,
hormones, especially estrogen (both natural and anthropo-
genic) and its by-products introduce into wastewater because
of their high consumption in treating disease (Syed et al.
2021; Griffith et al. 2013).

At WWTPs, the biological treatment of estrogen com-
pounds has complicated due to their toxicity to microor-
ganisms (Syed et al. 2021). Anthropogenic estrogens are an
emerging concern in wastewater and aqueous ecosystems
at nano-gram concentrations (Tiwari et al. 2017; Syed et al.
2021; Schroder et al. 2016). In addition, the residue of natu-
ral estrogens in municipal wastewater treatment plant efflu-
ent is less than other contaminants due to their low polar-
ity or water solubility characteristics (Nakada et al. 2004).
However, it can be present in various environments, e.g.,
water, soil, air, and wastewater. The disruptive effects and
toxicity of the by-products can be more severe than the ori-
gin of estrogens.

On the other hand, the residue can be affected by factors
such as seasonal variations. Jin et al. (2008) reported that the
activities of estrogens in the influent and effluent of WWTPs
varied during the winter and summer seasons in China. They
confirmed that these compounds’ concentration is high in
influent and primary and secondary treatment effluent of
wastewater plants in summer.

The benefits of BETs in the removal
of pharmaceuticals

The benefit of BETs in pharmaceutical removal is using bio-
electroactive to mineralize recalcitrant contaminants, e.g.,
pharmaceutical contaminants from wastewater, by promot-
ing enzyme activity and producing energy (Pun et al. 2019)
compared with other treatment processes. Direct and alter-
nating current (DC and AC) use in BETs for pharmaceutical

removal and low studies observed through AC (Moghiseh
and Rezaee 2021; Hoseinzadeh et al. 2018). As mentioned
before, although conventional biological plants produce less
concentration of enzymes, both intracellular and extracel-
lular, BETs can be a cost-effective technology for removing
persistent pharmaceutical contaminants by producing more
enzymes or energy. The induced enzymes from BETs not
only promote pharmaceuticals removal efficiency but also
show low toxicity of by-products as a biosensor. For exam-
ple, the induced enzymes found at the highest level in 8 V,,,
applied voltage of AC, which could affect the toxicity of
aspirin (Moghiseh and Rezaee 2021).

BETs have catalyzed the electron transfer processes
between enzyme or mediator and electron surface by bio-
catalysts or bio-electro activity from the microbial cells
adhering to the electrodes (Mook et al. 2013). Bio-catalytic
behaviors of microorganisms in BETs occur because of
the electrical stimulation in microorganism metabolism.
Another benefit of BETs that many studies have shown is
provided higher treatment efficiency (> 80-85% removal
percent) at low retention time (< 12-h contact time) for
refractory contaminants (e.g., pharmaceutical) than tradi-
tional biological processes (Xu et al. 2022). Furthermore,
the produced sludge can be low in BETs (Moghiseh et al.
2020). In addition, BETSs can be easily combined with other
systems to generate biogas, nitrogen gas, or bio-electricity,
remove/recover heavy metals, and especially pharmaceutical
degradation (Yuan and He 2015; Xu et al. 2019; Ghangrekar
et al. 2020; Quarda et al. 2018; Yeruva et al. 2016; Hu et al.
2019; Nikhil et al. 2017). For instance, the combination of
BETs and single plants enhanced the biological treatment
of emerging contaminants in real-scale pharmaceutical
wastewater treatment (Ghangrekar et al. 2020) is observed
in Table 1. Recently, the application of mathematical models
has increased to anticipate the treatment efficiency of bio-
electroactive reactors for pharmaceutical compounds (Hu
et al. 2019; Gadkari et al. 2018; Ismail and Habeeb 2017).

The effect of BETs on pharmaceuticals is shown in Fig. 1,
and the summary of the literature review of BETs’ perfor-
mance in the removal of drugs is shown in Table 1.

Recent prospects of BETs in the removal of antibiotics

Antibiotics include a wide range of compounds. The struc-
ture of antibiotics is complicated, composed of carbon,
hydrogen, nitrogen, and halogenated atoms. As a high-
consumption drug for treating infectious diseases, the con-
tamination of antibiotics in the environment is an emerg-
ing concern. The antibiotics usually detect in nano-gram
or microgram in the aqueous media of different countries.
For example, six antibiotics found in WWTPs in Wiscon-
sin, USA, had ng L~! or ppb concentrations (< 1.3 pug L™})
(Karthikeyan and Meyer 2006). In addition, the hospital
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Fig. 1 The effect mechanism of BETs on the pharmaceuticals

effluent in Germany is contaminated with ampicillin and
amoxicillin in the range of 20-80 ug L™! and 28-82 ug L™,
respectively, or the maximum concentrations limited to
48 ng L™! in surface water (Githinji et al. 2011).
Biological treatment processes such as bio-sorption and
biodegradation observe the main and cost-effective strate-
gies compared to other treatment techniques (Huang et al.
2021). However, these processes’ high contact time, low sta-
bility to organic load shock, low-concentration degradability,
and high sludge production are their disadvantages (Ahmed
et al. 2017). BETs such as MFCs have been introduced as
favorable biotechnology for anthropogenic antibiotics that
have resulted from cost-effective environmental applications
(Chaturvedi et al. 2021). BETs can provide an electrochemi-
cal transfer chain between electrodes and microorganisms
to accelerate antibiotic removal or mineralization, induced
enzyme secretion, and microbial growth (Peng et al. 2020;
Freguia et al. 2012). These stimulations can be affected by
voltage or current, operation mode, salinity, temperature,
pH, pollutant concentration, microorganism, frequency,
electrode type and configuration, light (solar and UV), and
co-substrate addition (Caubet et al. 2004; Hu et al. 2020; Li
et al. 2020; Quejigo et al. 2019; Zhou et al. 2022).
Moderate addition of co-substrate assists in co-metabolic
electroactive biodegradation performance of antibiotics with
multi-ring phenolic structure. Zhou et al. (2022) acknowl-
edged that tetracycline removal efficiency has increased to
44% by adding 0.1 g L™" acetate as a co-substrate, which
influenced the capability and stability in degrading tetra-
cycline bacteria and intermediates and toxicity of effluent.
Still, removal efficiency declined at 1 g L™! acetate. By the
study of Wang et al. (2015a; b) adding a low acetate dose,

the same pollutant degraded >90% by incrementing 0.5 g
L~! sodium acetate as an appropriate concentration in the
MECs bio-cathode, which may be due to microbial diversity
and induced enzymes in the bioreactor.

Bio-stimulation provided by temperature and pH fluctua-
tions in BETs is tiny. Kong et al. (2014) showed that the deg-
radation of chloramphenicol was not affected significantly
by temperature fluctuations on the adapted cathode biofilm-
BETs, which produced more intermediates than those with
only biological or electrochemical processes. However, the
presence of light in BETs (e.g., photo-MFC) can stimulate
oxygen production and its reduction, extracellular electron
transformation, and enrichment of bacteria in a bioreactor.
Thus, it raised the degradation rate of the antibiotics such
as chloramphenicol or oxytetracycline. Similarly, florfeni-
col degradation was increased 5.82 times at the anode by
integrating a solar photovoltaic capacitor discharge of 100
F into an algal-bacterial photo-bio-electrochemical system
(Li et al. 2020; Sun et al. 2019).

Besides, the operation mode under batch or continuous
conditions can enhance the concentration and stability of
produced enzymes and contaminant mineralization in a bio-
reactor. A constant feed of contaminants positively affects
microbial growth and enzymes. Hu et al. (2020) treated
SMX-contained wastewater using up-flow anaerobic BETs
(UBES) and observed the operation mode is an important
issue. In other words, the efficiency of the closed-circuit or
continuous operation was higher than the open-circuit or
batch operation of BETs and explained that closed-circuit
could be operated on toxic compounds continually. However,
antibiotics may be oxide at long times under batch operation
and co-metabolically conditions (Harnisch et al. 2013).

Moreover, electrical current can positively influence the
morphology, growth, diversity, viability, and permeability/
cellular structure of microbial species in a bioreactor. A
study has evaluated a combined CW-MFCs bioreactor per-
formance in a high concentration of SMX (C=30 mg L")
that can degrade because of the presence of the microbial
consortium in this integrated system (Zhang et al. 2017). In
another study, the electrical current affected the bacterial
biofilm structure in the bioreactor, with an effect of 9.1% to
28.5% removal efficiency on cephalosporin antibiotics (Guo
et al. 2022).

According to Table 1, the presence of membrane or con-
ductive moving bed carries in BETSs involves the benefits
such as the treatment and mineralization of antibiotics, pro-
duction of reactive oxygen species (e.g., HO"), controlling
microbial fouling and the growth of specialized microorgan-
isms and their structure (Li et al. 2021; Song et al. 2020;
Chen et al. 2019; Zou et al. 2020). The interaction between
electrochemical and biodegradation processes and special-
ized microbial growth in the membrane was confirmed by
Ren et al. (2021) study. They have shown the SMX and
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trimethoprim antibiotics efficiency was 60%, which depends
on operation conditions such as oxygen dose and type of
membrane applied in the system, and it brought in the study
of Song et al. (Ren et al. 2021; Hassan et al. 2021; Song
et al. 2020).

In addition, the reactor configuration can improve the
operation, maintenance, and economic factors in BETs.
Zhang et al. (2022) revealed that U-shape bioreactors with
continuous flow had reduced by 95% of 20-80 mg L™ tet-
racycline of influent at 8-h reaction time without needing a
membrane. The quantity and quality of microbial genes are
impacted by U-shape bioreactor operation.

Antibiotic contamination could provoke the presence of
antibiotic-resistant bacteria (ARB) and ARGs. Although
conventional microbial systems can remove antibiotics, they
mainly produce ABR and ARGs (Singh and Saluja 2021).

Numerous studies showed that bio-electrochemical tech-
nologies could prohibit the increase of ARB and ARGs com-
pared to conventional wastewater treatment technologies.
Zhang et al. (2017) reviewed BETSs impressively, eliminating
antibiotics and decreasing ARGs and ARB production in a
high current.

Recent prospects of BETs in the removal
of anti-inflammatory and analgesic drugs

Other high-consumption drugs classified as anti-inflam-
matory and analgesic drugs have produced considerable
amounts. These drugs include a wide range of compounds
consumed to improve pain, fever, and inflammation with-
out prescription. Anti-inflammatory drugs are diclofenac,
ibuprofen, naproxen, ketoprofen, mefenamic acid, and
analgesic drugs which are acetaminophen or paraceta-
mol, aspirin or acetylsalicylic acid. Literature reviews
have reported that anti-inflammatory and analgesic drugs
and their intermediates contribute to the high-portion
contamination in aqueous solutions (Ziylan and Ince
2011). Since the removal efficiency of pharmaceuticals
is slight in the traditional wastewater treatment plant,
the anti-inflammatory and analgesic drugs accumulate
abundantly in the outlet of wastewater purification plants,
soil, plant, and surface and ground waters. Several stud-
ies have measured anti-inflammatory and analgesic drug
concentrations in different countries (Ziylan and Ince
2011). The concentration of aspirin, diclofenac, ibuprofen,
ketoprofen, mefenamic acid, naproxen, and paracetamol
is detected 100, 0.1-4.11, 0.17-83.50,> 0.32, 0.14-3.2,
and 1.79-611 pg L~! in the influent and 0.05-1.51,
0.04-1.95, <95, 0.14-1.62, 0.09-2.4, 0.17-33, and
6.9 ug L~" in the effluent of wastewater (Feng et al. 2013).
Although the concentration of these compounds is low in
the effluent because hydrolysis, sorption, and biodegrada-
tion processes occur during wastewater treatment plant
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stages, the solubility and stability of these compounds are
especially intermediate. They are high to contaminate the
water sources. There are anti-inflammatory and analge-
sic drug residues that percolate into groundwater (K'oreje
et al. 2016; Ziylan and Ince 2011) that harms the environ-
ment and human health.

Various studies have shown that the conventional pro-
cesses of treatment plants have not wholly mineralized the
anti-inflammatory and analgesic drug residues and identi-
fied the intermediates with toxicity higher than the original
composition. However, studies have shown that anti-inflam-
matory and analgesic drugs can be degraded and mineralized
in bio-electrodes and bio-electro reactors (Wu et al. 2019;
Qiu et al. 2022) brought in Table 1. Even the single-chamber
BETs have been constructed and operated instead of two-
chamber, which declines the ion-exchange membrane costs
in the bioreactor-electrochemical (Xu et al. 2022). In addi-
tion to the study by Hoseinzadeh et al. (2018) (Table 1),
Moghiseh and Rezaee (2021) studied the degradation of
aspirin by electroactive bacteria in the single-chamber MEC
induced by AC. Moghiseh et al. (2019a, b) demonstrated that
the high aspirin concentration (C,=250 mg L") minerali-
zation occurred at 2 V,,, voltage, 10 Hz frequency, and sine
wave for six h. Erythromycin concentration and bacterial
activity were investigated in a single-chamber MEC, which
revealed complete degradation at an initial concentration of
20 mg L™! (Ramirez-Vargas et al. 2018). In other studies,
single-chamber BETs (MFC or MEC) have been conducted
in lower cases (Qin et al. 2020).

The hydroxyl radicals (HO") are obtained through differ-
ent routes to degrade these drugs. Often studies have con-
firmed the production of oxidant species such as HO, H,
and reactive oxygen species can be produced by the culture
medium and enzymatic and metabolic activities of micro-
organisms and used electrodes are adopted to enhance the
electron transfer chain and thus the degradation and min-
eralization of pharmaceutical compounds in the bioreactor
(Nadais et al. 2018). The coupled bio-electro-Fenton and
MEFC reactor can contribute to the decomposition of pharma-
ceuticals such as paracetamol (Zhang et al. 2015) using ‘OH
production in the bioreactor. The Fenton can be involved in
oxidation and contamination reduction (Sathe et al. 2022).
In contrast, diclofenac’s mineralization and toxicity reduc-
tion are achieved by both reduction and oxidation reactions.
At first, the chlorine of diclofenac is reduced through the
reaction with hydrogen radical, and thus it oxidized through
the reaction with hydroxyl radical as the prominent radical
in the bioreactor (Qin et al. 2020). Moreover, the evolution
of high conductivity anode (e.g., Pd, MnO,, and Fe;O,) can
be enhanced the electron transfer chain through the diver-
sity in microbial culture medium and produced radicals,
which provides the high removal of pharmaceutical residues
in the bioreactor (Xu et al. 2018). For example, manganese
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compounds are produced in MFC-permanganate to decom-
pose the benzene ring of diclofenac (Wang et al. 2021).

Nadais et al. (2018) have studied that the oxidation
of ketoprofen, diclofenac, ibuprofen, and Naproxen was
59-61%, 87-97%, 80-86%, and 75-81% by the bio-elec-
tric-Fenton process at 5-h reaction time, 40 ug L~ initial
concentration, pH 2 and applied voltage 0.5 V. The oxidation
efficiency was obtained lower in real wastewater. In addition,
they reported that increasing the reaction time from 5 to
11 h, ibuprofen and diclofenac removal increased slightly,
but naproxen and ketoprofen became 94% and 78%. Hence,
naproxen and ketoprofen need more time for degradation
because of their more intricate structure or slow degradation
mechanism, in other words, their low rate constant (Kapp)
value.

Zhu et al. (2021) assessed nitrogen and phosphorus
removal using ibuprofen in a bio-electrochemical-auto-
trophic denitrification system with sulfur/iron supplied by a
direct current (DC) power which obtained a high reduction
of ibuprofen 96.98%, total nitrogen 98.93%, and total phos-
phorus 82.67%. However, nitrate and ammonia ion concen-
trations accumulated in the operated system. This issue has
mainly resulted from the electrochemical reduction of nitrate
to ammonia in the presence of iron. Pharmaceutical com-
pounds such as ibuprofen could inhibit denitrifying bacteria
performance by the accumulation of nitrite ions and total
nitrogen and phosphorous compounds removal efficiency in
the first days of operation of the system; these concentrations
declined gradually during operation time. The researchers
reported that oxidizing factors break down ibuprofen into
simpler compounds. In addition, ibuprofen affected the cul-
ture medium species, metabolism, and structure found in the
study of Zhu et al. (2021).

The coupling of BETs and conventional processes has
been conducted in recent years, which can raise the perfor-
mance of bioreactors in achieving high removal of nonsteroi-
dal anti-inflammatory pharmaceuticals. Among several con-
structed wetland (CW) types for the biodegradation of drugs,
the coupling of MFCs or MECs and constructed wetland
(CW-BET) systems has been introduced as novel systems.
The removal efficiency of nonsteroidal-anti-inflammatory
pharmaceuticals (e.g., diclofenac, ibuprofen, and naproxen)
in CW-BET with a continuous and horizontal flow demon-
strated slightly more than CW without current (control) in a
studied synthetic wastewater at microgram concentrations.
This removal resulted from the enhanced biological activity
or electrodes. However, this coupled process did not favor
the removal of studied components in real wastewater (Hartl
et al. 2021). The removal efficiency of ibuprofen showed
to be appropriate (63.2-78.7%) even at high concentrations
(10 mg LY in a performed study by Li et al. This study was
done in CW-MFC bioreactors with up-flow. Li et al. (2019)
reported that the highest contaminant removal occurred at

the reactor’s bottom and anode section because of the grow-
ing mixed culture of bacteria.

In addition, the Photo-MFC bioreactor catalyzes bio-
degradation using the stimulation of bio-anode by the
visible photo-catalytic cathode (Xu et al. 2020). Xu et al.
(2020) studied the degradation of ibuprofen (IBU) using the
polymerization of carbon nanotubes and stainless steel as a
bio-anode and CulnS, as a visible light-absorbing cathode
in MFC. They demonstrated the presence of oxygen and
hydroxyl radicals causes the efficiency of degradation and
mineralization to reach 75.94% and 70.56% according to
the 0.75 A/m? and 950 mV current density and voltage. In
this study, both radicals could reduce IBU as a refractory
contaminant to carbon dioxide and water.

Effect of electrical current, applied voltage,
and frequency on induced enzyme activity
in bioreactor

The enzyme activity of microorganisms rises using the elec-
troactive bacteria as a biocatalyst on the bio-electrodes, stim-
ulated by DC and AC under optimum conditions (Chatterjee
et al. 2019). Enzyme activity improved the biodegradation of
complex degradable compounds or xenobiotics (Moghiseh
et al. 2019a, b; Yang et al. 2020). The enzyme is an effec-
tive catalyst that accelerates the electrochemical reactions
of bioreactors, which involves the oxidation and reduction
process and decomposing of compounds.

The induced extracellular and intracellular enzymes
secreted in the electroactive bioreactor play a crucial role
in the degradation and mineralization. The electron transfer
chain can be enhanced using the extracellular enzyme of
biofilm on the electrode in bio-electroactive reactors. The
extracellular enzyme can provide the reaction between the
electrode and biofilm, and accelerates the generation of sim-
ple-degradable compounds by microorganisms (Deutzmann
et al. 2015). Studies have used DC more frequently than AC
as an electrical current supply at bioreactors that decom-
pose the xenobiotic or other compounds by incrementing
enzyme activity by providing changes on the cell membrane
surface (Zhou et al. 2019). The applied electrical current
and voltage role in activating enzymes is essential to elimi-
nate the environmental contaminants, so some studies have
performed the biodegradation of contaminant (e.g., phenol)
through enzyme activity of microorganisms rather than the
electrochemical process in the bio-electrochemical reactor
(Vasileva et al. 2021).

Figure 2 depicts the effect of electro-stimulation on
removal efficiency and enzyme activity under the conditions
induced by electrical current and without it.

Various enzymes facilitate the biodegradation of phar-
maceuticals (Haroune et al. 2017). Cytochrome P450
enzyme, an intracellular enzyme secreted by fungi, has not
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Fig.2 Removal efficiency and enzyme activity under (a) without current (control) and (b) with electrical current

contributed to the exclusive biodegradation of ketoprofen,
as a nonsteroidal and anti-inflammatory. Reports indicate
that peroxidase, dehydrogenase, laccase, phosphatase,
etc. could have decomposed the pharmaceutically active
components (Bilal et al. 2020). The degradation of anti-
biotics and analgesic drugs is performed by laccase and
peroxidase (especially lignin, manganese, and versatile
peroxidases) enzymes (Chaturvedi et al. 2021; Eibes et al.
2011; Zhang and GeiBen 2010; Pylypchuk et al. 2020;
Wen et al. 2010). Peroxidase oxidase—reductase drug uses
hydrogen peroxide (H,0,) and produces hydrogen perox-
ide/superoxide at low concentrations (Hey-Mogensen et al.
2014). Bio-electro-reactors synthesize hydrogen peroxide
through the reducing condition of oxygen on the cathode
that applied voltage, or current density is considered the
most impressive operating factor in accelerating the reac-
tor performance by electron transformation on the cathode
(Chung et al. 2020; Khan et al. 2019). Literature reviews
express that the applied voltage from 0.2 to 2 V is used
for hydrogen peroxide production in BETs (Chung et al.
2020), where studies have often concluded that 0.4 V
is the optimum applied voltage at the H,0, generation
rate due to high cathodic Faradic efficiency (Chung et al.
2020). Miran et al. reported that hydrogen peroxide (H,0,)
production obtained 13.3 g/L m? in MEC supplied with
DC power; this was the highest concentration at 0.4 V
voltage during 6-h time in the cathode electrode for the
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degradation of xenobiotic compounds such as chlorinated
phenol (Miran et al. 2017). Another study used a 20 L
scale-up BET to achieve the maximum hydrogen peroxide
production rate (10.82 mg L™' h™!) at a 0.6 V voltage for
42 h. Moreover, the presence of the peroxidase enzyme
fixed (Tang et al. 2010; Cho et al. 2009) on the electrode
at an enzymatic electrical reactor caused the treatment and
effective detoxification of textile wastewater which was
accompanied by the high production of hydrogen peroxide
at 10 Am~2 current density (Cho et al. 2009).

Whether combined with other processes, for instance,
Fenton and UV/visible light, bio-electrochemical technolo-
gies participate in the simultaneous production of H,0,
through air—cathode at bioreactor with energy production
and mineralization of environmental contaminants such as
emerging contaminants (Zhao et al. 2021).

Laccase contributes to the degradation of antibiotics (e.g.,
ciprofloxacin, amoxicillin, sulfamethoxazole, and tetracy-
cline) (Bilal et al. 2020) and anti-inflammatory and analgesic
drugs (e.g., acetaminophen, diclofenac, and naproxen) (Llo-
ret et al. 2013, 2010; Zhang et al. 2015). Their degradation
rate depends on different factors such as applied voltage,
current density, frequency, initial concentration of the drug,
temperature, pH, and enzyme concentration are explained in
the following sections (Chaturvedi et al. 2021; Zhang and
GeiBen 2010). Hence, the stability and activity of enzymes
are necessary for a bio-electrochemical reactor.
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Ratanapongleka and Punbut (2018) revealed that the effi-
ciency of fixed laccase (0.57 U/g) was excellent at a neu-
tral pH and 35 °C temperature for acetaminophen removal
during 240 min contact time without electrical current at
the enzymatic reactor. In contrast to Ratanapongleka and
Punbut’s (2018) study, bio-electroactive-enhanced laccase
enzyme activity was observed in Moghiseh and Rezaee’s
(2021) study. They found the bacterial laccase and dehydro-
genase activity have increased by 30.6 U/mL and 75.5 micro
grTF/cm?.gr biomass using AC with a low voltage—low fre-
quency at optimum conditions of mineralization of aspirin
with an applied voltage of 8 V|, and 12 h. While activa-
tion of laccase with 6 V voltage of DC performed by Wang
et al. (2015a, b) has shown that the maximum laccase (5 U/
mL) occurred in the anodic section instead of the cathode at
5-h time. The laccase concentration obtained from DC was
lower than AC, possibly due to the difference in the culture
medium used in the bioreactor.

Laccase could thus reduce the drug’s toxicity and it inter-
mediates using oxidation—reduction reactions in the phenolic
compounds. Extracellular laccase oxidized aspirin to more
biodegradable ingredients as a carbon source in Moghiseh
and Rezaee’s (2021) study. The enzyme secreted by fungus
mainly, however, can be produced by bacteria such as pseu-
domonas. Figure 3 shows the performance of the laccase
enzyme at the bioreactor.

According to Fig. 3, laccase involves the breaking and
hydroxyl groups oxidation of phenolic rings, e.g., pharma-
ceuticals simultaneously reduce O, to H,O (Moghiseh and
Rezaee 2021; Agrawal et al. 2018).

The current density of 200 mA/m? and iron, copper, and
molybdenum elements have stimulated the reductase enzyme
activity of denitrifying bacteria, which rise to 11% and 15%
with only DC power. In contrast, the enzyme activity reaches
14% and 16% in the presence of elements (Liu et al. 2021).

Fig.3 The performance of the
laccase enzyme at the bioreactor
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Zhang et al. (2014) concluded that DC power with low cur-
rent density (10-15 mA) stimulates the degrading enzyme
of fluoroaromatic compounds, where the enzyme shows a
significant role in their mineralization.

In addition, the dehydrogenase (DH) enzyme is an intra-
cellular enzyme that implies the reaction of H* with sub-
strate and its intermediates, increasing the potential differ-
ence and electron transfer. DH activity trend can be affected
by applied voltage or current parameters in the BETs. As
cited above, the DH enzyme was secreted appropriately in a
bioreactor induced with an external low-voltage AC. How-
ever, DH activity has represented a slightly increasing trend
at 24 h through 2000 mV external potential (6.4 pg/mL) in
comparison to control (5.9 pg/mL) in the estrogens removal
(Kumar et al. 2012). There may likely be a further increase
in enzyme activity at a potential of less than 2000 mV. DH
activity in an MFC reactor reached the highest value of
18 ug/mL at 12 h. The trend of each enzyme activity is dif-
ferent; the DH activity trend was depicted as high at first and
then low; however, the phosphatase activity trend shows as
contrary to DH activity (Reddy et al. 2010).

Moreover, the low-frequency factor in AC can play a
crucial role in stimulating enzymes in the bio-electroactive
reactor. Since laccase and DH enzyme activity in a mixed
microbial culture has enhanced by a 10 Hz frequency on the
reactor biofilm (Moghiseh and Rezaee 2021), but a radio-
frequency AC (10 MHz) had a harmful electromagnetic field
bio-electric effect on polar molecules of biofilm matrix that
exacerbated the antibiotic effect on the bacterial biofilm
(Caubet et al. 2004).

As aresult, electrical current can stimulate the enzymatic
activity of microorganisms on the bio-electrodes and its
higher efficiency in biotransformation than only enzymatic
or biological reactors. Nevertheless, there is no optimum
applied voltage, especially for stimulating enzyme activity.
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It can depend on operating and design parameters, namely
feed, membrane, electrode materials’ properties, and elec-
trode distance, which affect electron reactions and material
transport (Chung et al. 2020).

Intermediates or by-products and the effect of BETs
on the degradation pathways

Another issue is that the presence of pharmaceutical inter-
mediate or by-product residues in the environment leads
to health and environmental concerns (Caban et al. 2016).
Their negative long-time and accumulative effects on living
things are confirmed in several works of the literature (Patel
et al. 2019; Rivera-Utrilla et al. 2013; Martz 2012; Xiao
etal. 2021; Ahmed et al. 2017; Tiwari et al. 2017; Murdoch
2015). Pharmaceuticals undergo hydrolytic, biological, and
chemical reactions in WWTPs where intermediates of these
compounds are thus abundant. Their fate is an important
issue because of the resistance of these components to bio-
degradation and/or providing a synergist effect on microbial
resistance. Therefore, it is necessary to detect and identify
the possible degradation pathways of pharmaceuticals by
analyzing their intermediates using appropriate techniques.

Although the measurement devices of pharmaceuticals
are available and inexpensive (Siddiqui et al. 2017), the
detection of by-products or intermediates must be performed
by advanced devices. Graffius et al. (2017) identified the
volatile amines in pharmaceutical compounds by GC-FID
instrument. In addition, they used this instrument for analyz-
ing other components. However, LC-MS/MS may be more
suitable for analyzing pharmaceutical residues in influent
and effluent from WWTPs than other devices (Shraim et al.
2017).

Moreover, the used processes for pharmaceutical degra-
dation have influenced the production of intermediates and
their degradation pathway. Advanced oxidation processes
produce hydrogen peroxide (H,0,) or hydroxyl radical (OH)
abundantly, but they may decompose recalcitrant (e.g., phar-
maceutical) intermediates entirely for a longer time. For
example, plasma processes need to combine other strategies
for enhancement ‘OH in comparison with other advanced
oxidation processes (Banaschik et al. 2018).

The effect of BETs supplied by AC on the biodegrada-
tion pathway of aspirin is shown in Fig. 4. Aspirin was ana-
lyzed using LC-MS and GC-MS by Moghiseh and Rezaee
(2021). They found salicylic acid, phenol, and organic and
inorganic acids in the proposed pathway by degradation of
aspirin. Phenol rings have degraded using enzyme meta-
bolic (e.g., laccase enzyme) based on Fig. 4. In addition, in
this pathway, inorganic acids such as acetic and oxalic acids
are converted into water and carbon dioxide. The proposed
pathway from the biodegradation of phenol ring using BETs
supplied by DC power exhibited the same organic and inor-
ganic acids, e.g., propanoic acid and then oxalic acid and
acetic acid, that were detected using the GC-MS instrument
(Moghiseh et al. 2019a, b). It is reported that the toxicity
of produced final intermediates from the phenol electro-
biodegradation is less than the main compound (Moghiseh
et al. 2019a, b).

Moreover, hydroxy-ibuprofen is identified as an essen-
tial by-product in the mineralization pathway of ibupro-
fen. Afterward, this by-product can be decomposed into
inorganic intermediates using the coupled MFC with a
constructed wetland bioreactor (CW-MFC) because of the
adaptation and growth of various bacteria species and pro-
duction-induced enzymes in the bioreactor (Li et al. 2019).
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Fig.4 The effect of alternating current (AC) on the biodegradation pathway of aspirin (Moghiseh and Rezaee 2021)
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Fig.5 Main pathway of biodegradation of SMX (Wu et al. 2020)

In addition, the degradation pathways of antibiotic drugs
are observed to be more complicated than anti-inflammatory
and analgesic drugs because of their multi-ring structure
and degradation mechanism. Several researchers have shown
that low-weight acids are the final by-product in an electro-
biodegradation reactor. Wu et al. (2020) analyzed SMX
by-products using LC-MS/MS and depicted three poten-
tial pathways of biodegradation of SMX in MFC. The main
pathway of SMX is started from the breakage of nitrogen
and oxygen in SMX to aniline as the final product by sulfate-
reducing bacteria (SRB) activity (Fig. 5).

The removal of SMX attributed to the growth of main
microorganism species in mixed cultures by Wu et al.
(2020). However, the probable components of the pathway
of SMX biodegradation in the integrated reactor of up-flow
anaerobic and bio-electrochemical are detected in the low-
molecular-weight compounds by UPLC analysis. Hu et al.
(2020) only presented one pathway for the biodegradation
of SMX. Finally, components convert into CH, gas. Another
high-consumption drug is carbamazepine. Zou et al. (2020)
performed carbamazepine degradation under a MEUC, in
which they detected five essential intermediates. A low-
weight compound such as succinic acid as end-intermediate
was obtained by the reaction of hydroxyl radical with ben-
zene ring in the studied reactor.

Conclusions and outlooks

BETs are novel approaches for treating high-consumption
active pharmaceutical components, one class of refractory
or recalcitrant contaminants. This study reviewed the effi-
ciency and mechanism of BETs for degrading anti-inflam-
matory and analgesic drugs other than antibiotics, and
recent prospects of BETs in stimulating induced enzymes
and oxidative species (e.g., hydroxyl radical), which influ-
ence the degradation of high-consumption pharmaceutical
compounds. The mineralization of pharmaceutical con-
taminants is performed by the oxidation and reduction
reactions between microorganisms and electrodes using

4- Aminobenzesulfonamide Aniline

a low current, voltage, and frequency during a low reac-
tion time. In addition, the proposed pathways and inter-
mediate components are short and non-toxic for most
pharmaceuticals.

While the operated bioreactors often are supplied with
DC power, it is needed to provide the bioreactor with AC
power and other currents.

Moreover, applying mathematical modeling and theo-
ries is another issue for future studies that can confirm the
BETSs’ mechanism and performance for treating contami-
nants and their intermediates at different operation modes.
Finally, the kinetics used in BETs or combined or coupled
BETSs with other processes can introduce to compare with
other systems, which shows the degradation rate of con-
taminants per time. Therefore, BETs provide advanced
treatment for micro-pollutants such as pharmaceuticals.
It also suggests that different stimulations of the electrical
bioreactor can be investigated in future research.
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