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Preface
This PhD thesis, entitled “Scaling-up of microbial electrochemical advanced
oxidation processes (MEAOPs) for efficient degradation of emerging
pollutants”, comprises the research carried out at the Department of
Environmental Engineering, Technical University of Denmark from December
1st, 2017 to November 30 th 2020. Professor Irini Angelidaki and Associate
Professor Yifeng Zhang were the main supervisor and co-supervisor,
respectively.
The thesis is organized in two parts: the first part puts into context the findings
of the PhD in an introductive review; the second part consists of the papers
listed below. These will be referred to in the text by their paper number written
with the Roman numerals I-V.
I Zou, R., Hasanzadeh, A., Khataee, A., Angelidaki, I., & Zhang, Y. (2020).
Scaling-up of microbial electrosynthesis with multiple electrodes for insitu production of hydrogen peroxide. (Submitted to iScience)

II Zou, R., Angelidaki, I., Jin, B., & Zhang, Y. (2020). Feasibility and
applicability of the scaling-up of bio-electro-Fenton system for textile
wastewater treatment. Environment international, 134, 105352.

III Zou, R., Angelidaki, I., Yang, X., Tang, K., Andersen, H. R., & Zhang, Y.
(2020). Degradation of pharmaceuticals from wastewater in a 20-L
continuous flow bio-electro-Fenton (BEF) system. Science of the Total
Environment, 138684.

IV Zou, R., Tang, K., Angelidaki, I., Andersen, H. R., & Zhang, Y. (2020).
An innovative microbial electrochemical ultraviolet photolysis cell
(MEUC) for efficient degradation of carbamazepine. Water Research, 187,
116451.

V Zou, R., Hasanzadeh, A., Khataee, A., Angelidaki, I., & Zhang, Y. (2020).
Enhanced elimination of recalcitrant organic pollutants using microbial
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electrochemically assisted UV/persulfate process. (Submitted to Chemical
Engineering Journal)

In this online version of the thesis, paper I-VI are not included but can be obtained from electronic article databases e.g. via www.orbit.dtu.dk or on request
from DTU Environment, Technical University of Denmark, Miljoevej, Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk.
In addition, the following publications, not included in this thesis, were also
concluded during this PhD study:
del Álamo, A. C., Zou, R., Pariente, M. I., Molina, R., Martínez, F., & Zhang, Y. (2020).
Catalytic activity of LaCu0.5Mn0.5O3 perovskite at circumneutral/basic pH conditions in
electro-Fenton processes. Catalysis Today (In press).
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Summary
Microbial electrochemistry technology (MET), which converts organic matter
in wastewater into electric energy through electrochemical active
microorganisms, and further produces valuable chemicals (e.g. H 2 and H2O2),
is becoming a promising and sustainable technology. Recently, microbial
electrochemical advanced oxidation processes (MEAOPs), mainly represented
by the bio-electro-Fenton (BEF) process, have proven to be an efficient and
energy-saving emerging water treatment technology for the removal of
refractory emerging pollutants from wastewater, by combining MET with
traditional electrochemical advanced oxidation. However, so far, there is no
research available on the scaling up of the MEAOPs, especially for the BEF
process, for treating such wastewaters. Therefore, the aim of this PhD thesis is
devoted to scaling up the MEAOPs in two ways: ⅰ) designing and building a
scaled-up BEF process and further investigating its feasibility on H 2O2
production and continuous pollutant (e.g. dyes and pharmaceuticals) removal;
ⅱ) designing and building novel scaled-up UV-induced MEAOPs, including
MEUC and MEUPS processes, for the efficient and cost-effective removal of
pollutants without pH adjustment and iron sludge issues that exist in the BEF
process.
First, a dual-chamber 20-L scaled-up BEF reactor with multiple electrodes is
developed herein for the first time, to explore the feasibility of cathodic in-situ
H2O2 production. A maximum H2O2 yield of 10.82 mg L-1 h-1 and a cumulative
H2O2 concentration of 454.44 mg L -1 within 42 h were obtained under optimal
operating conditions. Electrical energy consumption in terms of direct input
voltage was only 0.239 kWh kg -1 H2O2, which is much lower than the lab-scale
BEF reactor and even electrochemical systems. Next, under the BEF operating
mode that requires the addition of iron, the feasibility of treating dyecontaining wastewater and the continuous treatment of pharmaceuticalcontaining wastewater as a tertiary treatment process in wastewater treatment
plants (WWTPs) was tested. Regarding treating dye-containing wastewater, 20
mg L-1 of methylene blue was efficiently removed following apparent firstorder kinetics, with corresponding rate constants for decolorisation and
mineralisation at 0.68 and 0.20 h -1 under optimal conditions, respectively.
Moreover, when the hydraulic retention time (HRT) was 28 h in the continuous
operating mode, methylene blue decolorisation and mineralisation efficiencies
were observed as high as 99% and 77%, respectively. Regarding treating
pharmaceutical-containing wastewater, the selected six model pharmaceuticals
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(500 µg L-1 for each) were completely removed by implementing 0.1 V voltage,
0.3 mM Fe2+ and HRT for 26 h. Moreover, taking clofibric acid as an example,
its transformation products in the scaled-up BEF process, such as 4chlororesorcinol, were tested, and the possible transformation pathway was
inferred accordingly. Additionally, the application of real wastewater matrix
also exhibited good performance.
Second, to overcome further the two major bottlenecks in the BEF process,
namely pH adjustment before and after treatment and the iron sludge problem,
an innovative microbial electrochemical ultraviolet photolysis cell (MEUC),
using UV irradiation instead of adding iron, was developed for the efficient
and cost-effective treatment of pharmaceutical-containing wastewater, only
with electrical energy input. The effect of crucial operating parameters on
system performance, including applied voltage, the cathodic aeration rate, UV
intensity and HRT, were systematically investigated. Furthermore, five major
transformation products were detected while degrading the model compound
carbamazepine, and the probable transformation pathways were proposed.
Moreover, the luminescence inhibition test on Vibrio fischeri shows that the
treated effluent had no obvious ecological toxicity. Furthermore, the MEUC
system was further assessed with real WWTPs secondary effluent, which again
demonstrates the effective removal of carbamazepine.
Third, since the MEUC system may be inefficient in treating wastewater with
high chroma, due to low UV transmittance, a novel microbial
electrochemically assisted UV/persulfate (MEUPS) process is proposed, in
order to expand further the applicable wastewater type for this system. It was
observed that the decolorisation and mineralisation of 40 mg L -1 of methylene
blue during the MEUPS process can reach 100% within 140 min and 97%
within 5 h under optimal operating conditions. This hybrid process exhibits a
better treatment effect than that of the individual process, and the synergy
factor is quantified as 6.42. Regarding the reactive radicals involved in this
process, it was proven that •SO4−, •OH, and •O2− are the three major examples
in this regard. In addition, the treated effluent exhibited non-toxic properties
when using Lemna minor as an indicator.
Overall, the above results highlight the feasibility of scaling-up MEAOPs,
including BEF, MEUC and MEUPS processes, as efficient and cost-effective
technologies that can be applied to treat wastewater containing refractory
emerging pollutants for future commercial application.
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Dansk sammenfatning
Mikrobielle elektrokemiske teknologier (MET), som omdanner organisk materiale fra spildevand til elektrisk energi via elektroaktive mikroorganismer og
derudover producerer værdifulde kemikalier (så som H 2 og H2O2), er lovende
og bæredygtige teknologier. For nyligt har MEAOPs (mikrobial electrochemical advanced oxidation processes), primært repræsenteret af BEF (bio-electroFenton), vist sig at være en effektiv og energisparende vandsrensningsteknologi til at fjerne forurenende stoffer, som ellers er vanskelige at fjerne, ved at
kombinere MET med traditionelle MEAOPs.
Indtil nu er der dog ikke tilgængelig forskning omhandlende opskalering af
MEAOPs, med fokus på BEF processen, til rensning af spildevand. Derfor var
målet med dette PhD projekt at opskalere MEAOPs på to punkter: i) designe
og bygge en skaleret BEF proces og undersøge dennes anvendelighed på H 2O2
produktion og kontinuert fjernelse af forurenende stoffer (f.eks. farvestoffer og
lægemidler); ii) designe og bygge en opskaleret UV-induceret MEAOP inklusiv MEUC- og MEUPS-processer til effektiv og billig eleminering af forurening uden behov for pH indstilling eller problemer med jernholdigt slam.
Først blev en to-kammers BEF med en volumen på 20 liter og med flere elektroder udviklet for første gang, for at udforske anvendeligheden af katodisk insitu H2O2 produktion. Det maksimale H 2O2 udbytte var på 10.82 mg L -1 h-1 og
den kumulative H 2O2 koncentration var 454.44 mg L -1, hvilket blev opnået efter 42 timer under optimale operationsforhold. Det elektriske energiforbrug,
målt som direkte input af spænding, er kun 0.239 kWh kg -1 H2O2, hvilket er
meget lavere end for BEF reaktoren i laboratorieskala. Under den BEF operationsindstilling der kræver tilførsel af jern, testes muligheden for at behandle
spildevand kontamineret med henholdsvis farvestoffer og lægemidler, som en
tertiær behandlingsproces i rensningsanlæg. Vedrørende behandling af vandet
kontamineret med farvestoffer, kunne 20 mg L -1 methyleneblåt effektivt fjernes via en førsteordensreaktion med en hastighedskonstant for affarvning og
mineralisering på henholdsvis 0.68 og 0.20 h -1 under optimale forhold. Under
kontinuert operation af reaktoren med en HRT (hydraulic retention time) på 28
timer var effektiviteten af affarvning og mineralisering på henholdsvis 99% og
77%. Med hensyn til behandling af spildevandet kontamineret med lægemidler
blev alle seks udvalgte lægemidler (500 µg L -1 for hvert lægemiddel) fjernet
fuldstændigt ved at implementere 0.1 V spænding, 0.3 mM Fe 2+ og HRT på 26
timer. Derudover, med clofibrinsyre som eksempel, testes transformationsprodukterne (fx 4-chlororesorcinol) i den opskalerede BEF proces og ud fra dette
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udledes mulige transformationsveje. Desuden præsterede processen godt med
rigtigt spildevand.
For yderligere at overvinde to store flaskehalse i BEF processen, herunder pHjustering før og efter behandling samt problemet med jernholdigt slam, udvikles en innovativ MEUC (microbial electrochemical ultraviolet photolysis cell)
ved at bruge UV stråling i stedet for at tilføje jern for effektiv og billig behandling af spildevand kontamineret med lægemidler, med electricitet som det eneste energiinput.
Effekten af vigtige parametre for systemets ydeevne blev undersøgt systematisk. Disse parametre inkluderer spænding, katodisk iltningshastighed, UV intensitet og HRT. Desuden påvises de fem vigtigste transformationsprodukter
under nedbrydningen af carbamazepine, som anvendes som et modelstof, og
de sandsynlige transformationsveje foreslås. Ydermere viser luminescens-inhiberingstesten af Vibrio fischeri at det behandlede spildevand ikke havde nogen åbenlys miljømæssig toksicitet. Derudover, vurderes MEUC systemet
yderligere med ægte sekundært spildevand fra et rensningsanlæg, hvilket også
viser effektiv fjernelse af carbamazepine.
For at udvide anvendeligheden af MEUC systemet, som ellers kan være ineffektiv i behandlingen af uklart spildevand grundet lav UV transmittans, foreslås en ny proces kaldet MEUPS (microbial electrochemically assisted UV/persulfate). Under MEUPS processen nåede affarvningen og mineraliseringen af
40 mg L-1 methyleneblåt henholdsvis 100% efter 140 minutter og 97% efter 5
timer under optimale operationsforhold. Hybridprocessen viser en bedre behandlingseffekt end den individuelle proces og synergifaktoren kvantificeres
til 6.42. Med hensyn til de reaktive radikaler der er involveret i denne proces,
er det blevet påvist at •SO4−, •OH, og •O2− er de tre største. Derudover var det
behandlede spildevand ikke toksisk hvilket blev påvist med Lemna minor som
indikator.
Overordnet set fremhæver de overstående resultater at det er muligt at opskalere MEAOPs inklusiv BEF, MEUC og MEUPS processer, og at de i fremtiden
kan bruges kommercielt til effektivt og billigt at behandle spildevand som indeholder forurenende stoffer, som ellers er svære at fjerne.
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1 Introduction
1.1 Background
With improvements in people’s living standards and the continuous progress
of science and technology, more and more emerging pollutants (e.g. dyes and
pharmaceuticals) are produced and enter the aquatic environment in various
ways (Nikolaou et al., 2007). The main reason is that current sewage treatment
processes in conventional wastewater treatment plants (WWTPs) are mainly
based on biological methods, and most of the above substances are difficult to
biodegrade, so the resulting treatment effect is very poor (Laurencé et al., 2014;
Monteil et al., 2019). Consequently, it has been proven that these substances
not only harm aquatic ecosystems, but also have negative effects on human
health, which has aroused people’s concern. For example, dyes in the
wastewater can absorb light, reduce the transparency of the water body,
consume a large amount of dissolved oxygen (DO) in the water, cause the water
body to lack DO, affect the growth of aquatic organisms and microorganisms,
destroy the water body’s self-purification and easily cause visual pollution
(Rajkumar and Kim, 2006). Additionally, it has been reported that the influent
and secondary effluent of European WWTPs also contain more than 60 kinds
of pharmaceuticals, with total concentrations exceeding 600 µg L -1 (Tran et al.,
2018). Several treatment approaches, such as adsorption, membrane methods
and electrocoagulation, have met with very limited success at removing such
trace pharmaceuticals from WWTPs, since they do not eliminate the
contaminant but instead transfer it from one stage to another, or produce a
concentration for further treatment by other means (Monteil et al., 2019; Zaied
et al., 2020). In summary, there is an urgent need to find a treatment method
that will effectively remove these contaminants from various water bodies
(Nidheesh et al., 2018; Peng et al., 2020).
As an alternative to the above treatment options, emerging advanced oxidation
processes (AOPs) have attracted worldwide attention, because they can
effectively treat the above refractory micro-pollutants (Monteil et al., 2019;
Pignatello et al., 2006). Current research is mainly focused on the use of free
reactive radicals with a strong oxidising ability, such as hydroxyl radicals •OH
(E0 = 2.8 V), which are generated by activating oxidant precursors like
hydrogen peroxide (H 2O2) and using iron (e.g. Fenton) to achieve effective
organic pollutant degradation (Kavitha and Palanivelu, 2004; Nidheesh et al.,
2013). Nevertheless, typical AOPs such as the Fenton process still have several
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challenges. First, H2O2 dosed into the process is often derived from chemical
procedures (e.g. anthraquinone) that have inherent problems related to high
costs, inefficiency and security issues, including chemical storage and
transportation (Campos‐Martin et al., 2006). Moreover, the present price of
H2O2 in the market (w/w, 30%) is around 2-4 € kg-1. Second, no viable,
economic and sustainable technology is currently available to remove residual
H2O2, which generally accounts for 70-80% of the original H 2O2 dose (Wu and
Englehardt, 2012). Third, available chemical and physical methods for residual
H2O2 removal are still in the lab-scale phase and are energy-intensive,
inefficient and/or in need of additional chemicals (Wang et al., 2013; Wu and
Englehardt, 2012). Furthermore, the reported cost of removing residual H 2O2
has been quoted as high as 22.02 € kg -1 (Wu and Englehardt, 2012).
Given that the concentration of H2O2 required for the effective removal of these
refractory emerging pollutants is usually less than 1000 mg L -1, the electroFenton (EF) process, which can synthesise H2O2 in situ and meet this
concentration requirement, has attracted considerable attention in recent years
(Moreira et al., 2017; Yang et al., 2018). Compared with the traditional Fenton
process, EF has the following unique advantages, namely (ⅰ) in-situ continuous
production of H2O2 on the cathode supplied by pure O 2 or air via Eq. (1); (ⅱ)
the cathode can in-situ reduce the generated Fe 3+ to Fe2+ via Eq. (2), thus
reducing the amount of Fe 2+ added (Brillas et al., 2009; Moreira et al., 2017);
(ⅲ) high pollutant treatment efficiency and (ⅳ) it works mild operating
conditions. However, the extensive energy consumption required in EF
restricts its large-scale application (Monteil et al., 2019; Oturan et al., 2013).
In addition, the European water purification market was reported to be worth
1.09 billion € in 2015, and the market growth of H2O2-based AOPs was
expected to grow from 28% in 2015 to 32.6% in 2021 (BCC Research, 2016).
Therefore, it is necessary to develop a treatment technology with high
efficiency and low energy consumption for the above-mentioned types of
wastewater containing refractory emerging pollutants.
O2 + 2H+ + 2e- → H2O2

(1)

Fe2+ + 2e- → Fe3+

(2)

1.2 Microbial electrochemistry technology
More recently, the rise of research on microbial electrochemistry technology
(MET) has made it possible to reduce EF energy consumption further. Among
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them, microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) are
the two most widely studied METs. Among them, current reports on the use of
the MFC mode for the in-situ synthesis of H2O2 are generally in the range of
around 40 to 200 mg L-1 d-1 (Zhao et al., 2020). By contrast, H2O2 produced in
the MEC mode (only need 0.2-0.8 V input voltage compared with MFC) can
yield between 200 and 2,000 mg L -1 d-1 (Tiquia-Arashiro and Pant, 2019; Zhao
et al., 2020). Thus, it is evident that the MET can meet the concentration of
H2O2 required for wastewater treatment as indicated earlier. Correspondingly,
a new approach, bio-electro-Fenton (BEF), which combines the high efficiency
of EF and the low cost of MET, has been proposed as a promising, cost-effective and alternative treatment technology for efficiently dealing with these refractory emerging pollutants (Feng et al., 2010a; Olvera-Vargas et al., 2016b;
Zhu and Ni, 2009). A typical BEF system is usually composed of two chambers,
i.e. an anode chamber and a cathode chamber, separated by a cation exchange
membrane (CEM) (Fig.1). Among them, electrochemically active microorganisms (e.g. Geobacter and Shewanella) loaded onto a carbon brush electrode
degrade the organic matter in the sewage and produce electrons, protons and
carbon dioxide in the anode chamber via Eq. (3). Thereafter, the generated
electrons and protons are respectively transferred to the cathode chamber
through wires and the CEM, and H2O2 is synthesised in situ at the cathode,
before being further catalysed by iron to synthesise •OH via Eq. (2) and (4)
(Zou et al., 2020).
C6H12O6 + 6 H2O → 6 CO2 + 24 e- + 24 H+

(3)

Fe2+ + H2O2 + H+ → Fe3+ + H2O + •OH

(4)

As an emerging electrochemical-based AOP (EAOP), the BEF process can insitu generate H 2O2 in the cathode, using electrons released from the bacterial
oxidation of organics, as well as eliminate residual H 2O2 (as an electron
acceptor) in the cathode after treatment for the safe disposal of treated water
(Zhang et al., 2015b). With such a system, the cost of H2O2 is as low as 10%
of the market price (Tartakovsky and Guiot, 2006). Furthermore, there are no

3

costs for residual H 2O2 removal, as demonstrated in a previous study (Zhang
et al., 2015b).

Figure 1. Schematic diagram of a typical bio-electro-Fenton (BEF) process.

1.3 Challenges in the BEF process
BEF has been successfully applied to treat various types of wastewater, such
as dye-containing wastewater (Li et al., 2017d; Zhang et al., 2015b), pharmaceutical-containing wastewater (Ganzenko et al., 2018; Olvera-Vargas et al.,
2016a), landfill leachate (Hassan et al., 2017a; Hassan et al., 2017b) and other
industrial pollutants (Li et al., 2017b; Yong et al., 2017).Though promising,
most studies have been carried out in the lab with reactor sizes in the hundreds
of millilitres (as summarised in Table 1), while the scaling-up feasibility of
these systems has never been explored. Therefore, it is necessary to design and
build an enlarged BEF reactor and explore the feasibility of its in-situ synthesis
of H2O2 and the further treatment of these refractory emerging pollutants.
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Table 1. Previous lab-scale studies on the BEF degradation of dyes and pharmaceuticals
Pollutants

Volume of reactor

Operational parameters

Efficiency

300 mL of each
chamber

Initial concentration of 50 mg L-1, Fe2+ of
2 mM, pH of 3 and air flow rate of 10 mL
min-1.
Initial concentration of 400 mg L-1, Fe2+
of 10 mM, pH of 2, Na2SO4 of 50 mM
and air flow rate of 10 mL min-1.
Initial concentration of 0.2 mM, [γFeOOH] of 1 g L-1, pH of 7 and air flow
rate of 100 mL min-1.
Initial concentration of 2 mM, iron plate
with a size of 2 × 10 cm2, pH of 3 and 2
mM of H2O2 addition.
Initial concentration of 75 mg L-1, Fe2+ of
1mM or Fe3+ of 0.5 mM, pH of 2 and O2
flow rate of 150 mL min-1.
Initial concentration of 0.12 mg L-1, pH of
3, external resistance of 150 Ω and NaCl
of 0.1 M.
Initial concentration of 10 mg L-1, Na2SO4
of 5 g L-1 and 0.18 g L-1 of Fe-Mn binary
oxide as a catalyst coated on the surface
of the cathode.

97% decolorisation in 8 h and
99.6% TOC removal in 16 h.

Batch

(Zhang et al., 2015c)

Orange G

Two-chamber

50 mL of each
chamber

100% decolorisation and 99.6%
TOC removal in 6 h.

Batch

(Li et al., 2017c)

Orange II

Two-chamber

75 mL of each
chamber

100% decolorisation in 30 h.

Batch

(Feng et al., 2010b)

Orange II

Two-chamber

400 mL of each
chamber

85% decolorisation in 30 mins.

Batch

(Liu et al., 2012)

Amaranth

Two-chamber

80 mL of each
chamber.

83% decolorisation with Fe2+ and
76% decolorisation with Fe3+ in 1
h.

Batch

(Fu et al., 2010a)

17β-estradiol (E2)

Two-chamber

90% removal in 6 h.

Batch

(Xu et al., 2015)

Carbamazepine

Single- chamber

90% removal in 24 h.

Batch

(Wang et al., 2018)

70% degradation and 25% TOC
removal in 9 h.

Batch

(Zhang et al., 2015a)

59–61% for ketoprofen, 87–97%
for diclofenac, 80–86% for ibuprofen and 75–81% for naproxen
in 5 h.

Batch

(Nadais et al., 2018)
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Methylene blue

Reactor
configuration
Two-chamber

Paracetamol

Ketoprofen
Diclofenac
Ibuprofen
Naproxen

Two-chamber

Two-chamber

75 mL of each
chamber.
28 mL
216 mL and
108 mL of cathode and anode
chamber, respectively.
100 mL of each
chamber.

Initial concentration of 10 mg L-1, Fe2+ of
5 mg L-1, pH of 2, external resistance of
20 Ω and air flow rate of 16.7 mL min-1.
Initial concentration of 40 µg L-1 for each
compound, Fe2+ of 7.5 mM, pH of 2, applied voltage of 0.3 V and air flow rate of
8 mL min-1.

Operation
mode

Reference

In addition, whether it is the traditional energy-intensive EF process or the recently emerging, cost-effective BEF, the following technical shortcomings
limit its widespread use. First, there are strict requirements on the pH value of
the solution being treated, usually between 2-4, so it is usually necessary to
adjust the pH value of the solution before and after treatment by using acid and
alkaline (Fan et al., 2010; Flox et al., 2006; Moreira et al., 2017). Second, it is
still necessary to add transition metals (such as iron) as a catalyst to effectively
catalyse the conversion of in-situ synthesised H2O2 into •OH, in order to
achieve the effective removal of target pollutants. However, the treatment procedure will also cause secondary pollution, such as the further removal of Fe 3+
in the solution and the problem of iron sludge, which requires further attention
before discharging into natural water bodies. Not only that, if the iron sludge
produced at the cathode is not treated in time, it will adversely affect the treatment effect of BEF, which in turn imposes both high treatment costs and a
number of safety issues, due to the chemicals used.
As an alternative, UV-induced AOPs (e.g. UV/H2O2) are used to catalyse the
decomposition of H2O2 and generate •OH through direct UV irradiation, thus
effectively removing pollutants (Malik and Sanyal, 2004); consequently, the
removal of remaining iron and iron sludge will not be required in such processes. Furthermore, there is no strict requirement on the operating pH, and the
better removal effect is obtained under neutral and slightly alkaline (pH at 9)
conditions, corresponding to UV/H2O2 and UV/PS processes, respectively
(Malik and Sanyal, 2004; Xu et al., 2020). To sum up, it is of great significance
to explore the use of UV substitution in BEF, in order to replace the addition
of transition metal (e.g. iron) to catalyse the decomposition of H2O2, which is
synthesised in situ, into •OH to overcome the defects in the above BEF process.
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1.4 Objectives and their structure
1.4.1 Objectives
The main purpose of the PhD project can be summarised in three parts. The
first is to design and build a 20 L scaled-up BEF reactor to study the feasibility
of the scaled-up BEF process in the synthesis of H2O2 and the treatment of
emerging refractory pollutants. Second, the current BEF system mainly needs
to adjust the pH value before and after the local reaction, due to the narrow
working pH range and the possible secondary pollution caused by the use of
iron as a catalyst. Thus, an innovative microbial electrochemical ultraviolet
photolysis cell (MEUC) system, which integrates UV irradiation and BEF, was
developed for such refractory emerging pollutants containing treated
wastewater. Third, in response to the UV transmittance problem of UV-based
AOPs, including the innovative MEUC system, in the treatment of wastewater
with high chroma and refractory organics, a new type of MEUPS system has
been developed, which combines the advantages of MET and UV/PS-based
AOPs while overcoming the shortcomings of the individual processes.
Specific objectives are as follows:
 Efficient and cost-effective in-situ microbial electrosynthesis of hydrogen peroxide at the pre-pilot scale (Paper Ⅰ)
 Establishment of a 20 L scaled-up BEF process for the effective removal
of refractory emerging pollutants (Paper Ⅱ and Paper Ⅲ)
 The treatment cost of the 20 L scaled-up BEF process reduces significantly compared to the lab-scale BEF process (Paper Ⅱ and Paper Ⅲ)
 Establishment of an innovative microbial electrochemical ultraviolet
photolysis cell (MEUC) for the effective removal of refractory emerging
pollutants (Paper Ⅳ)
 Fast and efficient removal of the selected refractory emerging pollutant
achieved only with power input and at a neutral pH (Paper Ⅳ)
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 Establishment of a microbial electrochemically assisted UV/PS process
for the effective treatment of wastewater with high chroma and refractory organics (Paper Ⅴ)
 The hybrid process has a significant synergy compared to individual
ones (Paper Ⅴ)

1.4.2 Structures
In Chapter 2, a 20 L scaled-up BEF reactor is designed and developed for the
first time, to investigate its feasibility for the in-situ microbial electrosynthesis
of H2O2 and to treat dye-containing and pharmaceutical-containing
wastewater. The impact of key operating parameters, including applied voltage, cathodic aeration rates, initial catholyte pH, iron dosage, initial concentration of the selected dyes or pharmaceuticals, hydraulic retention time (HRT)
and the water matrix, on system performance are systematically studied. Furthermore, the transformation pathway of the selected pollutants during the
scaled-up BEF treatment process is also explored. Finally, the energy consumption of the scaled-up BEF process in treating the selected pollutants is
calculated and compared with the lab-scale BEF process (Papers Ⅰ, Ⅱ and Ⅲ).
In Chapter 3, considering the shortcomings of the aforementioned BEF process, the use of UV instead of the traditional method of dosing iron and combined with the previous section successfully 20 L scaled-up the BEF process
to catalyse the in-situ synthesised H2O2 to generate •OH, called microbial electrochemical ultraviolet photolysis cell (MEUC) for the effective removal of
refractory emerging pollutants. Moreover, the effects of key operating parameters such as applied voltage, cathodic aeration rates, UV irradiation intensity,
HRT and the water matrix on system performance are systematically studied.
Furthermore, the transformation pathway of the selected pollutants during the
MEUC treatment process is also investigated. Additionally, the energy consumption of the MEUC process in treating the selected pollutants is calculated
and compared with the other AOPs. Lastly, the eco-toxicity of the treated effluent is assessed by using Vibrio fischeri (Paper Ⅳ).
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Chapter 4 considers that the MEUC system faces problems caused by low UV
transmittance when treating wastewater with high chroma and refractory organics. Therefore, an innovative microbial electrochemically assisted UV/persulfate process (MEUPS) is developed to treat such wastewaters. The effect of
key operating parameters, including applied voltage, cathodic aeration rates
and PS dosage, on system performance are systematically studied. Additionally, the energy consumption of the MEUC process in treating the selected pollutants is calculated and compared with the other AOPs. Lastly, the eco-toxicity assessment of the treated effluent is conducted by using aquatic plant
fronds of L. minor duckweed (Paper Ⅴ).
In Chapters 5 and 6, the project is summarised and the conclusions are listed,
followed by perspectives on future research.
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2 Feasibility and applicability of the
scaled-up BEF process for H 2O2
production and subsequent refractory
emerging pollutants containing treated
wastewater
H2O2 is a multi-functional, environmentally-friendly and strong oxidation ability chemical. According to a survey conducted by (Campos‐Martin et al.,
2006), annual global demand for H 2O2 is about 2.2 million tons, more than 95%
of which is produced through the industrial anthraquinone process, which is
considered as high-energy consumption and potentially dangerous method. In
addition, electrochemical methods can be used to produce H 2O2 efficiently, but
they also require a large amount of energy input. Alternatively, MET has been
found to be a promising technique for the in-situ synthesis of H 2O2 by harvesting energy from sewage, usually consisting of the main types of MFC and MEC
(Zhao et al., 2020). Since it was first reported in 2009 to use MET for the insitu synthesis of H 2O2, with its advantages of turning waste into energy, more
and more researchers have begun to pay attention to it based on MET and subsequent environmental applications, including emerging pollutants and real industrial wastewater treatment on a lab scale (Li et al., 2017b; Rozendal et al.,
2009; Zhao et al., 2020). However, scale-up or pilot-scale applications of MET
to date have been challenging in terms of environmental remediation. Therefore, three experiments are conducted herein to investigate the feasibility and
applicability of the scaled-up BEF process for H2O2 production and subsequent
refractory emerging pollutants containing treated wastewater.
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2.1 Efficient and cost-effective in-situ microbial
electrosynthesis of H 2O2 at a 20 L scaled-up
BESs reactor
In this context, the feasibility of scaling-up of microbial electrosynthesis with
multiple electrodes for the in-situ production of H 2O2 is first investigated in
Paper Ⅰ. As depicted in Figure 2, we designed and assembled a scaled-up
BESs reactor with a total volume of 20 L, made of polycarbonate. The reactor
had a two-compartment configuration, separated by a CEM (CMI 7001, Membrane International, NJ), so as to ensure that protons, one of the metabolites
produced at the anode, could be transferred to the cathode and to avoid the
interference of cathode aeration in the anodic anaerobic environment. The dimensions of the two chambers were the same, specifically 40 cm in length, 10
cm in width and 20 cm in height. Each corresponding chamber was equipped
with 10 electrodes, carbon brushes (diameter 5.9 cm, length 6.9 cm, Mill-Rose,
USA) were used for the anode electrode and graphite plates were used for the
cathode electrode (length 4.5 cm, width 4.5 cm). The carbon brushes and CEM
were pre-processed before installation, and the specific pre-treatment methods
can be found in our previous studies (Li et al., 2017c; Zhang et al., 2015c). In
addition, an Ag/AgCl reference electrode (+0.197 V vs SHE, Pine Instrument
Company, USA) was installed in the cathode chamber to monitor cathode potential. Furthermore, the cathode chamber was equipped with two microporous
aerators with an aeration aperture of 5 to 100 µm, in order to supply oxygen to
the electrodes immersed in the electrolyte. The specific installation positions
of the above-mentioned electrodes and aerators are presented in Figure 2.
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Figure 2. Picture and schematic diagram of the 20 L scaled-up BES reactor. (a) Photograph.
(b) Front view diagram. (c) Side view diagram. (d) Top view diagram (Paper Ⅰ).

When the reactor was assembled, it entered the enrichment phase, which aims
to form a mature electrochemical active biofilms on the anode carbon brushes.
In this phase, the reactor operates in the MFC mode, with a 1000 ohm resistor
in series between the anode and the cathode. It should be noted that the anodic
inoculation is taken from wastewater treatment plant influent (Lundtofte, Copenhagen, Denmark) and added to 1 g L -1 sodium acetate. For the cathode electrolyte, a 50 mM potassium ferricyanide solution with a 50 mM phosphate
buffer (pH at 7) is used. After a one-month enrichment phase, the reactor can
output a stable and repeatable voltage (up to 0.7 V). After that, the reactor is
switched to the MEC mode, and the applied voltage is set to 0.3 V. During this
period, series resistance between the two poles is reduced from 1000 ohms to
0.1 ohms. In addition, the anode and catholyte are replaced with a synthetic
medium and a 50 mM Na 2SO4 solution, respectively, and the anodic nutrient
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solution is continuously fed through a four-channel peristaltic pump (104 RACH.4, OLE DICH, Denmark), with HRT set for 58 h. Here, the peristaltic pump
also provides aeration for the cathode to lower overall energy consumption
further. The specific ingredients of the anodic synthetic medium can be found
in our previously published papers (Zhou et al., 2018).
Based on Eq.(1), the influence of various operating parameters, including applied voltage, the cathodic aeration rate, catholyte pH and electrolyte nature
and concentration, on the performance of this scaled-up BES for the synthesis
of H2O2 are studied (Figure 3). As shown in Figure 3a, the cumulative amounts
of H2O2 produced over 42 h were 125.36, 236.36, 314.93, 353.40, 454.44,
408.70 and 385.71 mg L -1, respectively, at the applied voltage ranging from
0.1 to 0.8 V. The results indicate that the optimum input voltage was 0.6 V,
while further increasing the input voltage (0.7 V and 0.8 V) will lead to a decrease in H2O2 production. The above results can be explained from two viewpoints. On the one hand, an increase in the currency may lead to accelerated
electron transfer on the surface of the cathode electrode, thus promoting the
ruction of oxygen to produce H2O2 via Eq. (1) (Yu et al., 2015a; Yu et al.,
2015b). On the other hand, higher currents may also enhance the occurrence of
side reactions, such as accelerating the conversion of the produced H 2O2 into
H2O via Eqs. (5), (6) and (7), or even a 4e - reduction of oxygen to produce H 2O
via Eq. (8) (Chen et al., 2015; Nadais et al., 2018; Wang et al., 2020) and hydrogen evolution via Eq. (9) (Chen et al., 2015).
H2O2 + 2H+ + 2e- → 2H2O

(5)

2H2O2 → O2 + 2H2O

(6)

H2O2 + OH- → HO2- + H2O

(7)

O2 + 4H+ + 4e- → 2H2O

(8)

2H+ + 2e- → H2

(9)

Considering that O 2 is another key component for the in-situ synthesis of H 2O2,
the influence of different aeration velocities ranging from 0.00045 to 0.056 mL
min-1 mL-1 on the synthesis of H 2O2 is investigated. As shown in Figure 3b, the
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concentration of H 2O2 accumulated at the cathode for 42 h monotonically increased in line with increases in the aeration rate, which indicates that the selected aeration rate range has no negative effect on the corresponding concentration of H2O2 accumulated at the cathode. Finally, when the aeration velocities applied were 0.045 to 0.056 mL min -1 mL-1, respectively, there was no
significant difference in the accumulated H 2O2 content of the cathode, and the
latter required higher energy consumption, so the aeration velocity of 0.045
mL min-1 mL-1 was selected as the optimal aeration rate for subsequent experiments. In Figure 3c, the results show that the initial catholyte significantly
affected the cathodic synthesis of H 2O2, and cumulative output reached approximately 454.44, 412.71, 395.71 and 316.36 mg L -1, corresponding to initial
catholyte pH levels of 3, 5, 7 and 9, respectively, at the end of 42 h. Under
alkaline conditions, especially at pH > 9, H 2O2 mainly exists in the form of
HO2-, which could catalyse the decomposition of H 2O2 via Eq. (10) (Luo et al.,
2015; Sheng et al., 2011).
H2O2 + HO2- → ·OH + · O2- + H2O

(10)

Generally, research related to electrochemical systems requires the addition of
additional supporting electrolytes to the electrolyte, to enhance the flow of
electrons, which is beneficial to the electrosynthesis of some strong oxidants
(e.g. H2O2). As presented in Figure 3d, when Na 2SO4 was used as the electrolyte, the accumulated H 2O2 concentration in 42 h was 454.44 mg L-1, followed
by Na2CO3 and NaCl, reaching 358.50 and 262.17 mg L -1, respectively. Besides the nature of the electrolyte, its dosage is also crucial for the electrosynthesis of H2O2, because the lower the dosage, the lower the corresponding conductivity, which requires the application of a higher input voltage to achieve
the expected current. On the contrary, a higher dosage may consume the generated H2O2 and also increase the cost of chemicals. As depicted in Figure 3e,
the increase in Na 2SO4 from 10 to 100 mM results in an increase in the continuous improvement of cathodic H 2O2 accumulation. Additionally, when the dosage of Na2SO4 increased from 50 to 100 mM, the observed increase rate in
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cumulative H2O2 was obviously lower than that of dosage ranging from 10 to
50 mM. In conclusion, the cumulative H 2O2 concentration in this 20 L scaledup BES reached a maximum 454.44 mg L -1 within 42 h in optimal operating
conditions, i.e. an input voltage of 0.6 V, a cathodic aeration velocity of 0.045
mL min-1 mL-1, 50 mM Na2SO4 and an initial pH of 3.

Figure 3. The impact of key operating parameters on the cathodic in-situ synthesis of H2O2
through a 20 L sacled-up BES reactor. (a) The effect of applied voltage, (b) the effect of the
cathodic aeration rate, (c) the effect of the initial catholyte pH, (d) and (e) the effect of
electrolyte nature and concentration (Paper Ⅰ).
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Additionally, Table 2 compared the energy consumption of this 20 L scaledup BES with previously published studies looking at bioelectrochemical systems. First of all, compared with the traditional lab-scale electrochemical system (e.g. EF), which also used graphite or a graphite plate as the cathode materials, although its H 2O2 yield was higher than that of 20 L scaled-up BESs
designed and used in this study but also at the same order of magnitude, the
former obviously consumed more energy. Second, compared with MFC systems that did not require additional voltage input and the reactor scale was still
at the laboratory stage, the 20 L scaled-up BES exhibited a faster H 2O2 yield
and consumed very little energy (0.298 kWh kg -1 H2O2). Lastly, compared with
lab-scale MEC systems, the 20 L scaled-up BES exhibited not only lower energy consumption, but also faster H 2O2 yield. In addition, Table 2 also shows
that the H2O2 yield (88.20 vs 10.82 mg L -1) of some MEC systems are higher
than evidenced in this paper, because modified GDE were used, which would
have increased the cost of electrodes and would not be conducive to large-scale
applications in the future. Furthermore, it can be seen that there was only one
short communication in the litrerature that reported the adoption of a MEC
system equivalent to the cathodic volume of this study, but its H 2 O2 yield was
much lower and its energy consumption was expected to be higher because of
the higher aeration rate and applied voltage adopted.
To conclude, this study has successfully designed and built a 20 L scaled-up
BES that can be driven by harvesting electrical energy from sewage and then
combined with a very low applied voltage to achieve efficient and cost-effective in-situ electrosynthesis of H 2O2.
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Table 2. Previous studies on H2O2 production through (bio)electrochemical systems
System types

Cathode materials

EF

Graphite

EF

Graphite

MEC

Vulcan carbon-coated
GDE

MEC

GDE

MEC
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MEC

Electrochemically
modified graphite particle
Carbon black and
graphite hybrid air
cathode

MEC

Carbon GDE

MFC

3D graphite cathode

MFC

Graphite

MREC

Graphite

20 L scaled-up
BESs reactor

Graphite

Reactor volume

H2O2 yield

Energy consumption

References

500 mL

21.0 mg L-1 h-1

-

(Zhang et al.,
2008)

7.65 L (3.15 L of
cathode)

40.6 mg L-1 h-1

7.8 kWh kg-1 H2O2

(Qiang et al.,
2002)

218 mL (18 mL
of cathode)

8.8 mg L-1 h-1

1.1 kWh kg-1 H2O2

(Young et al.,
2016)

pH of 7, 50 mM NaCl, and applied
voltage of 0.9 V

18.8 mL (9.4 mL
of cathode)

4.2 mg L-1 h-1

1.8 kWh kg-1 H2O2

(Modin and
Fukushi,
2012)

pH of 7, 50 mM Na2SO4, and applied
voltage of 0.4 V

96 mL (64 mL of
cathode)

88.2 mg L-1 h-1

0.66 kWh kg-1
H2O2

(Chen et al.,
2015)

42 mL (14 mL of
cathode)

3.3 mg L-1 h-1

56 kWh kg-1 H2O2

(Li et al.,
2016a)

110 L (10 L of
cathode)

0.019 mg L-1 h-1
(AEM) and 0.274 mg
L-1 h-1 (CEM)

-

(Sim et al.,
2018)

82 mL (50 mL of
cathode)
160 mL (80 mL
of cathode)

1.5 mg L-1 h-1

-

6.6 mg L-1 h-1

-

140 mL (40 mL
of cathode)

10.80 mg L-1 h-1

0.45 kWh kg-1
H2O2

(Li et al.,
2017a)

20 L (10 L of
cathode)

10.82 mg L-1 h-1

0.298 kWh kg-1
H2O2

In this study

Operating conditions
pH of 3, 100 mM Na2SO4 and cathodic
aeration rate of 1571 mL min-1
pH of 2, 50 mM NaClO4, cathodic aeration rate of 8747 mL min-1, and applied
cathode potential of -0.5 vs SCE
pH of 7, 200 mM NaCl, cathodic aeration rate of 20 mL min-1, and applied
voltage of 0.31 V

pH of 7, 50 mM NaCl, cathodic aeration rate of 1500 mL min-1, and applied
voltage of 0.6 V
Tap water, cathodic aeration rate of
2000 mL min-1, and applied voltage of
1.0-1.6 V (CEM) or 1.6-2.0 V(AEM)
pH of 7 and 50 mM Na2SO4
pH of 7 and 100 mM Na2SO4 and cathodic aeration rate of 191 mL min-1
pH of 7, 35 g L-1 NaCl, cathodic aeration rate of 12 mL min-1, and salt and
fresh water flow rate of 0.5 mL min−1
pH of 3, 50 mM Na2SO4, cathodic aeration rate of 400 mL min-1, and applied
voltage of 0.6 V

(Li et al.,
2018)
(Fu et al.,
2010b)

2.2 Feasibility and applicability of scaling-up a
BEF system for textile wastewater and
pharmaceutical wastewater treatment
In the previous section 2.1, it was established that the in situ synthesis of H 2O2
can be effectively achieved by using the 20 L scaled-up BES reactor (Paper Ⅰ).
Therefore, adding iron to the cathode catalysed the in-situ decomposition of
H2O2 to form •OH, known as the BEF process, with the purpose of effectively
removing refractory emerging pollutants (Paper Ⅱ and Paper ⅠⅡ). As for the
selection of emerging pollutants, dye-containing wastewater with high
concentrations and high chroma, and pharmaceutical-containing wastewater
with low concentration but a wide distribution range, were selected as the two
target pollutants. Specifically, typical model compounds with six dyes
(methylene blue (MB), orange G (OG), toluidine blue (TB), meldola’s blue
(MeB), rhodamine B (RhB) and rhodamine

6G (Rh6G)) and six

pharmaceuticals (diclofenac, ibuprofen, ketoprofen, clorfibric acid, naproxen
and carbamazepine) were selected, all of which are widely used for dyeing,
printing and biological indicators (Nidheesh et al., 2018; Paździor et al., 2019;
Wong et al., 2019) or have been detected in varying concentrations in urban
effluent (Gurke et al., 2015; Laurencé et al., 2014; Papageorgiou et al., 2016).
The schematic diagram of the 20 L scaled-up BEF system structure and
operation is presented in Figure 4. Moreover, refer to Papers Ⅱ and ⅠⅡ for an
introduction to the detailed structure and operating parameter settings of the
reactor.
Similar to the previous section 2.1, the effects of operating parameters,
including applied voltage, the cathodic aeration rate, initial catholyte pH, Fe2+
dosage and initial concentrations of the selected model compounds, on the
treatment of such dye-containing or pharmaceutical-containing wastewater are
investigated. In Paper Ⅱ, the whole treatment process is first conducted in
batch mode, and the obtained results indicate that decolorisation efficiencies
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reach about 98%, 99%, 100%, 100%, 100% and 100% for TB, MeB, MB, OG,
RhB and Rh6G within 28 h, respectively, in optimal operating conditions, i.e.
an initial catholyte pH of 2, Fe 2+ dosage of 0.2 mM, initial concentrations of
20 mg L-1, a cathode aeration rate of 350 mL min -1 and an applied voltage of
0.4 V. Furthermore, an efficient and stable removal effect is achieved in
continuous flow mode. Notably, the energy consumption for such wastewater
treatment was only 5.96 kWh (kg TOC) -1, compared to the lab-scale BEF
process and the traditional EF process, which require 25.93 and 45.8-865 kWh
(kg TOC)-1, respectively (Gao et al., 2015; Li et al., 2017d; Xu et al., 2008). In
Paper ⅠⅡ, the whole treatment process is carried out in continuous mode, and
the obtained results indicate that the six selected pharmaceuticals can be
completely removed when the system operates with an initial catholyte pH of
2.8, an Fe2+ dosage of 0.3 mM, a HRT of 26 h, an initial concentration of 500
µg L-1 for each compound, a cathode aeration rate of 350 mL min -1 and an
applied voltage of 0.1 V. Correspondingly, energy consumption is calculated
at 8.67 ×10-3 kWh m-3. In contrast, using an 80 mL lab-scale BEF reactor to
treat four of these pharmaceuticals (40 µg L-1 of diclofenac, ibuprofen,
ketoprofen and naproxen) requires up to 29.875 kWh m-3 of energy input
(Nadais et al., 2018). Therefore, the scaled-up BEF process could become an
emerging water treatment technology with high efficiency and low energy
consumption, thus promoting its market competitiveness.
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Figure 4. Schematic of the 20 L scaled-up BEF system structure and operation. (a) Picture
of the 20 L scaled-up BEF system. a, Synthetic nutrient medium feed in the anode chamber;
b, Effluent from the anode chamber; c, Anode chamber; d, Cathode chamber; e, Synthetic
wastewater feed in the cathode chamber; f, Effluent in the cathode chamber (treated effluent).
(b) Graphical configuration of the electrode arrangement. (c) Flow chart for the 20 L scaledup BEF system under operating conditions (Papers Ⅱ and Ⅲ).

The above experiments were mainly carried out in laboratory water distribution
with a simple composition, and the actual application of this technology in the
future will need to treat real wastewater with complex compositions. Therefore,
in view of the fact that WWTPs effluent is the main way for such trace
pollutants to enter the aquatic environment, this study further explores the
applicability of this technology in the treatment of WWTPs secondary effluent
spikes with the above six selected pharmaceuticals. As shown in Figure 5,
under the same operating conditions, the removal efficiencies of the six
selected pharmaceuticals are reduced to varying degrees compared to the 100%
removal observed in the laboratory water distribution, reaching between 30%
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and 90%. The reason for this drop in effectiveness is mainly due to the fact that
inorganic ions and natural organic matter in real wastewater consume the
generated ·OH, which then leads to a reduction in removal efficiency (Nadais
et al., 2018). Furthermore, the low conductivity of real wastewater leads to a
decrease in system current and in H 2O2 – and even ·OH (Moreira et al., 2017;
Nadais et al., 2018; Thiam et al., 2015). Therefore, by further increasing the
applied voltage to increase the system current, relatively higher removal
efficiencies are obtained, reaching 44% to 96%. Finally, the HRT was further
extended to 36 h, in order to obtain higher removal efficiencies, but the results
showed that the removal efficiencies of the selected six pharmaceuticals
increased significantly in the first 16 hours but then decreased significantly in
the last 20 hours, which can be attributed to the rapid rise in the pH of the
solution.

1.0

HRT = 26 h

HRT = 26 h

HRT = 26 h

HRT = 36 h

0.1 V

0.2 V

0.2 V

0.2 V

Clofbric acid
Diclofenac
Carbamezipine
Naproxen
Ibuprofen
Ketprofen

0.8

Ct/C0

0.6

0.4

0.2

0.0

0
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16 24 32 40 48 56 64 72 80 88 96 104 112

Time (h)
Figure 5. The applicability of this 20 L scaled-up BEF system in the treatment of secondary
WWTP effluent spikes with the above six selected pharmaceuticals. System operating parameters:
initial concentration of 500 µg L-1, initial pH of 2.8, applied voltages of 0.1 V and 0.2 V, HRTs
of 26 h and 36 h and an air flow rate of 350 mL min-1 (Paper Ⅲ).
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2.3 Implications
This study proves the applicability of the scaled-up BEF process for the
continuous treatment of wastewater contaminated by dyes or pharmaceuticals.
Compared with the laboratory-scale BEF process, it has the following
advantages: 1) it maintains the high efficiency of the treatment; 2) lower energy
consumption and 3) a smaller iron dosage (e.g. 0.3 mM vs. 7.5 mM). However,
despite promising prospects, some challenges still need to be solved, namely
pH adjustment before and after treatment and the further treatment of produced
Fe3+ and iron sludge.
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3 Microbial electrochemistry meets UV:
together toward zero micropollutants in
aquatic environments
3.1 A novel microbial electrochemical ultraviolet
photolysis

cell

(MEUC)

for

the

efficient

degradation of refractory emerging pollutants
In Chapter 2, we described in detail the successful synthesis of H 2O2 in a 20 L
scaled-up BES reactor and its subsequent application to the degradation of refractory emerging pollutants with typical dyes and pharmaceuticals via a BEF process,
as well as remaining problems – found mainly in the regulation of pH and iron
sludge. To overcome such drawbacks, in Paper Ⅳ, UV was used instead of iron
to catalyse the decomposition of H2O2 produced in-situ, to generate ·OH via
Eq.(10) and to achieve the effective removal of target pollutants. The new treatment process is referred to as a ‘microbial electrochemical ultraviolet photolysis
cell’ (MEUC).
ℎ𝑣

𝐻2 O2 → ∙ OH

(10)

As shown in Figure 6, the configuration of the MEUC reactor remains the same as
previously described in Chapter 2, and two UVC lamps (Hanovia GPH180T5L, 10
W) are placed in the cathode chamber. Operation of the MEUC reactor, and the
monitoring and testing of various indicators (e.g. current and cathode potential), is
described in detail in Paper Ⅳ. Compared to the conventional EF and BEF
processes, MEUC has the following unique advantages. First, there is no need to
add any chemicals (such as acid-base solution and iron) during treatment, which
significantly reduces economic investment and operational severity, and solves the
iron sludge problem. Second, it is cost-effective and only requires energy input,
whilst alternative energy sources such as solar energy and wind energy can be used
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in the future. Third, the subsequent removal of residual H2O2 can generate
electricity without energy consumption.
Moreover, carbamazepine is considered a model compound for residual
pharmaceuticals, because it is widely present in WWTP effluent, and its removal
efficiency for traditional WWTPs is usually less than 10% and may have negative
effects on aquatic organisms and humans (Appavoo et al., 2014; Mcdowell et al.,
2005). Therefore, this study applies the new MEUC system to study its feasibility
and applicability in the treatment of carbamazepine-containing wastewater.

Figure 6. (a) Picture of the 20 L MEUC system. (b) Schematic diagram of the electrode and UV
lamp arrangement. (c) Flowchart (Paper Ⅳ)
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3.2 MEUC system performance
3.2.1 MEUC system performance feasibility verification
As shown in Figure 7, the removal efficiency of carbamazepine with an intial
concentration of 500 µg L-1 can reach 98% within 1 h, and 100% within 2 h,
throughout MEUC treatment. In addition, related control experiments, including
direct UV irradiation, open circuit and MEUC (UV light off), were conducted. It
is evident that only approximately 10%, 4% and 4% of carbamazepine was
removed, corresponding to the above-mentioned control experiments, respectively.
The fast and efficient removal of carbamazepine during the MEUC process is due
to the in-situ generated H2O2 being converted into ·OH via UV irradiation (Eq.(1)),
which is thought to play a major role in the degradation of carbamazepine. The
obtained results demonstrate the feasibility of this new MEUC system as an
effective water treatment technology for tertiary treatment at WWTPs.
1.0

0.8

Adsorption
UV only
Only 0.2 V
UV + 0.1 V
UV + 0.2 V
UV + 0.3 V
UV + 0.4 V
UV + 0.5 V

Ct/C0

0.6

0.4

0.2

0.0
0.0

0.5

1.0
Time (h)

1.5

2.0

Figure 7. MEUC system feasibility verification under batch mode. System’s operational
parameters: carbamazepine of 500 µg L-1, UV intensity of 48 µW cm-2, Na2SO4 of 50 mM, applied
voltage of 0.2 V (for the control experiment) and cathodic aeration rate of 300 mL min-1.
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3.2.2 Effect of key operating parameters on the MEUC system performance
The previous section confirmed the feasibility of the MEUC system in
pharmaceutical-containing wastewater treatment. Therefore, the influence of
various operating parameters, including the cathodic aeration rate, UV intensity
and HRT, on system performance will be studied further in the following (Figure
8).
First, the influences of different aeration rates are investigated. Five aeration rate
gradients are selected from 0 to 400 mL min-1, corresponding to 0 to 0.044 mL
min-1 mL-1 (based on the cathodic working volume). Through continuous
improvement of the aeration rate, the removal efficiency of carbamazepine shows
a trend of first increasing and then decreasing, reaching its highest at an aeration
rate of 0.033 mL min-1 mL-1, which is 98%. The negative effect of further
increasing the aeration rate on system performance can be explained as the
saturation of DO and gas collapsing into large bubbles, which reduces O2
availability to the electrode (Liu et al., 2007; Moreira et al., 2017).
Second, the impact of UV intensity (0, 24 and 48 µW cm-2) is further studied, since
it is a key parameter in UV-induced AOPs, which can affect the amount of ·OH
generated and thus influence the removal efficiency of pollutants (Somathilake et
al., 2018; Wang et al., 2016). The results show that the removal efficiency of
carbamazepine increases in line with an increase in UV intensity, which can be
explained as ·OH generation increasing in line with increasing UV intensity.
Third, HRT is another important parameter in the continuous treatment process, as
it affects the removal efficiency of the target pollutant and overall costs, i.e. capital,
operating and maintenance costs. Accordingly, four different HRTs (2, 2.5, 3, and
5 h) were selected, and their effects on system performance were studied. The
results show that compared with the 98% removal rate of carbamazepine observed
when a HRT of 2 h was used, its elimination in the MEUC system can reach 100%
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by extending HRT. Therefore, considering the overall cost, especially in terms of
capital cost, and the removal efficiency of HRT at 2 h reaching nearly 100%, this
option was chosen for the follow-up experiment.
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0.011 mL min-1 mL-1
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Figure 8. The impact of key operating parameters, including (a) cathodic aeration rate, (b) UV
intensity and (c) HRT on system performance. Other system operational parameters:
carbamazepine of 500 µg L-1, cathodic aeration rate of 0, 0.011, 0.022, 0.033 and 0.044 mL min1

mL-1, UV intensity of 0, 24 and 48 µW cm-2, Na2SO4 of 50 mM, applied voltage of 0.2 V and

HRT of 2, 2.5, 3 and 5 h.
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3.2.3 The transformation pathway of carbamazepine during the
MEUC treatment process
In order to understand further the transformation mechanism of carbamazepine in
the MEUC system, LC-MS was used to identify samples collected at different
sampling times under the full scan mode. Consequently, five major transformation
products with different m/z were detected, and the corresponding elution times
were 0.068 (m/z of 118.1), 0.479 (m/z of 164.9 and 226.9), 6.628 (m/z of 253) and
6.953 (m/z of 258) mins. Based on the obtained m/z of the transformation products,
and combined with the previous relevant literature, the corresponding molecular
structures of different m/z were successfully inferred and a possible transformation
pathway of carbamazepine further proposed (Figure 9). A detailed inference
process is shown in Paper Ⅳ.

Figure 9. Proposed carbamazepine transformation pathway during the MEUC treatment
process.
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3.2.4 Eco-toxicity test, using a Vibrio Fischeri bioassay
Considering that the complete mineralisation of target pollutants usually requires
a longer HRT, overall treatment costs can increase significantly. However, when
only the removal of the parent compound is concerned, the associated
transformation products may be more toxic than the parent compound. Therefore,
it is necessary to evaluate further the eco-toxcicty of the effluent when removing
carbamazepine with MEUC technology. Specifically, the eco-toxicity of the
corresponding samples was evaluated by observing the bioluminescence inhibition
percentage of Vibrio fischeri in each sample after 10 minutes and 20 minutes of
exposure. As shown in Figure 10, throughout the whole process, the
bioluminescence inhibition percentage of the tested samples only fluctuated
slightly, and was less than 15%, which indicates that treat edeffluent does not have
a toxic effect.
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Figure 10. Eco-toxicity test at two assay times (10 and 20 min) in terms of bioluminescence
inhibition (%) of Vibrio Fischeri on the treatment of carbamazepine during MEUC treatment.
System operational parameters: carbamazepine of 500 µg L-1 spiked in the real wastewater, UV
intensity of 48 µW cm-2, applied voltage of 0.2 V, HRT of 2 h and cathodic aeration rate of 0.033
mL min-1 mL-1.
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3.3 Implications
In conclusion, this study has developed a novel MEUC process and demonstrated
its feasibility for the continuous treatment of pharmaceutical-containing
wastewater. The new MEUC technology has successfully solved the defects of the
traditional BEF process, namely 1) pH adjustment before and after treatment and
2) the produced Fe3+ and iron sludge caused by the addition of iron as the catalyst
and the need for further treatement. Moreover, energy consumption calculations
show that when treating similar pharmaceutical wastewater with MEUC
technology they are significantly lower than with traditional BEF and EF processes
and UV-based AOPs such as UV/Fe(Ⅱ) (details available in Paper Ⅳ). Though
promising, this technology still has some flaws and needs improvement. First, for
the treatment of wastewater with high chromaticity, its impact on UV
transmittance may lead to a decrease in treatment efficiency. Second, the HRT of
the current treatment process is still high compared to traditional AOPs like O3 (25 h vs 13-43 min) (Bourgin et al., 2018). In the future, efforts should be made to
shorten the HRT, in order to reduce overall costs.
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4 A novel microbial electrochemicallyassisted UV/PS process for the effective
treatment of wastewater with high
chroma and refractory organics
4.1 A novel microbial electrochemically-assisted
UV/PS (MEUPS) process for dye-containing
wastewater treatment
In Chapter 3, we introduced a new MEUC system for the efficient treatment of
pharmaceutical-containing wastewater, which uses UV irradiation instead of iron
for the catalytic decomposition of H2O2 to produce ·OH, thus overcoming the two
main problems with BEF, i.e. pH adjustment, before and after treatment, and the
iron sludge problem. However, this method is also faced with a new challenge,
namely when treating organic wastewater with high chroma, such as dyecontaining wastewater, the final treatment effect is poor because H2O2 cannot
transform ·OH efficiently, due to low UV transmittance. In this chapter, we solve
this problem and expand the MEUC application fields by adding PS to enhance
the

removal

of

such

wastewaters.

Specifically,

a

novel

microbial

electrochemically-assisted UV/PS (MEUPS) process is proposed for the effective
treatment of wastewater with high chroma and refractory organic pollutants
(Figure 11). The principle behind this technique can be explained as follows: (1)
added PS is first activated in situ by bio-electrons to generate sulphate radicals
(·SO4−) for wastewater decolorisation; (2) any remaining PS and in-situ
synthesised H2O2 are further transformed into ·SO4− and ·OH through UV
irradiation, in order to remove pollutants effectively. A detailed description of the
construction and operation of the MEUPS system is available in Paper Ⅴ.
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Figure 11. Schematic diagram of the MEUPS process (MB: methylene blue).

4.2 MEUPS system performance
4.2.1 Feasibility verification of the MEUPS system
Proof-of-concept experiments were first carried out to validate the feasibility of
this novel MEUPS process, followed by a comparison with the controls individual
PS, individual UV photolysis, MEUC (UV light on/off) and UV/PS. As shown in
Figure 12, the decolorisation efficiencies of MB corresponding to the above
conditions were 100% (within 140 min), 12.4%, 11.9%, 15.0% 25.6% and 23.1%
within 160 min, respectively. The fast and efficient decolorisation of MB in the
MEUPS system clearly demonstrates the feasibility of applying this system to treat
this type of wastewater in the future. As for the significant improvement in the
treatment effect via this MEUPS system, it can be attributed to the fact that the
oxidants H2O2 and PS in the cathode chamber were activated through multiple
ways (Eq.(10)-(13)) and converted into the reactive radicals ·SO4− and ·OH (Durán
et al., 2017; Li et al., 2016b; Malik and Sanyal, 2004; Wen et al., 2020). In contrast,
it is a single way under other control conditions and the corresponding
generated ·SO4− and ·OH, and so the MEUPS system has a better removal effect.
ℎ𝑣

S2O82- → 2 •SO4− (11)
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H2O2 + S2O82− → •SO4− + •HO2 + HSO4− (12)
e− + S2O82− → •SO4− + SO42−

(13)

Figure 12. (a) Comparison of the decolorisation of MB through different treatment methods. (b)
Determination of decolorisation kinetic constants of MB through different treatment methods. (c)
Evaluation of the synergy factor for MEUPS with MEUC and UV/PS. Operating conditions: MB
of 40 mg L-1, Na2SO4 of 50 mM, PS of 25 mM, cathodic aeration velocity of 0.056 mL min-1 mL1
, input voltage of 0.6 V, UV intensity of 48 µW cm-2 and without pH adjustment.
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4.2.2 Effect of key operating parameters on the MEUPS system
performance
Continuing with the proof-of-concept, the following experiments were carried out
to explore the effect of the key operating parameters applied voltage, cathodic aeration rate, PS dosage and initial catholyte pH on the system performance of
MEUPS.
First, the effects of applied voltage ranging from 0.1 V to 0.7 V were investigated.
It was observed that the decolorisation efficiency of MB increased initially but
then decreased in line with an increase in voltage. Only when the applied voltage
was 0.6V did the removal efficiency of MB reach 100% within 140 min. The
results indicate that higher applied voltage can trigger a series of side reactions via
Eq. (14) and (15), thereby reducing the amount of H2O2 synthesised, which
eventually causes the reduction of •OH and •SO4− (Moreira et al., 2017; Oturan et
al., 2018).
•

HO2 + •OH → O2 + H2O

(14)

•

HO2 + •SO4− → O2 + SO42− + H+ (15)

Second, when the applied voltage was fixed at 0.6 V, the aeration rate (50, 100,
200, 300, and 500 mL min-1) was changed further, in order to study its effect on
MB decolorisation efficiency in the MEUPS system. The decolorisation efficiency
of MB exhibited the same trend as observed in the effect of applied voltage, with
the highest at 300 mL min-1, followed by a decline at 500 mL min-1. As explained
previously, the negative effect is due to the saturation of DO and gas collapsing
into large bubbles, which in turn reduced O2 availability to the electrode (Liu et al.,
2007; Moreira et al., 2017).
Third, the effect of PS dosage ranging from 5 to 25 mM on system performance
was assessed with fixed voltage and aeration rates at the previously obtained
optimal values. The results show that the decolorisation efficiency of MB cannot
continuously improve by continuosly increasing the PS dosage, and we see only a
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small increase after a certain amount. It is conceivable that continuing to increase
the dosage may even cause negative effects, perhaps due to the quenching effect
caused by excessive PS and the self-consumption of •SO4− through Eqs.(16)-(18)
(Durán et al., 2017; Lu et al., 2018).
•

SO4− + S2O82− → •S2O8− + SO42−

(16)

•

(17)

•

(18)

OH + S2O82− → •S2O8− + SO42−
SO4− + •SO4− → S2O82−

Lastly, the effect of the initial catholyte pH (3, 5, 7 and 9) on system performance
is studied. The other parameters use the above optimised values. The results show
that although the decolorisation rate of MB was the fastest when pH was 3, the
effect of pH on the decolorisation efficiency of MB was limited in the initial pH
range of 3-7. In contrast, the decolorisation efficiency of MB decreased to some
extent when the initial pH was 9 (approximately 15% decrease). In general, the
working pH range of the MEUPS system was significantly wider than that of the
ordinary BEF system. Specifically, the MEUPS system shows a good
decolorisation effect of MB (over 85%) within the range of acidity to alkalinity.

4.3 Economic analysis
The treatment cost of the MEUPS system includes two main factors, namely power
consumption and the cost of adding PS. Table 3 lists the treatment costs required
for applying the MEUPS system for the decolorisation and mineralisation of MB,
respectively. It is evident that because the decolorisation of MB is significantly
shorter than the mineralisation of MB, the required energy consumption is lower
and the treatment cost is correspondingly lower. Notably, UV lamps and aeration
account for about 95% of the energy consumption, which could be reduced by
selecting a more efficient UV light source (such as a medium-pressure UV lamp),
adjusting the aeration design and running the reactor in the continuous mode. In
addition, compared with the previous BEF process on the mineralisation of MB,

35

the energy consumption required by MEUPS is also significantly reduced (28.86
vs. 119.52 kWh m-3).
Table 3. Economic analysis for the removal of MB in the MEUPS process
Electrical energy-consuming components
UV lamp
Direct voltage supply

EEO (decolorisation)
(kWh m-3 order-1)
1.55
0.01

Cost/O
(€ m-3 order-1)
0.10
0.01

EEO (Mineralisation)
(kWh m-3 order-1)
11.19
0.02

Cost/O
(€ m-3 order-1)
2.80
0.01

Cathodic aeration
Stirring
PS

2.22
0.23
0
4.01 (Total)

0.53
0.06
3.21
3.91 (Total)

15.98
1.67
0
28.86 (Total)

4.00
0.42
3.21
10.44 (Total)

In summary, the MEUPS system introduced in this chapter solves the problem of
UV transmittance in the treatment of high-chroma wastewater by the MEUC system proposed in Chapter 3, and the obtained results expand the application fields
of the new system, combining UV and BES.

4.4 Implications
In conclusion, this study has proposed a novel MEUPS process and demonstrated its feasibility for the continuous treatment of wastewater with high
chroma and refractory organics. The novel MEUPS technology overcomes the
problem of low treatment efficiency encountered by the MEUC technology described earlier in the treatment of high chrominance wastewater due to low UV
transmittance. Moreover, further calculation shows that the energy consumption of MEUPS technology is significantly lower than that of other AOPs (e.g.
BEF and UV/H2O2) for treating the same type of wastewater (details available
in Paper Ⅴ). However, this technology still has shortcomings mainly due to the
addition of PS during the treatment process, so the treated water containing its
final product sulfate requires further treatment before being discharged.
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5 Conclusions
This thesis mainly studied the feasibility of scaling-up existing microbial
electrochemical advanced oxidation processes (MEAOPs), such as the most
popular lab-scale BEF process (ranging from tens of millilitres to hundreds of
millilitres), and exploring the subsequent application of these scaled-up
MEAOPs (including BEF, MEUC and MEUPS) for the efficient, cost-effective
and eco-friendly treatment of wastewater containing refractory emerging
pollutants (e.g. dyes and pharmaceuticals). First, a 20-L scaled-up BES reactor
was developed, and it successfully realised the efficient in-situ synthesis of
H2O2. Thereafter, following the in-situ addition of iron at the cathode, the
system transformed into a BEF process and successfully achieved the efficient
removal of dye-containing and pharmaceutical-containing wastewater. Then,
we applied an innovative MEUC system using UV radiation instead of adding
iron, which successfully achieved the in-situ high-efficiency treatment of
pharmaceutical-containing wastewater with only a small amount of electrical
energy input. Lastly, by combining UV/PS and MEUC, a new MEUPS process
was proposed for the treatment of high-chroma wastewater, further expanding
the application scope of UV-based MEAOPs. Specifically, the main
conclusions are summarised as follows.
Scaling-up of microbial electrosynthesis with multiple electrodes for the insitu production of H 2O2. In this 20-L scaled-up BES reactor, the cumulative
production of H2O2 in 42 h is as high as 454.44 mg L -1 under optimal operating
conditions.
A 20-L scaled-up BEF process was developed for the first time and
successfully applied to the efficient and cost-effective continuous removal of
dye-containing and pharmaceutical-containing wastewater.
The energy consumption for treating dye-containing wastewater through this
20-L scaled-up BEF process was only 5.96 kWh (kg TOC) -1, compared to the
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lab-scale BEF process and traditional EF process, which require 25.93 and
45.8-865 kWh (kg TOC) -1, respectively.
The treatment cost for treating pharmaceutical-containing wastewater
through this 20-L scaled-up BEF process was only 5.84 € m-3, while 71.25 €
m-3 is needed in the lab-scale BEF process.
Identified intermediates with an elucidated potential degradation pathway of
clofobric acid during this 20-L scaled-up BEF process.
Successfully applied in the continuous and efficient removal of selected
pharmaceuticals in real wastewater.
A 20 L microbial electrochemical ultraviolet photolysis cell (MEUC) was
developed for fast and efficient pharmaceutical-containing wastewater
treatment with only a power input.
UV intensity, voltage, HRT and aeration rate were proven to affect MEUC
system performance.
Inferred the possible transformation pathway and kinetics of carbamazepine
during the MEUC treatment process.
The MEUC process was proven to be a promising technology with non-biotoxicity in its effluent.
A 20 L microbial electrochemically-assisted UV/PS (MEUPS) process for
dye-containing wastewater treatment, which presents a significant synergy
compared to the individual UV/PS and MEUC processes, was developed.
The MEUPS process was more efficient and cost-effective than common
AOPs (e.g. UV/H 2O2).
The MEUPS process had a much broader working pH range than the typical
(bio)electro-Fenton process.
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6 Future perspectives
In this PhD thesis, scaled-up MEAOPs in the form of BEF, MEUC, MEUPS
processes were developed and successfully applied to the removal of refractory
emerging pollutants (e.g. dyes and pharmaceuticals) from wastewater. The effects of
varied operating parameters were systematically studied. Moreover, transformation
products and the related probable transformation pathway of the selected model
pollutants in MEAOPs were also well investigated. Furthermore, the ecotoxicity of
the treated effluent was assessed, in ordert to evaluate these scaled-up MEAOPs
comprehensively. However, several challenges still need to be addressed.

Energy consumption during the scaled-up MEAOPs mainly involves pumping, i.e.
cathodic aeration and continuous dosing of anolyte and catholyte. In the future, the
reactor configuration should be redesigned to reduce the energy consumption required for aeration, and to improve gas-liquid mass transfer efficiency.

Material costs (e.g. cathode electrodes) should be reduced further. Future work
should focus on developing cost-effective electrodes, through the use, for instance,
of biochar.

The HRT of the MEUC system equipped with low-pressure mercury UV lamps is
still relatively long, which thus increases overall costs in terms of capital, operation
and maintenance. Therefore, medium-pressure mercury UV lamps should be considered in the future, to shorten the treatment HRT and to achieve the cost reductions
described above.

The current reactor size is 20 L, so the performance of an even larger reactor (e.g.
1 m3) in treating such wastewaters should be studied further.

Economic assessment will be based on savings made in relation to chemicals and
energy, and the costs associated with the MEUC, in comparison with competing technologies. Analysis tools like life-cycle assessment will be utilised.
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Rossmeisl, J., Chorkendorff, I. and Stephens, I.E. 2018. Toward the decentralized
electrochemical production of H2O2: a focus on the catalysis. Acs Catalysis 8(5),
4064-4081.
Yong, X.-Y., Gu, D.-Y., Wu, Y.-D., Yan, Z.-Y., Zhou, J., Wu, X.-Y., Wei, P., Jia, H.-H.,
Zheng, T. and Yong, Y.-C. 2017. Bio-Electron-Fenton (BEF) process driven by
microbial fuel cells for triphenyltin chloride (TPTC) degradation. Journal of
Hazardous Materials 324, 178-183.
Young, M.N., Links, M.J., Popat, S.C., Rittmann, B.E. and Torres, C.I. 2016. Tailoring
microbial electrochemical cells for production of hydrogen peroxide at high
concentrations and efficiencies. ChemSusChem 9(23), 3345-3352.
Yu, F., Zhou, M. and Yu, X. 2015a. Cost-effective electro-Fenton using modified graphite
felt that dramatically enhanced on H2O2 electro-generation without external
aeration. Electrochimica Acta 163, 182-189.
Yu, X., Zhou, M., Ren, G. and Ma, L. 2015b. A novel dual gas diffusion electrodes system
for efficient hydrogen peroxide generation used in electro-Fenton. Chemical
Engineering Journal 263, 92-100.
Zaied, B., Rashid, M., Nasrullah, M., Zularisam, A., Pant, D. and Singh, L. 2020. A
comprehensive review on contaminants removal from pharmaceutical wastewater by
electrocoagulation process. Science of The Total Environment, 138095.
Zhang, G., Yang, F., Gao, M., Fang, X. and Liu, L. 2008. Electro-Fenton degradation of
azo dye using polypyrrole/anthraquinonedisulphonate composite film modified
graphite cathode in acidic aqueous solutions. Electrochimica Acta 53(16), 5155 5161.
Zhang, L., Yin, X. and Li, S.F.Y. 2015a. Bio-electrochemical degradation of paracetamol
in a microbial fuel cell-Fenton system. Chemical Engineering Journal 276, 185-192.
Zhang, Y., Wang, Y. and Angelidaki, I. 2015b. Alternate switching between microbial fuel
cell and microbial electrolysis cell operation as a new method to control H2O2 level
in Bioelectro-Fenton system. Journal of Power Sources 291, 108-116.
Zhang, Y., Wang, Y. and Angelidaki, I. 2015c. Alternate switching between microbial fuel
cell and microbial electrolysis cell operation as a new method to control H 2 O 2
level in Bioelectro-Fenton system. Journal of Power Sources 291, 108-116.
Zhao, Q., An, J., Wang, X. and Li, N. 2020. In-situ hydrogen peroxide synthesis with
environmental applications in bioelectrochemical systems: A state-of-the-art review.
International Journal of Hydrogen Energy.
Zhou, S., Huang, S., Li, X., Angelidaki, I. and Zhang, Y. 2018. Microbial electrolytic
disinfection process for highly efficient Escherichia coli inactivation. Chemical
Engineering Journal 342, 220-227.
Zhu, X. and Ni, J. 2009. Simultaneous processes of electricity generation and p-nitrophenol
degradation in a microbial fuel cell. Electrochemistry Communications 11(2), 274 277.
Zou, R., Angelidaki, I., Yang, X., Tang, K., Andersen, H.R. and Zhang, Y. 2020.
Degradation of pharmaceuticals from wastewater in a 20-L continuous flow bioelectro-Fenton (BEF) system. Science of the Total Environment, 138684.

44

8 Papers
I Zou, R., Hasanzadeh, A., Khataee, A., Angelidaki, I., & Zhang, Y. (2020).
Scaling-up of microbial electrosynthesis with multiple electrodes for insitu production of hydrogen peroxide. (Submitted to Iscience)
II Zou, R., Angelidaki, I., Jin, B., & Zhang, Y. (2020). Feasibility and
applicability of the scaling-up of bio-electro-Fenton system for textile
wastewater treatment. Environment international, 134, 105352.

III Zou, R., Angelidaki, I., Yang, X., Tang, K., Andersen, H. R., & Zhang, Y.
(2020). Degradation of pharmaceuticals from wastewater in a 20-L
continuous flow bio-electro-Fenton (BEF) system. Science of the Total
Environment, 138684.

IV Zou, R., Tang, K., Angelidaki, I., Andersen, H. R., & Zhang, Y. (2020).
An innovative microbial electrochemical ultraviolet photolysis cell
(MEUC) for efficient degradation of carbamazepine. Water Research, 187,
116451.

V Zou, R., Hasanzadeh, A., Khataee, A., Angelidaki, I., & Zhang, Y. (2020).
Enhanced elimination of recalcitrant organic pollutants using microbial
electrochemically assisted UV/persulfate process. (Submitted to Chemical
Engineering Journal)
In this online version of the thesis, paper I-V are not included but can be obtained from electronic article databases e.g. via www.orbit.dtu.dk or on request
from:
DTU Environment
Technical University of Denmark
Bygningstorvet, Building 115
2800 Kgs. Lyngby
Denmark
info@env.dtu.dk.

45

Rusen Zou

DTU Environment conducts research within six scientiﬁc sections: Air, Land & Water
Resources, Environmental Fate & Effect of Chemicals, Radioecology & Tracer Studies, Residual Resource Engineering, Urban Water Systems and Water Technology.
The department dates back to 1865, when Ludvig August Colding gave the ﬁrst
lecture on sanitary engineering.

Scaling-up of microbial electrochemical advanced oxidation processes (MEAOPs)...

Department of Environmental Engineering
Bygningstorvet, Building 115
2800 Kgs. Lyngby
Tlf. 45 45251600
Fax +45 45932850

DTU Environment

Scaling-up of microbial electrochemical advanced oxidation processes
(MEAOPs) for efﬁcient degradation of
emerging pollutants
Rusen Zou
PhD Thesis

