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Abstract

In the present project, an experimental work is presented about the
electrolysis of water containing harmful microalgae and pre-treatment of
microbial fuel cell feed. The work has been carried out at the laboratory of
Electrochemical Engineering under the supervision of Prof. Michele
Mascia of the Department of Mechanical, Chemical Engineering and
Materials, University of Cagliari, and under the supervision of Dr. Mirella
Di Lorenzo at the laboratories of the Bioprocessing Research Unit of the
Department of Chemical Engineering, University of Bath.

Uncontrolled algal growth in water systems causes a number of serious
issues that range from unpleasant odors and tastes to eutrophication.
Microcystis aeruginosa, a blue-green alga, and Chlorella vulgaris, a green
one, were adopted as the model microalgae. A fixed bed electrochemical
reactor in flow was tested, which was equipped with three-dimensional
electrodes constituted by stacks of grids electrically connected in-series,
with the electric field parallel to the fluid flow. Nb grids coated with
conductive diamond and titanium grids coated with Ir/Ru mixed oxides
were used as anode packing, while titanium grids coated with platinum as
cathode one.

The reactor was characterised for mass transfer, by the limiting current
densities techniques, and flow behavior, by pulse-response curves with an
inert tracer. Electrolysis experiments were carried out in continuous and in
batch recirculated mode with flow rates corresponding to Re from 10 to 80,
CI- concentrations up to 600 mg dm, and current densities ranging from
10 to 60 A m2 The absorbance of chlorophyll-a pigment and the
concentration of products and by-products of electrolysis were measured.

A simple plug flow mathematical model at steady state was implemented,
combining the pseudo-first order kinetics, describing chemical and
electrochemical reactions, with the axial dispersion, which accounts for the
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non-ideal flow behavior of the system. The model allowed obtaining the
concentration profiles of chloride and chloride oxidation by-products,
which were compared with experimental data, with good agreement in a
wide range of flow rates. The model was also successfully used to simulate
the performance of the reactor in the single-stack configuration used for the
experiments and in multi-stack configurations.

In this present study, first laboratory-scale preliminary results for a cost-
effective and green solution to the treatment of algae contaminated water
systems are also given since current methodologies to treat algae are costly
and require harsh chemicals.

In particular, an integrated closed-loop system that combines the
electrolysis unit with a stack of miniature single chambered air-cathode
microbial fuel cells (MFCs) for the treatment of algae contaminated
wastewater and energy generation is reported. The effect that MFC design
and number of MFC units in the stack have on performance was
investigated. Guidelines on the system optimisation are therefore also
provided.

This work is believed to be a first step towards an effective removal of
microalgae that is not only self-sustainable but can also generate extra
useful energy.



Chapter 1

Overview of the Thesis
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1.1. Motivations

Microalgae are unicellular species, which can exist either as a single cell or
as colonies. Algae are usually found in tropical and semi-tropical areas,
especially, in freshwater and marine systems. As a result of the release of
waste from domestic, agricultural and industrial activities in water systems,
they can grow excessively under high nutrients contents in surface waters.
The high concentrations of nitrogen and phosphorous may give the ideal
medium for the massive growth of algae, which causes explosive
proliferations of plants and algae that are commonly known as
eutrophication.

The presence of algae in water can negatively influence on drinking water
quality and on conventional water treatment processes. In fact, some
species can release toxins in water as cyanotoxins. This kind of toxins are
usually liberated by the cyanobacteria specie and may constitute a serious
risk for health and environment. Moreover, if contained in high
concentrations, these substances can be toxic and dangerous to humans, but
also under the lethal dose, cyanotoxins in drinking water are implicated as
one of the key risk factors for the high occurrence of primary liver cancer.
Furthermore, the water contaminated with toxic cyanobacteria also might
cause the death of domestic and wild animals. These toxins are commonly
released into water following the cyanobacterial cell lysis, which often
happens during their passage through a conventional water treatment plant.

Thus, the removal of algae from wastewater has then gained importance in
recent years. However, due to their small size and low specific gravity, it is
difficult to remove algae effectively with conventional processes of water
treatment, such as sedimentation or filtration. Therefore, the interest on
electrochemical oxidation procedures has increased for the treatment of
wastewater because it is relatively economical, has higher treatment
efficiency, and does not require storage of chemicals. Additionally, the
construction of the reactors and managements are simples, which makes it
suitable for automation.

On this basis, an alternative to traditional disinfection processes may be the
water disinfection by direct electrolysis, which combines the
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electrochemical process of disinfectant production with the treatment
process in a single unit. In this process, algae may behave as colloidal
particles and can be separated from water solution by the applied electric
field. The removal efficiency of the process can be related to the synergistic
effect of electrogenerated oxidants, applied electric field on the cell
membrane and pH gradients in the reactor. Moreover, when the electrolyte
contains CI ions, different disinfecting agents (depending on the anode
material employed) can be formed during electrolysis of water, such as
reactive oxygen species and chlorinated compounds that can successfully
inactivate the bacteria.

The effectiveness of the disinfection process, regarding the high
bactericidal effect, is based mostly on the anode material, hydrodynamics,
electric potential and reactor configuration. These parameters should also
be carefully established so as to avoid the formation of undesired by-
products, such as chlorates and/or other chloride oxidation products.

As the cell configuration is concerned, in addition to the working
conditions, three dimensional electrodes have gained great attraction for
electrochemical treatment of waters since high specific areas, high mass
transfer rate and low reaction volumes are desired. So far, no papers focused
on the investigation of three-dimensional electrodes for the disinfection of
water employing a low chloride amount are found. Therefore, the
configuration proposed in this project is constituted by a flow through
tubular reactor with three-dimensional electrodes, in which both anode and
cathode packings are arranged in 6 discs in-series.

Nb grids coated with conductive diamond (BDD) and expanded meshes of
commercial Ir/Ru mixed oxides (dimensionally stable anodes, DSA)
constituted the anode packing. In this case, a surface effect may also be
considered, depending on the anode material, which in turn determines the
nature of the surface oxidants: at BDD the formation of oxygenate radicals,
transient of water oxidation to oxygen, occurs, while the formation of
superior oxides is the main mechanism at DSA.

The reactor was tested in continuous and in batch recirculated electrolysis
of water containing Microcystis aeruginosa and Chlorella vulgaris
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microalgae with CI- ions concentrations up to 600 mg dm?3. The
hydrodynamics of the reactor was characterised by pulse-response tests
with inert tracer and the mass transfer characterisation study with the
standard redox ferricyanide/ferrocyanide couple.

The effects of applied current density, flow rate and inlet chlorides
concentration on the removal of the two microalgae above mentioned, by
means of the chloride-oxidation products concentration inside the reactor
and in the outlet stream, were investigated.

Steady state data was quantitatively interpreted by a mathematical model
by combining the main kinetic equations with an axial-dispersed plug flow
model, which accounts for the non-ideal flow conditions. The model
allowed obtaining the concentration profiles of chloride and chloride
oxidation by-products, which were compared with experimental data in a
wide range of flow rates. The model was also successfully employed to
simulate the behavior of the reactor in the single-stack configuration used
for the experiments and in multi-stack configurations.

On the other hand, the main drawback of the electrolysis is, however,
directly related to its energy requirements, which would add to the great
amount of energy that water treatments require. Nevertheless, the direct
electrolysis of microalgae leads to the release of intracellular matter, such
as lipids, which could be exploited as fuel in microbial fuel cells (MFCs) to
produce useful electricity.

MFCs have attracted a lot of attention in the past decade as innovative
renewable and carbon-neutral bio-electrochemical devices, capable of
generating energy from waste water effluents through the action of
electroactive microorganisms while treating waters.

On theses basis, and with the aim to transform the way we perceive
wastewater by converting it from an energy issue to an energy source, the
two processes were linked up. Specifically, a closed-loop system was tested
in which the electrolysis reactor was coupled to a cascade of 3 to 5 single
chambered air-cathode MFCs hydraulically arranged in-series. The MFCs
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in the stack were electrically independent from each other to monitor
individually their performance.

This integrated approach for the wastewater treatment is not only chemical-
free but it also intends to be energy-neutral. As such, the approach: is
sustainable and environmentally friendly; does not require further
treatments associated to the use of chemicals; and does not require extra
energy.

1.2. Summary

This Thesis is structured in two main chapters, each one subdivided in 3
sections in order to allow the reader to better follow the development of the
research project. The subdivided sections are organised as follows:
introduction, materials and methods, and results and discussion.
Conclusions are reported in a separate chapter.

Supporting materials, such as supplemental text, tables, and figures, can be
found in the Appendix.

A summary of this Thesis is shown in the following list, where a brief
description of each chapter and section is given.

Chapter 2. Electrolysis of water containing Microcystis
aeruginosa and Chlorella vulgaris in a fixed bed reactor with 3D
electrodes

2.1. Introduction |

The objectives of the work and an adequate background, providing a
detailed literature, about an electrochemical treatment as a pre-oxidative
step in a process to inactivate Microcystis aeruginosa and Chlorella
vulgaris algae at relative high concentrations, in order to simulate the
conditions occurring in aquatic systems and harmful for bloom formation,
are given.
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2.2. Materials and methods |

The procedures to obtain the experimental data used to study the
electrochemical removal of Microcystis aeruginosa and Chlorella vulgaris
algae are explained as well as all devices used. The techniques used to
characterise the electrochemical reactor are also described.

2.3. Results and discussion |

The effect of the electrolyte’s residence time inside the electrochemical
reactor, the current density, the inlet chloride ions concentration and the
anode material employed on the electrolysis process is a key factor in
controlling algal biomass in aqueous media. Therefore, experimental results
obtained for the electrochemical removal of Microcystis aeruginosa and
Chlorella vulgaris algae at the relevant operative conditions are reported
and are also discussed clearly and concisely.

Chapter 3. An integrated electrolysis-microbial fuel cell closed-
loop system for C. vulgaris algae removal in water

3.1. Introduction |1

The objectives of the work and an adequate background, giving some
detailed citations, about providing a cost-effective and green solution to the
treatment of Chlorella vulgaris algae contaminated water systems by the
integration of the electrolysis reactor with a stack of miniature microbial
fuel cells for the treatment of algae contaminated water and energy
generation is introduced.

3.2. Materials and methods 11

The procedures to obtain the experimental data used to investigate the
removal of Chlorella vulgaris in the integrated process studied, which
combines the electrolysis unit with a stack of miniature single-chambered
air-cathode microbial fuel cells, are explained as well as all devices used.
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3.3. Results and discussion |1

This section discusses clearly and concisely the preliminary experimental
results for the first integrated system that combines the electrolysis reactor
with a stack of miniature microbial fuel cells for the treatment of Chlorella
vulgaris algae contaminated water and energy generation. The effect that
microbial fuel cell design and number of microbial fuel cell units in the
stack have on performance is also reported.

Chapter 4. Conclusions

Main conclusions of the electrochemical removal of Microcystis
aeruginosa and Chlorella vulgaris algae from water in a packed bed reactor
constituted by three-dimensional electrodes and of the integration of the
plug flow electrochemical reactor with a stack of miniature air-cathode
microbial fuel cells for the Chlorella vulgaris algae treatment in water and
energy generation are reported.

Appendix. This chapter is focused on providing further information about
the electrochemical techniques used to investigate the mass transfer
characterisation and the model equations employed in the electrochemical
process for algae inactivation.

1.3.  Publications in Journal and Conference Papers

Some of the work present in this Thesis has been published in international
journal papers, national and international congresses.

International Journal Papers:

M. Mascia, S. Monasterio, A. Vacca, S. Palmas, Electrochemical treatment
of water containing Microcystis aeruginosa in a fixed bed reactor with
three-dimensional conductive diamond anodes, J. Hazard. Mater. 319
(2015) 111-120. doi:10.1016/j.jhazmat.2016.03.004.

S. Monasterio, F. Dessi, M. Mascia, A. Vacca, S. Palmas, Electrochemical
removal of Microcystis aeruginosa in a fixed bed reactor, Chem, Eng.
Trans. 41 (2014) 163-168. doi:10.3303/CET1441028.
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Not yet published International Journal Papers:

S. Monasterio, M. Mascia, M. Di Lorenzo, Electrochemical removal of
Chlorella vulgaris with an integrated electrolysis-microbial fuel cell
closed-loop system [Submitted to “Separation and Purification
Technology™].

National and International Congresses and Conferences:

S. Monasterio, M. Mascia, A. Vacca, S. Palmas, Engineering of
electrochemical processes for water treatment in a fixed bed reactr with
conductive diamond anodes, Convegno Gricu 2016, Anacapri (ltaly),
September 2016.

S. Monasterio, M. Mascia, M. Di Lorenzo, A. Vacca, S. Palmas, A cascade
of miniature microbial fuel cells coupled with an electrochemical reactor
for energy harvesting, European Fuel Cell Technology and Applications,
Naples (Italy), December 2015.

S. Monasterio, A. Vacca, S. Palmas, M. Mascia, Kinetics of electrochemical
removal of Microcystis aeruginosa from natural waters with DSA and BDD
anodes, ECCE10, Nice (France), September 2015.

S. Monasterio, F. Dessi, M. Mascia, A. Vacca, S. Palmas, Electrochemical
removal of Microcystis aeruginosa in a fixed bed reactor, 10" European
Symposium on Electrochemical Engineering, Chia, Sardinia (ltaly),
October 2014.

S. Monasterio, F. Dessi, M. Mascia, A. Vacca, S. Palmas, Electrochemical
treatment for the removal of Chlorella vulgaris and Microcystis aeruginosa
by using a fixed bed cell, 65th Annual Meeting of the International Society
of Electrochemistry, Lausanne (Switzerland), September 2014.

S. Monasterio, F. Dessi, M. Mascia, A. Vacca, S. Palmas, Electrochemical
removal of microalgae from water in a fixed bed reactor with three
dimensional electrodes, XXXV RGERSEQ-1% E3, Burgos (Spain), July
2014.
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In addition to the work presented in this Thesis the author has also
participated, during the course of the study, in other research projects:

International Congresses and Conferences:

P. Ampudia, S. Palmas, A. Vacca, M. Mascia, L. Mais, S. Monasterio, S.
Rizzardini, E. Musu, Systematic investigation on the effect of the synthesis
conditions on the performance of nanotubular structured electrodes, SiO;
Advanced dielectrics and related devices, X International Symposium,
Cagliari (Italy), June 2014.
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Chlorella vulgaris algae Iin a
fixed bed reactor with 3D
electrodes



2.1. Introduction |



14 Chapter 2. Introduction |

2.1. Introduction |

Algae in water are of great concern because they can adversely affect
drinking water quality and water treatment processes [1,2]. The release of
waste from domestic, agricultural and industrial activities in water systems
can lead to extremely high concentrations of nutrients and cause explosive
proliferations of plants and algae up to eutrophication. The uncontrolled
growth of algae (blooms) affects the taste and odour of drinking water and
can lead to the generation of toxins that critically compromise its safety.

Cyanobacteria, usually known as blue-green algae, are commonly located
across all latitudes in freshwater and in marine water. These kind of species
can produce and release toxins in water which, in the presence of blooms,
may reach prejudicial concentrations for health and environment [3-5].

A well-known bloom-forming cyanobacterium is Microcystis aeruginosa
(M. aeruginosa), which is a blue-green photoautotrophic gram-negative
microalga with a spherical shape 3.0-7.0 um in diameter and with a specific
gravity of 1200 kg m3. M. aeruginosa is considered the most common toxic
cyanobacteria in eutrophic freshwater, which can lead to the release of
heptapeptides and neurotoxins in water systems in the form of microcystins
(MCs) and cyanopeptolins due to its uncontrolled growth [6-8].

Green algae Chlorella vulgaris (C. vulgaris) was also adopted as an algal
model since it represents one of the 8 species of Chlorella. C. vulgaris has
been found in surface waters worldwide as lakes, reservoirs, shores of
ponds and slow-moving rivers [9], and it is considered a genus of single-
cell green algae with a spherical shape (2.0-10.0 um in diameter) [10].

Many studies have been devoted to the possibility of controlling the
extensive growth of algae in reservoirs and lakes by the addition of plant
hormones, lime, alum, copper sulfate or potassium permanganate [2,11,12].

The presence of microalgae in conventional water treatment processes may
cause different issues, such as the clogging of intake screens and filters, the
disruption of floc settling, the fouling of weirs and the appearance of algal
mats [13]. Therefore, different processes have been suggested to prevent
the eutrophication, such as sand filtration and coagulation [13-16]. As
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alternative techniques, electrocoagulation-electroflotation combined
treatment was proposed; better results were obtained using aluminium
electrodes rather than iron electrodes [17,18]. The main disadvantage of
electrocoagulation is the need to regularly replace the sacrificial anode in
order to avoid the increase of electrical consumption and the decrease of
process efficiency [19]. Direct electrolysis (DE), as a pre-oxidative step
towards algae inactivation, was investigated for disinfection, with
efficiencies dependent on the microorganisms considered. The
effectiveness of the process has been directly correlated to oxidants
electrogenerated, extreme pH conditions and electric field [20-23].

To the best of our knowledge, not many studies exist on the use of
electrolysis for the in situ generation of oxidants with the aim of controlling
algal concentration in aqueous media. Xu et al. [24] and Liang et al. [25]
have studied the inhibition of M. aeruginosa growth by electrolysis using
Ti/RuO; anodes. In a previous work carried out in our laboratory, the
inactivation of Chlorella vulgaris has been investigated with conductive
diamond anodes in a filter-press reactor [26].

In this work, the results of an experimental investigation are presented in
which DE at Nb grids coated with conductive diamond (BDD) and titanium
grids coated with Ir/Ru mixed oxides (DSA), used as anodic material, are
adopted to study the treatment of water containing M. aeruginosa and C.
vulgaris.

As it is widely discussed in the literature, during the electrolysis of water
with conductive diamond and Ir/Ru mixed oxides electrodes, several
electrochemical and chemical reactions occur. In this case, a surface effect
may also be considered depending on the anode material employed. This
surface effect determines the nature of the surface oxidants: the very high
overpotential for the oxygen evolution at BDD anodes favours the oxidation
of chlorides to active chlorine with respect to the generation of oxygen
radicals [27], while the formation of superior oxides is the main mechanism
at DSA.

During electrolysis of water with BDD anodes different oxidants at the
electrode surface can be formed. Depending on their reactivity, these
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oxidants may be effective in a thin reaction film adjacent to the electrode
surface (pseudo-surface oxidants) or in the bulk. Different works have been
devoted to the description of these reactions at BDD anodes and the main
are summarised in Table 1.

Table 1. Main reactions occurring during electrolysis of water with BDD anodes.

rl H,O - OH + H* + e~ ri3 HCIO + 20H" — HCIO; + H,0

r2 OH > OH +e ri4 HCIO; + 20H" — HCIO; + H,0

r3 OH' - O +H" +e ri15 HCIO; + 20H" — HCIO, + H,0

ra H,0,— O, + 2H" + 2~ ri6 ClIO+0OH —» CIO; + H" + ¢

rs 200 - 0O, ri7 ClO; +OH - CIOs + H" + e

ré 20H" - H,0, ris ClO; +OH > CIOs +H + e

r7 0,+0 - 0; ri9  2ClO,+H,0 — CIO; + ClOs +2H*

rg 250,47 + 20H" = S;0g* +20H- 120 3CIO — ClO5 + 2CI

ro 2CIF—> Cl, + 2e r21 H,O +e — 0.5H, + OH"

ri10 Cl, + H,0 > HCIO + CI" + H* r22 ClIO +2¢ > ClI +OH"

ril HCIO <> CIO™ + H* r23 2H,0 + CIO; + 5e- — CI + 40H~

ri2 30H" + HCIO — CIO; + 2H,0

Electrochemical oxidation of water at BDD produces hydroxyl radicals and
other highly reactive radicals (r1-r3), which can be effective only in a thin
layer adjacent to the anode surface: the reactions involving these species
are then pseudo-surface reactions [28-30]. The pseudo-surface oxidants
may react with water or transients of water oxidation, to give oxygen (r4,
r5) or bulk oxidants, such as hydrogen peroxide or ozone (r6, r7) [31]. In
the presence of sulfates, the mechanism of the formation of persulfate is
well known (r8) [32-34]; only HSO, and undissociated H.SO. react with
*OH radicals to form sulphate radicals. At neutral pH, the main form of
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sulphate is SO4*, being the concentration of undissociated H,SO.,
negligible. Consequently, the production of SO, and S,Os* is not
significant in this study.

When the electrolyte contains chlorides, the oxidation to active chlorine
species, such as dissolved chlorine, hypochlorous acid, hypochlorite ions
and chlorine dioxide may occur (r9-r12). These species are also bulk
oxidants, but they can react with bulk and surface oxygen species (r13-r19)
to give undesired by-products; these by-products may be chlorite, chlorate
and perchlorate, depending on the inlet concentration of CI™ ions and on the
operative conditions: deactivation of active chlorine has been also observed
(r19-r20) [35-39].

During electrolysis of water with DSA electrodes, however, two main
reactions occur at the anode surface: adsorbed and dissolved chlorine are
generated from the oxidation of chloride ions (r9), while oxygen evolves
from water discharge:

2H;0 — Oz + 4H" + 4de- 1)

The dissolved chlorine, formed by the electrochemical reaction (r9), may
in turn react with water to give hypochlorous acid (r10) and hypochlorite
ions (r11). The distribution of the three forms of active chlorine depends on
the conditions, at the neutral or weakly alkaline pH of the water processed
in the electrolyses, the reaction of disproportionation is shifted towards
HCIO.

Under particular operative conditions, in weakly alkaline media chlorates
can be formed following the well-known electrochemical Foerster reaction:

2HCIO + ClO- —> ClOs + 2CI- + 2H* @)

The formation of chlorate may be also electrochemically generated at
RuO,/TiO, anodes from the hypochlorite oxidation (equation (3)) and by
direct electrochemical oxidation of chloride without a dissolved
hypochlorite as intermediate and the conversion of hypochlorite (equation

(4)) [40].
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6HCIO + 3H,0 —> 2CIOs™ + 4CI" + 12H* + 3/20, + 6e~ (3)

CI-+ 3H,0 —> 2CIO; + 6H* + 6¢ (4)

At the cathode the main reactions are the hydrogen evolution (r21) and the
reduction of active chlorine to chloride ions (r22): the electrochemical
reaction of the active chlorine reduction is fast, so that the kinetic of active
chlorine reduction may be assumed controlled by the mass transfer towards
the cathode surface [39].

In previous studies carried out under conditions similar to the ones here
adopted, active chlorine species were found to be the main components of
the mixture [26,39,41,42].

As the reactor configuration is concerned, 3D electrodes were proposed to
obtain high space-time yield in processing dilute solutions, where high
specific area and high mass transfer rate are requested [43]. The fixed bed
electrochemical cell here adopted was tested for the treatment of low
conductive waters, showing high suitability for primary and secondary
disinfection [44].

The present study investigated the electrochemical treatment as a pre-
oxidative step in a process to inactivate M. aeruginosa and C. vulgaris at
relative high concentrations (in the order of 10° cells dm™), in order to
simulate the conditions occurring in aquatic systems and harmful for bloom
formation [45]. The operating conditions for the treatment of water with
low content of algae were determined and the relative experiments were
performed in a fixed bed electrochemical reactor equipped with three-
dimensional anodes. Runs were carried out either in a single pass
configuration, in continuous mode, or in a recirculated system with
reservoir, in batch recirculated mode when BDD anodes were tested, while
in continuous mode for DSA anodes.

Data from continuous experiments were modelled through a simple
dispersed plug flow model, combined with the kinetic equations of the
different reactions occurring in the system.
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2.2. Materials and methods |
2.2.1. Algae culture

M. aeruginosa and C. vulgaris microalgae were acquired from SAG
(Georg-August Gottingen University, Germany). BG 11 medium was
employed for the microalgae cultivation, with the following composition
(all values in mg dm): NaNO3 1500; K;HPO4-3H-0 40; MgSO.-7H;0 75;
CaCl,-2H0 36; citric acid 6; ferric ammonium citrate 6; EDTA (disodium-
salt) 1; Na,CO;3 20; and 1 cm® dm 2 of a solution containing (g m™3): HsBOs
61; MnCl-4H,O 197; ZnSO47H,O 287; CuSO4-5H,0 2.5;
(NH4)¢M07024-4H,0 12.5. Both microalgae were cultivated under
fluorescent light at room temperature (25 £ 1°C) in glass flasks containing
each one a litter of BG 11 medium and adjusted to pH 7.0 by the addition
of HCI (0.1 M). An example of a typical curve of the algal growth is
reported in Figure 27A (see Appendix (1)). The conductivity of the solution
was about 4 + 2 mS cm™. Experiments were performed when algae were in
the log-growth phase, which corresponded to a concentration of algae of 10
x 10° cells dm™3,

2.2.2. Electrochemical cell

DE experiments were performed with the fixed bed electrochemical reactor
previously developed [44]. The cell was made of Plexiglas with a
cylindrical shape constituted of a single compartment with an inner
diameter (d) of 5 cm and a height of 15 cm (Figure 1A). The cell was
equipped with 3D electrodes consisted either of six discs in-series of
niobium grids coated with conductive diamond (BDD) or titanium grids
coated with Ir/Ru mixed oxides (DSA) in the case of the anode packing,
while six discs in-series of titanium grids coated with platinum for the
cathode one. Details of a typical grid are shown in Figure 1B. The solid
surface (A) of both electrodes was 100 cm?. The anode packing was placed
6.5 cm far from the inlet section, and the inter-electrode gap was
approximately 0.5 cm wide. The resulting reactor was filled with glass
spheres (dp, = 0.2 cm) leading to a bed void fraction (¢) of 0.36, and a liquid
volume (Vgr) of 100 cmd. Sampling ports were located at the bottom, the
inter-electrode gap and the top of the reactor.
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Figure 1. Experimental apparatus for the direct electrolysis. (A): axonometric
sketch of the electrolysis reactor, showing the stacks of grids that constitute the
anode and cathode packing, the inert filling (glass spheres) and the inlet and outlet.
(B): details of a grid.
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2.2.3. Electrolysis experiments

The cell was used both in batch recirculated mode and in continuous mode.
In the batch recirculated electrolyses (Figure 2A), the cell was inserted in a
hydraulic circuit and the electrolyte was pumped by a peristaltic pump
(1ISM-010) from the reservoir to the cell and back with recirculating flow
rates ranging between 25 and 200 cm® min?, which corresponded to
Reynolds (Re) values 10 and 80, respectively: the volume of the system (V)
was 300 cm?®. In the continuous experiments (Figure 2B), the electrolyte
was pumped by the peristaltic pump and flowed throughout the cell in a
single pass mode, with hydraulic residence time (z = Vi /Q) variable from
15 (Re = 160) to 240 s (Re = 10). Re values were calculated employing the
reactor inner diameter, d, as characteristic length.

A current supply was connected to the electrodes, with the electric field
parallel to the fluid flow, and batch recirculated and continuous electrolyses
of the BG 11 media in the presence or absence of microalgae were operated
under fixed current density (i) values ranging from 10 to 60 A m by means
of a galvanostat (AMEL-2049). The resulting cell voltage was between 7
and 20 V. Depending on the runs, sodium chloride was added to the solution

up to a final concentration, in the inlet stream of the reactor, of 600 mg dm-
3
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2.2.4. Analyses

Inactivation of M. aeruginosa and C. vulgaris microalgae was monitored
through the absorbance at A = 680 nm (corresponding to the maximum
absorbance of chlorophyll-a), with a Spectrophotometer (VARIAN-50). An
example of typical absorption spectra with the chlorophyll-a peak at the
corresponding wavelength is shown in Figure 3. Cell counting by an optical
microscope at x40 (Olympus) and Thoma chamber was also used as a
comparison (see Figure 27B, Appendix (I)). There was a linear dependence
between the algal concentration and the absorbance in all the performed
experiments.
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Figure 3. Example of a typical algae chlorophyll-a pigment absorption spectra at
680 nm.

The oxidants concentration, expressed as mg dm2 of Cl,, was measured
using the N,N-diethyl-p-phenylenediamine (DPD) colorimetric method
from samples filtered through a 0.45 pum filter (Whatman syringe filter).
The DPD method provides a measure of the global concentration of the
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oxidising species contained in the sample; CIO/HCIO, Cl.. The method is
effective for active chlorine concentrations ranging from 0.05 to 2 mg dm™3,
Interference of chloride and nitrate ions was not reported up to a
concentration of 1000 g m™3 (samples were diluted when necessary).
Positive interferences are possible in presence of H,O, and O3z when DPD
method is used: nevertheless, the reaction of H,O, with DPD is slow and
requires a peroxidase catalysed reaction, while 0zone can quickly react with
DPD even if its response is not stable. In order to differentiate among the
different species, the actual content of hypochlorite was also derived from
the direct UV analysis (CIO™ absorption peak at 292 nm), correcting the pH
of the samples up to 11: appreciable peak in the UV spectra has been
recorded at least when CIO™ concentration was greater than 2 mg dm2. The
comparison between DPD and UV analyses indicated that the main
compound was active chlorine.

An ion chromatograph was used to determine the concentrations of the ionic
species (IC 761 Metrohm, Switzerland). The analytic conditions were the
following: conductivity detector; ion exchange column (6.1006.430
Metrosep, Metrohm, Switzerland); 2 mM NaHCO3/1.3 mM Na;CO; as
mobile phase; flow rate 1.5 cm® min~*. The identification of the species was
based on the retention times; the quantification was performed by external
calibration. lon chromatography allowed the direct measure of CIOs™ and
ClO4~, when present: since ClI~ and CIO™ have overlapping peaks, the
analysis was repeated after the samples were treated with sodium sulphite
in order to reduce hypochlorite to chloride. The concentration of Cl~ was
obtained from the solution of the algebraic equations in which the
unknowns are the chloride concentration and the scale factor from the peak
area to the hypochlorite concentration [31].

Each sample was analysed three times, high repeatability was observed,
with differences within 5% in all cases.
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2.2.5. Mass transfer characterisation

As it is a very common practice in electrochemistry [46-48], the standard
redox ferricyanide/ferrocyanide couple has been adopted to characterise the
mass transport in the cell. The apparatus used for these studies was that
showed in Figure 2B. The method is based on the reduction of ferricyanide
to ferrocyanide ions allowing the convective-diffusion controlled limiting
current density (i) to be measured over a range of flow rates of electrolyte.
The limiting current densities were measured for KsFe(CN)s 1 mM
reduction and in presence of an excess of KsFe(CN)s (0.1 M), in order to
ensure that the anodic reaction never became the limiting process. The
supporting electrolyte was 0.5 M Na,COs.

The values of cathodic mass-transfer coefficient (kn°) at the relevant Re
numbers were derived from equation (5) and are reported in Table 2:

kS, = —2 ()

T ne-F-Cp

Table 2. Values of the cathodic mass-transfer coefficients at the relevant Re values
calculated with equation (5).

Re km® X 10° [m 5]
10 0.88
20 1.09
30 1.19
40 1.33
60 1.43
80 1.59

120 1.79
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The values of kn° were then used to obtain a dimensionless mass-transfer
correlation in the form, where the 0.33 power of the Schmidt number was
assumed a priori.

Sh=p-Req-Sc%33 (6)

Figure 4 shows the fitting parameters values of g and p, which were
obtained from the slope and from the intercept of the linear regression.
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Figure 4. Linear regression for the logarithm of Re versus logarithm of Sh
dimensionless numbers.

The values of p and q obtained are 1.15 and 0.28, respectively; these values
are in agreement with those typical of laminar flow in fixed bed reactors
with geometrical characteristics similar to the electrochemical cell adopted
in this work.

The procedure description of the electrochemical technique employed for
the mass-transfer characterisation can be found in Appendix (11).
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2.2.6. Hydrodynamic characterisation

The hydrodynamic characterisation of the cell was performed by pulse
response tests using the experimental scheme described in Figure 5.

)

=
O

Y
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Figure 5. Experimental apparatus used for pulse response experiments.

A sharp pulse of inert tracer (3 M KCI) was injected upstream the system
through a six-port valve at different inlet flow rates, while a conductivity
detector located at the outlet recorded the concentration of the tracer in
outlet stream. The response of the detector was the residence time
distribution (RTD). The analysis of the experimental momentum analysis
was done calculating the following parameters:

Exit age distribution E(t)

c(®

E(t) = W (7
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Mean residence time tm

_Ptc@-at
M) at

= [t -E(®)-dt (8)
Variance ¢°

5 [ -ty)?-c(t)-dt
SEOR

= [ (t—t)? -E(®) -dt 9)

The RT data experimentally obtained for different Re values are represented
in Figure 6.
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Figure 6. Experimental E(t) curves obtained at different Re values. Re = 40 (A)
and Re = 160 (B).

A well-shaped single peak was always obtained with a relatively long tail;
the shape of the curves depended on the flow rates, and clearly indicated
that the system was under non-ideal flow conditions since the existence of
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possible dispersion phenomena, dead or stagnant zones, bypass flows,
exchanges between them and recirculation zones [39].

The values of mean residence time and variance for each flow rate are
represented in Table 3.

Table 3. Values of mean residence time and variance of the peaks calculated with
equations (8) and (9) at different Re values.

Re tm [Min] o [min?]
10 22.3 19
40 4.2 2.1
160 2.8 0.45

From these values the Peclet number was calculated using the correlation
for closed-closed systems:

a? 2 2 _

7= e (1= (1)
This first estimated Pe value was then used to obtain values of axial
dispersion coefficient (D) derived from the Pe dimensionless number:

_vad
Pe = — (11)
The values of the axial dispersion coefficient obtained were of 0.5 x 10°°

m? s (Re = 160), 0.3 x 10 m? s* (Re = 40) and 0.1 x 10° m s * (Re =
10).
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2.3. Results and discussion |

2.3.1. Batch recirculated experiments with BDD anode

Electrolysis experiments for C. vulgaris and M. aeruginosa inactivation, in
the presence and in the absence of chloride ions in the inlet stream, were
carried out in batch recirculated mode employing BDD anode, with the
system configured as in Figure 2A (see 2.2.2).

2.3.1.1. Electrolysis of C. vulgaris algae

Figure 7 shows the semi-logarithmic trend with time of the normalised
chlorophyll-a removal during chloride-free electrolyte-batch recirculated
electrolyses under several applied current densities and flow rates.
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Figure 7. The semi-logarithmic trend with time of the normalised removal of
chlorophyll-a during batch recirculated electrolyses under different experimental
conditions in a chloride-free electrolyte when BDD electrode was employed.
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The statistics of the linear regression of data are reported in Table 4, where
F is the ratio between-groups variance divided by within-groups variance.
P values indicate the statistical significance: if the computed P-value is
<0.05, then significant relationships exist.

Table 4. Values of the apparent kinetic constant (kapp) in the relevant experimental
conditions for the linear regression statistics for the semi-logarithm of the C.
vulgaris chlorophyll-a concentration In(C/Cy) versus time.

Regression Statistics Regression line
i A . 10" (+5%
Re 72 Ecerr F P R kﬂpp X 1( 0) standard
[AmT] [V] [s7] erTor
80 10 7.5 51324  83E-08 0.992 0.73 1.96E-04
80 25 120 65462 23E-07 0.995 0.95 2.24E-04
80 60 21.7 335849 B8.7E-12 0.999 1.28 1.33E-04
13 10 7.4 1501.11 2.0E-08 0.998 1.82 2.81E-04
13 25 11.9 813.88 1.2E-07 0.996 1.87 3.94E-04
13 60 204 1900.49 8.5E-11  0.998 3.13 4.32E-04

Data suggest that the removal rate can be interpreted by a pseudo-first order
Kinetics, where the apparent kinetic constant (kapp), calculated from the
slopes of curves in Figure 7, depends on both flow rate and applied current
density. As reported, at a fixed current density the increase of Re values
from 13 to 80 caused a twofold decrease in Kapp.

On the other hand, Figure 7 and Table 4 show that for a set value of Re the
applied current density has a significant effect on the removal process. In
particular, when the current density passes from 25 to 60 A m, an increase
of 33% in kapp is Observed at Re = 80, whilst the kapp increases by 65% at
the lowest Re value. These results can be explained by considering the
mechanism of microalgae inactivation and the geometry of the adopted
system. As it will be explained extensively throughout this thesis, under the
operations here used, the algal inactivation is mainly attributed to the
disinfection actions of oxidants electrogenerated by the DE system [49,50]



34 Chapter 2. Results and discussion |

and confirmed by other previous papers [31,38]. Moreover, the applied
potential gradient can promote the formation of transient or permanent
pores in the membrane wall of the algal cells, thus facilitating the attack of
the electrogenerated oxidising species inside the cell [28,51].

Taking into account the geometry of the system, three different zones can
be identified: the anodic and the cathodic reaction zones, which correspond
to the two electrode areas in the DE system; and the bulk zone, which
comprehends reservoir, tubing and inert packing of the DE system.

The chemical and electrochemical reactions occurring in the BDD anode
zone during the electrolysis of water containing sulfates, lead to the
formation of different oxidants, according to the reactions (r1-r8) defined
in Table 1.

The oxygenated radicals desorbed from the BDD electrode surface (r1-r3)
[49] react with water either in proximity of the anode or in the bulk zone,
to generate oxygen (r4, r5) and other reactive oxygen species (ROS) (r6, r7)
[30,52]. In addition, peroxydisulfates can also be generated (r8) [33,34]. In
the cathode zone, along with the hydrogen evolution reaction (r21), the
reduction of oxidants (r22, r23) may occur [50].

The presence of oxidants in the bulk zone during the batch recirculated-
galvanostatic electrolysis of water in the presence and absence of C.
vulgaris was monitored. The detection of oxidants with the DPD
colorimetric method used was possible, however, only for current densities
higher than 40 A m*and Re equal to 13. Figure 8 compares the trend of the
concentration of oxidising species as a function of time for runs carried out
atRe=13andi=40 Am2
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Figure 8. Trend with time of oxidants measured by DPD method, as mg dm™2 of
equivalent Cl,, for batch recirculating electrolysis at Re = 13 and i = 40 A m2 in
the presence and absence of C. vulgaris algae when BDD anode was used.

A pseudo-steady value in the concentration of oxidants was observed after
few minutes of electrolysis. This pseudo-steady state is a result of the
balance between anodic generation, cathodic reduction and spontaneous
decay in the bulk solution (r19, r20). The concentration of oxidants is,
however, very low, thus indicating that most of the oxidants generated are
reduced in the cathode zone [53]. Since the difference in oxidant
concentration in the presence and absence of algae was only marginal, we
assume that the reaction of oxidants with C. vulgaris (i.e. the contribution
of bulk disinfection to the removal process) is negligible. Different results
were obtained in the following case investigated, under similar conditions
but in the presence of 100 mg dm= of chlorides (see 2.3.1.2), nearly a
threefold increase in the oxidants concentration was reached. Under these
conditions the reaction with bulk oxidants, mainly constituted by active
chlorine species, was the main responsible for the inactivation of M.
aeruginosa algae [49].
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In a chloride-free electrolyte, the inactivation of microalgae is likely to
occur in the anode zone, and it is due to a synergistic effect caused by the
applied electric field and the very high concentration of oxidants in that
area. As such, the value of kap, mainly depends on the electric potential, the
concentration of oxidants, as well as on the hydraulic residence time in the
cell.

Both the potential and concentration of oxidants within the anodic packed
bed are controlled by the current density. Therefore, high values of current
density correspond to high values of specific inactivation rate Kagp, Which
increases with the residence time within the anodic zone, and therefore is
inversely proportional to Re, as reported in Table 4.

Figure 9 reports the amount of electrical energy, Er, required to remove
50% (Figure 9A) and 75% (Figure 9B) of the initial concentration of C.
vulgaris. E, was calculated by changing the value of a given removal (R)
(between 0-1) in equation (12) and by using the values of cell potentials
reported in Table 4 under different conditions of flow rate and current
density.

E — 1 'AECELL -t - _ I AECELL . lOg(l—R) (12)
r 14 4 Kapp

As it can be expected, the energy requirement is lower for Re = 13, where
Kapp reaches its maximum value, and at i = 10 and 25 A m?, characterised
by relatively low cell potentials.
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Figure 9. Electrical energy required by the DE cell for R = 0.5 (A) and R = 0.75
(B) inactivation of the initial concentration (15 x 10° cells mI) of C. vulgaris.
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2.3.1.2. Electrolysis of M. aeruginosa algae

Figure 10 shows the trend with time of the chlorophyll-a removal, in a
solution containing chloride ions, during electrolysis runs in batch
recirculated mode under different working conditions.
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Figure 10. The semi-logarithmic trend with time of the normalised removal of
chlorophyll-a during batch recirculated electrolyses under different experimental
conditions in a chloride electrolyte when BDD electrode was employed.

A removal of about 80% has been reached in all the analysed cases, after
different electrolysis times, which depended on the experimental
conditions. At Re = 10 and i = 60 A m2 in solution containing 1000 g m
of chloride ions, the maximum removal was reached after 6 ks of
electrolysis, whereas more than 20 ks were necessary under the weakest
condition. The removal rates can be compared with those obtained during
electrolysis of C. vulgaris with BDD anodes [26], although the reactor used
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was a filter-press, runs were carried out under similar conditions of current
density and chloride concentrations. Moreover, kap can be also compared
with those obtained in a chloride-free electrolyte (Table 4). Hence, the
removal rates with M. aeruginosa are considerably lower than those with
C. vulgaris, confirming the high resistance of these microorganisms [54—
56].

Table 5 shows the linear regression statistics for the logarithm of the M.
aeruginosa chlorophyll-a concentration In(C/Co) versus time, where F and
P were previously defined in 2.3.1.1.

Table 5. Values of the apparent kinetic constant (kapp) in the relevant experimental
conditions for the linear regression statistics for the semi-logarithm of the M.
aeruginosa chlorophyll-a concentration In(C/Co) versus time.

Regression Statistics Regression line
Re i R AEcgL Cl: F p R Kapp X 10° (£5%) standard
[Am’]  [V]  [gm’] [s7] error
10 10 13.1 100 1304.20 3.0E-08 099 0.61 1.69E-03
10 40 18.0 100 184552 1.1E-08 098 0.92 2.05E-03
10 60 20.5 100 2142.72 5.7E-10  0.99 1.02 2.20E-03
40 60 25.0 100 1829.15 9.8E-11 099 1.14 2.68E-03
10 10 7.9 1000 12030.77 2.2E-15 099 1.14 1.04E-03
10 60 17.2 400 2229.72 6.0E-09 097 1.75 3.70E-03
10 60 16.1 1000 1519.91 2.1E-07 097 2.21 5.77E-03

A positive effect of the applied current density on the removal rate can be
observed. In particular, increasing the current density from 10 to 40 A m2,
Kapp increases by 50%. Lower, but still appreciable effect of flow rate was
obtained, with an increase of 10% in Kapp, passing from Re = 10 to Re = 40,
current density being the same. The effect of chloride ions concentration on
the process appears as the most relevant under the experimental conditions
adopted. Anyway, the results clearly indicate that the inactivation of algae
is influenced by current density, hydrodynamics and chloride
concentration.
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Even though the inactivation of microorganisms is still not well understood,
different mechanisms can be identified, which may be responsible for cell
inactivation: in the bulk of the solution, the disinfection by electrogenerated
oxidants has been proved as the main mechanism [31,38,50]. Some authors
also reported a possible effect of the potential gradient on the cell
membrane: usually, this effect is significant at high electric field (namely
higher than 10° VV cm™). However, it can also be effective at values in the
order of tens V per square cm, using electrodes with pore size 4 orders of
magnitude larger than bacteria [23].

The concentration of oxidants depends on the different and complex
phenomena that typically occur during electrolysis with BDD anodes: the
prevalence of one mechanism depends on the operative conditions and on
the nature of microorganisms. As an example, the removal of Escherichia
coli from chloride-free solutions, was attributed to electric field [23], but
also to oxygenated radicals near the anode surface [53], or to bulk oxidants
disinfection [52]. In the presence of chlorides, the higher amount of bulk
oxidants, mainly chlorinated, increased the relevance of bulk disinfection
in E. coli removal [39]. Microalgae showed a higher resistance during
electrolysis: the inactivation of C. vulgaris in a filter-press cell with BDD
was only possible in the presence of chlorides, under the conditions of
strong generation of oxidants, high current densities and chloride
concentrations [26].

Figure 11 shows the trend with time of bulk oxidants concentration, as
equivalent Cl, measured by DPD method, during batch recirculated
electrolysis of solutions containing M. aeruginosa.
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Figure 11. Trend with time of oxidants measured by DPD method, as mg dm~2 of
equivalent Cly, for batch recirculated electrolyses under different experimental
conditions when BDD anode was tested.

As can be observed, the values are relatively low if compared with those
obtained in electrolyses of chloride solutions [31,39,42], indicating a
consumption of oxidants by microorganisms. Moreover, data follow the
behaviour of a reaction intermediate, with a maximum and a pseudo steady
state; comparing Table 5 and Figure 11, we can observe that the highest
values of oxidants are obtained under the conditions at which kap, of M.
aeruginosa reached the maximum values. The results suggest that the
reaction with bulk oxidants is the main mechanism of the inactivation
process of M. aeruginosa by electrolysis with BDD anodes, confirming the
results obtained with C. vulgaris in the previous study (see 2.3.1.1) and
affirmed also with those achieved in a filter-press cell [26].
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An increase in the current density increases the amount of radicals
electrogenerated, (reactions (r1-r3) in Table 1), which in turn increases the
production of bulk oxidants (r6-r8) generated by chemical reactions
involving radical species. Active chlorine arises from chloride oxidation by
direct electron transfer (r9), so that it is directly related to the applied
current density. Being oxidation of chloride kinetically favoured at BDD,
the amount of current for active chlorine production mainly depends on the
CI™ concentration.

Moreover, the strong influence of CI™ ions concentration on the oxidants
generation suggests that the bulk oxidants are mainly constituted by active
chlorine species, as already observed [26], even if the solution contains high
amount of sulfates. The slow increase in the bulk oxidants with Re may be
due to the decrease of cathodic reduction of active chlorine, which is a fast
electrochemical reaction with a diffusion-controlled kinetics at the low
concentration of active chlorine detected.

As the energy consumption is concerned, Figure 12 shows the amount of
E: supplied to inactivate the 80% of the initial algal biomass for data
obtained at Re = 10 under different concentration of chlorides and current
densities; values of cell potentials under the different conditions are
reported in Table 5. The parameter was calculated as E, = a i - AE¢g; -
tgo, Where tg is the time to reach 80% of inactivation.

According to the trend of the inactivation rates, the minimum energy
consumption was obtained with the highest concentration of chlorides. The
values are higher than those calculated for inactivation of C. vulgaris, which
were in the range 2.5-3 kWh m2 under similar conditions of current
densities, cell potentials and initial concentration of microalgae [26]. This
furtherly confirms the higher resistance of M. aeruginosa to the
electrochemical treatment, which leads to a lower inactivation rate, and then
to low current yield, so increasing the energy required to achieve the same
inactivation yield.
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Figure 12. Energy requirements of the process for the inactivation of M.
aeruginosa for electrolyses in batch recirculated mode at Re = 10 under different
current densities and inlet Cl~ ions concentrations when BDD anode was
employed.

A direct comparison with literature values is not straightforward, due to the
different conditions: Xu et al. [24] obtained values of 4-6 kWh m™2 for 80%
inhibition of M. aeruginosa growth, by electrolysis with Ti/RuO; anodes at
current densities of 20-40 A m™2 Liang et al. [25] used Ti/RuO, for
electrolysis of M. aeruginosa in a recirculated system: the authors did not
give direct information on energy consumption, however one can calculate
values of about 10-15 kWh m2 at 100 A m2. Moreover, we can compare
our values with other electrical energy based treatments, such as
electrocoagulation processes, for which the literature reports values in the
range from 0.4 to 18 kwh m~ [18,19].
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2.3.2. Continuous experiments

Electrolysis experiments for M. aeruginosa inactivation were also carried
out in continuous mode employing both DSA and BDD anodes, with the
system configured as in Figure 2B (see 2.2.2).

2.3.2.1. Electrolysis with DSA anode

Figure 13 shows the percentage of the chlorophyll-a removal, as a function
of the ratio between the electrolysis time and the hydraulic residence time,
obtained under different operative conditions when DSA anode was
employed.

40

35 -
S
S 30
=
£ 5t #Re =10;i=20Am-2, Cl-=600 g m-3
o]
2 2 | Re = 10; i =20 Am-2, Cl- = 400 g m-3
Q
S 15 | -®-Re =40;i=20Am-2, Cl-=400 g m-3
e
3 10 o-Re =40;i=10Am-2, Cl-=400 g m-3
5
o

5

0 ¥

0 1 2 3 4 5
t/t

Figure 13. Trend of the chlorophyll-a removal as a function of the ratio between
electrolysis time and residence time obtained under different operative conditions.
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For all the runs, it can be noticed that the removal quantity of chlorophyll-
a increases significantly up to 1 hydraulic residence time, and at this time
the system reaches the steady state.

By operating at Re = 40, i = 10 A m?2 and CI" = 400 g m=, the removal
efficiency of the chlorophyll-a amounted to 4.24%. On the other hand,
working at 20 A m and maintaining constant the other parameters, the
algae removal reached the 9.83%. The highest removal of chlorophyll-a
(33.95%) was obtained when an initial concentration of 600 g m= of
chloride ions were used, operating with the lowest flow rate and at the
highest current density. Comparing the experiments performed at 400 g m-
% with those at 600 g m3, it is possible to observe that the more the amounts
of CI" ions present, the more the chlorophyll-a removal.

As the effect of the hydrodynamic of the reactor is concerned, a decrease in
the removal of the normalised absorbance can be observed as the hydraulic
residence time decreases. In particular, the real flow inside the treatment
unit is of great concern when a process for microorganisms is considered:;
the presence of the dispersion phenomena, dead or stagnant zones and
bypass flows may lead to an inaccurate estimation of residence times
required for an effective process [39].

This behaviour may be interpreted considering the different phenomena
occurring during the electrolysis of water with DSA, and the possible
mechanisms responsible for algae inactivation (see 2.1). It is worth
highlighting that in a previous work, appreciable amounts of other
chlorinated compounds were not detected under conditions similar to those
adopted in this work [26].

The ability of active chlorine to attack the proteins of the cell membrane,
the protoplasm and the nucleus of the cell is well documented [52], and the
role of the active chlorine species was also investigated for algae removal
processes [17].

The behaviour of the system was investigated first with solutions only
containing the growing medium, to which different amounts of chlorides
were added. Electrogenerated bulk oxidants concentration were measured
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in the outlet stream when the process achieved the steady state, as
equivalent Cl, measured by DPD method. Figure 14 shows the
concentration of active chlorine formed in the outlet stream as a function of
the flow rate and the applied current density with two different initial
concentration of chlorides ions: 200 g m* (Figure 14A) and 400 g m?
(Figure 14B).

The generation of active chlorine increased with the current density and
decreased with the flow rate. Under the conditions adopted in this work, the
currents of migration and diffusion of chlorides are of the same order of
magnitude, and the kinetic of chloride oxidation is under mixed
current/mass transfer control [44]. The effect of current density and inlet
concentration of ClI- ions observed is expected, while the flow rate may
differently affect the process.

At low flow rate, the residence time of the electrolyte inside the cell is
relatively high in both the electrode compartments. In the anode packing
high contact times favour the formation of active chlorine.

At the cathode we have to consider the negative effect due to the increased
residence time for active chlorine reduction, but also the positive effect of
low mass transfer rate, which is the controlling step of the cathodic
reduction of active chlorine.

High values of flow rate lead to low contact times, which may reduce the
formation of active chlorine, but also balance the increase of the specific
rate of active chlorine reduction.
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Figure 14. Steady state concentrations of electrogenerated oxidants in the outlet
of the reactor measured by DPD method, as mg dm™ of equivalent Cl,. Data
obtained from continuous electrolysis under different flow conditions, applied

current densities, and with 200 (A) and 400 g m™ (B) of chloride ions when DSA
anode was tested.
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Active chlorine formation was also investigated with M. aeruginosa in the
inlet of the reactor. Figure 15 shows the comparison of active chlorine
concentrations measured in the outlet stream from continuous electrolysis
in the presence and in the absence of M. aeruginosa algae. The
concentration of chloride ions in the inlet stream was 400 or 600 g m=. The
experiments were performed with a current density of 20 A m2 at Re = 10.
It is worth observing that only under these conditions of relatively high
current density and high chloride ions concentration the active chlorine was
present in detectable amount.
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Figure 15. Steady state concentrations of electrogenerated oxidants in the outlet
of the reactor measured by DPD method, as mg dm of equivalent Cl,. Data
obtained from continuous electrolysis under different CI- concentrations, current
density of 20 A m?, and Re = 10 in the presence (A) and absence (B) of M.
aeruginosa in the inlet stream when DSA anode was tested.
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Active chlorine concentrations below 2 mg dm were obtained with 400 g
m-3 of chloride ions, while higher values were obtained with 600 g m™, but
in any case, the presence of algae strongly reduced the active chlorine
concentration in the outlet stream. This result leads to the conclusion that
the bulk phenomena are prevalent in the algae removal process, under the
conditions adopted in this work.

The active chlorine formed at DSA anode may react with the high organic
load originated by the presence of microalgae, so that the difference in
oxidants concentration detected with and without algae, may be attributed
to the consumption of the oxidising species by M. aeruginosa. This may be
confirmed by the trend of removal efficiency with the flow rates: passing
from Re = 10 to Re = 40, chloride ions concentration and current density
being the same, the removal efficiency resulted reduced by 60%.

2.3.2.2. Electrolysis with BDD anode

In the present case, the behaviour of the system without algae has been
studied first. A mathematical model was implemented to simulate the
behaviour of the system, based on the following assumptions:

= CI” and SO,  were not modelled since appreciable variation in the
concentration of inorganic species between inlet and outlet was not
detected because of the low contact times.

= The long-life (bulk) oxidants were considered as total oxidants (OX),
which include active chlorine and other long-life oxidants, generated by
DE (r9) or by a mechanism mediated by radicals electrogenerated (r6—
r8, r12). The formation of OX was modelled through the sum of the
currents related to reactions (r6-r9, r12).

= Two mechanisms for OX consumption were taken into account: the
cathodic reduction, which was assumed a mass transfer controlled
reaction, and the chemical decay in the bulk (r19, r20), which was
modelled by a first order law.

= The occurrence of products of active chlorine oxidation, other than
chlorates was neglected. Two mechanisms for the generation of
chlorates were considered: the pseudo-surface reaction via oxygen
radicals (r14, r17) and the chemical decay of bulk oxidants (r19, r20).
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The first was modelled through the corresponding current, the second
through a first order law. The concentration profiles along the reactor
calculated by the model were compared with the experimental values
obtained at the relevant experimental conditions.

The model equations are reported in the Appendix (I11) along with the
boundary conditions and the details of the model solution.

Table 6 summarises the values of model parameters and experimental
conditions. The current fractions (gox and ecios-) were the only adjustable
parameters of the model, and were calculated through sensitivity analysis
from the concentrations of the different species. Each value was obtained
by a single set of experimental data.

Table 6. Parameters used in the model (equations (22)—(25)).

Re i[Am? CI[gm? Kke'x10°[msT sox —
10 25 100 0.88 0.0135  0.003
10 25 400 0.88 0.039  0.005
10 25 600 0.88 0.068  0.01

40 12 100 1.33 0.0135  0.003
40 25 600 1.33 0068  0.01

160 25 100 2.03 0.0135  0.003

The comparisons between experimental and model predicted data in terms
of concentration profiles of oxidants and chlorates at steady state are
reported in the following figures. Figure 16 shows data related to
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electrolyses of BG 11 without M. aeruginosa with an inlet concentration of
100 g m™2 of chlorides, and different flow rates and current densities.
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Figure 16. Comparison between experimental (symbols) and model predicted
(lines) concentration profiles of oxidants (empty symbols) and chlorates (full
symbols) from continuous experiments at the steady state for solutions in the
absence of M. aeruginosa with initial chloride concentration of 100 g m~2 under
different flow conditions and current densities when BDD anode was employed A:
Re=10,i=25Am™2 B:Re=160,i=25A4m—? and C:Re=40,i=125Am™>2

An increase in the oxidants and chlorates concentration with the current
density can be observed, while the increase in the flow rate causes a
decrease of the same compounds. The trend with the current density was
expected, since the faradaic yield for oxidants generation virtually depends
on the inlet concentration of inorganic precursors [39], such as chlorides
and sulfates. The effect of flow rate is less obvious: in the anode packing,
the oxidation of chlorides to active chlorine is favoured by high values of ¢
(i.e. low Re). In the cathode packing, the main reaction is the active chlorine
reduction, which is favoured by high residence time, but not by low mass
transfer rates, both conditions occurring with low Re. The formation of
chlorates is due to pseudo-surface and bulk reactions, both dependent on
the hydraulic residence time, so that high Re dramatically decreases the
concentration of chlorates in the outlet stream.
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As the effect of chlorides is concerned, Figure 17 describes the trend of
data related to electrolysis without M. aeruginosa at i = 25 A m2 under
different flow conditions and inlet CI~ ions concentration.
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Figure 17. Comparison between experimental (symbols) and model predicted
(lines) concentration profiles of oxidants (empty symbols) and chlorates (full
symbols) from continuous experiments at the steady state for data obtained at i =
25 A m~2 under different flow conditions and inlet CI~ ions concentration in the
absence of M. aeruginosa when BDD electrode was employed. A: Re = 10, Cl'=
400 gm~3; B: Re = 10, CI"=600 g m3; and C: Re = 40, CI"=600 g m3.

As can be seen, the higher the CI~ concentration in the inlet stream, the
higher the concentration of oxidants in the outlet stream, the other operative
conditions being the same. Moreover, similar effect can also be observed
for the concentration of chlorates, which confirms the reactions involving
chlorides as the most important processes.

Concentrations of chlorates in the outlet were generally higher than those
obtained at DSA anodes with the same system and under similar conditions
[44]. This can be attributed to the main mechanism of chlorate formation at
the two materials. At DSA anodes the process mainly occurred by the
chemical reaction (r20), and appreciable amounts of CIOs™ were detected
only at low hydraulic residence times [44]. At BDD anodes, we should
consider the further source of CIOs~, namely reactions (r14) and (rl7),
which occur in a thin layer adjacent to the anode surface, and mainly depend
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on the concentration of radicals in the reaction layer and in turn, on the
current density [38].

The good agreement between experimental and model predicted data
obtained under all the working conditions considered, indicates that the
effects of operative parameters, such as Re, current density and chloride
concentration were correctly interpreted.

A similar approach was used to model the data obtained with solutions
containing M. aeruginosa: the disinfection through bulk oxidants was
assumed as main mechanism for inactivation of microalgae. The kinetics
was modelled by a second order law (R, = kay - Cox - C41) Where the
kinetic constant was an adjustable parameter. The best agreement between
experimental and model predicted data was obtained with ka.=1 x 107252,

As the hydrodynamics is concerned, in the presence of algae, the system is
a dilute suspension of cells in an electrolytic fluid: however, for diameter
of the ducts more than two orders of magnitude greater than the size of a
cell, the fluid can be regarded as homogeneous [57]. In the present case, the
reactor can be considered as a porous medium with hydraulic diameter of
548 pm, two orders of magnitude greater than the diameter of M.
aeruginosa; moreover, we should also consider the relative low content of
cells and their density, similar to that of the electrolyte. Due to these
reasons, the flow of the electrolyte with algae was modelled as that of a
continuous fluid with properties of the BG 11 medium. Figure 18 shows
examples of values of chlorophyll-a removal obtained by steady state
electrolyses under different operative conditions.

It is worth noting that the inactivation of M. aeruginosa was only
appreciable at the lowest flow rate in the single pass configuration adopted.



56 Chapter 2. Results and discussion |

Cl [g m3]
T - 00 660
1 I I 1
. - 0.9
""""" r 0.8 &
""""""" a g
......... " g
_____________ :
__________________ m
. F 07 <
- 0.6
I | T ' 0.5
60 50 - - |
i [A m-2]
Figure 18. Comparison between experimental (symbols) and model predicted
(lines) steady state data of chlorophyll-a removal at Re = 10: i = 25 A m2 and

different chloride concentrations (empty symbols, upper x axis); 600 g m~2 of
chloride and different current densities (full symbols, lower x axis) when BDD
electrode was employed.

Data obtained with i = 25 A m™2 and different CI- concentrations in the inlet
(empty symbols, upper x axis) show the higher the concentration of
chloride, the higher the effectiveness of the process towards inactivation of
M. aeruginosa. The effect of current density (full symbols, lower x axis) is
similar: the highest inactivation of microalgae was achieved under
conditions of high current density (60 A m2), the concentration of chlorides
in the inlet being the same.

As in the experiments in batch recirculated mode, the maximum
inactivation was obtained under the experimental conditions most
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favourable for high oxidants concentration in the reactor. The role of the
active chlorine in algae inactivation processes was investigated in the
literature [17], highlighting that nucleus, protoplasm and proteins of the cell
membrane, can be damaged by active chlorine [58]. However, also under
these conditions, the outlet concentrations of oxidants and chlorates were
very low or below the detection limit: only electrolyses at i = 60 A m2 of
solutions containing 600 g m~ of CI~ allowed to detect about 1 mg dm™2 of
oxidants.

The concentration of active chlorine is reduced by reaction with microalga,
while the formation of chlorates is strongly decreased by the competition
with algae inactivation, which reduces the active chlorine available, and by
the possible reaction between the organic compounds and surface oxidants
[42].

Based on these results, the main mechanism of inactivation is the reaction
with bulk oxidants. This is furtherly confirmed by the good prediction of
the model (lines), which in fact assumes the bulk oxidants as mechanism of
M. aeruginosa inactivation.

The model has been calibrated with experimental values from a single
couples of electrode stacks (anodic and cathodic), so that the inactivation
of M. aeruginosa achieved is low. However, the inactivation requirements
should be established depending on the specific problem: if the control of
M. aeruginosa growth, to prevent the bloom, is the only requirement, then
low inactivation rate can be sufficient.

Once validated, the model can be used to predict the behaviour of the
system in a configuration in which several stacks in-series (alternating
anodes and cathodes) are used. Figure 19 shows the model predictions for
different configurations and different concentrations of chlorides in the
inlet at Re = 10 and i = 25 A m™2. The values of energy consumption are
also reported (the values for 1 stack can be referred to data in Figure 18),
and were calculated with the experimental potential corresponded to 15 V.
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Figure 19. Values of M. aeruginosa inactivation (full symbols, primary axis) and
energy consumptions (empty symbols, secondary axis) predicted by the model for
multi-stack reactor configurations at Re = 10 and i = 25 A m~2 and different inlet
concentration of chlorides when BDD anode was used.

The inactivation increases with the number of stacks, so that the reactor can
be designed depending on the process requirements. The energy
consumption is in the range 1.0-2.5 kWh per kg of M. aeruginosa removed:
literature values for the specific process in continuous are not available for
comparison, however we can consider that the concentration of M.
aeruginosa considered corresponds to about to 1 kg m~3, and the values are
comparable to those obtained for batch recirculated processes [24,25].
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3.1. Introduction 11

Algae blooms pose a series of issues in wastewater treatment plants by
interfering with both physical and chemical water purification processes, as
it has been explained in 2.1. Therefore, costly dredging and disposal
processes are consequently required [1] to successfully inactivate algae,
such as the DE process that we have previously studied deeply throughout
Chapter 2.

This process is mainly based on the use of electrochemically generated
disinfectant agents, such us dissolved chlorine, chlorine dioxide,
hypochlorous acid and hypochlorite ions for the removal of algae from
aqueous media.

The main drawback of DE is, however, associated to its energy
requirement, which would add to the great amount of energy that water
treatments require. In the United States only, approximately 3-4% of the
average daily electricity consumption is used for the treatment of
wastewaters (WWs), which in turn results in the emissions of more than 45
million tons of greenhouse gases annually and a cost of approximately $4
billion (US EPA). Nonetheless, the DE of microalgae leads to the release
of intracellular matter, such a lipids [59] or fatty acids [60] which could be
exploited by using it as fuel in microbial fuel cells (MFCs) to produce useful
electricity.

MFCs have attracted a lot of attention in the past decade as innovative
renewable and carbon-neutral bio-electrochemical devices, capable of
generating energy from WW effluents through the action of electroactive
microorganisms [61-63]. In this particular type of fuel cell,
microorganisms at the anode break the organic matter down into carbon
dioxide, protons (H*) and electrons (e°). The electrons flow from the anode
to the cathode generating an electrical current, while the protons flow across
a proton exchange membrane to combine at the cathode with the electrons
and an electron acceptor, usually oxygen, to form water.

MFCs have been proposed as an attractive means to treat WWs while
generating electricity [61]. Contrary to anaerobic digesters, the energy
conversion in MFCs is direct and, therefore, the theoretical energy
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efficiency of MFCs is much higher. One of the biggest limitations of this
technology that still prevents practical applications is, however, associated
with the difficulty in the scaling-up [64]. The miniaturisation of the fuel cell
design and the arrangement of multiple miniature units in stack is currently
considered one of the most viable approach to overcome this limitation
[65]. A wide variety of organic matter, originating from any sort of WW,
has been tested as fuel in MFCs, and performance varied according to the
biodegradability and bioavailability of the organic substrate [66]. Recently,
algae have been considered as a new organic source for the anodic bacteria
[67—69]. To improve the anaerobic biodegradability of microalgae biomass,
pre-treatment techniques have been proposed to dissolve or disrupt the
algae cell membrane and favour the accessibility of the bacteria to the
organic matter [17,70-72].

In this work, we have integrated for the first time the DE step with the MFC
technology with the aim of reducing the energy consumption of the
electrolysis process and, therefore, the operating costs. In particular, an
integrated closed-loop system is proposed, in which a fixed bed
electrochemical reactor with three-dimensional electrodes for the
microalgae electrolysis is coupled with a cascade of miniature air-cathode
MFCs. C. vulgaris was used as the model microalgae since its resistance is
lower than the blue-green algae, and may favour the release of intracellular
matter, which would be used as fuel in the MFCs. The configuration of the
DE system has been designed to minimise the presence of long-life oxidants
in the outlet of the DE unit (the feed of the MFCs), to prevent any damage
to the anodic biofilm inside the MFCs [44]. In particular, since active
chlorine species are the most persistent among the oxidants
electrogenerated in DE, boron-doped diamond was used as anode material,
which combines high effectiveness in electrochemical treatments with
relatively low catalytic activity towards active chlorine formation [29,38].
We also investigated the effect that increasing the electrode surface area as
well as the number of single units in the cascade had on the overall algae
removal efficiency and on the power generated by the MFC stack.
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3.2. Materials and methods 11
3.2.1. Algae culture

C. vulgaris green algae was kindly provided by the Department of Biology
and Biochemistry, University of Bath (UK). WW from the Wessex Water
treatment plant in Somerton (UK) was used as the growing media for C.
vulgaris. The characteristics of the Somerton WW are reported in Table 7.
The WW was ozonised and oxygenated prior to use. C. vulgaris was
cultivated in 1 | flasks under continuous fluorescent light at 25 + 1°C and
at 43% of humidity. All experiments were carried out when C. vulgaris was
in the log-growth stage, which corresponded to an algal concentration of 15
x 10° cells dm and to a COD value of about 35 + 7 mg dm.

Table 7. Characteristics of the Somerton wastewater.

Parameter Value
pH 7+05
Conductivity (uS) 810+ 50
COD (mg dm™) 35+7
Phosphate (mg dm) 3.2+09
Nitrate (mg dm) 21.3+3
Total Nitrogen (mg dm3) 27+5

Total Suspended Solids (mg dm) 1




Chapter 3. Materials and methods |1 65

3.2.2. Apparatus
3.2.2.1. Electrochemical cell and procedures

DE experiments were performed with the fixed bed electrochemical reactor
equipped with 6 discs in-series of conductive diamond anode (BDD)
previously described in 2.2.2, with the system configured as in Figure 2A.
The experimental conditions for the batch recirculated electrolysis runs are
reported in 2.2.3. It is worth noting that no chlorides ions were added in the
electrolyte for this study.

C. vulgaris removal and oxidants concentration were monitored by
measuring the absorbance of the chlorophyll-a pigment and the DPD
colorimetric technique, respectively, as described in 2.2.4.

3.2.2.2. Microbial fuel cell

Two designs of miniature air-cathode MFCs were used in this study,
fabricated as previously reported [65]. The anodic channel was made of
polydimethylsiloxane silicon (PDMS, Ells Worth Adhesives) with a 10:1
ratio. Carbon cloth (untreated carbon cloth type B, E-Tek, USA) was used
as both the anode and the cathode electrodes. Nafion® (115, Sigma-aldrich)
was used as the proton exchange membrane, and was hot pressed to the
cathode by applying a pressure of 3 bar for 90 s at 130°C. Figure 20 shows
schematic and pictures of the two devices used. Two cell lengths were
considered: 4 and 8 mm. As a result, the electrode nominal surface area was
respectively of 0.16 and 0.32 cm?, corresponding to anodic volumes of
0.048 and 0.096 cm?, respectively. The inter-electrode gap was of 0.3 cm.
Titanium wire (Advent Research Materials, diameter 0.2 mm) was used as
electrical contacts.
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Figure 20. Schematic and photograph of the fuel cell devices used in this study.
Carbon cloth electrode surface area: 0.16 cm? (A) and 0.32 cm? (B).

3.2.3. Fuel cell operation

The anode and the cathode electrodes of each air-cathode MFC were
connected through a fixed external resistor (Rex) and to a data acquisition
system (PicoLog 1012) and the cell voltage of each MFC was recorded at
intervals of 10 s.

The maturing of the electrochemically anaerobic active bacteria at the
anode was performed by feeding the fuel cell (batch recirculating mode at
a flow rate of 0.4 cm® mint) with artificial wastewater (AWW), containing
2% (v/v) of anaerobic sludge (Wessex Water, Scientific Laboratory in
Saltford, UK). AWW was prepared by adding to distilled water (all values
in mg dm=3): (NH4)2SO4 200; MgSO4-5H,0 59; MnSO4-H,0O 6; NaHCO3
130; FeCls 3; MgCl,-6H,0 7. Potassium acetate at a concentration of 9.81
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g dm was used as the carbon source. The resulting COD value was 2.200
+ 200 mg dm=, and the pH of the solution was adjusted to 7 + 0.5 with
HNOs (0.1 M). The solution, replaced on a daily basis, was sterilised and
purged with N prior to its use. After approximately one week of operation,
the output voltage reached a stable value and the enrichment phase was
considered concluded. The MFCs were therefore hydraulically assembled
in-series, while still electrically independent from each other, and fed with
electrolysed algae under a continuously recirculated flow rate of 0.4 cm3
min* (see Figure 21). Under this flow, the hydraulic retention time of each
MFC was of 7.2 or 14.4 s, according to the length of the anodic chamber.

Polarisation experiments were performed by connecting the MFCs to a
series of external loads, varying from 10 Q to 1000 kQ, controlled by an
external variable resistor (RS-200 Resistance substitute, IET Labs Inc.,
USA), and by measuring the pseudo steady state output potential after 10
min. Before the test, the MFC was left under open circuit for no more than
2 hours to allow a steady state open circuit voltage (OCV) to develop.

Ohm’s law (I = AECELL/R t) was used to determine the corresponding
ex

current (1) at each external load value.

The volumetric power density, P, (W m=) generated by each MFC was
calculated as:

<AECELLZ>
P — AECELL -1 — Rext (13)
%4 14

The energy, E, (W h m3) produced by each MFC, over the time t, was
calculated as:

E = [y2feasl gy (14)

The overall energy generated by the MFC stack was calculated as the sum
of energy produced by each single MFC.
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3.2.4. Set-up and operation of the closed-loop integrated system

Figure 21 shows the set-up of the integrated batch recirculated system. The
electrolysis unit (2) was inserted into a batch recirculating hydraulic circuit
and pumped with a C. vulgaris algae solution (35 mg COD dm, volume
(V): 200 cm?®) (1) at Re = 13. An electric field, parallel to the fluid flow, was
applied by setting a current density of 25 A m2 with a power supply (3),
leading to a cell voltage of 12 V. The electrolyte (1) was also fed into the
cascade of MFCs (4) at a flow rate of 0.4 cm® min* with a multichannel
peristaltic pump equipped with 2-stop tubing. The electrolysis unit was
operated for an hour. Afterwards, the solution in reservoir (1) was
recirculated to the cascade of MFCs for up to three days.

To test the effect of numbering up the fuel cell in the cascade on the algal
inactivation and energy generation, the stack (4) was made up of either three
or five MFCs. The MFCs in the stack were electrically independent from
each other to monitor individually their performance.

i
Ui
i
s
i

IF

1 Reservoir 4 MFC: cascade of 3 or 5
2 Electrochemical Reactor R, Fixed External Resistance
3 Galvanostat

Figure 21. Set-up of the combined system. The algae solution (1) is recirculated
into the electrolysis unit (2) as well as into the cascade of MFCs (4). The cascade
consisted of either three or five microbial fuel cells hydraulically connected in-
series while, electrically independent.
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Data obtained for the C. vulgaris inactivation during chloride-free
electrolyte-batch recirculated electrolyses can be found in 2.3.1.1. These
preliminary runs allowed establishing the operative conditions that were
adopted for the experiments carried out during the integrated system. The
applied current density and the flow rate chosen for the combined DE-MFC
system were i =25 A m2and Re = 13, which lead to a relatively low energy
requirement (6 kWh m-3), corresponded to a 50% of the normalised removal
of chlorophyll-a over an hour of operation, by the electrolysis unit.

The outlet from the electrolysis unit was recirculated into a stack of MFCs
hydraulically connected in-series for a total of 3 days. The effect of two
variables on the stack performance was investigated: the MFC
characteristic length along the direction of the flow, which affects the
surface area of both the anode and the cathode; and the number of MFC
devices in the stack. In particular, two lengths were tested, 4 and 8 mm,
leading to a surface area of both electrodes of 0.16 and 0.32 cm?
respectively, and two different MFC stacks were investigated, one made up
of three devices and the other of five.

The MFCs were enriched individually, with anaerobic sludge and AWW
containing acetate as carbon source, and hydraulically connected in-series
after approximately one week when a steady state current was observed.
Polarisation tests performed after one week of operation reveal a peak
power output of 0.064 + 0.003 W cm?, for an external load of 250 k<, for
the case of a surface area of 0.16 cm?. For the fuel cells with an electrode
surface area of 0.32 cm?, the maximum power was an order of magnitude
higher: 0.293 + 0.005 pW cm?, for an external load of 45 kQ. The different
value of optimal Ry observed for the specific MFC design, was applied to
the respective fuel cell prior to assembling them in a stack. Once integrated
in the closed-loop circuit, the MFCs were fed with the algal solution from
reservoir 1 (Figure 21). Although the DE unit was activated over the first
hour of operation only, the cells were also running during the subsequent
three days. After that, the MFCs were disassembled and a new batch
recirculated of experiments was performed.



Chapter 3. Results and discussion |1 71

The performance of the MFCs stack in terms of electricity generation over
three days was also investigated. Figure 22 and Figure 23 show the change
in the power density with the time for both the three-MFC stack and five-
MFC stack, respectively, with the electrodes surface area of 0.32 cm?.
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Figure 22. Power density output with time for each individual microbial fuel cell
in the stack, over approximately the first 2.5 hours (A) and three days (B) of
operation. Numbers indicate the position of the MFC in the stack with 1 being the
first MFC along the direction of the flow. The surface area of the electrodes was
equal to 0.32 cm?.
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Figure 23. Power density output with time for each individual microbial fuel cell
in the stack, over approximately the first 2.5 hours (A) and three days (B) of
operation. Numbers indicate the position of the MFC in the stack with 1 being the
first MFC along the direction of the flow. The surface area of the electrodes was
equal to 0.32 cm?,
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After the first 15 minutes of operation, a decrease in the power output was
observed. This power drop was attributed to the drastic change in the COD
value of the feeding solution, which decreased from value of 2200 mg dm
8 (AWW containing acetate and anaerobic sludge) to only 35 mg dm
(AWW with an initial concentration of C. vulgaris equal to 15 x 10° cells
dm2in the DE unit inlet). On the other hand, the conductivity (810 + 50 uS)
and the pH (7 = 0.5) were the same for both the AWW and the algae
solution. Therefore, the power drop was associated only to the change in
the concentration of organic carbon in the new feeding solution and to the
switch of fuel from acetate to the organics released from the broken cells,
which might be complex molecules, more difficult to digest. Moreover,
during this initial period, it is likely that the feed into the MFCs would be
still characterised by a large amount of unbroken cells. On the one hand,
this would mean a low concentration of organic carbon in the feed, on the
other hand the living algal cells might inhibit the metabolism of the anodic
bacteria, thus further decreasing the output power [73]. Power outputs close
to zero have been previously observed when bacteria-enriched MFCs were
suddenly fed with fresh algae cells, thus confirming this hypothesis [69].

Once the electrolysis unit was discarded (i.e. after 1 hour of operation), the
power output started to increase, reaching a peak after approximately one
day of operation, and then it slowly decreased.

For the case of the three-MFC stack (Figure 22A, and Figure 22B), no
marked difference in the performance of each fuel cell was observed. The
peak power density was of 1 W m with a 0.17% of variation. In the case
of the five-MFC stack, the performance of the last fuel cells along the
cascade, MFC4 and MFC5 (Figure 23A, and Figure 23B) was different.
The peak power in this case was of 5 and 4.11 W m= for MFC5 and MFC4,
while for MFC1 and MFC2 it was respectively of 2.5 and 2.7 W m. Note
that the poor performance of MFC3 was caused by heavy leaking during
the experiment.

Winfield et al. reported the effect that different organic loads have on the
behaviour of the individual MFCs in a continuous-flow cascade system
[74]. Usually, for easy-to-digest organics, the MFCs down the chain
perform worse than the MFCs positioned at the beginning of the cascade,
due to fuel depletion. On the other hand, the better performance of MFC4
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and MFCS5 in this case might be attributed to the fact that the first cells in
the cascade help with the breaking down and release of organic molecules
from the algae cells, thus leading to an increased amount of available and
easy-to-digest organic source to the last MFCs along the cascade [71].
According to the results obtained, it seems that when only three MFCs are
used, this phenomenon is not as marked as the case of five cells.

Figure 24 reports the average change in the COD value of the recirculating
solution with the time.
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Figure 24. Average values of the COD for the recirculated electrolysed C. vulgaris
algae solution in the stacks of three and five MFCs for both the electrode areas

tested.

As shown, a peak of COD (92.5 + 60.5 mg dm) was observed after the
first hour of operation caused by the electrolysis of the algal cells by the DE
unit. The COD then stabilised to 55 mg dm™ for approximately 1.5 days
and then slowly increased. This increase with time is probably caused by
the release of organics and metabolites due to the bacterial action in the
MFC. Although this trend in the COD concentration was highly
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reproducible for each MFC stack studied, the stack with the MFCs with the
electrode surface area of 0.32 cm? led to COD values approximately 1.3
times higher (69 and 91 mg dm? for the three- and five-MFC stack
respectively).

Figure 25 compares the cumulative electricity generated over a period of 3
days by each MFC in the four different stacks studied, obtained by varying
the number of MFCs and the electrode surface area. It can be noted that, in
the case of MFCs with an electrode surface area of 0.16 cm?, if we exclude
MFC5 (poorly performing because of leaking/damage), no marked
difference in the performance of each MFC were observed for both in the
case of three- and five-MFC cascade. This might be due to the fact that the
larger electrode surface area was associated with an increase in the retention
time (14.4 seconds versus 7.2) and, consequently, with a better digestion of
the algal cells and in turn an increase the amount of ready-to-be oxidised
organics for the anodic biofilm of the MFCs down the chain.

The active surface area of the electrodes has an influence on the
performance of the MFCs [61,65,75,76]. For the three-MFC stack, when
the electrode surface area was of 0.16 cm? the average power output was
82% lower than when the surface area was double. In the miniature MFC
devices used in this study, the increase in the electrode surface area while
keeping constant the cross sectional area produced a decrease of the
diffusion resistance [65]. According to the results obtained, this
improvement in the mass transport has a benefit on both the algae treatment
and the energy production.
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Figure 25. Amount of cumulative energy generated by each microbial fuel cell in
the cascade-stacks of: A) three, and B) five microbial fuel cells using two different
anodic surface areas over three days.
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Figure 26 shows the total energy generated by the MFC stacks, calculated
as the mathematical sum of the cumulative energy produced by each MFC
unit in the specific stack configuration.
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Figure 26. Total cumulative energy generated by the several MFC stacks
investigated.

As shown, the increase on the number of MFCs in the stack leads to higher
power output levels for the case of the two anodic surface areas
investigated. The use of sequentially positioned MFCs may maximise the
oxidation of the organic matter [77] and in turn, an increase of the power
production can be expected. The most significant increase (11 times the
initial value) in the energy output was observed when the smallest electrode
area (0.16 cm?) was employed. A much lower, but still a positive effect of
increasing the number of MFCs in the stack was also observed when the
electrode surface area was 0.32 cm.
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According to the objectives introduced at the beginning of this thesis,
several conclusions can be drawn, in which a packed bed electrochemical
reactor, with 3D electrodes of Nb grids coated with conductive diamond
(BDD) and expanded meshes of commercial Ir/Ru mixed oxides
(dimensionally stable anodes, DSA) as anodes, was used to investigate the
treatment of water containing M. aeruginosa and C. vulgaris algae.

The removal efficiency of C. vulgaris in a chloride-free solution for water
disinfection process may be attributed to the synergistic effect owing to the
applied electric field and the very high concentration of oxidants in the
anode zone. Moreover, in the presence and absence of algae the difference
in oxidant concentration was only insignificant, further confirming that the
reaction with bulk oxidants might not contributed to the removal process.

On the other hand, the removal efficiency of M. aeruginosa in water
disinfection process may be related to the synergistic effect of
electrogenerated oxidants produced from the chloride ions and electric
field, but the experimental results demonstrated that the main inactivation
mechanism is the bulk disinfection by the mixture of oxidants generated
during the process, mainly constituted by active chlorine species
electrogenerated at the anode surface. Chlorates were the only oxidation
products of active chlorine in detectable amount: the measured
concentrations of chlorates in the inlet stream at BDD anodes were slightly
higher than those obtained at DSA ones [44].

The presence of M. aeruginosa algae in aqueous media resulted in a very
low concentration of oxidants and disinfection by-products, such as
chlorates, usually found during electrolysis with BDD anodes. Only at the
most favourable experimental conditions for the chlorates formation of high
electric field and high CI- concentration in the inlet of the reactor allowed
to detect at least 1 mg dm™2 of oxidants.

Similar results were achieved with electrolyses in continuous mode. The
steady state results obtained when BDD anode was employed can be
compared with those ones when the electrolysis unit was equipped with
DSA anodes. Although the mechanism of formation of oxidising
compounds is significantly different at mixed oxide and diamond
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electrodes, both materials could be effective to remove M. aeruginosa,
providing sufficient amount of oxidants.

Based on steady-state experimental results, a dispersed plug flow model
was used to numerically predict the behaviour of the system. The model
predictions were compared with the experimental data: the model
effectively represented the process, allowing the prediction of the outlet
concentration of M. aeruginosa, residual disinfectant and disinfection by-
products under different operative conditions. From the model predictions
we can obtain a current related to the generation of bulk oxidants from 1 to
7% of the total, and dependent on the CI~ concentration. The corresponding
currents for chlorates generation were one order of magnitude less. The
model was also used to simulate a multi-stack reactor, which allows
obtaining higher and controllable extent of M. aeruginosa inactivation.

In addition, this study intended to provide preliminary results for a cost-
effective and green solution to the treatment of C. wvulgaris algae
contaminated water systems. An innovative approach, based on the
integration of the electrolysis unit equipped with conductive diamond
anodes, with a stack of miniature single chambered air-cathode microbial
fuel cells (MFCs), was proposed. This integrated system allowed the
simultaneous treatment of algal biomass in wastewaters and energy
generation. With our work, we not only demonstrated the effectiveness of
such approach, but, with the aim of guiding on the design of such systems,
we also investigated on the effect that key features of the MFCs stack have
on performance.

The lower energy demand of the integrated system leads to an energy cost
of 0.9 € m3, which considering an energy price of 0.134 €kW h (Eurostat
2014), is 50% less than the operating cost of the single direct electrolysis
(DE) unit. Moreover, the generated cumulative power output of up to 226
Wh m3, when the MFCs were fed with the electrolysed algae over a period
of three days, allowed to furtherly reduce the electrical energy consumed
by DE reactor of about 20%.

These results are encouraging: by further improving the design of the MFC
stack, a self-sustainable process could be obtained. Current water treatment
systems are unsustainable, as they require consistent amounts of energy.
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This great energy demand not only has a high impact on the economy of
our cities, but, considering that it is currently addressed by fossil fuels, it
also has important environmental consequences. As such, our work will
help to transform wastewater from an energy issue to an energy source.
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l. Algae growth curve and concentration

Figure 27A shows a typical microalgae growth curve: in particular, this
curve was obtained for the M. aeruginosa algae under the conditions
reported in 2.2.1. As can be seen, there are 4 reasonably well defined phases
of algal growth: lag (1), exponential (2), stationary (3), and death (4).

= Lag phase: the inoculum is being acclimatised to the growing culture
BG 11.

= Exponential phase: is known as the log-growth phase, in which the
increase of the biomass over time happens. Cell count or dry weight are
common units of biomass determination.

= Stationary phase: net growth is zero, and within a few hours cells may
undergo dramatic biochemical changes.

= Death phase: when vegetative cell metabolism can no longer be
maintained the death phase of a culture is generally very rapid. Cultures
of this species will lose their pigmentation and appear washed out.

Figure 27B represents the algae concentration, measured by cell counting
(equation (15)) employing an optical microscope, during the log-growth
phase of algae.

Cells _ Counted cells

(15)

mm3 ~ Counted surface (mm2)-Chamber depth (mm)-Dilution

where, counted surface and chamber depth are 4 mm? and 0.1 mm,
respectively.



84 Appendix. Supporting materials

A2s 1 2 3 . 4

[%2]
s8]
<
Time [d]
B 2
m
=
o
— 15
>
Q
1]
o ==
cE
S 5 L y =0.6602x
g =2 R2=0.9942
=
w2
S
c
g
c 05
o
O
0 1 1 1 1 ]
0 0.5 1 1.5 2 2.5 3

ABS
Figure 27. M. aeruginosa microalgae growth curve (A) and the algae
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(2), stationary (3), and death (4) phase.
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1. Mass transfer characterisation

Cathodic mass transfer coefficients (kn") were obtained by using the linear
sweep voltammetry (LSV) technigue.

First, cyclic voltammetry (CV) of the redox ferricyanide/ferrocyanide
couple, by means of a potentiostat (Autolab, Metrohm), under the operative
conditions written in 2.2.5 was performed in order to know what the
reduction peak of KsFe[CN]s was (Figure 28).
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Figure 28. Cyclic voltammogram of the standard redox ferricyanide/ferrocyanide
couple at scan rate of 0.5 mV s,

Then, a LSV was carried out at different Re values (10-120) under constant
scan rate (0.5 mV s?) so that the limiting current density (i) could be
measured (Figure 29).
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Figure 29. LSV at 0.5 mV s of scan rate under different flow rates for the standard
redox ferricyanide/ferrocyanide couple.

Once the i, is known, the values of k»" can be calculated from equation (5)
at the relevant Re numbers, employing the physical properties of

ferrocyanide solution, which behaves as diluted aqueous solutions: '“/p =
0.952x10%m?st; D=6.41x 10 m?s2.

Sherwood and Schmidt dimensionless numbers were then calculated with
the following equations:

Sh=kmd (16)

D

.
Sc = oD (17)
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I11.  Model equations

The system was modelled by combining the main kinetic equations with an
axial-dispersed plug flow model, which accounts for the non-ideal flow
conditions. The reactor was modelled as two reaction zones, the first
representing the anode packing and the second the cathode packing, and
with three flow zones, upstream, downstream and between the reaction
zones. The kinetic equations can be written according to the assumptions of
the model (reactions in brackets refer to Table 1):

= Anodic generation of bulk oxidants (r6—r9)

Rl = L. Ay " Eox (18)

ne F

= Chemical decay of bulk oxidants (r19, r20)
Ry = kp - Cox (19)

= Anodic generation of chlorates (r14, r17)

l
Rz = Ay Eclog (20)

ne F

= Cathodic reduction of bulk oxidants
Ry = —ackpy - Cox (21)

Under one-dimensional approximation, the differential equation bellow
represents the mass balance of the i™" species involved in the process:

The term Ri can be written as

= Anode packing
Rox =R1—R; (23)

Rcio; = R3 + 1/3 R,

= Cathode packing
Rox = Ry —R; (24)

Rcio; = 1/3 R,
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= Flow zones
Rox = —R, (25)

Rcio; = 1/3 R,

Therefore, the resulting global mass balance is as follows:

ROX=nel_-F'aA'gOX_aC'km'Cox_ng'COX (26)

i

Rcio; = moF Q4 Ecoz + kp - Cox (27)
The boundary conditions were the following:

C;i=0z=0 (28)
V(-VDC) =0z=1L

The numerical model was built and solved with the commercial software
COMSOL Multiphysics®, combining the kinetics with flow in porous
media.
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