
Electrochemical disinfection of simulated ballast water on conductive
diamond electrodes

Engracia Lacasa a, Efi Tsolaki b, Zouboulia Sbokou b, Manuel Andrés Rodrigo a, Dionissios Mantzavinos b,
Evan Diamadopoulos b,⇑
a Department of Chemical Engineering, Faculty of Chemical Sciences and Technologies, University of Castilla-la Mancha, Avda. Camilo José Cela 12, 13071 Ciudad Real, Spain
b Department of Environmental Engineering, Technical University of Crete, Polytechneioupolis, GR-73100 Chania, Greece

h i g h l i g h t s

� Ballast water treatment deals with invasive species elimination.
� Electrochemical disinfection is an easy to apply process on-board.
� Modeling of chlorine generation during electrochemical disinfection was performed.
� Both bacteria (E. coli) and higher organisms (A. salina) were tested as model microorganisms.
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a b s t r a c t

In this work, the electrochemical disinfection with conductive diamond electrodes was studied to treat
simulated ballast water. Artemia salina was used as indicator organism and Escherichia coli as indicator
bacterium. The influence of salinity (3 and 30 g/L NaCl simulating brackish and ballast water, respec-
tively), current density (up to 1273 A/m2) and operation mode (batch and single-pass) on inactivation
and total residual chlorine production rates was investigated. An increase in salinity and current density
generally had a beneficial effect on both rates. A. salina in ballast water was completely inactivated after
45 min of batch treatment at 255 A/m2 (corresponding to about 200 mg/L of produced chlorine) and this
increased to 60 min in brackish water. A. salina, whose inactivation follows first order kinetics, was found
to be more resistant to electrochemical disinfection than E. coli. The complete inactivation of E. coli was
achieved in less than 5 min of batch operation at 127 A/m2, whereas the concentration of produced chlo-
rine was less than 20 mg/L. Operation in single-pass mode was less effective for A. salina because it did
not suffer mechanical stress, whereas E. coli inactivation occurred at low current densities and irrespec-
tive of the salinity due to both direct oxidation on the surface of conductive diamond anode and chemical
reactions with chlorine species and/or reactive oxygen species.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ballast water is defined as the water carried by ships to ensure
stability, trim and structural integrity. If a ship is empty of cargo,
it will fill with ballast water whereas if it loads cargo, the ballast
water will be discharged. The International Maritime Organization
(IMO) estimates that at least 7000 different species are being carried
in ships’ ballast tanks around the world [1]. These marine species
are microorganisms, phytoplankton, zooplankton, etc. and most of
them do not survive the journey or the new environmental condi-
tions where they are discharged. However, some species survive

in the host environment under favorable circumstances. At this
point, the environmental impact of these last species often results
in unpredictable ecological, economic and social impacts [2–4].

The methodology recommended by the IMO guidelines for
ballast water treatment involves its exchange to reduce the risk
of transfer of harmful aquatic organisms. Nevertheless, this meth-
od has ship-safety limitations because it is not completely effective
in removing organisms from ballast water. Then, effective ballast
water management and/or treatment methods should be devel-
oped in order to replace the ballast water exchange at sea. So far,
several technologies have been suggested for ballast water treat-
ment, including filtration [5], irradiation with ultraviolet light
[6,7], sterilisation with ozone [8,9], disinfection with chlorine
species [10] or hydrogen peroxide [11], addition of biocides to
ballast water to kill organisms [12,13] and sonication [14].

1385-8947/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2013.03.003

⇑ Corresponding author. Tel.: +30 2821037795; fax: +30 2821037858.
E-mail address: diamad@dssl.tuc.gr (E. Diamadopoulos).

Chemical Engineering Journal 223 (2013) 516–523

Contents lists available at SciVerse ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier .com/locate /ce j

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.cej.2013.03.003&domain=pdf
http://dx.doi.org/10.1016/j.cej.2013.03.003
mailto:diamad@dssl.tuc.gr
http://dx.doi.org/10.1016/j.cej.2013.03.003
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


In recent years, electrochemical processes have been tested for
water disinfection [15–18]. Electrochemical disinfection can be
defined as the eradication of microorganisms using an electric cur-
rent passed through the water by means of suitable electrodes. The
advantages of electrochemical water disinfection in comparison to
other chemical methods include (i) simplicity of the equipment, (ii)
easy automation of the process, (iii) the fact that additional chem-
icals are not required since the disinfectant dose can be easily con-
trolled varying the current density applied, and (iv) the relatively
low current requirement that may allow the use of green energy
sources such as solar cells or fuel cells [19–21]. Furthermore and
in the specific case of saline water treatment, electrochemical dis-
infection takes advantage of the electrolytic production of chlorine
species such as hypochlorite and hypochlorous acid (i.e., electro-
chlorination) [22–25].

The selection of a proper anodic material is a key point in elec-
trolytic processes. In this way, dimensionally stable anodes (DSAs)
present good efficiencies in the production of hypochlorite, which
is critical for the wide use of electrochemical technology in many
environmental applications [22,26]. Nevertheless, a new anode
material, namely boron-doped diamond (BDD), has been devel-
oped in recent years and it exhibits good properties for electro-
chemical applications. The BDD anode allows operation at harsh
oxidation conditions and, consequently, promotes the generation
of several oxidants such as peroxosalts, ozone or hydrogen perox-
ide, which would be difficult or even impossible to be produced
with other anodic materials [27–32].

The efficacy of electrochemical disinfection in killing a wide
spectrum of microorganisms has been reported in the literature
[33–35]. The high bactericidal capacity is attributed to several
functions such as the generation of toxic oxidants like persulphate
[36] or chlorine species [37], direct oxidation on the electrode sur-
face [34,38], inactivation by reactive intermediate products such
hydroxyl radicals, ozone, and hydrogen peroxide. [39–41], and/or
the electric field effect [33,38,41]. To the best of our knowledge,
the electrochemical disinfection of ballast water has only recently
been reported in the literature; seawater spiked with E. coli [42,43]
or Enterococcus faecalis (E. faecalis) [42] was treated on a titanium
anode and process performance was assessed in terms of energy
consumption to achieve IMO discharge standards and post-treat-
ment environmental implications (e.g. corrosion of materials, eco-
toxicity to seawater species).

In this context, the main objective of this study was to examine
the potential of electrochemical disinfection over BDD to treat sim-
ulated ballast water. Artemia salina (A. salina) was chosen as an
indicator organism, while Escherichia coli (E. coli) was selected as
indicator bacterium. The influence of salinity, current density and
operation mode on A. salina and E. coli mortality rates, as well as
on chlorine production was investigated.

2. Materials and methods

2.1. Test organism

The artificial water was prepared diluting sodium chloride into
osmosis water to obtain a final concentration of 30 g/L NaCl (sea-
water) or 3 g/L NaCl (brackish water).

A. salina in the form of dehydrated cysts was provided by the
Hellenic Center of Marine Research (Greece). A. salina cysts were
kept refrigerated (4–5 �C) in the absence of light. Prior to use, they
were hatched into nauplii larvae for 24 h. To initiate the growth
procedure a volume of 25 mL of the cysts was placed in 1 L of arti-
ficial seawater [17]. A water bath was used to keep the tempera-
ture at 28 �C [44]. Continuous aeration was provided through

constant airflow. The hatching of A. salina was complete after a per-
iod of 24 h. Then, the A. salina suspension was diluted to 10 L of
artificial sea or brackish water (feed water).

The bacterial strain used in the present study was E. coli (DSMZ
498) (DSMZ, German Collection of Microorganisms and Cell Cul-
tures). One hundred microliters of the bacterial strain of E. coli
were spread over the surface of the appropriate solid agar medium
(HiCrome™ Coliform Agar, HiMedia Laboratories) in 90 mm Petri
dishes and then incubated for 24 h at 37 �C. Finally, the bacterial
pellet was suspended in sterile 0.8% (w/v) NaCl aqueous solution
and diluted to the required cell density corresponding to a cell con-
centration of approximately 106–107 CFU/mL [35,45]. The concen-
tration of the suspensions was adjusted measuring the optical
density according to the McFarland standards [46].

2.2. Electrochemical experiments

Experiments were carried out in a DiaCell (type 100) single
compartment electrolytic flow-cell manufactured by Adamant
Technologies (Switzerland). BDD on silicon was used as anodic
and cathodic material. Both electrodes were circular with a diam-
eter of 10 cm each and an electrode gap of 10 mm.

Experiments were carried out in both batch and single pass
modes and under galvanostatic conditions (Fig. 1). Polarity was
automatically inverted every 10 min to avoid operational problems
such as the formation of films of carbonates on the surface of the
cathode or the passivation of the anode. In batch mode, 10 L of sim-
ulated ballast or brackish water were loaded in a vessel and contin-
uously recirculated in the cell by means of a peristaltic pump at a
constant flowrate of 20 L/min, whereas in single pass mode, 30 L of
simulated ballast or brackish water were loaded in the vessel. A
spiral coil immersed in the effluent vessel and connected to tap
water supply was used to remove the heat released from the elec-
trolytic process. Thus, all experiments were conducted at uncon-
trolled temperature which never exceeded 30 �C.

2.3. Experimental procedure

The current density ranged between 0 and 1273 A/m2, which
corresponds to current values from 0 to 10 A. The mechanical
stress control was performed with the run at 0 A/m2. The gradient
velocity was calculated and it ranged from 700 to 1300 s�1, which
is between or slightly higher than that typically used in a coagula-
tion process [47]. Two samples of 0.1 L each were collected in
beakers: the first beaker contained 2 mL sodium thiosulphate (Na2-

S2O3�5H2O purchased from Merck, Germany) stock solution (1 N)
in order to instantly destroy free chlorine produced during elec-
trolysis and avoid microorganisms death during sample handling
due to residual chlorine. The second beaker did not contain any so-
dium thiosulphate and it was used to measure total residual chlo-
rine. Here, it is important to point out that 2 mL of 1 N sodium
thiosulphate solution were sufficient to reduce up to 200 mg/L of
residual chlorine in seawater [17]. Samples were collected from
the outlet of the electrochemical cell. In batch experiments, sam-
ples were taken at 5, 10, 15, 30, 45, 60, 75 and 90 min and analyzed
with regard to the population of A. salina or at 2, 5, 10, 15, 30, 60
and 90 min and analyzed with regard to the CFU/mL concentration
of E. coli. In single-pass experiments, just a sample was taken at
each current density studied after 5 s. The influence of total resid-
ual chlorine was also studied adding the appropriate amounts of
2 g/L sodium hypochlorite stock solution (without water pumping
or electricity) to the effluent vessel in order to achieve levels of 50,
100 and 200 mg/L free residual chlorine [17].
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