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Abstract The application of a boron-doped diamond

electrode in electrochemical water disinfection was inves-

tigated with respect to its inactivation potential of three

indicator microorganisms. Drinking water and the effluent

of a wastewater treatment plant spiked with Escherichia

coli, Enterococcus faecium and Pseudomonas aeruginosa

were electrolysed under different conditions in a batch

reactor. All three bacteria species could be successfully

inactivated in drinking water. The disinfection rate

depended on the applied charge, with far more efficiency at

high current densities (208 and 333 mA/cm2) under high

ozone concentrations measured in contrast to low current

densities (42 mA/cm2) where bacterial inactivation was

rather driven by hydroxyl radicals. When oxidising a target

pharmaceutical compound in the wastewater treatment

plant effluent, the water matrix exhibited an ozone scav-

enging effect. The resulting decrease in the efficiency

could not be detected for the disinfection experiments in

the complex water matrix compared to drinking water,

which indicates a different disinfection mechanism, prob-

ably due to reactive chlorine species.

Keywords Electrochemical oxidation � Diamond

electrode � Water disinfection � Enterococcus faecium �
Escherichia coli � Pseudomonas aeruginosa

Introduction

Water quality standards are highly regulated in different

areas (domestic distribution, wastewater treatment plants

and clinical applications) in order to minimise the risk of

waterborne diseases caused by bacterial contamination. At

the same time, with antibiotic resistance on the rise, it is

imperative to have treatment methods that reliably inacti-

vate microbial contaminations (Figueras and Borrego

2010). Therefore, disinfection processes play an important

role in ensuring acceptable biological standards in different

areas of water applications.

Various disinfection technologies such as chlorination,

UV disinfection, membrane filtration and ozonation are

currently in use for water treatment (Caslake et al. 2004;

Gibson and Schwab 2011; Griessler et al. 2011). However,

their utilisation is limited through several shortcomings

such as operational safety, formation of unwanted by-pro-

ducts and high costs for operation and maintenance (Laz-

arova et al. 1999; Griessler et al. 2011; Yao et al. 2011).

The application of electrochemical oxidation as an

alternative disinfection technology has proven effective

against a broad spectrum of microorganisms (Jeong et al.

2006; Ndjomgoue-Yossa et al. 2014). It falls into the cat-

egory of advanced oxidation processes (AOPs), which are

mainly characterised by the formation of highly reactive

hydroxyl (OH) radicals (Schmalz et al. 2008). The gener-

ation of a mixture of reactive species including ozone,

hydrogen peroxide, various radicals and eventually chlo-

rine-based compounds promotes the oxidation reaction. In

contrast to common disinfection methods, the disinfectants

are produced in situ, directly at the point of use without the

addition and storage of chemicals (da Silva et al. 2003;

Bergmann 2010). Electrochemical disinfection can easily

be included into industrial processes. Its operation, even in
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turbid water, is simple, and the economic investment is

manageable (Fryda et al. 2003; Heim and Glas 2011).

In the 1980s, a highly efficient technology emerged

which used boron-doped diamond (BDD) electrodes to

produce electrochemical oxidants in situ (Pleskov et al.

1987; Anglada et al. 2009). What sets these electrodes

apart is their inertness and high over-potential for the for-

mation of oxygen at the anode. Therefore, the generation of

OH radicals is driven at low temperatures and through

further reactions, the formation of other oxidative species,

mainly ozone and hydrogen peroxide, can also occur

(Michaud et al. 2003). Conductivity is achieved through

doping of the crystalline diamond layer with boron. The

quantities of oxidants depend on the applied current density

(Fryda and Matthée 2006; Bergmann 2010).

Apart from OH radicals, ozone has the highest oxidation

potential (2.07 vs. 2.70 V for OH radicals; Cho et al. 2003).

Moreover, it is characterised by a relatively long half-life

time of 20–30 min at 20 �C, depending on the water matrix

and pH (Khadre et al. 2001). This allows for direct and

selective oxidation of organic and inorganic compounds

(von Gunten 2003a). Ozone has the ability to oxidise

proteins located on the cell surface by ozonolysis (Criegée

1975). After ozone diffuses through the biological mem-

brane, it can damage intracellular components. The disin-

fection activity of ozonated water towards microorganisms

including bacteria, yeasts and even fungal spores has been

described in several studies (Eliasson et al. 1987; Hunt and

Mariñas 1997; Tröster et al. 2004; Jeong et al. 2006).

Today ozone is widely used for the treatment of drinking

and wastewater (Lazarova et al. 1999; Heim and Glas

2011). The disinfection potential of ozone was found to

exceed that of chlorine, although the latter also attacks

intracellular compounds (Cho et al. 2010). In aqueous

solutions, ozone is unstable and degrades to oxygen

through a chain reaction under the formation of primarily

OH radicals. Oxidation through OH radicals is a rapid and

rather unselective process with rate constants in the range

of 106–109 M-1 s-1 (Elovitz and von Gunten 1999). This

reaction is very useful for the removal of organic con-

taminants from wastewater (Andreozzi et al. 1999; da Silva

et al. 2003).

In situ oxidant production with BDD electrodes can be

performed with a relatively small energy input compared

to classical disinfection due to the high oxidant yield of

the electrode. Losses that are associated with oxidant

dissolution are significantly reduced when production

occurs in situ. This makes disinfection of drinking and

wastewater with BDD electrodes a promising alternative

to commonly used oxidation techniques (Kraft 2007;

Anglada et al. 2011; Zhu et al. 2008). Up to the present,

only a relatively small number of studies have been

conducted to characterise disinfection with BDD

electrodes. The numbers, however, are growing, which

indicates the increasing interest in this technique (Tanner

et al. 2004; Jeong et al. 2006; Schmalz et al. 2009;

Frontistis et al. 2011; Haaken et al. 2012; Liu et al. 2012).

However, there is a lack of mechanistic investigations in

real water matrices.

In the current research, a BDD electrode was applied to

study the disinfection mechanisms for selected waterborne

microorganisms under varying electrode conditions in

different water matrices, namely drinking water and

wastewater treatment plant (WWTP) effluent. The bacteria

species Escherichia coli, Pseudomonas aeruginosa and

Enterococcus faecium were chosen. E. coli and E. faecium

represent indicator microorganisms for faecal contamina-

tions in water and therefore are adequate parameters for

water quality control (Mtethiwa et al. 2008; Figueras and

Borrego 2010). P. aeruginosa is ubiquitous in water and

soil. Due to its resistance against various antibiotics and

disinfectants, it has been reported as a pathogen in the

clinical environment and also as a water contaminant

(Lambert 2002; Lee et al. 2002; Schmalz et al. 2008).

Additionally, the bacterial inactivation behaviour was

evaluated in the presence of the target pharmaceutical

compound carbamazepine (CBZ), which is known to be

also oxidised by ozone and OH radicals (Huber et al. 2005;

Menapace et al. 2008). The formation of disinfection by-

products is additionally estimated through the adsorbable,

organically bound halogens parameter (AOX). The exper-

iments were conducted from April to June 2011 at the

Chair of Urban Water Systems Engineering, Technische

Universität München.

Materials and methods

Experimental setup

Experiments were conducted with a CONDIAPURE� test

system (CONDIAS GmbH, Itzehoe, Germany) using a

DIACHEM� electrode stack (CONDIAS) integrated into

an optically accessible glass reactor with a total height of

253 and 42 mm diameter (Esau & Hueber GmbH, Schro-

benhausen, Germany). A schematic configuration of the

operation unit is displayed in Fig. 1. In situ ozone gener-

ation was performed with a single anode/cathode pair and a

surface of 24 9 50 mm2 per electrode. The electrode

substrate material was niobium, coated with a 1- to 5-lm-

thick boron-doped diamond layer. Electrode currents could

be varied through a DC source with a maximum output

current of 10 A and a maximum output voltage of 35 V.

Current densities of 42, 208 and 333 mA/cm2 were applied.

Three litres of bacteria solutions were prepared in a glass

vessel (tempered to 20 ± 1 �C), which was connected to
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the operation unit with an inlet and outlet tube. The reac-

tion solution was circulated through the glass reactor by a

centrifugal pump (PY-2071, Speck Pumpen, Hilpoltstein,

Germany) at a flow rate of 4 L/min. All experiments were

carried out twice.

Water matrices

Experiments were carried out in synthetic soft drinking

water (drinking water), containing 20 mg/L chloride

(NaCl), 0.1 mg/L bromide (KBr), 10 mg/L nitrate

(NaNO3) and 60 mg/L sulphate (Na2SO4) in deionised

water (deioniser ‘‘Milli-Q Plus 185’’, conductivity

0.055 lS/cm at 20 �C), with a total hardness of 0.9 mmol/

L and at pH 8.9. The second water matrix was actual

wastewater collected from the municipal WWTP Garching,

Germany, after secondary sedimentation before UV irra-

diation (WWTP effluent). The total organic carbon (TOC)

content varied between 6 and 13 mg/L at pH 8.0.

The water was spiked with initial bacteria concentra-

tions of approx. 107–108 CFU/mL from strains of E. coli

(ATCC 11775), P. aeruginosa (ATCC 10145) and E. fae-

cium (ATCC 19434). For oxidation experiments, the target

compound CBZ (Sigma-Aldrich, Taufkirchen, Germany)

was added at a starting concentration of 5.5 lmol/L.

Sampling

Samples were taken from the outlet tube (see Fig. 1) after

0, 1, 5, 10, 15, 20 and 30 min of disinfection for

microbial analyses as well as to determine residual ozone,

chloride, dissolved organic carbon (DOC) and AOX

concentrations.

Samples from CBZ-spiked water were taken after 2, 5,

10 and 15 min, filtered through 0.2 lm Pleomax PVDF,

vortexed and analysed with mass spectrometry (MS).

Microbial analysis

Viable counts of E. coli, E. faecium und P. aeruginosa

were determined using international standard guidelines for

drinking water and surface water. E. coli samples were

analysed according to the bathing water directive (Council

directive 2006/7/EC of 15 February 2006). Briefly, E. coli

solutions were cultivated in 4-methylumbelliferyl-b-D-
glucuronide (MUG) lauryl sulphate bouillon. Dilution

series were made in PBS solution and incubated for 24 h at

37 ± 1 �C. E. coli numbers were calculated according to

the most probable number (MPN) method. Determination

of E. faecium and P. aeruginosa bacteria was performed

based on the drinking water directive (Council directive

1998/83/EC of 3 November 1998). Samples were filtered

through 0.45 lm cellulose nitrate filters (Sartorius, Göt-

tingen, Germany). E. faecium was cultivated according to

ISO 7899-2 and incubated for 48 h at 37 ± 1 �C. P.

aeruginosa solutions were diluted with � concentrated

Ringer’s solution prior to the filtration according to ISO

16266. Filters were then placed on selective agar (ISO

12780:2002 CP67.1) and incubated for 48 h at 37 ± 1 �C.
Based on the change in the bacterial count of the sample

after a certain disinfection period, the inactivation rate was

calculated as the logarithmic reduction of bacteria (log

N/N0), where N0 represents the initial bacterial concen-

tration and N the bacterial count at the respective sampling

time.

Chemical analysis

Parallel to the disinfection experiments, ozone concentra-

tions were additionally quantified as residual ozone by

photometric measurement at 610 nm after decolorisation of

indigo bisulphonate in the presence of ozone. The analyses

were performed based on the descriptions given by Bader

and Hoigné (1981) and Yates and Stenstrom (2000).

Instead of phosphate buffer, phosphoric acid was

employed. Samples containing bacteria were filtered using

a 0.45 lm polyvinylidene difluoride (PVDF) filter to avoid

any diffractive effects during the photometric

measurement.

The pH was controlled based on Standard Methods (SM)

4500-H? (Eaton et al. 2005). Chemical analysis of DOC

was performed with an Elementar High TOC II-Analyser

according to SM 5310 after filtration through a 0.45 lm
polypropylene membrane filter. For measurement of AOX,

500 mL of sample solution were collected in a brown glass

bottle and stored at 4 �C. Further oxidation was prevented

by addition of 5.0 mL 1 mM sodium sulphite solution; the

pH was adjusted\pH 1 with 1 mL 65 % HNO3. AOX was

determined according to SM 5320 using an ABIMED

TOX-10 organic halogen analyser. Chloride concentrations

bacteria-
spiked water

electrode stack

pump

outlet tube 
(sampling) inlet tube

glass 
reactor

Fig. 1 Schematic illustration of the BDD electrode and the reactor

unit
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were analysed by ion chromatography with a DIONEX

ICS-1000 device according to SM 4110.

Mass spectrometry

A time-of-flight (ToF) MS (Agilent 6230 Accurate-Mass

ToF MS) was used for CBZ analysis. Samples were

directly injected into the mass spectrometer with a syringe

pump (flow rate 5.0 lL/min). Generation of the ions for

measurement was performed with a multimode ion source

(MMI) in ESI mode. A capillary voltage of 2,500 V and a

charging voltage of 2,000 V were applied. The drying gas

was a nitrogen stream of 5.0 L/min at 250 �C. The neb-

uliser pressure was set to 20 psig. Measurements in nega-

tive ionisation mode were carried out in the m/z-range from

70 to 1,000. The signals were recorded for 1 min and the

average spectrum was used for evaluation.

Results and discussion

Disinfection using BDD electrodes can be influenced by

electrode and reactor parameters as well as extrinsic fac-

tors. This study focuses on possible effects of a variation of

the current density on bacterial inactivation and on the

impact of the water matrix composition. Inactivation of

E. coli was tested at current densities of 42, 208 and

333 mA/cm2 in drinking water in order to optimise elec-

trode conditions and ozone output. As the electrode

geometry was not modified during the experiments, the

current density was altered only through the applied cur-

rent. Since the total amount of oxidative agents introduced

into the system during electrolysis cannot be measured,

determination of residual ozone concentrations was the

method of choice to trace the reaction.

Current effect

First, the role of ozone in the disinfection experiments had

to be determined. The dependency of bacteria inactivation

on disinfectant concentration and contact time can gener-

ally be displayed as time-concentration (ct) curves

according to the law of Chick and Watson (Gottschalk

et al. 2010). Figure 2a shows bacteria inactivation curves

of E. coli versus ozone concentration and contact time

under variation of the applied current density. Initial bac-

teria numbers varied between 107 and 108 CFU/mL. For

each current density, complete inactivation, or roughly a

log-7–8 removal, was observed at a ct value of approxi-

mately 6 (mg min)/L. A biphasic trend in bacteria removal

could be noticed, whereby the initial removal phase was

more rapid than at the end. In our investigations, the dis-

played ct curves refer to the ozone exposures and consider

only residual ozone concentrations. Inactivation of 4.2 log-

units could be achieved at a ct value of 0.18 (mg min)/L at

both current densities of 208 and 333 mA/cm2. The iden-

tical ct curves at those current densities reflect the strong

dependency of bacterial inactivation and lie in the range of

the other literature data (Tanner et al. 2004). However, no

comparison can be drawn in terms of the applied current

densities as a different technology was used for electro-

chemical ozone generation. In contrast, the low current

density of 42 mA/cm2 differed from that tendency with a

delayed reduction of E. coli (ct value approx. 3.5
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(c) at three different current densities
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(mg min)/L), which clearly indicates another, less effective

disinfection mechanism in this case. Since for current

densities below 100 mA/cm2 also the ozone formation

efficiency was found to be significantly lower and the

generation of OH radicals favoured (Ureña de Vivanco

et al., in preparation), we postulate that bacterial inactiva-

tion at low current densities was not predominantly driven

by ozone, but rather by the attack through OH radicals.

These radicals could instantly and non-selectively react

with cellular components of the microorganisms and cause

damage basically to the outer cell membrane. However,

major damage and bacterial inactivation are rather

achieved through reactions with the DNA (von Gunten

2003b). In contrast to ozone, OH radicals are not able to

penetrate into the cells and as a consequence of their short-

lived existence, their reaction radius is strongly limited.

Therefore, the disinfection potential of OH radicals has

been reported to be lower than that of ozone (Wolfe et al.

1989; Cho et al. 2003).

Variation of experimental parameters such as the current

density and the volume of the bacteria solution led to dif-

ferent treatment times. Hence, it was necessary to optimise

and standardise those conditions for further experimental

setups. Thus, the above described inactivation rates are

correlated to the applied current per volume, which is

linked to the disinfection time (Fig. 2b). Analogous to

Fig. 2a, the disinfection curves are almost identical for the

high current densities of 208 and 333 mA/cm2, in partic-

ular when considering the initial disinfection phase.

However, the low current density of 42 mA/cm2 displayed

a remarkable deviation from those curves, particularly

below 50 mAh/L. Thus, reduction of bacteria counts at

high current densities appeared independent of the applied

current rate, whereas disinfection at the low current density

appeared less effective. Considering time specifications, it

took less than 5 min to inactivate all E. coli cells at a

current density of 333 mA/cm2, whereas 30 min were

required at 42 mA/cm2. The dependency of disinfection

with the BDD electrode on the applied current density has

been described by other authors (Schmalz et al. 2009; Liu

et al. 2012). This was also evident in our experiments as

seen by the shift in the disinfection mechanism towards

less effective oxidants when the current density was low-

ered to 42 mA/cm2. However, as soon as the current den-

sity was increased to values above 100 mA/cm2, ozone was

the predominant oxidant produced, and the inactivation

depended only on the total charge input (which was also

reflected by the energy expenditure) instead of the applied

current density.

A comparison of the enrichment of residual ozone over

the applied current per volumes at different current densi-

ties in the bacteria-spiked solutions is given in Fig. 2c.

Maximum ozone concentrations varied between 0.25 mg/L

using 42 mA/cm2 and 1.5 mg/L at 333 mA/cm2. In a pre-

vious study, the authors have described a linear correlation

between current densities and residual ozone concentra-

tions in various waters (Heim et al. 2011). The same ten-

dency could be observed for ozone during our disinfection

experiments.

Energy consumption

Higher current densities do not only result in more ozone

but also in a higher energy consumption. Energy con-

sumption for a log-5 reduction of E. coli cells and inacti-

vation of all spiked bacteria (log-7.4 reduction) was

calculated based on values from electrolysis of synthetic

drinking water and WWTP effluent (Table 1). Process

intrinsic energy (Epro) considered only the electricity con-

sumption of the electrolytic process and was based on

ozone formation at the electrode. The total energy con-

sumption (Etot) also included technology-specific energy

consumption, e.g. for pumping. Operation of the electrode

at a current density of 42 mA/cm2 resulted in the lowest

energy requirement regarding process intrinsic energy with

0.14 Wh/L for log-5 removal and 0.25 Wh/L for complete

inactivation. However, since the treatment time until

inactivation was much longer as compared to higher cur-

rent densities, the total energy consumption was the highest

for the low current density. The percentage of the energy

Table 1 Calculated process intrinsic (pro) and total (tot) electrical energy consumption for log-5 removal as well as complete inactivation

(log-7.4) of E. coli

Water

matrix

Current density

(mA/cm2)

Log-5 removal Complete inactivation

Charge input

(mAh/L)

Time

(min)

Elog 5, pro

(Wh/L)

Elog 5, tot

(Wh/L)

Charge input

(mAh/L)

Time

(min)

Elog 7.4, pro

(Wh/L)

Elog 7.4, tot

(Wh/L)

Drinking

water

42 49 20 0.14 8.69 96 30 0.25 15.7

208 34 2.5 0.17 1.09 143 10 0.75 4.83

333 21 1 0.74 1.10 197 10 8.74 13.1

WWTP

effluent

208 61 5 0.27 2.13 127 10 0.63 1.00
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required for pumping had a considerable impact at pro-

longed treatment times. The most advantageous configu-

ration was 208 mA/cm2 with a total energy consumption of

1.09 Wh/L for a log-5 reduction and 4.83 Wh/L for a log-

7.4 reduction of E. coli. A further increase of the current

density yielded significantly higher energy values for both

process intrinsic and total energy consumption.

Electrolysis of WWTP effluent instead of synthetic

drinking water almost doubled energy values for a log-5

removal from 0.17 to 0.27 Wh/L, but for complete inacti-

vation, the requirement was comparable. The total energy

expenditure in WWTP effluent (2.13 Wh/L) was compa-

rable to the literature data with a total consumption of

2.0–2.6 Wh/L for a log-5 reduction of E. coli using the

BDD electrode (Haaken et al. 2012). The high energy

efficiency of the diamond electrode compared to other

AOPs, including treatment with UV/H2O2, which is cur-

rently in use for disinfection in wastewater treatment

plants, could be shown before in a comparative study

(Ureña de Vivanco et al. 2013).

Since both current densities of 208 and 333 mA/cm2

were shown to be equally efficient in disinfection per unit

charge, 208 mA/cm2 was chosen as standard configuration

for further disinfection experiments due to the lower

energy consumption.

Water matrix effect

Organic and inorganic water components generally reduce

residual ozone concentrations, thus demanding higher

ozone doses or contact times for oxidative degradation and

bacterial inactivation (Burleson et al. 1975; Hoigné and

Bader 1983a, b; Cho et al. 2003; von Gunten 2003a). To

examine this influence on bacterial disinfection, inactiva-

tion rates of E. coli in synthetic drinking water were

compared with WWTP effluent. To gain further informa-

tion about the disinfection mechanism, treatment of E. coli

with the BDD electrode was performed in the presence of

the target compound CBZ at a current density of 208 mA/

cm2. Approximately 70 mAh/L (6 min) were required to

almost fully oxidise CBZ in soft water, whereas nearly

120 mAh/L (10 min) were required to attain the same level

of degradation in the WWTP effluent (Fig. 3). Thus, a

strong dependency of CBZ degradation on the complexity

of the water matrix could be observed. In comparison, all

E. coli cells were inactivated in both water matrices at

around 120 mAh/L. The initial disinfection appeared even

more efficient in the WWTP effluent compared to the

drinking water matrix. Thus, bacterial inactivation was not

subject to the same matrix effect as observed for CBZ

degradation and must have been driven by another mech-

anism in wastewater than in drinking water. In chloride-

rich water, chlorine and hypochlorite, both commonly used

as disinfectants, are by-products formed from reactions

with OH radicals (von Gunten 2003b). Due to the high

chloride content in the WWTP effluent (40.7 mg/L in

drinking water vs. 217 mg/L in the WWTP effluent), it is

likely that those oxidation products formed and compen-

sated for the lower ozone concentrations. A clear increase

of inactivation ratios at higher chloride concentrations has

been shown through experiments with water and varying

chloride concentrations (Yao et al. 2011; Liu et al. 2012).

Furthermore, Wolfe et al. (1989) detected a greater bac-

tericidal effect of free chlorine in surface water compared

to ozone. In our investigations with WWTP effluent, the

role of OH radicals as a disinfectant was most likely neg-

ligible as it is not possible for the reactive radicals to dif-

fuse away from the electrode and immediately react with

other water components.

Disinfection of different bacteria species

Different bacteria species can show variable sensitivity

towards disinfectants. Electrochemical inactivation of the

gram-negative model organisms E. coli and P. aeruginosa

and the gram-positive E. faecium in synthetic drinking

water using the BDD electrode was therefore investigated.

Since all experiments were conducted at the same current

density of 208 mA/cm2, the specific charge input, and

therefore also the disinfection progress, can be directly

correlated to the disinfection time. Bacterial reduction rates

of at least 5 log-units could be observed for all three model

organisms during the first 75 mAh/L (5 min), followed by

a continuous, but slower inactivation (Fig. 4a). Inactivation

of all organisms was achieved within 150 mAh/L (10 min).

The inactivation curves of the different species and thus the
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sensitivity towards disinfection with the BDD electrode

were similar, but appeared slightly higher for the gram-

negative bacteria in comparison to the gram-positive E.

faecium. However, this difference was marginal. Other

studies have also reported a quick inactivation of gram-

negative bacteria such as E. coli and P. aeruginosa upon

ozonation (Restaino et al. 1995). In contrast, the outer cell

wall of gram-positive bacteria like E. faecium has been

described as being more resistant to oxidising agents due to

its complex composition. The cell walls of gram-positive

bacteria consist of a thick structure of several peptidogly-

can layers, whereas gram-negative species are character-

ised by an outer membrane containing lipoproteins,

lipopolysaccharides and a thin layer of peptidoglycans. It is

reported that N-acetyl glucosamine present in the pepti-

doglycan layer could not be oxidised by ozone in aqueous

solution (Khadre et al. 2001). Our data account for minor

disparities as a consequence of different cell wall consti-

tutions in gram-positive and gram-negative bacteria.

Residual ozone concentrations were almost identical for

all bacterial solutions and were characterised by a contin-

uous increase during the disinfection experiments

(Fig. 4b). Only the ozone curves from E. coli disinfection

differed slightly from the ozone production determined for

the disinfection of P. aeruginosa and E. faecium. The

course of residual ozone in the drinking water without

bacteria was significantly higher than ozone production

detected in the bacteria-spiked disinfection experiments.

Even after complete inactivation of all bacteria (from

150 mAh/L onwards), residual cell material in the bacteria-

spiked solutions was further oxidised by ozone. The

amounts of residual ozone can be expected to adapt to that

of pure drinking water when the oxidation of the cell

material as well as other organic and inorganic matter is

completed.

Oxidation of organic and inorganic matter

DOC concentration changes indicate to which degree

organic matter was mineralised during the oxidation pro-

cess. According to the literature data, more than 3 g of

ozone are required to oxidise 0.2 g of DOC (Gottschalk

et al. 2010). Table 2 includes DOC, AOX and chloride

concentrations before and after disinfection in drinking

water and WWTP effluent. In drinking water, DOC con-

centrations rose from 3.8 to 6.6 mg/L, whereas in the

WWTP effluent only a slight increase from 5.4 to 6.0 mg/L

was observed. These findings represent the conversion of

complex organic matter, for instance residual cellular

material, into transformation products during the oxidation

process. Since residual ozone concentrations in the current

experiments were around 2.5 mg/L for non-contaminated

drinking water (containing few ozone-consuming com-

pounds), this relatively low rate of ‘‘excess ozone’’ is likely

to be insufficient to remove all organic material in the

bacteria-spiked solutions. The conversion of complex

organic matter into better degradable compounds carries
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Fig. 4 Inactivation of E. coli, P. aeruginosa and E. faecium (a) and
ozone concentrations in bacteria-spiked and pure drinking water (b) at
208 mA/cm2

Table 2 Concentrations of DOC, AOX and chloride before and after

disinfection experiments in drinking water and in the WWTP effluent

(n.d.\10 lg/L)

Time point Drinking watera WWTP effluentb

DOC

(mg/L)

AOX

(lg/L)
Cl-

(mg/

L)

DOC

(mg/L)

AOX

(lg/L)
Cl-

(mg/

L)

Before

disinfection

3.8 n.d. 40.7 5.4 13.3 217

After

disinfection

6.6 n.d. 36.5 6 158 190

a Disinfection was carried out for 30 min
b Disinfection was carried out for 60 min

Int. J. Environ. Sci. Technol. (2015) 12:3061–3070 3067

123



the risk of bacterial regrowth as those substances can be

more easily utilised by microorganisms. This might espe-

cially apply to the WWTP effluent in our study, which was

characterised by a high DOC. Trace amounts of ozone as

well as other reactive disinfectants, for instance chlorine,

will in contrast act preventively.

In water containing inorganic ions, cross-reactions

between organic and inorganic substances are also possi-

ble. These reactions can subsequently lead to halogenated

organic by-product formation. Such by-products are

unwanted as they might be toxic or even carcinogenic

(Kümmerer et al. 1998). AOX represent all adsorbable

halogenated organic compounds in a water matrix as a sum

parameter, predominantly resulting from chemical reac-

tions of free chlorine with organic matter (Schmalz et al.

2009). Thus, measurement of AOX allows estimating by-

product formation. Even though no threshold value exists

for AOX in drinking water and the majority of them are

non-toxic, a maximum discharge limit of 0.7 mg/L for

integrated recovered paper mills has been prescribed in the

Integrated Pollution Prevention and Control Directive

(Council directive 2008/1/EC of 15 January 2008). The

application of the BDD electrode in biologically treated

sewage has been reported to generate low amounts of

AOX, with a maximum value of 127 lg/L being recorded

(Haaken et al. 2012). In the current study, AOX concen-

trations were below the detection limit of 10 lg/L in

drinking water, whereas in the WWTP effluent, AOX

levels were found to increase from 13.3 lg/L up to 158 lg/
L after electrolysis (Table 2). Even by-products were

generated, their concentrations were well below the above-

mentioned limits.

Generation of AOX is triggered by oxidation of chloride

(Haaken et al. 2012). A decrease in chloride levels was

noted in both water matrices, which probably contributed

to the formation of AOX in the wastewater matrix. How-

ever, in the WWTP effluent, AOX concentrations were

present in the lg/L range compared to chloride losses,

which were in the mg/L range. Thus, formation of free

chlorine as well as chlorate and perchlorate by the oxida-

tion of chloride ions seems to be possible.

Also other toxic organic and inorganic reaction by-pro-

ducts such as trihalomethanes (THM), bromate or other hal-

ogenic compounds appear under high ozone and OH radical

concentrations in halogenide-rich water (von Gunten 2003b;

Imo et al. 2007). Disinfection by-products can be suppressed

by shortening the treatment times (e.g. when applying higher

current densities) or treating a chloride-containing water.

Hence, it is crucial to find the balance between optimum

conditions for the disinfection process and the inhibition of

unwanted reaction by-products, especially in complex water

matrices (von Gunten and Pinkernell 2000).

Conclusion

The current findings show that variation of electrode

parameters as well as the water matrix does influence both

ozone generation as well as the bacterial disinfection

mechanism. In drinking water, the applied current density

stipulated whether disinfection was caused by ozone or OH

radicals. Complex water matrices exhibited a different,

probably chlorine-driven disinfection mechanism, so that

disinfection efficiency remained comparable to that in

drinking water. The rapid inactivation of both, gram-neg-

ative and gram-positive bacteria, indicates that the BDD

electrode seems to be applicable for various disinfection

purposes. Significant differences between the three bacteria

strains could not be detected. Further research should

mainly focus on elucidating the exact disinfection mecha-

nism and the impact it has on other microorganisms,

including yeasts, spores and viruses. Further development

of the reactor and the BDD electrode design will contribute

to improve the disinfection process and at the same time

reduce the amount of undesired compounds.

Acknowledgments This research was supported by the Federal

Ministry of Education and Research of Germany (03X0087G). The

authors want to thank the Institute of Microbial Ecology, Technische

Universität München, for their support with the bacteria cultures.

References

Andreozzi R, Caprio V, Insola A, Marotta R (1999) Advanced

oxidation processes (AOP) for water purification and recovery.

Catal Today 53:51–59
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