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Abstract In this work a undivided parallel plate cell

equipped with boron doped diamond (BDD) anode was

tested as electrochemical reactor for disinfection of water.

Two configurations were adopted: a single pass configu-

ration (SPC) and a recirculated configuration (RC) in

which also a reservoir was inserted in the hydraulic circuit.

In both the experimental configurations the system worked

in continuous mode with a flow rate ranging from 0.05 to

0.42 dm3 min-1; in the RC the recirculating flow rate

ranged from 0.45 to 6 dm3 min-1. Thermostated (25 �C)

galvanostatic electrolyses were carried out with aqueous

solutions containing 100 mg dm-3 of chloride ions: values

of current density from 2.5 to 5.0 mA cm-2 were used.

Steady state data revealed that active chlorine and chlorate

ions were the main oxidation products. Particular attention

was paid to the hydrodynamics both for SPC and RC:

pulse-response curves were experimentally obtained with

an inert tracer, and the behaviour of the system was

interpreted by models based on a combination of ideal flow

reactors, bypass flow elements, and dead zones. The

hydrodynamic models were utilized to predict the outlet

concentration of the electrolysis products. A good agree-

ment between model predicted and experimental data was

obtained for a wide range of experimental conditions.

Preliminary disinfection tests were then performed using

Escherichia coli as model microorganism. Results were

discussed in terms of both disinfection efficiency and

by-products formation.

Keywords Electrochemical treatment � Modelling �
Hydrodynamics � Chlorates � Active chlorine

List of symbols

a Specific electrode area [a ¼ A
V (m-1)]

A Electrodic area (m2)

C Concentration (mol m-3)

D Diffusivity coefficient (m2 s-1)

d Inter-electrode gap (m)

E(t) Exit age distribution (s-1)

F Faraday number (C mol-1)

H Cell width (m)

h Hydraulic diameter [h ¼ 4 H d
2 Hþdð Þ (m)]

I Current intensity (A)

i Current density [i ¼ I
A (A m-2)]

kd Oxidants decay kinetic constant (s-1)

km Mass transfer coefficient (m s-1)

N Number of in-series tanks

p Parameter in Eq. 2

q Parameter in Eq. 2

Q Electrolyte flow rate (m3 s-1)

QR Recirculating flow rate (m3 s-1)

tm Mean residence time (s)

V Electrolyte volume (m3)

Vd Dead zone volume (m3)

VR Reservoir volume (m3)

v Linear velocity in the empty cell (m s-1)

z Number of electrons

Re Reynolds number (Re ¼ v h q
l Þ

Sh Sherwood number (Sh ¼ km h
D )

Sc Schmidt number (Sc ¼ l
q D)

Pe Peclet number (Pe ¼ v h
D )

d Fraction of active volume
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e Faradic yield

U Overall fractional yield

l Viscosity of electrolyte (kg m-1 s-1)

q Density of electrolyte (kg m3)

r2 Variance of the peak

s Hydraulic residence time (s)

Superscripts

a Anode

c Cathode

1 Introduction

Water disinfection is essential to prevent the spread of dis-

eases caused by pathogens, thus the production of drinking

water, restoration of groundwater, water treatment of

swimming pool are just some examples of application areas

for the processes of disinfection [1]. There are also emerging

application fields as the protection of marine biodiversity

through the disinfection of ballast waters [2]. Moreover,

there is an increasing request for easy to use and mobile

equipments to treat the waters in particular situations such as

water supply for insulated or small communities and disin-

fection of water in emergency situations [3, 4].

Traditionally, chlorination is the most common method

of disinfection thanks to the low cost, but its main draw-

back is the possible formation of trihalomethanes [5]. Other

methods based on ozone and chlorine dioxide, which are in

general more effective than chlorination, may lead to the

formation of undesired disinfection by-products or may

produce a poor persistent effect [6, 7]. Another important

problem that affects the chemical disinfection is the hazard

connected to producing, transporting and handling large

amounts of such substances as chlorine and ozone [8].

Electrochemical processes are often involved in disin-

fection, because most of the disinfectant compounds are

produced electrochemically. So, the direct application of

the electrochemical disinfection can represent an intensi-

fication of the process [9]. Moreover, the electrochemical

treatment presents other attractive peculiarity such as the

versatility of the process and the simplicity of the reactors

in terms of construction and management, which makes it

particularly suitable for automation.

As reported by several authors, during the disinfection

of water by direct electrolysis several products and by-

products may be formed with different disinfecting ability

[10, 11]: the so-called mixed oxidant shows a disinfecting

ability higher than the addition of a single chemical, also

thanks to the possible presence of short-life radical species

[12].

The high bactericidal effect of the electrochemical

treatment was also attributed to the combined effect of

mixed oxidants, electric field and pH gradients in the

reactor [13–16].

Similarly to other treatments, also the electrochemical

disinfection may lead to the formation of different

by-products (DPBs) [17–20]. Among them, chlorates are of

great concern because the effect of these compounds on the

human health is still under study: they are suspected to

have health risks so that the WHO recommends very low

concentrations of ClO3
- and ClO4

- in drinking water [21].

A correct choice of anode material and operative con-

ditions are key parameters to obtain a powerful mixture of

disinfectant limiting the production of DPBs. Boron doped

diamond (BDD) anodes could be an excellent candidate

due to its capability to form very powerful disinfecting

agents [22, 23]; moreover BDD presents other interesting

properties such as chemical inertness and stability [24].

The composition of the water to be treated is a crucial

point, with particular regard to the presence of chlorides.

These species show a contrasting effect during electrolysis:

Cl- can be oxidised to active chlorine species (dissolved

chlorine, hypochlorous acid and hypochlorite ions) with

beneficial disinfecting effects; on the other hand different

undesired DPBs as chlorite, chlorate and perchlorate ions

may be formed. Recently, Bergmann and coworkers

[10, 25] highlighted the risk of formation of chlorate and

perchlorate ions during electrolysis by using BDD anodes.

In this context, an experimental work started in our

laboratory on electrochemical treatment of natural and

wastewater and the related products obtained during the

process [20]: the presence of chlorite, chlorate and per-

chlorate ions was found during electrolyses of solution

containing chloride at BDD anode, together with a mixture

of oxidising species mainly constituted by active chlorine.

Attention was paid on the study of the oxidation mecha-

nism of chloride ion at BDD anodes, in order to handle

main effects of the involved reactions from an engineer-

ing viewpoint, and the simplified model in Fig. 1 was

proposed.

Following the proposed mechanism, oxidation of chlo-

ride occurs at the anode surface to give chlorine, with a

faradic yield e1, as well as the first step of water oxidation

to form OH radicals [26]. The dissolved chlorine, electro-

chemically formed, reacts with water to hypochlorous acid

and hypochlorite. The distribution between the three main

active chlorine components is strongly dependent on pH. A

fraction ae2i of the OH radicals can be involved in a series

of reactions to give oxygen and reactive oxygen species as

ozone and hydrogen peroxide [27]. Chlorine can react with

a fraction be2i of OH radicals to give chlorine dioxide and

more oxidised chlorine species as chlorates. When the

chemistry near the electrode is dominated by radical

mechanisms characterized by rate constants in the range of

105–1010 mole-1 m3 s-1, those mechanisms would replace
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the known reaction paths, based on the electrochemical

oxidation of hypochlorite or chloride to chlorate [28, 29].

As it was suggested by Ibl and Landolt [28] at the lower pH

near to the anode, the chlorine hydrolysis moves progres-

sively into the bulk solution where the pH is higher, so that

the hypochlorite concentration increases in the bulk solu-

tion, and back diffusion towards the anode is produced.

Hypochlorite ions act as proton acceptors in the acidic

diffusion layer, increasing the pH and promote chlorine

hydrolysis. Under these conditions, only part of the hypo-

chlorite ions diffusing towards the anode are oxidized

electrochemically. Czarnetzki and Janssen [29] proposed

the direct electrochemical oxidation of chloride to chlorate

without a dissolved hypochlorite species as intermediate at

RuO2/TiO2 anodes. Also possible reactions between the

electrochemically produced oxidants were considered to

take account for a decrease in the amount of active chlorine

formed. Chlorate and chlorite ions can be formed also from

the disproportionation of chlorine dioxide. The chlorite

ions can rapidly react to give chlorates so that, as it was

suggested from the literature [25], only traces of these

species are formed.

At the cathode the reduction of the oxidants often occurs

under mass transfer control along with the hydrogen evo-

lution. The distribution of the oxidation by-products

depends on mass transfer, current density and chloride

concentration [20].

As the disinfection is concerned, the concentration of

oxidants is not the only relevant parameter for the effi-

ciency of the process, which also depends on the contact

time of the bacteria with the specific disinfectant agent

[30].

In a continuous system under non ideal flow conditions,

distribution of residence times and oxidant concentrations

and, in turn, the hydrodynamics of the system must be

considered. This is of particular concern in an electro-

chemical reactor where the oxidants are produced along

the cell and react both at surface and in the bulk of the

solution.

Reactors are often designed under the hypothesis of

ideal flow conditions, such as completely stirred reactor

(CSTR) and perfect plug flow reactor (PFR). However, the

real flow pattern inside the treatment unit normally presents

dispersion phenomena, dead or stagnant zones, bypass

flows, exchanges between them and recirculation zones

that can affect the efficiency of the process [31].

In the electrochemical disinfection process dead zones

may result in long reaction time, favouring the bulk reac-

tions to form chlorates, whereas by-pass may cause contact

times lower than the hydraulic residence time, leading to

overestimate the disinfection efficiency. The hydrodynamic

behaviour of non ideal reactors can be interpreted using

models consisting in a combination of plug-flow zones,

ideally mixed zones, by-pass flow elements, and dead

zones; the parameters of these combined models can be

obtained by the residence time distribution (RTD) curves

[32].

In this context, the aim of this work was to investigate

the performances of a parallel plate reactor as electro-

chemical cell for water disinfection processes. The mass

transfer within the cell was characterised by the limiting

current density technique, whereas the hydrodynamics was

studied by pulse response experiments. The effects of the

operative conditions and the hydrodynamic behaviour of

Fig. 1 Scheme of the chemical and electrochemical reactions
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the system on the composition of the outlet stream were

numerically simulated by a model. The model predictions

were compared with the experimental results.

2 Materials and methods

2.1 Experimental apparatus and procedures

Electrolyses were performed in a single compartment cell

(EC Electro MP-Cell) with two parallel plate electrodes.

The main cell dimensions were 12 cm 9 18 cm with an

interelectrode gap of 0.5 cm. The gap was filled with a

polyethylene grid as turbulence promoter: details of the

anode side with the turbulence promoter are shown in

Fig. 2. p-type semiconducting boron- doped diamond

(boron concentration in the range 3,500–5,000 ppm), sup-

plied by ADAMANT, was used as anode (diameter 10 cm;

thickness 0.5 cm). It was prepared by hot filament chemi-

cal vapour deposition (HFCVD) on a low resistivity silicon

wafer. Stainless steel (AISI 304) was used as cathode. The

anodic and cathodic areas were 80 cm2. The cell was used

in two configurations (Fig. 2): single pass (SPC) and re-

circulated system (RC). In SPC the cell (Fig. 2a), operating

in continuous mode, was fed by a peristaltic pump: the

electrolyte flowed throughout the cell in a single pass mode

with flow rates (Q) ranging from 0.05 to 0.42 dm3 min-1

which corresponded to Reynolds numbers equal to 15 and

105, respectively. The volume of the system was 40 cm3

and the hydraulic residence time (s = V/Q) in the electro-

chemical system ranged from 0.12 to 1.0 min.

In the RC configuration the cell was inserted in a hydraulic

circuit (Fig. 2b) in which the electrolyte was pumped by a

centrifugal pump from the reservoir to the cell and back

with recirculating flow rates (QR) ranging from 0.45 to

6 dm3 min-1. Also in this case the whole system (cell and

reservoir) operated in continuous mode: a peristaltic pump

was used to independently feed the reservoir with the same

flow rates (Q) used for SPC. In this case the Reynolds number

of the cell ranged from 120 to 1,550. The total volume of the

system was 850 cm3 and the hydraulic residence time in the

electrochemical system ranged from 1.1 to 16 min.

The cell temperature was controlled by a thermostatic

bath at 25 ± 2 �C.

The electrolyses were performed by imposing current

density values ranging from 2.5 to 5.0 mA cm-2 by means

of a galvanostat (AMEL-2049). All the experiments were

carried out with solutions containing 200 mg dm-3 of

SO4
2- as supporting electrolyte and 100 mg dm-3 of Cl-,

both as sodium salts.

The outlet stream of the system was analysed for the

concentration of reactant and products during the experi-

ments: only steady state data were considered for the

discussion.

Fig. 2 Schematic view of the

two experimental configurations

with a detail of the cell
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In the disinfection experiments the inlet stream con-

tained suitable amounts of Escherichia coli ATCC 25922.

The bacterial strains were grown in BHI broth (Difco

Laboratories, Detroit, MI) for 24 h at 37 �C. Inlet con-

centration of E. coli was about 1 9 104 CFU/mL (Colony

Forming Unit/mL).

2.2 Analyses

During the runs samples were withdrawn and analysed for

the concentration of reactant and products: since some

components may have very short live times, the analysis

were done immediately after sampling.

The oxidant concentrations expressed as mg dm-3 of

active chlorine were measured by N,N-diethyl-p-phenyl-

enediamine (DPD) colorimetric method: DPD is oxidized

to form a red-violet product, the concentration of which is

determined reflectometrically (ASTM 4500 G). Hypo-

chlorite concentration was determined by spectrophoto-

metric analysis in the UV region at 292 nm [33]. The molar

absorptivity at 292 nm is 362 ± 5 dm3 mol-1 cm-1 at

pH = 10. Chlorine dioxide was measured spectrophoto-

metrically by red chlorophenol method: with this method

the literature reports no interferences in the determination

of chlorine dioxide down to 0.5 mg dm-3 in the presence

of chlorite, hypochlorite and chlorate [34]. The spectrofo-

tometric determinations were done with Spectrophotometer

VARIAN—Cary 50. Ion concentrations were measured by

a Metrohm compact ion chromatograph 761 equipped with

conductivity detector and 6.1006.430 Metrosep Anion

supp. 4 column, (mobile phase 2 mM NaHCO3/1.3 mM

Na2CO3, flow rate 1.5 cm3 min-1). In particular, ion

chromatography was effectively used to measure the con-

centration of Cl-, ClO3
- and ClO4

-, as well as possible

variations in the SO4
– concentration. Analyte identification

was accomplished on the basis of the retention times of the

analytes and the quantification was performed by external

calibration. As far as the concentration of hypochlorite was

concerned, some problems arose since chloride and hypo-

chlorite have overlapping peaks. As suggested by Berg-

mann [25], the analysis was carried out twice with and

without hypochlorite elimination and the corresponding

concentration values calculated by solving a mathematical

system of equations. Indication on the actual concentration

of hypochlorite was also derived from the UV spectrum

measurements.

N,N-diethyl-p-phenylenediamine method gave a measure

of the active chlorine, as global concentration of oxidising

species contained in the sample: ClO-/HClO, ClO2, but also

H2O2, O3 and persulphate can be evaluated with this mea-

sure. In our case, most of the oxidant is constituted by ClO-/

HClO as demonstrated by the analysis of analogous samples

performed with DPD method and UV spectrum.

In order to determine the concentration of microorgan-

isms in the inlet and outlet streams, the microbial suspen-

sions were inseminated in Cled agar and incubated at

37 �C. After 48 h the microbial colonies were counted.

Each sample was cultured in triplicate.

2.3 Hydrodynamic and mass transfer characterization

To characterize the mass transfer behaviour of the cell, the

well established limiting-current technique was adopted

[35], so that the value of mass transfer coefficient (km) was

derived (Eq. 1) from the limiting current density iL, mea-

sured at the working electrode when the mass transfer

conditions where achieved:

km ¼
iL

zFC
ð1Þ

In the specific case mass transfer coefficients were deter-

mined by evaluating the related limiting current densities for

the ferro/ferricyanide redox couple (supporting electrolyte

0.5 M Na2CO3). In particular, the determination of the

anodic mass transfer coefficient (ka
m) was made by measuring

the limiting current densities for K4Fe(CN)6 1 mM oxidation

in the presence of an excess of K3Fe(CN)6 (0.1 M) in order to

ensure that the cathodic reaction never became the limiting

process.

The values of mass-transfer coefficients were used to

obtain mass-transfer correlations in the form

Sh ¼ p ReqSc0:33 ð2Þ

where p and q are fitting parameters, and the 0.33 power of

the Schmidt number was assumed a priori. To evaluate the

dimensionless numbers, the physical properties of ferro-

cyanide solutions (kinematic viscosity m = 0.952 9 10-6

m2 s-1 and diffusion coefficient D = 6.41 9 10-10 m2

s-1) were used. The values of p and q obtained are 0.49 and

0.51 respectively: the value of q is quite similar to the

values reported for the turbulent flow in parallel plate

systems, even if the Reynolds numbers are very low [36].

Similar results are reported in the literature for several

parallel plate reactors, and were attributed to the entrance

effects and to the presence of turbulence promoters

[37, 38].

The hydrodynamic characterization was performed by

pulse-response tests, which involves the injection of a

tracer at the inlet of the system and the recording of the

concentration–time curve C(t) at the outlet. To this aim a

sharp pulse of tracer (KCl 3 M) was injected upstream of

the system while a conductivity detector, located at the

outlet, allowed to record the passage of the tracer, and in

turn to evaluate the RTD. The analysis of the experi-

mental RTD has been done calculating the following

parameters:
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(1) Exit age distribution E(t)

EðtÞ ¼ cðtÞ
R1

0
cðtÞdt

ð3Þ

(2) Mean residence time

tm ¼
R1

0
t cðtÞdt

R1
0

cðtÞdt
ð4Þ

(3) Variance

r2 ¼
R1

0
ðt � sÞ2 cðtÞdt
R1

0
cðtÞdt

ð5Þ

3 Results and discussion

Figure 3 shows the concentrations of oxidants and chlo-

rates in the outlet stream at the steady state. The concen-

trations of oxidants are reported as mM of active chlorine

as obtained by the DPD method: as already reported in the

experimental section, the main oxidising agent was hypo-

chlorite. The experiments were performed under different

operative conditions and with different reactor configura-

tions at a fixed concentration of chloride of 100 mg dm-3,

that is typical of a natural water. However, since the values

of the specific area a involved in the two systems are dif-

ferent in the two configurations (a = 200 m-1 for SPC;

a = 9.5 m-1 for RC), data in Fig. 2 are reported as a

function of the parameter as. It is worth to highlight that, in

this way, the lowest as correspond to SPC. As can be seen

in the figure, low concentrations of chloride oxidation

products correspond to low values of as, i.e. to SPC.

The distribution of these products was strongly depen-

dent on Re number and current density.

Oxidants and chlorates were the only species detected in

the outlet stream under all the experimental conditions

investigated. During electrolyses with BDD anodes the

possible formation of chlorite and perchlorate ions is dis-

cussed in the literature: chlorite ions are intermediates of

chlorate formation [29, 39] but they are short-lived com-

pounds, while the formation of perchlorate by the further

oxidation of chlorate only occurs at high values of current

density [20].

As the overall fractional yield (U) of the oxidants is

concerned, Fig. 4 shows the results obtained during

electrolyses in the recirculated system under different

operative conditions. The overall fractional yield was

defined as:

U ¼ Cox
out

CCl�
in � CCl�

out

ð6Þ

As can be seen, U increased with Re, but the effect was

less relevant at high Re numbers. At the anode an increase

in the mass transfer rate allows a fast transport of

electrogenerated oxidants to the bulk, so limiting the

further oxidation to chlorate by OH radicals in the anodic

zone. On the other hand, at the cathode, an increase in the

Re number increases the mass transfer rate of oxidants

toward the cathode, which is the controlling step of the

reduction rate. Due to the geometry of the cell the two

transfer rates depend in the same way on Re, so that the

resulting concentration of oxidants is scarcely influenced
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Fig. 3 Trend with as of oxidising species (filled symbols) and

chlorate (open symbols) concentrations, during electrolysis under

different experimental conditions: (filled square, open square)

Re = 120, i = 2.5 mA cm-2; (filled triangle, open triangle)

Re = 120, i = 5.0 mA cm-2; (filled circle, open circle) Re = 360,

i = 2.5 mA cm-2
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Fig. 4 Overall fractional yield of the process as a function of Re

number obtained during electrolysis in the RC for t = 4 min (open
symbols) and t = 16 min (filled symbols): (filled circle, open circle)

i = 2.5 mA cm-2; (filled triangle, open triangle) i = 3.7 mA cm-2;

(filled square, open square) i = 5.0 mA cm-2
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at high Re number when the transport phenomena are

predominant.

Moreover, an increase in the current density leads to

higher current of OH radical formation in the reaction

zone, since the current for oxidation of chloride is scarcely

affected by current density. This in turn increases the OH

radicals available to react with chlorine to form chlorates,

decreasing U.

Similar results were obtained with the SPC, as it can be

observed in Fig. 5.

As in the case of RC, the increase in current density led

to a decrease in the overall fractional yield. Although the

concentrations of oxidants and chlorate increased with the

hydraulic residence time, the values of U were lower. This

behaviour may be explained considering that high U values

can be obtained at high values of Re, which correspond to

low residence times. Comparing the overall fractional yield

obtained in the different experimental configurations, SPC

shows highest values of U, the current density being the

same. This behaviour seems to be connected with the low

residence time, which is achieved in the single pass cell,

but also the different hydrodynamics of the systems have to

be taken into account.

Figure 6 shows the RTD data experimentally obtained for

different inlet flow rates in SPC; as can be seen a well shaped

single peak was always obtained with moderate tailing. At

the lower flow rates, the concentration peak was smaller and

the curves wider, indicating higher mixing levels.

In order to numerically interpret the behaviour observed,

two types of dispersed models can be used: the axial dis-

persed plug flow model and the stirred tank-in-series model

[40]. Table 1 shows the results of the statistic moment

analysis for each flow rate, along with the characteristic

parameters of the hydrodynamic models calculated by the

following equations [41]:

r2

t2
m

¼ 2

Pe
� 2

Pe2
1� e�Pe
� �

; N ¼ t2
m

r2
ð7a; bÞ

As it would be expected, when the flow rate decreases

the dispersion effects increase, as well as the number of

CSTR needed.

It is well know that both models can be used to represent

experimental curves with one peak and moderate tailing.

Moreover, the two models are equivalent when N & Pe/

2 ? 1, as it was in our case [40]. However, for reaction

orders other than one and for multiple reactions, the tanks-

in-series model is mathematically easier to use to obtain

the effluent concentration and the conversion.

In Fig. 6 the RTD function E(t) calculated using N

CSTR-in-series model is reported. The distribution func-

tion was calculated by:

EðtÞ ¼ tN�1

ðN � 1Þ!sN
i

e�t=si ð8Þ

The curves fit well the E(t) data for all the flow rates

examined, indicating that the N CSTR model is adequate to

interpret the hydraulic behaviour of the system.

As RC was considered, the RTD curves showed a

long tail, as expected for a recycle reactor, and for all the

recirculating flow rates the obtained responses clearly

indicated the existence of a dead zone. In order to

interpret this behaviour a model was adopted in which the

tanks in series representing the cell were combined with a

reservoir modelled by a CSTR with dead zone (Vd).

Figure 7 shows the sketch of the adopted model along

with an example of RTD function E(t) obtained for RC.

The E(t) function was numerically modeled by Matlab

using Laplace transform technique. Values of dead

volume fraction of 40 and 60% and exchange flow rates

of 0.14 and 0.42 dm3 s-1 were obtained by sensitivity
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Fig. 5 Overall fractional yield

of the process (open symbols) as

a function of Re number

obtained during electrolysis in

the SPC: (open circle)

i = 2.5 mA cm-2; (open
square) i = 5.0 mA cm-2.

Filled symbols represent the

hydraulic residence time for

each Re number
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analysis, for recirculating flow rate of 0.4 and

1.4 dm3 min-1, respectively.

The hydrodynamic model of the system was then used

to obtain a mathematical description of the process at the

steady state. For SPC the mass balance for oxidants at

the i-th reactor at the steady state can be written as

follow:

Q Cox
i � Cox

i�1

� �
¼ iAa

i

zF
e1 � e2ð Þ � Ac

i kc
mCox

i � kdCox
i

V

N
ð9Þ

The first term in the right side represents the net formation

of oxidants at the anode surface, which accounts for the

faradic yields of the oxidation of chloride (e1) and of the

consumption of oxidants due to their further oxidation to

form chlorate (e2). The second and the third terms represent

the cathodic reduction of the oxidants, which was considered

under mass transfer control, and the deactivation of active

chlorine in the liquid phase, respectively.

The mass balance for the chlorate ions can be written as:

Q C
ClO�3
i � C

ClO�3
i�1

� �
¼ iAa

i

zF
e2 þ kdCox

i

V

N
ð10Þ

Equations 9 and 10 can be solved to calculate the

concentration of each species in the outlet stream of the i-th

reactor:

Cox
i ¼

Cox
i�1 þ s

N
iaa

zFðe1 � e2Þ
1þ s

N ackc
m þ kd

� � ð11Þ
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Fig. 6 Comparison of model

simulation for N tanks-in-series
model of E(t) distribution with

experimental observations at

SPC. Open square Re = 100;

filled circle Re = 75; open
diamond Re = 50; filled
triangle Re = 15

Table 1 Parameters of the RTD curves of SPC

Q (dm3 min-1) Re tm (min) r2 (min2) Pe N

0.01 3 5.56 5.6633 9.2 5

0.02 6 2.52 0.9597 12.7 6

0.04 12 1.31 0.2531 14.1 7

0.08 24 0.61 0.0260 27.2 14

0.12 36 0.43 0.0120 30.0 16

0.20 60 0.27 0.0033 40.8 22

0.28 84 0.20 0.0014 54.1 28

0.36 102 0.18 0.0009 68.4 35
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Fig. 7 Comparison of model

simulation for N tanks-in-series
model combined with CSTR

with dead zone of

E(t) distribution with

experimental observations at

RC. Re = 360
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C
ClO�3
i ¼ C

ClO�3
i�1 þ

s
N

iaa

zF
e2 þ kdCox

i

� �

ð12Þ

The specific reaction rate for the deactivation of the

oxidants kd was a fitting parameter: a good agreement with

the experimental data was obtained with a value of

6 9 10-4 s-1, which is similar to that experimentally

evaluated in a previous work [20]. Values of e1 ranging

from 0.047 to 0.09 and e2 (0.03) in Eqs. 11–12 were

evaluated as described in a previous work [20]. The values

of cathodic mass transfer coefficients were calculated

by Eq. 2 at the relevant Re numbers (m = 0.952 9

10-6 m2 s-1; D = 1.05 9 10-9 m2 s-1 [42]).

The comparison between experimental and model pre-

dicted data is showed in Fig. 8, where the concentrations of

active chlorine species and chlorate ions are reported as a

function of Re. As can be seen the model describes well the

composition of the outlet stream under all the operative

conditions investigated.
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Fig. 8 Comparison between

experimental (symbols) and

model predicted data (lines)

obtained at SPC for oxidants

(open diamond, filled diamond)

and chlorate (filled triangle,

open triangle) concentrations

as a function of Re.

i = 2.5 mA cm-2 (filled
symbols); i = 5.0 mA cm-2

(open symbols)
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Fig. 9 Comparison between

experimental (symbols) and

model predicted data (lines)

obtained at RC for oxidants

(open diamond, filled diamond)

and chlorate (filled triangle,

open triangle) concentrations as

a function of Re.

i = 2.5 mA cm-2 (filled
symbols); i = 5.0 mA cm-2

(open symbols)

Table 2 Inactivation of E. coli in 200 mg dm-3 SO4
2- ? 100 mg dm-3 of Cl- under different experimental conditions

Configuration Q (dm3 min-1) Re Nin/Nout Cox (mgCl2
dm�3) ClO3

- (mg dm-3)

SPC 0.28 84 0.075 0.33 0.98

SPC 0.36 102 0.150 0.30 0.81

RC 0.10 360 N.D. 1.40 1.42

RC 0.40 360 N.D. 0.70 0.82

Initial E. coli concentration 1 9 104 CFU/mL
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Considering RC, the mass balances at steady state for

oxidants and chlorate can be written by combining equa-

tions 11 and 12 with the mass balance in the reservoir:

Cox
out ¼

Cox
N QR

Qþ QR þ dVRkd
ð13Þ

C
ClO�3
out ¼

dVRkdCox
out þ QRC

ClO�3
N

Qþ QR
ð14Þ

where Ci
N is the concentration of the species in the outlet of

the N-th reactor and d is the fraction of active volume.

Equations 11–14, were numerically solved to obtain

the composition of the outlet stream at the steady state.

Figure 9 shows the comparison between the relevant

experimental and model predicted data; as can be seen, also

in this case the model interprets well the concentration of

oxidants and chlorates.

Preliminary disinfection tests were carried out by using

E. coli as model microorganism: experiments were per-

formed with an initial concentration of 104 CFU/mL of

E. coli. The results are summarised in Table 2: a total

removal of the bacteria was achieved under all the opera-

tive conditions with the RC. However, a concentration of

chlorates of 2 mg dm-3 was obtained, which is higher than

the recommended values of standard quality for water

(0.8 mg dm-3) [21]. This can be attributed to the high

residence times, which lead to high removal of bacteria but

allow high contact times for the oxidation of active chlo-

rine species to chlorates.

With SPC the effectiveness of disinfection was still

high, although the contact times are very low; this resulted

in a concentration of chlorates below the recommended

value [21]. The high effectiveness may be attributed to the

synergetic effect of different mechanisms: in addition to

the simple disinfection by active chlorine, the application

of the electric field is harmful for the cell membrane;

moreover, high local concentrations of reactive oxygenated

species and transient of water can be achieved near the

anode surface, favouring a fast killing of the microorgan-

isms [20, 22].

4 Conclusions

The electrolysis of water containing chlorides under non

ideal flow conditions with BDD anodes was investigated

under steady state conditions. High production of oxidants

was observed, while chlorates were found as main elec-

trolysis by-products.

The hydrodynamics of the two configurations was

characterised and modelled, and the hydrodynamic model

was combined with the kinetics of the process to obtain a

numerical representation of the system. The combined

model effectively represents the behaviour of the process

under all the experimental conditions considered, allowing

to obtain information on several crucial issues:

• The concentrations of oxidants and by-products in the

outlet stream can be easily predicted

• The distribution of contact times and oxidants concen-

tration can be calculated, which is of particular concern

in the disinfection processes

• The optimal operative conditions can be identified to

maximise the generation of oxidants and limit the

formation of chlorates.

The proposed electrochemical process can be very

effective for disinfection of natural waters: preliminary

disinfection tests showed good effectiveness in the inacti-

vation of E. coli, exploiting the synergic effect of oxidants,

chlorinated and oxygenated, and electric field.
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