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a b s t r a c t

Electro-oxidation with boron-doped diamond (BDD) electrodes has been demonstrated as an effective
technology that achieves the complete mineralization of very different types of wastewater pollutants.
Its main drawback is the high primary energy demand. Direct connection of photovoltaic (PV) modules
to the electrochemical reactor is carried out to reduce the non-renewable primary energy consumption
eywords:
lectrochemical oxidation
hotovoltaic solar energy
astewater treatment
odeling

of the technology. The aim of this work is to model the so-called photovoltaic solar electro-oxidation
(PSEO) process. For this purpose, experiments were performed with different wastewaters (urban and
synthetic) at different scales (laboratory and pilot plant). A first order kinetic respecting total organic
carbon (TOC) for the mineralization rate is concluded. PV modules performance is described in terms of
a linear relationship between the current generated and the solar irradiance. Moreover, the definition
of two efficiencies that describe the process performance is possible using model equations: current
efficiency, �c, and energy conversion efficiency, �e.
. Introduction

Electrochemical oxidation or electro-oxidation (EO) is the most
opular electrochemical procedure for removing organic pollutants
rom wastewaters [1]. This technology is characterized by sim-
le equipment, easy operation, versatility and its environmental
ompatibility since it does not require the addition of chemicals
2]. Among the wide variety of available electrodes, boron-doped
iamond (BDD) thin-films electrodes stand out because of their
seful properties, such as an inert surface with low adsorption
roperties and a strong tendency to resist deactivation, high
esistance to corrosion, high thermal stability, hardness, good elec-
rical conductivity or, especially, an extremely wide potential in
queous and non-aqueous electrolytes [3,4]. This technology has
een demonstrated effective to achieve the complete mineraliza-
ion of the pollutants contained in wastewater of very different
ature, both urban and synthetic. The efficiency of the elec-
rochemical oxidation with BDD electrodes is very high, being
imited by the transport of pollutants to the anodic surface [5].

oreover, EO with BDD electrodes can compete satisfactorily
ith Fenton oxidation in the treatment of several wastewaters
n terms of operation and investment costs [6]. Nevertheless,
SEO process does not substitute biological treatments since
oth have different areas of application. Biological treatments
re not suitable for effluents which contains biorefractory com-

∗ Corresponding author. Tel.: +34 942 20 09 31; fax: +34 942 20 15 91.
E-mail address: alvarezge@unican.es (E. Alvarez-Guerra).

385-8947/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2011.02.043
© 2011 Elsevier B.V. All rights reserved.

pounds [2] or for applications with low flowrates (less than
25 m3 h−1) [7]. In these applications, PSEO constitutes an effective
and environmentally friendly wastewater treatment. PSEO pro-
cess is not technically limited to biorefractory and biodegradable
compounds.

On the other hand, the main disadvantage of this technology is
the high energy demand, with the consequent both environmen-
tal and economic impacts [8,9]. For this reason, some examples
of recent research studies in which electrochemical reactors are
supplied directly by photovoltaic (PV) energy can be found in the
literature [10–13], demonstrating the technical feasibility of the
technology. Besides the CO2-eq. emission reduction associated to
the use of a renewable source of energy like the solar photovoltaic
energy, direct connection of the modules to the reactor avoids
employing energy storage systems (e.g. lead acid batteries). No
need of using batteries means that the process is operated with
higher efficiencies in an easier way (i.e. the control of the state of
charge is not necessary), a reduction in the equipment and main-
tenance costs is achieved, and the environmental impact of battery
production is avoided [14,15].

The aim of this work is the analysis and modeling of the process
called PSEO, photovoltaic solar powered electrochemical oxidation
[11]. In this way, the model allows the calculation of the efficiency
of the electric energy from sun irradiance and the efficiency of the

organic matter mineralization processes, which constitute useful
parameters for the optimization of the PSEO process. As a result,
an engineering approach to the problem is pursued so that an easy
and useful model is obtained, with which a compromise between
accuracy and simplicity is reached.

dx.doi.org/10.1016/j.cej.2011.02.043
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:alvarezge@unican.es
dx.doi.org/10.1016/j.cej.2011.02.043
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ig. 1. Experimental set-up. (1) Electrochemical reactor(s). (2) Photovoltaic mod-
les supply. (3) Refrigerated storage tank. (4) Centrifugal pump.

. Materials and methods

Wastewaters studied in this work were both urban and syn-
hetic. Urban wastewater was obtained from a primary decanter
f the wastewater treatment plant of Aguilar de Campoo (Palen-
ia, Spain). Synthetic solutions containing lignosulfonate or glucose
ere prepared. Sodium sulfate was added as supporting elec-

rolyte of synthetic solutions, since the amount of lignosulfonate
nd glucose added gives the effluent relatively very low val-
es of conductivity. However, the urban wastewater already
as enough conductivity so supporting electrolyte is not nec-
ssary. The lignosulfonate used was commercial Borrebond 55S
alcium–magnesium lignosulfonate coming from Eucalyptus glob-
les (sulfite process) produced by Lignotech Iberica S.A. (Spain).
lucose and sodium sulfate were provided by Panreac Química
.A.U., whereas ultrapure water from Milli-Q was employed to pre-
are the synthetic solutions.

Fig. 1 shows the general diagram of the PSEO process analyzed
n this work. Experiments were carried out at different scales, both
ab and pilot plant scales:

.1. Lab-scale experimental set-up

At lab-scale experiments, the electrochemical reactor consists
f a single compartment flow DiaCell® Type 106: 02-06 (manu-
actured by Adamant Technologies SA). Electrodes are based on
onductive thin-films of boron-doped diamond supported on a sil-
con substrate. Each compartment has an anode and a cathode
f 70 cm2 separated by an interelectrode gap of 1 mm. In these
xperiments, which were carried out in batch mode, the volume of
astewater treated was 2 L and it was pumped continuously to the

lectrochemical reactor so that the flow through the compartment
as 300 L h−1.

Regarding the electric energy generation by photovoltaic solar
nergy, up to 4 monocrystalline photovoltaic modules (SunTech
TP 160) were directly connected to the electrochemical reactor
located on the roof of ETSIIyT, University of Cantabria, Santander,
pain, with a tilt at 38◦ and south orientation of 20◦ west). On the
ther hand, experiments focused on kinetic analysis were carried
ut at galvanostatic mode by using an Agilent power supply A6554.

.2. Pilot plant-scale experimental set-up

Each DiaCell® 108.1001 electrochemical reactor contains 10
ompartments, with BDD anodes and stainless steel cathodes.

egarding other characteristics, they are identical to the lab-
cale electrochemical reactor. Consequently, as 5 reactors were
mployed in parallel configuration, the total anodic area of the pilot
lant was 0.35 m2. At this scale, 100 L were treated in batch exper-

ments and the flow through each compartment was 360 L h−1. All
Fig. 2. Experimental reaction rates, (−rTOC), vs. TOC of experiments carried out
with urban wastewaters. (©) UWW-L-1; (�) UWW-L-2; (–) fitting curve of all the
experiments.

the experiments were carried out at galvanostatic mode with a
Microswitch NGIP 750-16 rectifier (Micronics Systems).

2.3. Analytical procedure

Total organic carbon (TOC) was monitored during the experi-
ments by means of a Shimadzu TOC-V CPH with ASI-V, operating
with synthetic air from Air Liquide S.A., Spain (pressure: 200 kPa;
flowrate: 150 mL min−1). A Hach HQ40d unit (Hach Lange) was
used to measure the pH and conductivity of the wastewater. The
current intensity, voltage and electric power applied to the sys-
tem formed by the electrochemical reactor and connecting wires
were continuously recorded using a Fluke 345 unit (Fluke). A Sun-
Reader unit (SunTechnics Conergy Group) gave measurements of
solar irradiance every 15 min.

3. Results and discussion

3.1. Organic matter mineralization process

Table 1 shows the characteristics of the set of experiments of
this work to study the total organic carbon (TOC) removal. As can
be seen from Table 1, different types of effluents in both lab and
pilot scales have been analyzed in order to determine the influence
of the pollutant. Regarding experimental conditions, the effect of
the current density applied, i, and the initial TOC of the effluent,
TOC0, have been considered.

The reaction rate of the organic matter mineralization process,
(−rTOC), is referred to the anodic area, Aa, as extensive magnitude,
since this surface or the very adjacent fluid layer are the regions in
which this reaction takes place [16,17]:

(−rTOC) = − 1
Aa

dnTOC

dt
= − Vs

Aa

dTOC
dt

(1)

where Vs is the effluent volume treated in the electrochemical sys-
tem and nTOC is the number of carbon moles contained in Vs. The
reaction rates (−rTOC) were obtained from the experimental TOC-
time data.

Figs. 2–4 show the reaction rate (−rTOC) vs. the TOC of
the effluent. The reaction rate gives values up to 3.2, 91

and 44 mmol C m min , whereas TOC reaches 1.6, 47 and
33 mmol C L−1, for the series of experiments carried out with urban
wastewater, glucose and lignosulfonate, respectively. As can be
seen for all the experiments, a linear relationship between (−rTOC)
and TOC is observed, and a first order kinetics with respect to the
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Table 1
Characteristics of the set of experiments analyzed to describe the total organic carbon (TOC) degradation process.

Experiment code Effluent Scale i (mA cm−2) Initial TOC (mmol C L−1) Na2SO4 (mg L−1)

UWW-L-1 Urban wastewater Lab 30 1.56 0
UWW-L-2 Urban wastewater Lab 15 1.13 0
G-L-1 Synthetic wastewater (glucose) Lab 10 0.90 2500
G-L-2 Synthetic wastewater (glucose) Lab 10 0.53 2500
G-L-3 Synthetic wastewater (glucose) Lab 15 0.92 2500
G-L-4 Synthetic wastewater (glucose) Lab 30 12.4 2500
G-L-5 Synthetic wastewater (glucose) Lab 60 1.64 2500
G-P-1 Synthetic wastewater (glucose) Pilot 30 14.9 2500
G-P-2 Synthetic wastewater (glucose) Pilot 60 47.1 2500
LS-L-1 Synthetic wastewater (lignosulfonate) Lab 60 8.82 2500
LS-L-2 Synthetic wastewater (lignosulfonate) Lab 60 30.9 2500
LS-P-1 Synthetic wastewater (lignosulfonate) Pilot 15 11.8 2500
LS-P-2 Synthetic wastewater (lignosulfonate) Pilot 30 12.2 2500
LS-P-3 Synthetic wastewater (lignosulfonate) Pilot 60 33.2 2500
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ig. 3. Experimental reaction rates, (−rTOC), vs. TOC of experiments carried out with
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OC concentration is concluded for all the experiments. On the
ther hand, the reaction rate is independent of the current den-
ity, i, because experiments were carried out at different i values

nd no relevant trend was detected: data from experiments with
ifferent values of i give similar (−rTOC) for the same TOC values.

On the other hand, the independence of (−rTOC) from current
ensity can be observed clearly in Fig. 5, where initial conditions
−rTOC,0) · TOC0

−1 vs. i are shown. Points of the same type of effluent
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Fig. 5. Initial rate analysis. (©) UWW (urban wastewater) series of experiments;
(�) G (glucose) series of experiments; (�) LS (lignosulfonate) series of experiments;
(–) mean value of the series whose code is written above the line.

have similar values of (−rTOC,0) · TOC0
−1 (which means the same

rate constant), despite their very different values of i. In this way,
data of each type of effluent appear around a mean value for all the
range of current densities.

Consequently, the rate equation for the mineralization process
that describes the experimental behavior is:

(−rTOC) = k · TOC (2)

where k is the rate constant. This kinetic equation describes the
process in the researched range of variables.

Table 2 shows the value of the rate constant for each series of
experiments (those which treat the same type of effluent).

The value of k remains constant for each experiment, since no
deviation is detected at relatively low or high TOC values: k does
not vary during each experiment due to the TOC reduction, describ-
ing with the same value all the mineralization process. Moreover,

it can be concluded that results are not affected by the scale (lab-
oratory and pilot plant) when the ratio Aa/Vs is remained constant
(in this case, 3.5 m−1) since the mineralization rates obtained at
each scale for the same effluent are practically identical. This agrees

Table 2
First order kinetic constant, k, for each series of experiments (confidence level at
95%).

Exp. series k × 103 (m min−1) R2

UWW 1.80 ± 0.09 0.968
Glucose 1.98 ± 0.04 0.997
LS 1.36 ± 0.04 0.976
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Table 3
Characteristics of the set of experiments analyzed to describe the electric energy
generation with photovoltaic modules directly connected to the electrochemical
reactor.

Experiment code No. of PV
modules

Weather Supporting
electrolyte (Na2SO4

g L−1)

Exp. 1 2 Sunny 2.5
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linear relationship cannot describe the experimental data, since V
Exp. 2 4 Sunny 2.5
Exp. 3 2 Sunny/cloudy 2.5
Exp. 4 1 Sunny/cloudy 0.3

ell with the idea that results and conclusions obtained at lab-scale
re transferable to the scale-up of these electrode-based systems
18,19].

However, some variability in the mineralization rate by means
f the value of k is observed among experiments of the same series.
hese differences can be explained in terms of sensitivity of the
xperimental results to the state of the electrode, what can have an
nfluence on its activity, effective area, etc., as factors which affect
he mineralization rate. Sensitivity is especially important in initial
ate data of Fig. 5, since each experiment is represented by a single
oint, instead of a series like in Figs. 2–4.

Regarding the effluent nature, lignosulfonate mineralization
ates are described by means of a rate constant significantly
ower (k = 1.36 × 10−3 m min−1) than those observed in the rest
f experiments. It can be justified considering that lignosul-
onate is a biorefractory, high-molecular weight pollutant [20].
n the other hand, glucose, an easily oxidative organic com-
ound [21], presents the highest average value of the constant rate
k = 1.98 × 10−3 m min−1). In fact, urban wastewater presents an
ntermediate mineralization rate (k = 1.80 × 10−3 m min−1), since it
s constituted by a mixing of many different organic compounds.
ig. 5 also shows the same trend of the mineralization rate with
ffluent nature: the mean values obtained for each series of exper-
ments are very close to the rate constant values shown in Table 2.
igh conversions are reached for all the effluents considered, which

mplies that electrochemical oxidation with BDD electrodes is able
o mineralize a large number of organic compounds [4].

.2. Solar photovoltaic electro-oxidation process: energy balance,
nalysis and modeling

Once the kinetics of the mineralization process is well-known,
n energy balance has to be applied in order to describe how the
olar energy is converted into electric energy and then, how the lat-
er is used in the electrochemical reactions. The model pursues to
escribe the TOC of the effluent (output) as a function of solar irra-
iance and the initial TOC (inputs). Moreover, two efficiencies have
o be defined from model equations to give measures of the process
erformance and, in this way, to achieve the optimum design of the
ystem.

Regarding the electric energy generation, a set of experiments
ere carried out to analyze the performance of photovoltaic (PV)
odules when they are connected to the electrochemical reactor

n different operating conditions, which are summarized in Table 3.
Fig. 6 shows the relationship between the electric current inten-

ity, I, and the solar incident power in the whole set of PV modules.
his solar incident power is given by NAPVG, where N is the number
f PV modules; APV is the area of each PV module and G is the solar
rradiance. A linear dependence between I and NAPVG is shown, so

ata can be adjusted to a linear relationship with zero interception
R2 = 0.994):

= 4.43 × 10−3NAPVG (3)
N APV G (W )

Fig. 6. Electric current, I, generated by the PV modules at different solar irradiances,
G. (©) Exp. 1; (�) Exp. 2; (�) Exp. 3; (+) Exp. 4; (–) linear fitting of all the experiments.

Some data from experiments 3 and especially 4 correspond to
high patchy cloud periods. Consequently, this fact makes that these
points appear in Fig. 6 far from the line described by Eq. (3). The
I–NAPVG linear relationship implies these main assumptions intro-
duced in the PV performance:

- Modules always operate at the region in which the current is near
short-circuit current, Isc, in order to supply as many electrons as
possible to the cell.

- In this region, which includes a wide range of voltages, the current
is considered approximately constant with voltage [13]. In more
complex models, such as 1 diode models, this fact is equivalent
to the shunt resistance of the solar cells, Rsh, is infinite [22,23].

- Temperature effect is not considered in the operating conditions,
since in this work, modules are installed in a region with mild
climate.

- Second order effects (non-linearity due to low resistance, effects
of wind, etc. [24]) are assumed negligible.

Under these assumptions, the slope of the I–NAPVG relationship,
˛, can be correlated to Isc, APV, and the solar irradiances at reference
conditions, Gref, as follows:

˛ = Isc

APVGref
(4)

For the experiments carried out at laboratory scale,
˛ = 4.44 × 10−3 A W−1, which fits the value that was obtained
adjusting the I–NAPVG experimental data (see Fig. 6).

However, the power supplied by the PV modules, P, not only
depends on the electric current, but also on the voltage generated
at the terminals of the load connected to the mentioned modules. In
this way, Fig. 7 represents voltage, V, vs. current density, i, in order
to observe the relationship between them. V varies between 2.5 and
14.8 V, whereas i shows values between 1 and 280 mA cm−2. Cur-
rent density is chosen instead of electric current to achieve that the
electrochemical reactor configuration does not affect to the analy-
sis of the voltage. For high values of i, Fig. 7 states that V increases
linearly with i. This linear relationship is represented by ohmic
resistances. Among these resistances, only the effluent resistance
is usually considered [25,26]. Nevertheless, for low values of i, the
decreases faster with current density until it reaches an ordinate
origin significantly lower than the one of the straight line consti-
tuted by data at high i. This non-linear region of the V–i curve can
be explained in terms of the equilibrium potentials and overpoten-
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ials of the electrodes. Experimental V–i data have been adjusted to
q. (5) to describe the trend observed [26]:

= a + b · log i + c · i (5)

here a, b and c are adjusting coefficients. The first two terms of
q. (5), which include a and b, are associated to the equilibrium
otentials and overpotentials of the electrodes. On the other hand,
introduces the linear relationship between V and i, so it is related

o effluent resistance, which is a function of the conductivity, �.
The values of the adjusting coefficients when V and i are

xpressed in V and mA cm−2, respectively, are: a = 2.28 ± 0.35;
= 2.41 ± 0.30; c = 0.0248 ± 0.0023 – for experiments 1–3 – and
= 0.0969 ± 0.0062 – for experiment 4 – (R2 = 0.986 and confi-
ence level at 95%). Different values of c are explained because
f the different conductivity at which experiments were carried
ut: in experiments 1–3, 2.5 g Na2SO4 L−1 were used as supporting
lectrolyte (� = 3.6 mS cm−1), whereas only 0.3 g Na2SO4 L−1 were
dded to the effluent in experiment 4 (� = 1.0 mS cm−1). In this way,
s c (ohmic resistance) is inversely proportional to conductivity, the
atio cexp. 4/cexp. 1–3 (3.9) is similar to the ratio �exp. 1–3/�exp. 4 (3.6).

Eqs. (2)–(5) constitute the PSEO model, which is required to size
he main equipments of the process: the electrochemical reactor
nd the PV modules. Further research on this technology related
o the equipment design and investment cost is ongoing. Once the
SEO process has been described, two efficiencies are introduced
n order to measure its performance:

Energy conversion efficiency, �e, which expresses the solar
energy converted into electric energy by the modules at each
instant.
Current efficiency, �c, which measures the fraction of the current
generated that is employed in the desired reactions of mineral-
ization of organic compounds.

In order to calculate �e, it is necessary to obtain the power gen-
rated by PV modules, P, which is calculated as:

= IV (6)

Fig. 8 represents the parity chart of the theoretical power pre-

icted by the model, Psim, vs. the experimental generated power,
exp. As can be seen, all points are near the line that represents
he agreement between simulated and experimental data, so with
his simple model the behavior of the photovoltaic modules can be
escribed, reaching a compromise between accuracy and complex-
Fig. 8. Parity chart of the theoretical power predicted by the model, Psim, vs. the
experimental generated power, Pexp. (©) Exp. 1; (�) Exp. 2; (�) Exp. 3; (+) Exp. 4;
(–) line which represents equality between simulated and experimental values.

ity. As a result, �e is defined according to the following expression:

�e = P

NAPVG
(7)

Considering Eqs. (3)–(6) and that I is related with i by means of
the anodic area, Aa, P is replaced in Eq. (7) and it is obtained:

�e = ˛
[

a + b log
(

˛NAPVG

Aa

)
+ c

(
˛NAPVG

Aa

)]
(8)

Therefore, �e is a function of the model parameters related to elec-
tric energy generation (˛, a, b and c), the equipment parameters
(N, APV and Aa) and the solar irradiance (G). The dependence of �e

on G implies that the efficiency of the PV modules cannot be con-
sidered as constant during experiments. It should be noted that
other efficiencies can be defined to describe PV modules behavior,
like the efficiency of solar modules under standard test conditions,
�STC, or the performance ratio, PR. �STC is the ratio of the module to
the radiative power falling on it (which is only function of module
parameters), and PR is the ratio of the actual electric energy gen-
erated to the energy production of an ideal, loss-less PV plant with
25 ◦C cell temperature and the same solar irradiation [27,28].

Respecting the organic matter mineralization process, the kinet-
ics obtained in Section 3.1 allows the calculation of the output TOC,
for a given input TOC0. Furthermore, it is also necessary to know
the volume of the effluent, Vs, and the treatment time, t, for systems
operating at discontinuous mode, or the space-time, �, for contin-
uous processes. Moreover, in order to compare the mineralization
rate, (−rmax) is defined. (−rmax) represents the maximum rate that
can be achieved with a given current density and it corresponds to
the case in which all the electrons supplied to the electrochemi-
cal reactor are involved in the desired reaction of mineralization of
organic matter [29,30]:

(−rmax) = i

nF
(9)

where n is the number of electrons involved in the organic mat-
ter mineralization (4 mol e− mol C−1) and F is the Faraday constant
(96,485 C mol−1).

The current efficiency, �c, can be defined as a ratio of rates as
follows:
�c = (−rTOC)
(−rmax)

(10)

As a consequence, substituting Eqs. (2) and (9) into Eq. (10), it is
concluded that the model developed in the present work predicts
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current efficiency for the conditions of mass-transport control
quals the following expression:

c = nFkTOC
i

(11)

fraction of the electrical energy is involved in undesired sec-
ndary reactions, such as oxygen evolution, since �c is lower than
nity [31]. In the experiments analyzed, observed mineralization
ates, (−rTOC), do not reach (−rmax). In this way, if the current den-
ity is increased, as (−rTOC) does not vary with this variable, �c

ecreases in the same proportion (Eq. (11)). On the other hand,
or a given current density, the higher TOC, the higher �c, due to
he linear relationship between TOC and �c.

Fig. 9 shows the current efficiency predicted by the model (Eq.
11)) vs. the experimental efficiency obtained as (−rTOC) · (−rmax)−1.
he vast majority of points are very close to the line which repre-
ents equality between simulated and experimental values. This
mplies the accuracy of the organic matter mineralization model.
nly a few points corresponding to experiment LS-P-1 present a

ignificant deviation, despite the fact that this should be interpreted
n terms of the variability of the mineralization rate as previously
tated.

. Conclusions

The photovoltaic solar electrochemical oxidation (PSEO) process
an be described with both accuracy and simplicity by means of
he model developed in this work, considering a process engineer-
ng approach. This model has been successfully applied to different
ypes of effluents and laboratory and pilot plant scales. The organic

atter mineralization rate is independent from current density
nd it presents a first order kinetics with respect to TOC. Elec-
ric energy generation in photovoltaic modules can be described
y the linear relationship between current and solar irradiance,
ince the modules operated in the region in which current does not
epend on voltage. Moreover, the model makes it possible to define
wo efficiencies: energy conversion efficiency, �e, representing the

olar energy converted into electric energy by the PV modules; and
urrent efficiency, �c, describing the ratio of the observed miner-
lization rate to the maximum rate. These efficiencies will allow a
esign optimization depending on the process variables.
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29] P. Cañizares, J. Lobato, R. Paz, M.A. Rodrigo, C. Sáez, Electrochemical oxidation
of phenolic wastes with boron-doped diamond anodes, Water Res. 39 (2005)
2687–2703.

[

eering Journal 170 (2011) 7–13 13
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