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CHAPTER 1

CHAPTER 1.

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

1.1. SUMMARY
Some of the most relevant pollutants around the world are pesticides. They are
defined as substances used to kill, repel, or control certain forms of plant or animal life
that are considered to be pests.

Pesticides can be classified attending to different

parameters, being one of the most important their chemical composition. Inside this
group, organochlorine pesticides can be found. These pesticides are chlorinated
hydrocarbons, that is, hydrocarbons whose some or most hydrogen atoms have been
replaced by chlorine atoms. From the environmental point of view, these compounds
are known because of their high toxicity, slow degradation and bioaccumulation into the
environment.
Pesticides have been found in water, air and soil. Unfortunately, they not only
cause problems in the environment, but also can affect seriously to the health of human
beings and animals. For these reasons, in the last years, scientists are searching for
sustainable methods to remove these organics from the environment.
Conventional biological treatment is the most widespread technology used to
treat wastewater. The reasons which support this statement are: it is a low cost
technology, effective to treat non-toxic pollutants, well studied and versatile, among
other advantages. However, when the wastewater to be treated contains toxic substances
such as pesticides, biological treatment may not be able to degrade them. Because of it,
it is necessary to search alternative treatments for the efficient removal of pesticides and
other similar chemicals in wastewater. Advanced Oxidation Processes (AOP),
especially Electrochemical Advanced Oxidation Processes (EAOP) have demonstrated
good efficiencies in the removal of organochlorine pesticides, pointed themselves as
one of the most robust technologies to treat all kind of wastewater. Nevertheless, EAOP
presents an important downside: its energy consumption.
Taking into account the advantages and drawbacks of both treatments, the
main goal of this PhD was to study the combination of biological and electrochemical
technologies to remove organochlorine pesticides from polluted effluents. To do this,
different organochlorine pesticides were studied: 2,4-D, atrazine, oxyfluorfen,
clopyralid and lindane. The pesticides used can be divided into two groups: the polar
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ones, like 2,4-D and clopyralid and the non-polar ones, such as atrazine, oxyfluorfen
and lindane.
This Ph.D. Thesis is framed within the line of research on wastewater
treatment by electrochemical and biological technologies developed by the
Environmental and Electrochemical Engineering Laboratory (E3L), of the TEQUIMA
group of the University of Castilla-La Mancha. Up until now, some PhD thesis have
studied the removal of organic compounds from water, however the combination of
electrochemistry with biological remediation of water effluents has not been studied yet.
The first step of this Ph.D. (Chapter 5) was to study the biological degradation
of 3 different pesticides: 2,4-D, atrazine and oxyfluorfen. To do that, two different kinds
of microbial cultures were used. The degradation of 2,4-D and atrazine were studied by
using conventional aerobic activated sludge from a wastewater treatment plan (WWTP)
and various initial concentrations of pesticides. On the other hand, the biological
degradation of oxyfluorfen was studied using an acclimatized bacterial culture, and
different temperatures and oxyfluorfen initial concentrations. The results showed that
2,4-D was biodegraded after an acclimation phase, whose duration depended on the
initial herbicide concentration. Atrazine was pointed as the most difficult pesticide to
degrade by conventional sludge. Finally, the acclimated microbial culture could
biodegrade successfully oxyfluorfen, however a residual oxyfluorfen and TOC
concentrations remained in almost all experiments. A Monod-type kinetic model was
used to describe the biodegradation of these pesticides.
Due to the residual oxyfluorfen concentration detected in the experiments
carried out by the conventional biodegradation process, an electrochemical posttreatment was proposed (Chapter 6). The post-treatment consisted of its anodic
oxidation (AO) using a Boron Doped Diamond (BDD) anode. The AO post-treatment
allowed to remove completely and very quickly the residual TOC and oxyfluorfen
concentration. In the literature, it has been described that one of the required steps
associated with electrochemical processes is the addition of a supporting electrolyte. In
this case, this step was not necessary because the mineral salts previously added in the
biological treatment provided enough electrical conductivity to develop the electrolysis.
The feasibility and possible advantages or disadvantages of such a Bio-AO combination
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was discussed and compared to the individual conventional biological or
electrochemical options.
2,4-D and oxyfluorfen could be removed by microbial activity, however
biodegradation of atrazine, clopyralid and lindane was not succeeded. To reach this
objective, it was tried to develop 3 different acclimated microbial cultures to degrade
these 3 pesticides, but after a long period, about 7 months, any microbial cultures were
acclimated. For this reason, the treatment of clopyralid, lindane and atrazine followed
an inverse order: an electrochemical pre-treatment was performed in order to improve
the biodegradability and reduce the toxicity of the polluted effluents (Chapter 7).
Taking into account that these pollutants are usually present in soil, polluted water
effluents were simulated by means of a soil washing process: a pesticide polluted soil
was used and the pesticide was extracted from the soil by using the washing technique
(using simulated groundwater which consists of a mixture of different mineral salts, and
also using a surfactant, SDS, in the case of non-soluble pesticides). Once the soil
washing effluent (SWE) was obtained, it was studied the influence of the anodic
material in the performance of the electrochemical pre-treatment through batch
experiments. The different anode materials tested were: BDD, Mixed Metals Oxides of
iridium and ruthenium (MMO-Ir and MMO-Ru) and carbon felt (CF). After the
experiments, it was checked the pesticide removal efficiency, the TOC mineralization
and the changes in biodegradability and toxicity of the electrolysed SWE. The results
showed that electrochemical pre-treatment improved the biodegradability and reduced
the toxicity of polluted effluents. In the case of clopyralid, CF anode was the most
adequate electrode to carry out the pre-treatment improving the biodegradability of the
effluent, because BDD degraded completely clopyralid molecule, whereas MMO did
not produce any change in clopyralid and TOC concentrations. In the case of lindane,
good removal efficiencies were obtained with all the electrode materials, however the
best results regarding biodegradability and toxicity were achieved working with BDD
and CF. Finally, atrazine pre-treatment corroborated again that BDD is the most
powerful anode, achieving good removal efficiencies in atrazine and TOC depletion.
Attending to biodegradability, it was improved considerably using BDD, but not
favourable results were obtained with the rest of anodes.
Once the electrochemical pre-treatment of clopyralid with CF anode was
studied and the current density was selected, the enhancement of the electrochemical
5
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process by irradiation technologies was evaluated in order to improve the
biodegradability of these effluents (Chapter 8). These techniques are based on the
irradiation of ultraviolet light (UV) and /or ultrasound (US). Results showed that
photoelectrolysis produced a synergistic effect in clopyralid and TOC degradation,
improving the biodegradability of the effluent. On the other hand, sonoelectrolysis only
showed a synergistic effect in clopyralid degradation, showing an antagonism
consequence in clopyralid mineralization. This improvement in clopyralid degradation
was not enough to enhance the biodegradability of the effluent compared to a single
electrolysis. Moreover, this treatment has associated an important energy consumption
which could discourage its use from an economic point of view. Finally the coupling of
both irradiated technologies with electrolysis, photosonoelectrolysis, did not show any
improvements.
The last part of this Ph.D. (Chapter 9) consisted of an electrochemical pretreatment of soil washing effluents polluted with clopyralid by electro-Fenton (EF)
technology. It should be highlighted that the experiments carried out in this section
were developed in the CIP (Chemical and Process Engineering) research group
belonging to the ‘Ecole Nationale Supérieure de Chimie de Rennes’. In this study, the
influence of every mineral salts contained in the groundwater was evaluated, concluding
that KI affected the efficiency of the EF because it reduced H2O2 production. The best
H2O2 production was achieved working at 200 mA, whereas at this current intensity no
good regeneration of ferrous catalyst was obtained. To sum up, the biodegradability of
the polluted effluents was considerably improved by EF technology.
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1.2. RESUMEN
Algunos de los contaminantes que más problemática generan alrededor de todo
el mundo son los pesticidas. Estos compuestos químicos se pueden definir como
sustancias utilizadas para matar, repeler o controlar plagas. Los pesticidas pueden
clasificarse atendiendo a varios criterios, entre los que se encuentra su composición
química. Dentro de este criterio, se encuentran los pesticidas organoclorados. Este tipo
de compuestos son hidrocarburos clorados, es decir son hidrocarburos en los que
algunos de los átomos de hidrógeno unidos al carbono han sido reemplazados por
átomos de cloro. Estos compuestos se caracterizan por su alta toxicidad, baja
biodegradabilidad y tendencia a bioacumularse en el medioambiente.
Los pesticidas pueden encontrarse en agua, aire y suelo, generando problemas
en el medioambiente y, en algunos casos, afectando seriamente a la salud de los seres
humanos y animales. Por estas razones, en los últimos años, se ha intensificado las
investigaciones que tratan de encontrar nuevos métodos eficaces para eliminar estos
compuestos orgánicos del medio ambiente.
El tratamiento biológico convencional es la tecnología más utilizada para tratar
aguas residuales. Las razones que lo justifican son: su bajo coste, su eficiencia para
tratar contaminantes que no sean tóxicos, es una tecnología muy desarrollada y
estudiada, y es versátil. Sin embargo, cuando el agua contiene sustancias tóxicas, como
pueden ser los pesticidas, el tratamiento biológico no es capaz de eliminarlos. Debido a
esto, es necesario buscar tratamientos alternativos eficientes para eliminar dichos
compuestos orgánicos así como otras sustancias químicas no biodegradables de aguas
residuales. Los Procesos de Oxidación Avanzada (POA), especialmente los Procesos
Electroquímicos de Oxidación Avanzada (PEOA) han demostrado buenas eficiencias en
la eliminación de compuestos organoclorados, posicionándose como una tecnología
robusta para el tratamiento de aguas residuales. Sin embargo, PEOA tienen asociado
una importante desventaja: el consumo energético.
Teniendo en cuenta todas las ventajas y desventajas de ambos tratamientos, el
principal objetivo de esta tesis doctoral ha sido tratar de combinar procesos biológicos y
electroquímicos para la eliminación de compuestos organoclorados de efluentes
contaminados. Los pesticidas utilizados han sido: 2,4-D, atrazina, oxifluorfen,
clopiralida y lindano. Estos pesticidas pueden dividirse en dos grupos atendiendo a su
7
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solubilidad: polares como 2,4-D y clopiralida, y no polares como atrazina, oxifluorfen y
lindano.
La presente tesis doctoral se engloba dentro de una línea de investigación sobre
tratamiento de aguas residuales mediante procesos electroquímicos y biológicos llevada
a cabo en el laboratorio de Ingeniería Electroquímica y Ambiental (E3L), del grupo
TEQUIMA de la Universidad de Castilla-La Mancha. Hasta este momento, en este
grupo se han desarrollado tesis doctorales sobre el tratamiento de aguas contaminadas
con compuestos orgánicos utilizando tecnología electroquímica o procesos biológicos,
sin embargo la combinación de ambas tecnologías de remediación para la depuración de
aguas residuales no ha sido estudiada hasta el momento.
El primer paso de esta tesis doctoral (Capítulo 5) fue el estudio de la
degradación por vía biológica de 3 pesticidas: 2,4-D, atrazina y oxifluorfen. Para llevar
a cabo este proceso, se emplearon dos tipos diferentes de cultivos. Por una parte, en el
estudio de degradación de 2,4-D y atrazina se utilizó un lodo aerobio convencional
procedente de una estación depuradora de aguas residuales (EDAR), y se emplearon
diferentes concentraciones iniciales de ambos pesticidas en los diferentes experimentos.
Por otro lado, en

la degradación biológica de oxifluorfen, se utilizó un cultivo

previamente aclimatado, y en este caso se probaron diferentes temperaturas y
concentraciones iniciales de oxifluorfen. Los resultados concluyeron que el herbicida
2,4-D puede ser degradado por vía biológica después de una etapa previa de
aclimatación, cuya duración depende de la concentración inicial de 2,4-D. Sin embargo,
la atrazina no fue degradada biológicamente, ya que su estructura química la hace más
resistente al ataque microbiano. Finalmente, el cultivo aclimatado degradó eficazmente
el oxifluorfen, aunque no completamente, ya que se encontraron pequeñas
concentraciones de oxifluorfen y COT al finalizar los experimentos. Un modelo cinético
tipo Monod fue utilizado para describir el proceso de biodegradación de estos
pesticidas.
Debido a la concentración de oxifluorfen residual detectada en estos
experimentos biológicos, se propuso completar la mineralización con un posttratamiento electroquímico (Capítulo 6). Este tratamiento fue llevado a cabo mediante el
proceso de oxidación anódica (OA) con ánodos de diamante dopado con boro (DDB).
El post-tratamiento electroquímico permitió eliminar de manera rápida y eficaz las

8

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

concentraciones residuales tanto de oxifluorfen como de COT. En general, los procesos
electroquímicos requieren la adición de un electrolito que proporcione al medio una
conductividad eléctrica adecuada. Sin embargo, en este caso, este paso no fue necesario
ya que el efluente procedente del tratamiento biológico tenía suficiente conductividad,
debido a la adición de sales minerales necesarias para llevar a cabo una degradación
biológica. La viabilidad y las posibles ventajas o inconvenientes de la tecnología
propuesta (biológica con post-tratamiento electroquímico) se discutieron y compararon
con las opciones clásicas (únicamente tratamiento biológico o únicamente tratamiento
electroquímico).
Como se ha comentado anteriormente, los pesticidas 2,4-D y oxifluorfen
pudieron ser degradados por vía biológica, sin embargo, el proceso de biodegradación
de atrazina, clopiralida y lindano no pudo ser completado con éxito. Se intentaron
aclimatar sin éxito 3 cultivos microbianos para la degradación de estos pesticidas,
durante un tiempo superior a 7 meses en todos los casos. Por esta razón, el tratamiento
de estos tres pesticidas se planteó mediante un esquema opuesto al propuesto
anteriormente, es decir, la tecnología electroquímica se empleó como pre-tratamiento de
un hipotético tratamiento biológico posterior, y por tanto se utilizó para mejorar la
biodegradabilidad y reducir la toxicidad de los efluentes contaminados (Capítulo 7).
Teniendo en cuenta que este tipo de contaminantes son hallados con frecuencia en
suelo, los efluentes contaminados con pesticidas se obtuvieron de un proceso de lavado
de suelo. Para llevar a cabo este proceso, se tomó un suelo previamente contaminado
con un pesticida y se extrajo el contaminante. Como fluido de lavado se utilizó un agua
subterránea sintética, consistente en una mezcla de sales minerales, y además un
surfactante (SDS) en el caso de que el pesticida fuera insoluble. Una vez que el efluente
de lavado de suelo fue obtenido, se estudió la influencia del uso de diferentes materiales
anódicos en la eficacia del tratamiento electroquímico, lo cual se realizó mediante
experimentos discontinuos de laboratorio. Los materiales anódicos utilizados fueron:
DDB, ánodos de óxidos metálicos de iridio y rutenio (MMO-Ir y MMO-Ru) y fieltro de
carbono (FC). Después del proceso electroquímico, se determinó la eficacia en la
eliminación de pesticida, la mineralización del efluente y los cambios en la
biodegradabilidad y toxicidad de los efluentes electrolizados. En el caso de la
clopiralida, el ánodo de FC fue el único que consiguió el resultado esperado,
degradando la clopiralida parcialmente y mejorando la biodegradabilidad del efluente,
9
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ya que el DDB mineralizó por completo el pesticida y los MMO no fueron capaces de
producir cambios en su estructura química. En el caso de lindano, todos los ánodos
consiguieron degradar el pesticida, sin embargo los mejores resultados de
biodegradabilidad y toxicidad se alcanzaron con DDB y FC.

Finalmente, el pre-

tratamiento electroquímico de atrazina corroboró que el DDB fue el ánodo más potente
utilizado, y con el que se obtuvieron mejores resultados en cuanto a degradación y
mineralización del pesticida, así como una mejora en la biodegradabilidad,

y sin

embargo el resto de ánodos no produjeron resultados favorables.
Una vez estudiado el pre-tratamiento electroquímico de clopiralida mediante
FC y seleccionada la densidad de corriente adecuada, se evaluó la mejora de este
proceso mediante la incorporación de tecnologías irradiadas en el proceso de oxidación
electroquímica (Capítulo 8). Estas técnicas están basadas en la aplicación de luz
ultravioleta (UV) y/o ultrasonidos (US). Los resultados muestran que el proceso de
fotoelectrólisis produjo un efecto sinérgico en la eliminación de clopiralida y
mineralización de está, mejorando la biodegradabilidad del efluente pre-tratado. Sin
embargo, aunque el proceso de sonoelectrólisis mejoró débilmente la eliminación de
clopiralida, produjo un efecto antagónico es su mineralización. Esta mejora en la
eliminación de clopiralida no fue suficiente para producir una mejora en la
biodegradabilidad. Finalmente, el acoplamiento de ambos procesos a la electrólisis, es
decir, la fotosonoelectrólisis, no provocó mejora en ningún parámetro.
La última parte de esta tesis doctoral (Capítulo 9) consistió en un pretratamiento electroquímico de efluentes procedentes de lavado de suelo contaminados
con clopiralida mediante el proceso electro-Fenton (EF). Se debe destacar que los
experimentos llevados a cabo en esta sección fueron desarrollados en el equipo de
investigación CIP (Chemical and Process Engineering) de la “Ecole Nationale
Supérieure de Chimie” de Rennes, Francia. Se evaluó la influencia de las sales
minerales contenidas en el agua subterránea utilizada para llevar a cabo el proceso de
lavado de suelo, concluyendo que el KI influye en el proceso EF, reduciendo la
producción de H2O2. La mejor producción de H2O2 se consiguió trabajando a 200 mA,
no obstante, a esta densidad de corriente no se obtuvo una buena regeneración del
catalizador ferroso. Al final del proceso se determinó la biodegradabilidad del efluente
pre-tratado comprobando que el proceso EF mejora notablemente este parámetro.
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2.1. PESTICIDES AND THEIR APPLICATIONS
Pesticides are a group of organic and inorganic compounds widely used to control
pests or kill weeds in order to enhance crops’ productivity [1]. Nowadays, the use of
pesticides is an essential tool: pesticides enable the quantities and quality of crops and
food to be controlled and help to limit the many human diseases transmitted by insect or
rodent vectors. Despite their many advantages, pesticides are some of the most toxic,
environmentally stable and mobile substances in the environment, which are able to
bioaccumulate. They can also participate in various physical, chemical, and biological
reactions, as a result of which even more toxic substances may be produced; by
accumulating in living organisms, these can lead to irreversible, deleterious changes.
The non-rational application of pesticides also adversely affects the environment and
humans, increasing susceptibility to diseases and poisoning [2]. The most important
current uses of pesticides are presented below:
-

To remove, control the number of, or attract various, kinds of pests destroying
plants and plant products.

-

To kill weeds, control the growth of plants or their parts.

-

To destroy foliage and excess numbers of flowers.

-

To increase the production of animal and plant biomass.

-

To combat human, animal, and plant pathogens.

-

To combat microorganisms causing farm production to rot and decay.

-

To combat insects and other animals occurring in homes, etc.

-

To protect fabrics in textile mills and dry-cleaning establishments.

-

To prevent the growth of algae in swimming pools.

-

To combat fungi in paints and paper products.

-

To protect museum exhibits against the action of pests.

-

To counteract growths on boats and ships.

Regarding pesticides classification, these compounds can be organized attending
different parameters such as their application, chemical structure, chemical composition
and toxicity, among other classifications.
Concerning their application, pesticides can be classified in:
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-

Herbicides: chemical compounds whose objective is to destroy herbs or to
impede their development.

-

Insecticides: substances which kill insects.

-

Nematicides: destructive chemical agents of nematodes.

-

Fungicides: chemical substances employed to prevent or destroy the growth of
fungi.

According to their chemical structure, pesticides can be divided into two different
groups:
-

Inorganic pesticides, like arsenic and fluoride based insecticides, or inorganic
herbicides.

-

Organics

pesticides,

such

as

organochlorine

and

organophosphorus

insecticides, or carbamates.
From the chemical composition point of view, the most important groups are the
following:
-

Carbamates.

-

Chloroacetanilides.

-

Organochlorines.

-

Organophosphates.

-

Pyrethroids.

-

Triazines.

Finally, based on their stability in the soil (time for degradation to harmless
products), another classification exists where pesticides classify into 4 toxicity classes:
-

Highly toxicity: more than 2 years.

-

Toxic: 0.5 – 2 years.

-

Harmful: 1 – 6 months.

-

Not very harmful: within 1 month.

The use of pesticides increased considerably during the green revolution (19601980) and it has been increased along years because of the changing regional climate
and the increase in the demand for agro-products [3]. Figure 2.1 shows the pesticide
consumption per continent from 1990 to 2016.
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Figure 2.1. Pesticides consumption expressed as an average of pesticides (kg) per
area (ha) of cropland. Source: FAO.
Asia pointed as the first pesticide consumer. This rapidly increment is due to the
rapid agricultural production carried out in some countries such as India [4]. Europe is
at the fourth position of the global ranking. In January 2019, Spain turned into the
biggest pesticide consumer in Europe. Last year, Spain consumed about 360000 Tm of
pesticides (19.5%), followed by France (18.7%), Italy (13.8%) and Germany (12.3%).

2.2. PESTICIDES POLLUTION
Once the pesticides are applied, less than 0.1% reaches their target pests, what
means that more than 99.9% of pesticides move into the environment, polluting water,
soil and air [5]. When in the environment, they are subjected to various transformations.
They can be transported from their application points to other areas where they are not
required or may be harmful. The circulation of pesticides in nature is illustrated in
Figure 2.2.
Some of the pesticides sprayed on fields can be transported to the surrounding land
and water. Pesticides can be transported away in the air through wind drift and
evaporation and then carried back to soil or water by rainfall. Surface run-off and
percolation of water to the drainage system can carry pesticides out into rivers and
lakes. Leaching of water through the soil can carry pesticides down to the groundwater.
Various spillages during handling can also lead to pesticides going astray into the
environment [6].
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Figure 2.2. The circulation of pesticides in nature. Source: [1].
The issues related to water quantity and/or water quality are some of the major
problems that humanity is facing in the twenty-first century [7, 8]. Agricultural,
industrial and domestic activities are the biggest consumer of accessible freshwater.
These activities are potential water polluters, therefore it is not surprised that chemical
pollution of natural water has become a major public concern in almost all parts of the
world [9].
Pesticides are the most common contaminants in surface water and
groundwater [1]. There are also many reports of pesticides being found in drinking
water, well water in farming areas, rainwater, groundwater, and ice from the polar
regions [10-15]. The principal routes through pesticides can entry into water are two
[11]:
-

Diffuse sources like spray drift, surface runoff or overland flow, leaching,
drain flow and trough flow.

-

Pointed sources which include air pollution from an industrial source, rather
than an airport or a road.
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The levels of water pesticides pollution can be ranked as: cropland water > field
ditch water > runoff > pond water > groundwater > river water > deep groundwater >
sea water [8].
Pesticides water pollution is clearly affected by some several factor such as the
ability of the pesticide to be solve in water, environmental factor like soil, weather,
season and distance to water sources and also the application methods and other
practices associated with the pesticides use [16].
Once the pesticides are in the aquatic environment, they are subjected to suffer a
variety of transformations and processes:
-

Physical: accumulation, deposition, dilution, diffusion.

-

Chemical: hydrolysis, oxidation.

-

Photochemical: photolysis, photodegradation.

-

Biochemical: biodegradatiom, biotransformation, bioaccumulation.

As results of these transformations, compounds with greater toxicity may be
formed, and when they accumulate in aquatic organisms, they can produce much
irreversible damage to them.
As mentioned above, water pollution by pesticides is one of the significant issues in
recent years. However, soil is the major reservoir for a variety of pollutants [17] and it
is a secondary emission source of contaminants to surface water, groundwater and air
[18].
Soil pollution by pesticides is generally due to the direct application of pesticides
on the crops, accidental spills, unsuitable cleaning of the reservoir tanks and soil
filtrations, among others. The diffusion of these compounds through soil depends on the
chemical nature of pesticide, soil pH and temperature, solubility and soil humidity [19].
Soil contamination with pesticides influences agricultural ecosystems by affecting
soil microbial populations, bacterial diversity, nitrogen transformations [20] soil
animals [21] and soil enzymes [22]. Soil quality and agricultural production are affected
by pesticides in different ways. The application of pesticides above their recommended
field application rate, could change the activities and growth of microorganisms,
affecting the nutrient cycling in soil [23].

18

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

The pollution related to the use and production of pesticides is an issue which not
only has impact on the environment but also concerns human beings and wildlife.
Human beings are in contact with pesticides in a variety of situations. These substances
can enter to the body through the skin, the respiratory system, the digestive system and
by the consumption of pesticide polluted food [1]. The main route of potential exposure
to pesticides is probably the use of these compounds in domestically task such as wood
preservation or household insecticides. Moreover, workers can be endangered with
pesticides during production, transportation and after use. However, one of the main
hazards of pesticides use is to farm workers and gardeners [24].
Human health is significantly affected by this kind of pollution, producing several
health problems. Poisoning from pesticides is a global public health problem and
accounts for nearly 300,000 deaths worldwide every year [25].
Organochlorines pesticides have a wide range of both acute and chronic health
effects, including cancer, neurological damage, and birth defects. Many organochlorines
are also suspected endocrine disruptors [26, 27]. The pesticides used in this PhD are
organochloride pesticides. Taking into account the harmful effects that this kind of
pesticides produce in the environment and human beings, the development of effective
methods to destroy these molecules is gained attention. Organophosphorus and
organonitrogen pesticides have been categorized as receptor inhibitors. Moreover,
several researchers show that the pesticide exposure is also related to the pathogenesis
of Parkinson´s and Alzheimer´s diseases, as well as various disorders of the respiratory
and reproductive tracts [25].

2.3. WASTEWATER TREATMENTS
Nowadays, one of the most important problems in our society is the generation of
wastewater. Industrial, agricultural and urban human activities are the main responsible
of this kind of pollution.
Taking into account all the environmental and health problems described above, the
development of efficient technologies to remove pesticides from water effluents is an
important issue which is continually being developed. During years, different
technologies have been studied in order to provide the protection in terms of human
health and environmental aspect.
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The different wastewater treatments used can be chemical, physical or biological
and they are represented in Table 2.1[28].
Table 2.1. Wastewater treatments.
Type

Technology

Characteristics

Additional settling

Maturation lagoons, settlers…

Coagulation-flocculation

Reactives, stirring and settling are
required

Physical

Chemical

Biological

Combined
systems

Filtration

Membrane technologies, systems with
filtering materials

Desalination

Usually membrane technologies

Coagulation-flocculation

Reactives, stirring and settling are
required

Chemical oxidation

Short times, chemicals consumption and
in some cases high energy consumption

Bioremediation

Biological degradation

Bioaugmentation

Addition of external microorganisms

Biostimulation

Enhancement of microbial community
activity

Fixed biofilms
technologies

Transformation of nutrients, chemicals
and organic matter

MBR (Membrane
Biological Reactors)

Combines a classical activated sludge and
in the same tank a membrane to separate
activated sludge flocs

Biological processes based on activated sludge are the most widespread
conventional methods for wastewater treatments all over the world from 1930.
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2.3.1. Biological treatments
Microbial degradation involves the use of effective microorganisms (bacteria
and fungi) which are able to breakdown into simpler chemical substances, and
metabolize organics molecules, through different catalytic enzymatic routes [29, 30].
The conventional activated sludge process carried out in wastewater treatment
plants (WWTP) is based on microbial degradation (Figure 2.3). The aim of this process
is to mix the influent wastewater with active microorganisms in a reactor where the
oxygen supplied is required to carry out aerobic reactions. The process is completed in
suspension in either a plug flow or a complete mix mode. Though, theoretically, the
efficiency is better in plug flow several practical limitations favour complete mix
reactors [31]. The air supplier achieves a uniform distribution of organics and biomass.
This conventional sludge process is usually coupling with other physical and chemical
treatments.

Primary Clarifier
Effluent

Biological reactor
Waste Activated
Sludge
Return Activated
Sludge

Settling tank

Figure 2.3. Schematic arrangement of a typical conventional activated sludge
process.
These systems provide many advantages because they are effective, minimally
hazardous, economic, environmental friendly, well studied and versatile [32, 33].
Microorganisms have an important role not only in WWTP. Endogenous
microorganisms which habit in polluted soil and water are able to develop complex and
effective metabolic pathways that permit the biodegradation of toxic substances that are
released into the environment. Although the metabolic process is lengthy, it is a more
viable alternative for removing the sources of xenobiotic compounds and pollution [34].
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However, biological treatments do not always provide satisfactory results. These
kinds of processes have associated some serious limitations when toxic and refractory
pollutants such as pesticides are present in wastewater.
The efficiency removal of pesticides in conventional WWTP has been found to be
poor and variable, with concentrations in the effluent sometimes higher than in the
corresponding influent [35]. The absent of removal of organic compounds could be
explained by the formation of unmeasured products of human metabolism and/or
transformation products that, passing through the plant, are converted back to the parent
compounds [36].
For this reason, alternative treatments should be considered. One of the most
efficient solutions to eliminate non-biodegradable organic pollutants is the Advanced
Oxidation Processes (AOP).
2.3.1.1. Degradation of pesticides in wastewater by biological treatment
The use of microbial cultures to degrade organic pollutants, such as pesticides, has
been studied during decades. Apart from the use of activated sludge, the use of pure
cultures or the enhancement of the biodegradation pr38ocess with techniques such as
bioaugmentation or biostimulation have been developed. Some recent studies are
summarized in Table 2.2.
Additionally, the increase in the number of papers related to the biodegradation of
pesticides in wastewater per year is reflected in Figure 2.4.
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Figure 2.4. Number of publications regarding biological treatment of wastewater
polluted with pesticides. Source: Scopus.
Biological treatment was one of the first technologies to be studied in order to
treat effluents polluted with organics. According to Figure 2.4, the application of this
method to remove pesticides started to develop in the 80`s.
Table 2.2. Examples of recent studies in the biodegradation of pesticides in polluted
effluents by biological treatments.
Biological treatment
Pure culture:
Pseudomonas sp.

Pesticide
Endosulfan

Main results
C0 = 5,25,50,75, 100 mg dm-3

Ref.
[37]

5 days incubation
T = 28ºC

Activated sludge

Triclosan

70-80% degradation after 5 days
Acclimated sludge process

[38]

C0 = 1 mg dm-3
T = 25ºC
97% of removal after 8 days

Bioaugmentation and
biostimulation
(Pseudomonas
strains)

Profenofos

C0 = 20-40 mg dm-3

[39]

90% of removal

2.3.2. Advanced Oxidation Processes
These processes can be applied as unique step or coupled with others like physicalchemical or biological processes, to improve the efficiency of both technologies [40].
The AOPs concept was established by Glaze et al., [41, 42] who defined AOPs as
processes involving the generation of highly reactive oxidizing species able to attack
and degrade organic substances [43, 44]. AOPs operate at atmospheric pressure and at
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room temperature, and they are able to produce important changes in the chemical
structure of pollutants [45].
These processes are widely recognized as highly efficient treatments for
recalcitrant wastewater [46] where the degradation of organic pollutants is due to the
formation of hydroxyl radicals [47, 48]. These radicals are characterized for being
highly reactive and non-selective as it has been demonstrated on some revision works
[40, 49, 50]. AOPs have a large number of advantages [51]:
-

They are not toxic (very short time lifetime).

-

They are simple to produce and use.

-

They are very efficient to remove organic pollutants: they can transform
organic compounds into biodegradable products.

-

They are not corrosive to the equipment.

-

The final products of the oxidation process are CO 2, H2O and inorganic ions,
therefore the do not induce secondary pollution.

Depending on the activation and oxidant generation, AOPs can utilize different
mechanisms for organics destruction. An overview of the different established and
emerging AOPs appears in Figure 2.5 [52]. The different processes are categorized into
ozone-based, ultraviolet light (UV)-based, electrochemical (EAOP) and physical
(PAOP).

AOPs

Ozone-based: O3, O3/H2O2,
O3/catalyst

UV-based: UV/H2O2, UV/O3,
UV/Cl2

EAOP: anodic oxidation,
Fenton

PAOP: electro beam,
ultrasound, plasma, microwave
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Figure 2.5. Broad overview and classification of different AOPs.
Molecular ozone (O3) is employed to disinfect and oxidize organic pollutants
for purification of drinking water [53]. Oxidation via ozone can be carried out by two
oxidation mechanisms: direct electrophilic attackby molecular ozone and indirect attack
through the formation of OH • [54, 55]. Ozonation process can be develop attending to
different methods [52, 53]:
-

Ozonation

at

elevated

pH:

hydroxyl

radical

ions

initialize

ozone

decomposition, followed by the series of reactions which lead to the formation
of OH• radical which is short-lived and extremely potent oxidizing agent.
-

O3/H2O2 (peroxone-process): this process involves the generation of the
peroxide anion (HO2-), which reacts with O3 resulting the formation of OH •.

-

O3/UV: when UV light is irradiated (λ < 300nm) over ozone (in water
medium), it can strongly absorb UV light and H 2O2 is produced, which further
decomposes into OH•.

-

O3/catalysts: catalytic ozonation can include in turn homogeneous and
heterogeneous catalytic ozonation, depending on the water solubility of the
catalyst. In homogeneous, transition metals ions in water can catalyse the
decomposition of O3 into OH•. Heterogeneous catalytic ozonation mechanisms
are mediated by metal oxides (TiO2, MnO2, etc).

UV light is used along with H2O2, O3, Fe+2 in order to generate highly reactive OH•
radicals. This method is usually employed when conventional O3 and H2O2 are not able
to completely mineralize organic pollutants to CO2 and H2O [53]. The most common
UV combinations are the following:
-

UV/H2O2: the combination of UV-irradiation and H2O2 leads to the photolytic
cleavage of H2O2 into two OH• [52].

-

UV/Cl2: the aim of this coupling is the formation of some activated chlorine
radicals species, such as Cl• and Cl2-•, and also OH•, which are going to be used
to oxide target compounds [56].

-

UV/O3 (above described).

PAOPs are based on the application of different physics techniques, which are
going to be described:
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-

Electron-beam: this process consists of the utilisation of ionizing radiation
form an electron beam source (0.01 – 10 MeV). When accelerated, electron
penetrate into the water surface, electronically excited species in the water are
formed [52].

-

Ultrasound (US): the application of US, frequency between 20 and 1000 kHz,
can induce the degradation of water pollutants by two mechanisms, radical
reaction by OH• and pyrolysis [57].

-

Plasma: Strong electric fields applied within the water (electrohydraulic
discharge) or between water and gas phase (non-thermal plasma) initiate both
chemical and physical processes [52].

-

Microwave: the application of microwaves (300 MHz – 300 GHz) can improve
reaction rates and induce selective heating in the pollutants through internal
molecule vibration [52]. The combination of microwaves with oxidants, such
as H2O2, or catalysts, TiO2, has been used to destroy organic pollutants [5860].

The AOPs used in this PhD are based on electrochemical methods, which are going
to be described in the following section.
2.3.2.1. Electrochemical Advanced Oxidation Process (EAOP)
The aim of these processes is the production of hydroxyl radicals using directly or
indirectly electrochemical technology. Electrochemical methods, like anodic oxidation
(AO), as well as electro-Fenton, sonoelectrochemical and photoelectrochemical
technologies are included. The different processes can be applied alone or coupled
various EAOPs.
In EAOPs, the OH• radicals are produced on the anode surface (heterogeneous OH •)
under the application of high current density or can be produced in the bulk solution
(homogeneous OH•).
The strategy to develop and electrochemical process is shown in Figure 2.6.
Attending to this figure, the parameters which govern an electrochemical process are
the anode and cathode characteristics (material, size), the separation between them, the
operating conditions and also the composition of the solution to treat. The material of
the electrodes as well as their geometry (surface, porosity etc.), the current density
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applied over them and the reactions which can be carried out are important parameters
and they can affect directly to the electrochemical process, leading to the partial
degradation or complete mineralization of pollutants.
On the other hand, the separation between electrodes should not be too high, to
avoid problems related to internal resistance. The operating conditions like temperature
(that could cause vaporization of organics), or ratio surface/volume can affect to the
process. Finally the composition of the solution to treat has an important influence on
the electrochemical treatment. The electrical conductivity of the solution affects to the
internal resistance of the cell, the impurities such as inorganic salts could generate
oxidants and also can act as scavengers [61].
Separation anode/cathode:
- Material
- Geometry

Anode:
- Material
- Geometry
- Reaction
- Current density

Anode

Cathode
+

-

Cathode:
- Material
- Geometry
- Reaction
- Current density

Solution composition:
- Solute
- Solvent
- Impurities

Operating conditions:
- Temperature
- Ratio Surface/Volume

Figure 2.6. Strategy to develop an electrochemical process. Source: 8ESSEE2018WPEE-EFCE.
EAOPs provide several advantages for the prevention and remediation of pollution
problems because the production of OH• radicals via electrochemistry constitutes one of
the cleanest and effective ways. For this and others reasons, such as their environmental
safety and compatibility (operating at mild conditions), high efficiency and easiness of
automation [48, 58] EAOPs have gained great attention. Moreover, EAOPs have high
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versatility, they can be used in a great range of organic loads, being the most useful
processes attending to this parameter, as it can be showed in Figure 2.7.
Incineration
Chemical Oxidation
Electrochemical Advanced Oxidation Processes
Advanced Oxidation Processes
Biological Treatment

0.001

0.01

0.1

1
10
COD (g dm-3)

100

1000

Figure 2.7. Applicability of water treatment technologies based on the amount of
organic load. Source : [62]
On the other hand, these technologies have some drawbacks, such as the costs
related to the electrical supply, the required addition of an external supporting
electrolyte due to the low electrical conductivity of many wastewaters and the loss of
activity and shortening of the electrode lifetime by fouling due to the deposition of
organic material on their surface. The energy consumption to treat 1 m3 of wastewater

-3

Energy consumption (kWh m )

by EAOP or biological methods (activated sludge process) appears in Figure 2.8.
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Activated sludge

Electrochemical

Figure 2.8. Energy consumption in different wastewater treatments. Source: Adapted
from [63]
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The data shown in Figure 2.8 are referred to the energy consumption of a
conventional wastewater treatment plant and the treatment of an industrial effluent by
electrochemical technology. It can be observed that the required energy to develop an
electrochemical process exceeds greatly the energy required in the biological method.
The application of EAOPs to treat a wide variety of effluents has been proven by
many authors, demonstrating the efficiency and flexibility of these techniques. The
effluents treated included phenols [64, 65], dyes [66-68], pesticides [68-72], drugs [7376] and real or industrial effluents [77-79].
EAOPs are commonly divided into two groups attending to the place where the
oxidation mechanism takes place: surface of the electrode or bulk of the electrochemical
cell. The processes where the oxidation is carried out on the nearness of the surface of
the electrode are known as Anodic oxidation and it has been the main process type used
in this PhD.
2.3.2.2. Anodic oxidation (AO)
AO is based on electrolysis. This process produces the transformation of a reactive
into a product through electron transfer reactions. The process is carried out by an
electrical intensity applied by means of metallic surfaces called electrodes, collocated in
an electrochemical reactor [45].
Electrochemical reactors are heterogeneous systems where the solution, which
contents the pollutant, is in contact with electrodes. Over the electrodes, the oxidation
process (loss of electrons) and reduction process (addition of electrons) take places. The
energy is provided by means of a power supply of DC current. The electrode which is in
contact with the negative pole of the power supply is called cathode, here the reduction
semireaction takes place. The electrode which is in contact with the positive pole is the
anode, and the oxidation semireaction is carried out at the anode. These reactions are
represented in Equations 2.1 and 2.2.
O + n𝑒 − → R

Cathodic semireaction

(2.1)

R → 𝑂 + n𝑒 −

Anodic semireaction

(2.2)
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Due to these reactions, an electrons flux is generated from the anode to the cathode.
Therefore, to keep the electrical balance, it is necessary the presence of ions. The task of
these ions will be transport the negative charges to the anode, and the positive charges
to the cathode. A scheme of an electrochemical reactor is shown in Figure 2.9.

e-

e-

Power
Supply

Cations
Reduction

Oxidation

Anions

Anode (+)

Cathode (-)

Figure 2.9. Electrochemical cell scheme.
AO produces the degradation of pollutants by: direct electron transfer to the anode
surface, hydroxyl radical processes, weaker oxidant agents electrochemically produced
from ions existing in the bulk, ozone formed from water discharges at the anode surface
and/or weaker oxidants like H2O2 produced from the physisorbed OH• at the anode
surface [80, 81].
The feasibility of this process is hardly influenced by 4 parameters: the generation
of chemically or physically adsorbed hydroxyl radicals on the anode surface, the nature
of the anodic materials, the process competition with the oxygen evolution reaction and
the mass transfer of pollutants from the bulk to the anode surface or its vicinity [82].
The nature of anode materials has shown a strong influence over the efficiency and
selectivity of AO [83]. Depending on the anode material and attending to the different
behaviour of organics pollutants degradation, anodes are divided in two types: active
(partial organic degradation) and non-active (large or total organic mineralization of
pollutants). The advantages and downsides of each anode material will be discussed in a
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following chapter, Improving biodegradability of soil washing effluents by anodic
oxidation.
An important enhancement of the AO is carried out by the action of oxidants such
as chlorine species, persulfate, perphosphate, percarbonate and H 2O2 that are
electrochemically generated from agents existing in the bulk solution [80]. For this
reason, the dissolved components that exist in the water matrix have an important
influence in the effectiveness of the AO, and they can be acting as neutral, inhibitory or
promoting effects [61]. However, the production of these oxidant species has associated
some drawbacks [77]:
-

Formation of organochlorinated species more hazardous than the parent
pollutants. These chemical are formed by the reaction between chlorine and the
different functional groups or organic matter.

-

In some cases, the production of chlorates and perchlorates may occur.

2.3.2.3. Degradation of pesticides in wastewater by EAOP
In 1976, Keenan and Stuart published the first work related to the use of
electrochemical oxidative technology to remove pesticides in water [84]. Nevertheless,
it was not until the end of the 1990s when the use of electrochemical technologies to
remediate water reservoirs polluted with pesticides became a significant issue [85]. The
principal reasons for this increment are given below:
-

Anodic oxidation of industrial effluents was found to yield good efficiencies
due to the development of highly efficient electrode, like boron doped
diamond. The manufacture of some pesticides generated important industrial
wastes which were treated by this technology [86].

-

The feasibility of combining electrochemical technologies with highly efficient
and cheaper chemical technologies for pesticide removal was studied in this
period [87, 88].

-

The increase of the use of pesticides due to the increment in population
generated more interest in developing new technologies to reduce pesticides
from the environment. Also, more restrictive regulations on pesticides levels in
water were created.
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One of the most EAOP studied to treat waste effluents polluted with pesticides has
been AO. This technology offers important advantages over other commonly used
processes (such as ozonation, Fenton process, photochemical processes, etc.). The most
important advantage offered by AO is the complete mineralization of any organic
pollutant. It should be taken into account that the maximum efficiencies for AO have
been obtained for the treatment of wastewater with high organic concentration, between
the range of 100 mg dm-3 to 20 g dm-3, expressed in terms of chemical oxygen demand
(COD) units [85].
Generally, the pesticides mineralization ability of EAOP followed the order
solarphotoelectro-Fenton (SPEF) < photoelectro-Fenton (PEF) < electro-Fenton <
anodic oxidation with electrogenerated H2O2 ≈ anodic oxidation.
As in the biological treatment, in this section it is also shown the increase in the
number of publications related to the treatment of wastewater polluted with pesticides
by EAOP. The results appear in Figure 2.10.
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Figure 2.10. Number of publications regarding electrochemical treatment of wastewater
polluted with pesticides. Source: Scopus.
According to the abovementioned and the Figure 2.8, the interest in this kind of
processes to treat wastewater polluted with pesticides started to increase at the end of
90s.
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Some recent studies regarding the use of EAOPs to eliminate pesticides from water
effluents are summarised in Table 2.3.
Table 2.3. Examples of recent studies in the degradation of pesticides polluted effluents
by EAOP.
EAOP

Pesticide

Main results

Ref.

BDD anode
C0 = 40 mg dm-3
AO

Atrazine

Na2SO4 electrolyte

[89]

37 mA cm-2
98% degradation in180 minutes
BDD anode, carbon felt cathode
C0 = 10 mg dm-3
400 mA
Electro-Fenton

Lindane

[90]
Na2SO4 electrolyte
Fe2+ = 0.05mM
80% mineralization after 240 minutes
C0 = 4 mg dm-3
BDD anode, carbon felt cathode

SPEF

Tebuthiuron

100 mA cm-2

[91]

Na2SO4 electrolyte
75% mineralization in 360 minutes
C0 = 84.5 mg dm-3
36 mA
PEF

Glyphosate

Na2SO4 electrolyte

[92]

2+

Fe = 1 mM
64.5% mineralization after 360 minutes
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2.4. COMBINATION OF ELECTROCHEMICAL ADVANCED
OXIDATION

PROCESSES

AND

BIOLOGICAL

TREATMENT
As mentioned before, biological treatments are not always able to degrade toxic
compounds, for this reason the coupling of biological and electrochemical treatment is
an interesting solution. This coupling is a synergistic way , where the removal
efficiency is maximized at the same time that operational costs are minimized [93].
This coupling can be organized in two ways: EAOP as a pre-treatment and EAOP
as a post-treatment. The selection of the different steps depends on the biodegradability
and toxicity of the effluents which will be treated. This information can be checked in
Figure 2.11.

Pre-treatment

1. Electrochemical
1. Biological

Post-treatment

2. Biological
2. Electrochemical

Figure 2.11. Different combinations of biological and electrochemical treatments.

Generally, if the effluent to treat is considered as not biodegradable and contains
toxic substances that can interfere with the microbial activity, the electrochemical step
is applied as a pre-treatment. Therefore, the objective of the EAOP will be the partial
oxidation of the recalcitrant compounds in order to generate more biodegradable
reaction intermediates. On the other hand, if the effluent contains mostly biodegradable
compounds and also some refractory organics, a biological treatment should be applied
at first, following by an electrochemical post-treatment to eliminate the recalcitrant
compounds.
The first step to introduce these technologies in the treatment of real wastewater is
to develop studies at bench-scale and pilot-plant. The selection of the processes to be
combined and the order of the treatments depend on to know the quality of the effluent
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to treat and to select the main effective treatment with the lowest reasonable cost.
Therefore, the most important factors which should be considered in the final decision
on the wastewater treatment technologies to be applied are [46]:
-

The quality of the wastewater.

-

Removal of parent contaminants.

-

Conventional treatment options.

-

Treatment flexibility.

-

The facility decontamination capacity.

-

Final wastewater treatment system efficiency.

-

Economic studies.

-

Life cycle assessment to determine environmental compatibility of the
wastewater treatment technology.

-

Potential use of treated wastewater.

The properties of conventional biological methods to treat recalcitrant
compound are widely known. Nevertheless, the possibilities and capabilities of the
EAOP to eliminate certain specific pollutants should be studied.
Nowadays, the development of the coupling of EAOP with biological
treatment is a technology which is growing, as reflected in Figure 2.12.
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Figure 2.12. Number of publications regarding the coupling of EAOP with biological
treatment of wastewater polluted with pesticides. Source: Scopus.
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The figure shows the exponential tendency in the number of papers per year related
to the use of this combination.
Regarding the order of the different treatments, due to the high toxicity and the low
biodegradability of the most of pesticides, the principal use of the combination is the
application of the EAOP as a pre-treatment, which should improve the biodegradability
of the polluted effluents. In this case, it should be taken into account that hydroxyl
radicals are non-selective, so they will be used to eliminate pollutants. After that, a
reasonable low-cost biological method could be applied [46, 93, 94]. Another
consideration is the required pH adjustment prior to the biological post-treatment, as
biological treatments operate at neutral pH. This step should be done after some
electrochemical process, such as electro-Fenton which is known to achieve better
performances at pH 3.
After a bibliographic study about the application of biological pre-treatment to
remove pesticides, the number of papers found in different bibliography sources is not
very high. The main cause of this is that an acclimation period is generally necessary or
suggested in order to gradually expose the microbial community to the potentially
inhibitory or toxic organic compounds [95-97].
Another parameter to mention is the total organic carbon (TOC) contained in the
wastewater. If TOC is higher than 0.1 g dm-3, despite the effluent could be
biodegradable, an EAOP pre-treatment could be recommended. Otherwise, if TOC is
lower than 0.1 g dm-3, but contaminants are recalcitrant and the effluent has a high
toxicity level, the application of an EAOP as an unique step is sufficient without any
consequent bio-treatment [40, 93].

2.5. SWOT ANALYSES
As a resume, in this section the strengths, weaknesses, opportunities, and threats
related to the use of each technology separately and combined will be analysed. The
SWOT analyses of the technologies used in this PhD are presented in Figures 2.13, 2.14
and 2.15.
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Strenghs
- High efficiency in degradation
of recalcitrans compounds
- They are able to treat a high
organic load

Weaknesses
- High electrical comsuption
- High cost of the electrodes
- Deterioration of electrodes

EAOP
Opportunites
Threats
- Development of more efficient
- Depend on the electricity cost
electrodes
- Use of wastewater with high
electrical conductivity as
electrolyte
Figure 2.13. SWOT matrix for the EAOP.

Strenghs
- Low cost
- Well studied
- Environmental friendly

Weaknesses
- Not able to degrade
recalcitrants compounds
- Required high retention time

BIOLOGICAL
Opportunites
Threats
- Microorganisims can
- Development of more efficient
acclimatize to degrade new
and economical processes
compounds
- Using of pure microbial
cultures
Figure 2.14. SWOT matrix for the biological processes.
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Strenghs
- Minimize operational cost
- Maximize removal efficiency

Weaknesses
- pH adjustement
-Previous study to determine the
requiered order

COUPLING
Opportunites
- Development of integrated and
sequencial process

Threats
- Can generate more recalcitrants
by-products which will be
difficult to degrade in the next
step

Figure 2.15. SWOT matrix for the combination of electrochemical and biological
processes.

Once all the parameters in the SWOT matrix have been analysed, the coupling
shows the strengths of both technologies: high removal efficient due to the application
of the electrochemical step and minimize operational cost because of the biological
treatment. On the other hand, the main threat of the coupling is the possible generation
of more recalcitrant by-products which could affect the efficiency of the following step,
regardless the initial order.
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3. OBJECTIVES
This Ph.D. Thesis has been carried out in the Laboratory of Electrochemical
and Environmental Engineering (E3L) of the TEQUIMA research group belonging to
Chemical Engineering Department of UCLM. It is included in the Doctorate Program
‘Ingeniería Química y Ambiental’, which is regulated through the Spanish Law RD
99/2011. The research group E3L-TEQUIMA has been working in the field of treatment
of wastewater through electrochemical technology since 1999. In recent years 6 Ph.D.
Thesis have evaluated the applicability of electro-oxidation in the degradation or
organics. One of this Thesis studied the removal of Persistent Organic Pollutants
(POPs), such as antibiotics, using Boron Doped Diamond (BDD) as anode. On the other
hand, the removal or organics using biological treatments has been studied in our group
since 1998 and 5 PhD Thesis have been completed. Apart of the Ph.D. Thesis evolved
in these two areas, numerous papers have been published in outstanding scientific
journals. Nevertheless the coupling of both technologies to remove organic compounds
from water effluents has not been studied in our research group previously. It takes
advantage of the large knowledge of both technologies in E3L group to optimize a
process which combine electrochemical and biological treatments to get rid of
pesticides from aqueous effluents.
Hence, this Ph.D. is intended in the coupling of electrochemical processes,
specifically Advanced Oxidation Processes (AOP), and biological technologies, to
eliminate pesticides from polluted effluents. The combination strategy could vary
depending on the nature of the organic to treat and the availability of an acclimatized
microbial culture able to degrade pesticides in a short time. Sometimes, the readily
biodegradable fraction of the wastewater organic composition is firstly eliminated and
then it is tried to eliminate the recalcitrant contaminants by an electrochemical posttreatment. In other cases, the great majority in this Ph.D. due to the recalcitrant nature
of the pesticides used, electrochemistry is used as a pre-treatment so as to transform the
persistent organic compounds into more biodegradable intermediates which would then
be treated in a biological post-treatment. The objective of the coupling is to mix the
advantages of both technologies, by reducing the operating costs and improving the
retention time.
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Different pesticides have been selected in order to study this combined
technology attending their solubility in water: 2,4-D (2,4 – Dichlorophenoxyacetic acid)
and clopyralid, as polar pesticides: atrazine, oxyfluorfen and lindane as not soluble
pesticides.
To achieve the main goal, a series of specific partial objectives were proposed:
1.

To evaluate the biodegradability by mixed cultures under aerobic
conditions, of one polar pesticide, 2,4-D, and another non-polar,
atrazine. Also, it has been evaluated the biodegradability of the nonpolar pesticide, oxyfluorfen, by an acclimated mixed microbial
cultures under aerobic conditions. The influence of the initial
pesticide concentrations and temperature (in the case of oxyfluorfen)
over biodegradation processes was studied. Moreover, another
objective consists of adjusting the biodegradation processes to
mathematical models so as to determine the value of the main
parameters.

2.

In the case of a not complete biodegradation of oxyfluorfen, a postelectrochemical treatment was proposed. The influence of the
supporting electrolyte was studied: using of the mineral growth
medium coming from the biological process compared to using the
usual Na2SO4 electrolyte.

3.

Improving the biodegradability and reducing the toxicity of pesticide
polluted soil washing effluents (SWE) using anodic oxidation, with
the aim of applying a post-biological treatment. The influence of four
different anode materials (Boron Doped Diamond (BDD), Carbon
Felt (CF), Mixed Metal Oxides of Ruthenium (MMO-Ru) and
Iridium (MMO-Ir) was studied. In this step, 3 different pesticides
were used, one polar, clopyralid, and two non-polar, lindane and
atrazine.

4.

To enhance the electrochemical pre-treatment performance described
in the previous step by means of photoelectrolysis, sonoelectrolysis
and photosonoelectrolysis in the case of clopyralid polluted effluents.

5.

Optimizing the operational conditions which manage an ElectroFenton process in order to improve the biodegradability of soil water
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effluents polluted with clopyralid. Studying the influence of the
synthetic groundwater using in the soil washing process to develop
Electro-Fenton technology.
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The present chapter describes materials (chemicals, electrodes) as well as analytical
methods used in this Ph.D. Additional specific experimental devices used and specific
procedure of experiments are detailed in chapters 5 to 9.

4.1. CHEMICAL REAGENTS
4.1.1. Pesticides
4.1.1.1. 2,4-Dichlorophenoxy acetic acid (2,4-D)
2,4-Dichlorophenoxy acetic acid, also known as 2,4-D, is a selective systemic
herbicide for the control of broad-leaved weeds, which is widely used throughout the
world [1]. The chemical structure of this herbicide is shown in Figure 4.1.

Figure 4.1. Chemical structure of 2,4-D.
2,4-D is weak acid (pKa = 2.6). The physical and chemical properties of this
pesticide are shown in Tale 4.1.
Table 4.1. Physical and chemical properties of 2,4-D.
IUPAC name

Dichlorophenoxy acetic acid

Also known

2,4-D

Molecular formula

C8H6Cl2O3
-1

Molecular weight (g mol )

221.01

Appearance

White crystalline powder
-3

Water solubility (mg dm at 25ºC)

900

Boiling point (ºC)

160

Melting point (ºC)

140.5

Vapour pressure (Pa at 25ºC)

1.9 ‧ 105
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2,4-D was employed in a high purity grade (98%) and it was supplied by Alfa
Aesar.
4.1.1.2. Atrazine
Atrazine is a herbicide formerly utilized for the control of broadleaf and grassy
weeds in corn, sorghum, rangeland, sugarcane, macadamia orchards, pineapple, turf
grass sod, asparagus, forestry grasslands, grass crops, and roses [2]. Its chemical
structure appears in Figure 4.2.

Figure 4.2. Chemical structure of atrazine.
Atrazine belongs to the triazine group of pesticides. Its physical and chemical
properties are in Table 4.2.
Table 4.2. Physical and chemical properties of atrazine.

IUPAC name

Atrazine 6-chloro-4-N-ethyl2-N-propan-2-yl-1,3,5triazine-2,4-diamine

Also known

Atrazine

Molecular formula

C8H14ClN5
-1

Molecular weight (g mol )

215.69

Appearance

White crystalline solid
-3
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Water solubility (mg dm at 25ºC)

28

Boiling point (ºC)

205 (101kPa)

Melting point (ºC)

173

Vapour pressure (Pa at 25ºC)

3.8 ‧ 10-5
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Atrazine was used in a high purity grade (99.1%) and it was supplied by Sigma
Aldrich.
4.1.1.3. Oxyfluorfen
Oxyfluorfen is an herbicide for broadleaved and grassy weeds in a variety of field
crops [3]. The chemical structure of this herbicide is shown in Figure 4.3.

Figure 4.3. Chemical structure of oxyfluorfen.
Oxyfluorfen has a diphenylether chemical group which provides it low water
solubility. Table 4.3 shows the physical and chemical properties of this herbicide.
Table 4.3. Physics and chemical properties of oxyfluorfen.

IUPAC name

2-chloro-1-(3-ethoxy-4nitrophenoxy)-4(trifluoromethyl)benzene

Also known

Oxyfluorfen

Molecular formula

C15H11ClF3NO4

Molecular weight (g mol-1)

361.70

Appearance

Orange crystalline solid
-3

Water solubility (mg dm at 25ºC)

0.1

Boiling point (ºC)

358.2

Melting point (ºC)

84

Vapour pressure (Pa at 25ºC)

2.6‧10-5

In this case, oxyfluorfen was used in a commercial formulation, Fluoxyl 24.
The composition of this product appears in Table 4.4.
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Table 4.4. Chemical composition of Fluoxyl 24.
Compound
Oxyfluorfen
Xylene
Cyclohexanone
Calcium dodecylbencene
sulfonate

% p/v
24
<60
<13
<4

4.1.1.4. Clopyralid
Clopyralid is an herbicide widely used for the control of annual perennial broadleaf
weeds in certain crops and turf [4]. Figure 4.4 show the chemical structure of
clopyralid.

Figure 4.4. Chemical structure of clopyralid.
Clopyralid is a pyridine compound. His high aqueous solubility makes clopyralid
very easy to apply and could be easily to find in groundwater. The chemical and
physical properties of this herbicide are presented in Table 4.5.
Table 4.5. Physics and chemical properties of clopyralid.
IUPAC name

3,6-dichloropyridine-2carboxylic acid

Also known

Clopyralid

Molecular formula

C6H3Cl2NO2
-1

Molecular weight (g mol )

192

Appearance

White crystalline solid
-3
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Water solubility (mg dm at 25ºC)

7850

Boiling point (ºC)

Decompose before boiling

Melting point (ºC)

159.6

Vapour pressure (Pa at 25ºC)

1.36‧10-9
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As well as in the oxyfluorfen experiments, clopyralid was used in a commercial
formulation, Lontrel 72. The chemical was provided by Dow Agrosciences.
4.1.1.4. Lindane
Lindane is an organochlorine useful as an agricultural insecticide and as a
pharmaceutical agent to eliminate lice and scabies [5]. The chemical structure of this
pesticide can be observed in Figure 4.5.

Figure 4.5. Chemical structure of lindane.
The properties of lindane make it very harmful to animal and human beings. These
properties can be checked in Table 4.6.
Table 4.6. Physics and chemical properties of lindane.
IUPAC name

1,2,3,4,5,6hexachlorocyclohexane

Also known

Lindane,
gammahexachlorocyclohexane,
gammaxene, Gammallin, and
benzene hexachloride

Molecular formula

C6H6Cl6

Molecular weight (g mol-1)

290.81

Appearance

White crystalline solid
-3

Water solubility (mg dm at 25ºC)

7.3

Boiling point (ºC)

323.4

Melting point (ºC)

112.5

Vapour pressure (Pa at 25ºC)

7.43‧10-3
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Table 4.7 summarizes the main properties of each pesticide such as the kind of
pesticide attending to its use, pure or commercial pesticide and if the chemical is
forbidden or it is still in use in Spain.
Table 4.7. Main properties of the pesticides used in this PhD.
Pesticide
2,4-D
Atrazine
Oxyfluorfen
Clopyralid
Lindane

Kind of pesticide
Herbicide
Herbicide
Herbicide
Herbicide
Insecticide

Pure/commercial
Pure
Pure
Commercial
Commercial
Pure

Forbidden/used
Used
Forbidden
Used
Used
Forbidden

4.1.2. Other chemical reagents
All the chemical products using in this PhD can be observed in Table 4.8,
where appear their main use and the supplier.
Table 4.8. Chemical reagents.
Use

Mineral salts and
electrolytes

Fenton catalyst
pH adjustment
Surfactant
Solvent
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Product
(NH4)2SO4
KH2PO4
NaHCO3
MgSO4·7H2O
CaCl2
(NH4)2Fe(SO4)2
Na2SO4
NaCl
NaNO3
KI
CaCO3
Bushnell-Hass Broth
(BHB)
FeSO4·7H2O
H2SO4
NaOH
Sodium dodecyl sulphate
(SDS)
Hexane

Supplier
PanReac
PanReac
PanReac
PanReac/ Acros Organics
PanReac
PanReac
PanReac/ Acros Organics
PanReac/ Acros Organics
PanReac/ Acros Organics
PanReac/ Acros Organics
PanReac/ Acros Organics
DIFCO, BD
Acros Organics
Sigma Aldrich
PanReac
PanReac
VWR Chemicals
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Table 4.8. Chemical reagents (continuation)
Use

Product

Supplier

Ethyl acetate (GC-MS)

VWR Chemicals
VWR Chemicals / Sigma
Aldrich
Millipore
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Acros Organics
Merck

Acetonitrile

Analytical techniques

Ultra-pure water
Titanium (IV) oxysulphate
Formic acid
Methanol
1,10-Phenanthroline
Sodium Acetate
Hydroxylamine
hydrochloride

Merck

4.2. ELECTRODES
The electrodes used to perform the electrochemical experiments are going to
be described in the following section.

4.2.1. Boron Doped Diamond
Boron Doped Diamond Anode was manufactured by Adamant Technologies
(Switzerland) and fitting in a commercial Diacell® 101. The boron content was 500 mg
dm-3, a sp3/sp2 relation of 217 and a thickness about 2.83 μm. An AISI 316 steel
electrode was used as a cathode. Figure 4.6 show the commercial cell. Both electrode
areas were 78 cm2.

Output
Anode
Chatode

Input

Figure 4.6. Commercial electrochemical reactor with BDD.
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4.2.2. Mixed Metal Oxides (MMO)
The Mixed Metal Oxides (MMO) electrodes were supplied by Tianode (India).
MMO consist of RuO2 and IrO2 electrodes supported in titanium. As well in the BBD
electrochemical cell, the cathode was a steel electrode. All the electrodes had a surface
about 78 cm-2. The electrodes were integrated in a house electrochemical flow cell.
Prior to electrolysis experiments, BBO and MMO electrodes were polarized for 10 min
using a 0.035 M Na2SO4 solution at 30 mA cm-2 to remove impurities from the electrode
surface.

4.2.3. Carbon felt
Carbon felt electrodes (Sigracell® GFA6EA) were supplied by ElectroChem
Inc. (USA). This material presents a specific surface area of 35.3m2 g−1 and
17,700m2m−2, areal weight 500 g m−2, porosity 95% and roughness 30 μm. Steel
electrode was used as a cathode in the electrolysis experiments. The electrode area was
100 cm2.

4.3. ANALYTICAL TECHNIQUES
4.3.1. Pesticides measurements
Pesticides were analysed using different analytical techniques and different
equipments, which are going to be described.
4.3.1.1. 2,4-D
2,4- D concentration was measured by molecular adsorption spectroscopy. The
spectrophotometer used was a Pharma Spec 1700 Shimazu®.

The wavelength to

detected 2,4-D correspond to 230 nm [6].
Molecular adsorption spectroscopy is based on the absorbance measurement of
a solution contained in transparent trays. The absorbance is calculated through Equation
4.1, where I0 is the incident radiation and I correspond to the transmitted radiation, after
passing thought the solution.

𝑨=
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(4.1)

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

4.3.1.2. Atrazine
As well as 2,4-D, atrazine concentration was measured using the same
spectrophotometer, and in this case the wavelength was 229 nm [7]. This
spectrophotometric technique has been widely used for the pesticides determination
yielding accurate results.
4.3.1.3. Oxyfluorfen
Oxyfluorfen concentration was quantified by High Performance Liquid
Chromatography (HPLC). The equipment was from Jasco brand, LC-NetII/ADC. The
HPLC column was a Kinetex 5 μm Biphenyl 100Å, 150x4.5 mm. To analyse, 2 ml of
sample were taken and filtered by nylon filters of 0.2 μm. Table 4.9 describes the
method employed in oxyfluorfen determination.
Table 4.9. Specifications of HPLC method to measure oxyfluorfen.
Mobile Phase

Wavelength
(nm)

Kind of
flow

Flow (ml
min-1)

Injection
volume (μL)

Acetonitrile/ultrapure water
(70:30)

220

Isocratic

0.6

20

4.3.1.4. Clopyralid
Clopyralid concentration was measured by HPLC, using an Agilent 1260
Infinity equipment. The column was an Eclipse Plus C-18 (4.6mm×100 mm; 3.5 μm).
Before introducing the polluted sample in the HPLC, samples were filtered with 0.2μm
nylon filters. The characteristic of the clopyralid method appear in Table 4.10.
Table 4.10. Specifications of HPLC method to measure clopyralid.
Mobile Phase

Wavelength
(nm)

Kind of
flow

Flow (ml
min-1)

Injection
volume (μL)

Methanol/formic acid
(0.1%) (30:70)

280

Isocratic

1

20

4.3.1.5. Lindane
Lindane analyses were carried out by Gas Chromatography-Electron Capture
Detector (GC ECD) (Thermo Fisher Scientific). The first step was a liquid-liquid
extraction. This process was carried out in separator flasks of 10 ml, using ethyl acetate
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as extraction solvent. The ratio lindane solution/solvent required to extract 100% of
lindane contained in the aqueous phase was 1 v/v. The capillary column employed was
a TG-5MS (30 m x 0.25 mm 0.25 mm) and
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Ni micro-electron capture detector, a

split/splitless injector and ChromCard Software. The quantification limit of the GC
ECD was 0.02 mg dm-3. The conditions used to determine lindane appear in Table 4.11.
Table 4.11. Specifications of GC method to measure lindane.
Gas
Helium

He Flow (ml min-1)
1

Injector Temperature (ºC)
210

4.3.2. Total Organic Carbon
Total Organic Carbon (TOC) concentration was monitored using a Multi N/C
3100 Analytic Jena analyser. Organic carbon compounds were converted to carbon
dioxide and then detected by a non-dispersive infrared detector. The liquid sample is
calcined with a stream of pure oxygen at a temperature of 680 ºC in a furnace
containing platinum supported on alumina.

4.3.3. Identification of reaction intermediates
The reaction by-products were measured by 3 different methodologies: gas
chromatography–mass spectrometry (GC–MS), HPLC and ionic chromatography.
GC-MS was used to try to identify organic compounds. Previously to introduce
samples in the CG-MS, the water contained in the liquid sample should be remove. To
do that, a freeze dryer was employed from Coolvaccum Technologies, operating at -50
ºC and 0.02 bar. The organic phase was analysed by GC–MS using a Thermo Scientific
DSQ II Series Single Quadrupole GC–MS (Coolvacuum Technologies) with a NIST05MS library. The column was a polar TR-WAXMS (30m×0.25mm×0.25 mm). The
temperature ramp was 40 °C for 1 min, 5 °C for min 2 up to 250 °C.
On the other hand, carboxylic acids were identified by HPLC and ionic
chromatography. The HPLC was equipped with a Zorbax SB-Aq column (4.6 mm x
150 mm), the mobile phase consists of 4 mM H2SO4 and the wavelength was 210 nm.
The identifications of the intermediates was conducted by the retention time comparison
and internal standard addition methods using standard solutions [8].
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The ionic chromatography employed was a DIONEX DX120 and it will be
explained in Chapter 9.

4.3.4. Inorganic ions
The inorganic ions contained in the water samples were determined by ionic
chromatography in a Metrohm 930 Compact IC Flex device. The species determined
by this methodology were fluoride, chloride, chlorate, perchlorate, nitrate, sulphate,
sodium,

potassium,

calcium,

phosphate,

ammonium

and

magnesium.

The

chromatograph consists of two units, one to determine cations and other to measure
anions. Both modules are equipped with a conductive detector and a specific column.
The column specialized to analyse anions was a Metrosep A sup 7 – 250/4.0, whereas
the cationic block was equipped with a Metrosep C 6 -250/4.0.

4.3.5. Oxidants concentration
The total oxidant concentration was measured iodometrically, by the method I /I2. This method quantifies all oxidants capable to oxidize iodide (I -) to iodate (IO3-).
The essay consists of adding KI in exceed (1 g approximately) and 5 cm3 of
H2SO4 (20%) to 10 cm3 of liquid sample. The reactions should be done in acid medium.
The oxidants presented in the sample, react with the KI. Then, a titration is made to
identify the iodide generated with sodium thiosulphate via Equation 4.2. Starch is used
as indicator. The total oxidants are quantified by Equation 4.3.
2 𝐼 − + 𝑆4 𝑂62− → 𝐼2 + 𝑆2 𝑂32−

(4.2)

2𝑛 𝐼 − + 𝑋𝑂𝑛− + 2𝑛𝐻 + → 𝑛𝐼2 + 𝑋 − + 𝑛𝐻2 𝑂

(4.3)

4.3.6. pH and Conductivity
The evolution of the pH was determined by a pH meter Crison GLP 22 (Crison
Instruments, Spain). The pH meter was calibrated regularly with standard pH solution
of 4.00, 7.00 and 9.21 units. The pH measurement consists of the potential difference
between the reference electrode and the ion glass selective electrode.
Otherwise, conductivity measurements were carried out by a conductimeter
Crison Basic 30 (Crison Instruments, Spain). Conductivity expresses the capacity of an
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electrolyte solution to conduct ions. The resistance of a solution between two electrodes
at a fixed distance when applying an electric field is the parameter measure by the
conductimeter.

4.3.7. Determination of microbial concentration
The

microbial concentration during biodegradation experiments

was

determined by direct optical density (OD) or absorbance measurements at 600 nm in a
Pharma Spec 1700 Shimazu® spectrophotometer.

Absorbance offers an accurate

indirect measurement of microorganisms’ concentration [9, 10] To correlate the
absorbance at 600 nm with the real biomass concentration, measured as Volatile
Suspended Solids (VSS), an internal calibration was carried out.
The concentration of VSS was determined according to standard method
described elsewhere, ASTM E 1755-01 (1991). From the fitting of both pairs of data an
accurate linear trend was observed. The correlation curve relating the OD at 600 nm to
the VSS (g dm-3) was expressed by the following equations:

VSS (g dm-3) = 0.458‧OD + 0.0028

(r2 = 0.9889)

VSS (g dm-3) = 0.3987‧OD + 0.00906 ( r2 = 0.9779)

Atrazine and 2,4-D

(4.4)

Oxyfluorfen

(4.5)

4.3.8. Identification of microbial species
The identification of the microbial species present in the acclimated culture to
degrade oxyfluorfen was carried out by using a mass spectrophotometry MALDI-TOF
AXIMA – Assurance (Biotechnology, SHIMADZU, Germany).
MALDI is the abbreviation for "Matrix Assisted Laser Desorption/Ionization."
The sample for MALDI is uniformly mixed in a large quantity of matrix. The matrix
absorbs the ultraviolet light (nitrogen laser light, wavelength 337 nm) and converts it to
heat energy. A small part of the matrix (down to 100 nm from the top outer surface of
the Analyte in the diagram) heats rapidly (in several nano seconds) and is vaporized,
together with the sample.
TOF MS is the abbreviation for Time of Flight Mass Spectrometry. Charged
ions of various sizes are generated on the sample slide. A potential difference between
the sample slide and ground attracts the ions. The velocity of the attracted ions is
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determined by the law of conservation of energy. As the potential difference is constant
with respect to all ions, ions with smaller m/z value (lighter ions) and more highly
charged ions move faster through the drift space until they reach the detector.
Consequently, the time of ion flight differs according to the mass-to-charge ratio (m/z)
value of the ion. The method of mass spectrometry that exploits this phenomenon is
called Time of Flight Mass Spectrometry [11].
MALDI-TOF based method for the identification of microorganism is based
on comparison of fingerprints. Fingerprints rely on microbial system spectra obtained
for the sample with reference spectra contained within database. The database used is
SARAMISTM, Spectral ARchieve And Microbial Identification System. The protocol to
analyse samples in MALDI-TOF is showed in Figure 4.7.
Transfer of cells to
MALDI target
Sample

Protein
extraction

Matrix

Export data to
SARAMIS
Identification /
Comparison Analysis

5263
9638
7774
8176
9970
4086

4982

4478
4000

6009
6260
6000

7545

8962
10165

7453
8000

10000

11422

12528

12000

1[c].2I4

m/z

Figure 4.7. Workflow to analyse sample in MALDI-TOF and SARAMISTM. Source:
Shimadzu.
The preparation of the matrix solvent consists of mixing 3.3 ml of HPLC grade
acetonitrile, 3.3. ml grade ethanol and 3.3 ml of deionised high purity water. To this,
300 μL of trifluoroacetic acid (TFA) are added.

4.3.9. Surface tension
Surface tension (ST) is a measure of the attractive forced exerted upon the
surface molecules of a liquid by the molecules beneath. This parameter was measured
in the oxyfluorfen biodegradation experiments. ST measurements were made on a
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Du Nouy tensiometer (Lauda TD2) calibrated with air and water to a reading of
71±1 mN/m (ASTM D971 – 99a, 2004).
4.3.10. Chemical Oxygen Demand
Chemical Oxygen Demand (COD) is a measurement of the oxygen
concentration required to chemically oxidise substrates contained in a liquid sample.
The required tests for COD determination were supplied by Merck (Germany) in the
range of 25-1500 mg dm-3 COD.
The oxidizable substances contained in water react with potassium dichromate,
1 mol of K2Cr2O7 is equivalent to 1.5 mol of O2. The water sample is oxidized with a
hot sulfuric solution of potassium dichromate, with silver sulphate as the catalyst.
Chloride is masked with mercury sulphate. The concentration of unconsumed yellow
Cr2O72- ions is then determined photometrically. The method corresponds to DIN ISO
15705 and is analogous to EPA 410.4, APHA 5220 and ASTM D1252-06 B. To do this,
a define volume of sample according to the concentration range of the test (in this case
3 ml) is placed in the cuvette, mixed and digested in a thermoreactor Velp ECO-16
(Velp Scientifica, Italy) at 148ºC during 120 minutes. Then, the sample is cooled at
room temperature during at least 90 minutes and the COD concentration is measured in
a spectrophotometer Pharo 100 Spectroquant (Merck, Germany).

4.3.11. Biodegradability measurements
Biodegradability of water samples was measured by Biological Oxygen
Demand (BOD) and respirometric analyses.
-

Biological Oxygen Demand
BOD is related to the amount of biodegradable organic matter in a water

sample. During oxidative degradation of organic matter, aerobic microorganisms which
perform it consume oxygen present in water as dissolved gas, as it presents in Equation
4.6.
𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑠𝑢𝑏𝑡𝑎𝑛𝑐𝑒𝑠 + 𝑂2 + 𝑀𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚𝑠 → 𝐶𝑂2 + 𝐻2 𝑂 + 𝐵𝑖𝑜𝑚𝑎𝑠𝑠
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BOD is expressed as weight of oxygen consumed per unit volume of water
during a defined period and at a define temperature. Normally, 5 days and 20ºC. BOD
measurement required:
-

Neutralization of samples: the optimum pH of bacteria is between 6.5 and
7.5.

-

Bacterial seed: if the sample does not contain a sufficient amount of
bacteria, it is necessary to seed samples with bacteria to start oxygen
uptake. The samples were inoculated with 1 mL of activated sludge taken
from a conventional WWTP described elsewhere [12]. The activated
sludge was aerated overnight in order to ensure the full consumption of the
substrate contained in the sludge sample.

-

Nutrients supply: if enough amount of nutrients is not present for a regular
development of bacterial flora, it is necessary to add some minerals salts.
The required minerals are: MgSO4, CaCl2, FeCl3, NH4Cl. A solution
tampon based on Na2HPO4 and KH2PO4 is also required.

To assurance the viability of the activate sludge, a control test containing 50
-3

mg dm of sodium acetate was carried out. Additionally, a blank test, in absence of
carbon source, was performed in order to determine the endogenous oxygen
consumption.
The equipment to carry out the BOD5 test was a BOD System 6 of Velp
Scientifica.
-

Respirometric analyses
A Strathtox respirometer by Strathkelvin instruments was employed to

measure the oxygen consumption rate by bacteria over a period of 30 min. In this test,
the activated sludge is kept without feed in order to reach the endogenous (starvation)
rate of respiration. When wastewater containing readily biodegradable BOD is added,
the respiration rate increases rapidly.
The respiration rate of the bacteria of the activated sludge is the rate at which
they are using energy for various life processes, in this case to degrade organic matter.
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4.3.13. Toxicity measurements
The determination of toxicity of water samples was carried out by using the
1243-500 BioToxTM Kit. The assay procedure is according to International Standard
ISO 11348-3.
The inhibition of the luminescence is determined by combining different
dilutions of the test sample with luminescent bacteria. The bacteria used are Aliivibrio
fischeri (formerly named Vibrio fischeri). When bacteria are in contact with toxic
substances the light intensity decreases. The light intensity is measured after a contact
time of 15 and 30 minutes. The luminometer employed was a Junior LB 9509 portable
tube luminometer from Berthold. The inhibitory effect of dilution is compared to a toxin
free control to give the percentage inhibition (INH %). The INH % is calculated
according Equations 4.7 and 4.8.
𝐾𝐹 =

𝐼𝐶15
𝐼𝐶0

(4.7)

𝐼𝑇15
𝐼𝑁𝐻 % = 100 − 100 ∙ (
)
𝐾𝐹 ∙ 𝐼𝑇0

(4.8)

where:
KF is the correction factor, IC15 is the luminescence intensity of control after a
contact time on 15 minutes in Relative Light Unit (RLU), IC 0 is the initial luminescence
of control sample in RLU, IT15 is the luminescence intensity of the test after a contact
time of 15 minutes in RLU and IT 0 is the initial luminescence intensity of the test
sample in RLU.
The value of the INH % is plotted against the dilution factor and the resultant
curve is used to calculate the IC50, defined as the percent dilution of the initial solution
causing 50% reduction of the luminescence. Results were expressed in toxicity units
(TU), calculated from IC50 values according to Equation 4.9.
𝑇𝑈 =

100
𝐼𝐶50

(4.9)

To the correct operation of the test, samples should be prepared as following:
-
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-

The salinity of the sample should be equivalent to a 2% NaCl solution.

-

The oxygen concentration of the undiluted sample should not be less than
3 mg dm-3.

4.4. ELECTROCHEMICAL PARAMETERS
4.4.1. Electrical applied charge
In an electrochemical system, the electrical applied charged is defined as the
experimental time multiplied by the provided intensity to the system per volume unit, as
it is shown in Equation 4.10.
𝑄=

𝐼 (𝐴) ∙ 𝑡(ℎ)
𝑉 (𝑑𝑚3 )

(4.10)

4.4.2. Current density
The current density applied to the electrochemical system is defined as the
energy provided to the electrochemical cell per anodic surface, as follow Equation 4.11.
𝑗=

𝐼 (𝐴)
𝐴 (𝑚2 )

(4.11)

4.5. REFERENCES
[1] K.J. Germaine, X. Liu, G.G. Cabellos, J.P. Hogan, D. Ryan, D.N. Dowling,
Bacterial endophyte-enhanced phytoremediation of the organochlorine herbicide 2, 4dichlorophenoxyacetic acid, FEMS Microbiology Ecology, 57 (2006) 302-310.
[2] 4 - Atrazine, in: N.P. Cheremisinoff, P.E. Rosenfeld (Eds.) Handbook of Pollution
Prevention and Cleaner Production: Best Practices in the Agrochemical Industry,
William Andrew Publishing, Oxford, 2011, pp. 215-231.
[3] N. Mantzos, A. Karakitsou, D. Hela, G. Patakioutas, E. Leneti, I. Konstantinou,
Persistence of oxyfluorfen in soil, runoff water, sediment and plants of a sunflower
cultivation, Science of the Total Environment, 472 (2014) 767-777.

73

CHAPTER 4. MATERIALS AND METHODS

[4] Z. Rajah, M. Guiza, R.R. Solís, N. Becheikh, F.J. Rivas, A. Ouederni, Clopyralid
degradation using solar-photocatalytic/ozone process with olive stone activated carbon,
Journal of Environmental Chemical Engineering, 7 (2019) 102900.
[5] R.S. Ahmed, S.G. Suke, V. Seth, A. Chakraborti, A.K. Tripathi, B.D. Banerjee,
Protective effects of dietary ginger (Zingiber officinales Rosc.) on lindane‐induced
oxidative stress in rats, Phytotherapy Research, 22 (2008) 902-906.
[6] S. Kundu, A. Pal, A.K. Dikshit, UV induced degradation of herbicide 2,4-D:
kinetics, mechanism and effect of various conditions on the degradation, Separation and
Purification Technology, 44 (2005) 121-129.
[7] N. Debasmita, M. Rajasimman, Optimization and kinetics studies on biodegradation
of atrazine using mixed microorganisms, Alexandria Engineering Journal, 52 (2013)
499-505.
[8] A. Özcan, N. Oturan, Y. Şahin, M.A. Oturan, Electro-Fenton treatment of aqueous
Clopyralid solutions, International Journal of Environmental Analytical Chemistry, 90
(2010) 478-486.
[9] D.P. Moser, J.R. Brozowski, K.H. Nealson, Elemental analysis for biomass
determination in the presence of insoluble substrates, Journal of Microbiological
Methods, 26 (1996) 271-278.
[10] C. Péquignot, C. Larroche, J. Gros, A spectrophotometric method for
determination of bacterial biomass in the presence of a polymer, Biotechnology
Techniques, 12 (1998) 899-903.
[11] SHIMADZU, in.
[12] L.R. Mayor, J.V. Camacho, F.J.F. Morales, Operational optimisation of pilot scale
biological nutrient removal at the Ciudad Real (Spain) domestic wastewater treatment
plant, Water, Air, and Soil Pollution, 152 (2004) 279-296.

74

BIODEGRADATION
STUDY OF
ORGANOCHLORINE
PESTICIDES

CHAPTER 5

CHAPTER 5.

Results in this chapter have been published as:
-

Carboneras, M.B., Villaseñor, J., Fernández-Morales, F.J., . Modelling aerobic
biodegradation of atrazine and 2, 4-dichlorophenoxy acetic acid by mixed
cultures. Bioresource Technology. 243 (2017) 1044-1050.

-

Carboneras, M.B., Villaseñor, J., Fernández-Morales, F.J., Rodrigo, M.,
Cañizares, P. Biological treatment of wastewater polluted with an oxyfluorfenbased commercial herbicide. Chemosphere. 213 (2018) 244-251.

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

5.1. INTRODUCTION
This chapter presents the biodegradation study of 3 different pesticides: 2,4-D,
atrazine and oxyfluorfen. The first one is a polar molecule, whereas the other two are
non-polar compounds. All of them have been widely used around the word during last
decades because of presenting good performances to control broadleaf, pests and grassy
weeds in crops [1-3]. Nowadays the use of atrazine is forbidden in Europe, however the
others are allowed and they exist in various commercial formulas. There are over 600
2,4-D-based commercial products available [4].
As mentioned in chapter 2, biological treatment has been the most widespread
technology to remove organic contaminants from polluted water effluents due to the
good properties that this technology presents [5]. Biodegradation efficiency depends on
many parameters, among them, the microbial population used, temperature and nature
and concentration of the pollutants.
It is known that temperature is a parameter that could influences in the
biodegradation process [6]. Microbial growth and biodegradation activity are affected
by temperature [7]. Nevertheless, high temperatures enhance volatilization of dissolved
substances, not only for pesticides, but also for some compounds added to commercial
formulas, whose objective is to improve the pesticide solubility. Thus, problems related
to substrate bioavailability can appear [8].
The chemical molecule of pesticides affects directly to the biodegradation
performance. Pesticides are synthetic molecules and often contain functional group such
as chlorine substituents and novel arrangements rarely found in nature which increase
recalcitrance, thus leading to greater persistence [9]. The location and number of
chlorine substituents on a pesticide molecule will affect recalcitrance too. The
concentration of the target pollutant and its solubility in water are parameters which
have impact on biodegradation performance [10]. The biodegradation rate of many
pesticides approaches first order kinetics or Monod-type kinetics, and the rate of
degradation decreases roughly in proportion with the residual pesticide concentration
[11].
Biodegradation studies are usually carried out in batch reactors. This kind of
configuration is considered a good option to treat influents with a high toxic load,
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therefore is suitable for pesticides removal [12]. In order to achieve rapid
biodegradation kinetics, some factors need to be controlled such as optimized
environmental parameters, enhancement of mass transfer and effective use of inoculum
and surfactants [6]. In this way batch reactors can be used to determine biodegradation
kinetics by mathematical modelling. Mathematical modelling can be helpful in
understanding the behaviour of the biological process and predicting the concentrations
of microorganisms, pollutants and bioproducts in the system, also they are very
important for the design and scale-up of the process [13-17]. The Monod rate
expression [18] has been one of the most employed kinetic models, and it is often used
to describe the relationship between microbial growth and substrate concentration in
water and soils.
Biodegradation studies can be carried out under aerobic or anaerobic
conditions. Some authors have studied the biodegradability of herbicides in both
conditions, evidencing more effective treatment when operating under aerobic
conditions [19].
Regarding microbial cultures, one critical factor that determines the extent of
pesticide biodegradation is the interaction between the pesticide degrader and the
indigenous microbial community along with the consequent competition for other
assimilable organic carbon (AOC) substrates. If pesticides concentrations are high or
enzyme affinities for the target pesticide are greater than enzyme affinities for other
AOC substrates, the growth rate of the pesticide degrader on the pesticide substrate will
be high. This situation occurs in agricultural soil, where there is a high concentration of
pesticides after application [20]. When microorganisms are exposed to high
concentration of specific pesticides, their enzymes may also evolve and can degrade
these organics. This process is known as acclimation phase [21]. On the other hand,
when the concentration of AOC substrates is high or enzyme affinities for the target
pesticide are relatively low, there are high growth rates of the indigenous microbial
community on the AOC substrates. For example, wastewater treatment plant (WWTP)
influents are generally characterized by high concentrations of other AOC substrates
and low concentrations of pesticides [22]. Sludge from WWTP is usually used for
biodegradation studies, which explains the fact that an acclimation stage is required in
the majority of biodegradability researches [23].
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The inoculum used to carry out the experiments in biological reactors could be
from pure or from mixed cultures [24]. In the literature, mixed culture atrazine
biodegradation studies have been reported. On one hand, Sanchis et al. (2014) [25]
obtained low percentages of atrazine removal using an inoculum from a conventional
activated sludge WWTP. The reactor operated at 30ºC under aerobic conditions. The
initial pesticide concentration was 30 mg/L, and after 35 days this concentration started
to decrease. The maximum removal percentage was 20% after 180 days [25]. On the
other hand, Debasmita & Rajasimman (2013) [26] used a specific inoculum from a
pharmaceutical wastewater sludge for the treatment of the atrazine at 29.3ºC. In these
tests, the effluent atrazine concentrations ranged from 2 mg/L to 14 mg/L, presenting
high removal percentages [26]. These results indicate that the pharmaceutical sludge
contains specific microorganisms able to degrade the atrazine. Regarding the pure
cultures, Swissa et al. (2014) [27] achieved high removal percentages, 94.4% and 100%
respectively, by using a monoculture of Raoultella planticola, isolated from an
herbicides wastewater treatment facility.
In the literature, 2,4-D biodegradation studies have been reported. Celis et al.
(2008) [12] used a mixed culture inoculum taken from a WWTP. In these tests, a 100%
2,4-D degradation was achieved under aerobic conditions. The tests were performed in
a batch reactor, the highest concentration removed being 500 ppm. In these tests, the lag
phase took 30 days, and the length required to remove the pesticide 185 days. Sanchis et
al. (2013) [25] also worked with continuous aeration, obtaining 95% 2,4-D degradation
in 135 days. The initial pesticide concentration was 50 ppm and the length of the lag
phase was 21 days.
Biodegradation of oxyfluorfen is characterized as being poor because the
plants cannot metabolize this compound and microorganisms assimilate it slowly [2830]. The number of published works regarding oxyfluorfen biodegradation is very low.
Chakraborty et al. (2002) [31] studied the degradation of oxyfluorfen by pure bacterial
cultures of Azotobacter chroococum in a sterilized mineral salt medium. Other authors
reported the degradation of this herbicide by using isolated bacterium from soil polluted
with oxyfluorfen. Zhao et al. (2016) [32] showed that Chryseobacterium aquifrigidense
could degrade 92.1% of oxyfluorfen at 50 mg L-1 within 5 days, and Mohamed et al.
(2011) [33] identified 10 potential oxyfluorfen degraders from a polluted soil.
Biodegradation of oxyfluorfen using activated sludge from a WWTP has not been
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reported to date, and it is expected that a previous slow microbial acclimation step
would be necessary. The complex chemical structure of oxyfluorfen, its molecular
weight and the presence of functional groups such as chlorine are factors that could
affect its microbial degradation. All these features increase toxicity; therefore,
microorganisms rarely use organochlorinated substances as a carbon source. As
mentioned before, because of the low solubility of oxyfluorfen in water, this herbicide
is usually applied with solvents and surfactants. If these chemicals were oxidized or
evaporated, then microorganisms should require some physiological adaptations, such
as biosurfactant production [10]. This issue affects the microbial degradation of nonsoluble compounds; thus, such degradation requires a longer time compared to the
degradation of other compounds.

5.2. OBJECTIVES
In this context, the main goal of this Chapter is the development of a
biodegradation study of 3 different organochlorine pesticides under aerobic conditions
and the fitting of the experimental biodegradation rates to kinetics models through the
following partial objectives:
-

Evaluation of the biodegradability of two herbicides, 2,4-D and atrazine, by
mixed microbial cultures. The influence of the initial concentration on the
biodegradation rate was studied. To do that, activated sludge from a
conventional wastewater treatment plant (WWTP) was used as seed. Another
objective was to develop a mathematical model to describe the biodegradation
process.

-

Determination of the feasibility of a biological treatment of an aqueous effluent
polluted with an oxyfluorfen-based commercial herbicide using an acclimated
mixed microbial culture obtained from an oil-refinery wastewater treatment
plant. The influences of two variables (initial herbicide concentration and
temperature) on the contributions of the different removal mechanisms, the
removal efficiency and removal rate were studied. Moreover, a mathematical
model was used to understand the effects of such variables and provide
information regarding the feasibility of this process in practice.
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5.3. MATERIALS AND METHODS
5.3.1. Chemicals and inoculum source
To develop the biodegradability studies, pure 2,4-D and atrazine were used,
whereas oxyfluorfen was used in a commercial formula. This commercial herbicide,
named Fluoxil 24, contains 24% of oxyfluorfen as an active substance along with other
compounds,

such

as

xylene

(<60%),

cyclohexanone

(<13%)

and

calcium

dodecylbenzene sulphonate, to help to emulsify oxyfluorfen. Table 5.1 shows the main
physicochemical properties of these compounds. As seen in Table 5.1, oxyfluorfen is a
hardly biodegradable compound, and its vapour pressure reaches a low value, indicating
that this herbicide does not evaporate easily. In contrast, cyclohexanone, and especially
xylene, are volatile and biodegradable compounds.
Table 5.1. Physicochemical properties of Fluoxil 24.

Molecular
Weight (g mol-1)

Vapour
Pressure
(kPa)

Oxyfluorfen

361.7

2.6·10-8
(25ºC)

Xylene

106.16

0.8-1.2
(20 ºC)

98.15

0.47
(20 ºC)

691.05

3.05·10-18
(25ºC)

Compound

Cyclohexanone

Calcium
dodecylbencene
sulfonate

Henry
constant
(Pa m3 mol-1)

0.024
7.54·10-7

1.21

6.35·10-3

Biodegradability

Hardly
biodegradable
Easily
biodegradable
Easily
biodegradable

Easily
biodegradable

In order to ensure the availability of trace minerals during the biodegradation
stage, a nutrient solution was added at the beginning of the biodegradation experiments.
The composition of the nutrient solution used during experiments is shown in Table 5.2.
In the experiments carried out with oxyfluorfen, Bushnell-Hass Broth (BHB) medium
was used as a mineral salt solution.
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Table 5.2. Mineral salts concentration in biodegradation experiments.
Composition

Concentration (mg L-1)

(NH4)2SO4

741.5

KH2PO4

445.7

2,4-D and

NaHCO3

1152

atrazine

MgSO4·7H2O

502.9

CaCl2

300.4

(NH4)2Fe(SO4)2

31.3

Case study

Case study

Composition
(BHB medium)

Concentration (mg L-1)

MgSO4

200

CaCl2

20

Oxyfluorfen

KH2PO4

1000

(Fluoxil 24)

(NH4)2HPO4

1000

KNO3

1000

FeCl3

50

The source of the inoculum used in the 2,4-D and atrazine biodegradability
experiments was taken from the aerobic biological reactor of the conventional sewage
WWTP of Ciudad Real (Ciudad Real, Spain). More information about this facility can
be found elsewhere [34]. On the other hand, the microbial consortium used in the
oxyfluorfen biodegradation experiments was an acclimated sludge, which was
previously obtained from the biological reactor of an oil-refinery wastewater treatment
plant (Puertollano, Spain) and subjected to a standard acclimatization procedure: the
sludge was fed with Fluoxil 24 (with a concentration of oxyfluorfen of 200 mg L-1) as a
carbon source and a mineral salt solution that consisted of the Bushnell-Hass Broth
(BHB) medium. The acclimatization period lasted 7 months.

5.3.2. Experimental set-up
The biodegradation experiments performed in this work were carried out in
lab-sale stirred batch glass reactors. All the biodegradation tests were carried out under
aerobic conditions, pH 7.0±0.2 and controlled temperature. The batch reactors were
open to the atmosphere in order to allow oxygen transfer from the atmosphere to the
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liquid bulk. The liquid bulk was homogenised by means of a magnetic stirrer rotating at
150 rpm, and during the biodegradation experiments the temperature was controlled by
means of a laboratory incubator. Each batch reactor had a total volume of 750 mL. The
tests were carried out in the dark in order to prevent any photocatalytic degradation and
the growth of photosynthetic microorganisms. A scheme of the biological experimental
set-up appears on Figure 5.1.

Influent

Effluent

Figure 5.1. Experimental set-up for biological experiments

5.3.3. Operational procedure


2,4-D and atrazine biodegradation experiments

An amount of the pollutant ( 2,4-D or atrazine) was added to the batch reactor in
order to reach the desired initial concentration. Additionally, a volume of concentrated
nutrient solution was added to reach the initial mineral salts concentration (Table 5.2).
Finally, 5 mL of the microorganism’s culture was added as microbial inoculum.
Experiments were performed at 20ºC. Samples were taken periodically in order to study
the evolution of the pollutant concentration and the biomass growth. The range of
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pesticide concentrations studied in this work was from 10 to 100 mg L-1 in the case of
the 2,4-D pesticide and from 10 to 40 mg L-1 in the case of the atrazine. These ranges
were selected according to the literature [12, 25-27]. Due to the low solubility of
atrazine in water, the addition of surfactant was required. In this work, the selected
surfactant for the atrazine solubilisation was sodium dodecyl sulphate (SDS). The
weight ratio surfactant/atrazine used was 1 in order to ensure the complete dissolution
of the atrazine [35].


Oxyfluorfen biodegradation experiments

The reactor was fed with 500 ml of BHB medium and the amount of Fluoxil 24
needed to reach the desired initial concentration of oxyfluorfen (the tested initial
concentrations were 85, 150, 300 and 500 mg L-1). Note that these oxyfluorfen
concentrations are greater than those that can be found in the environment via the
efficient and controlled use of herbicides [36]. However, this work considers that
herbicide pollution can also be caused by possible spills or accidents resulting from
their manufacture and transport. Furthermore, the reactors were inoculated with 5 ml of
the acclimated microorganism’s culture. Samples were taken periodically (0, 2, 4, 8, 16,
24, 36, 48, 60 and 72 h) to measure the concentration of different parameters. These
experiments were also performed at different temperatures (15, 20, 25 and 30 ºC); thus,
16 batch biodegradation experiments were performed. All biodegradation experiments
were performed in triplicate, to minimize the error caused by the extraction process
required for the oxyfluorfen measurement. The results shown in section 5.4 are the
average value of the three replicates. Additionally, abiotic experiments (without
microbial inoculation) under the same experimental conditions (different herbicide
concentrations and temperatures) were also performed as reference tests in all cases.

5.3.4. Degradation model
A mathematical model was developed and used for the study of the
biodegradation kinetics. As mentioned above, previous researches have shown that
pesticides biodegradation can be described by Monod rather than first order kinetics
[37]. The model describes the changes in pesticides concentration (2,4-D and atrazine)
or TOC (TOC was used because Fluoxil 24 is a mixture of oxyfluorfen and additional
organic compounds) and microbial biomass concentration over time. Moreover, the
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evolution of the main model parameters as a function of the experimental conditions
would contribute to the discussion of the influences of such variables (herbicide
concentration and temperature). The evolution of microbial biomass concentration is
described by Equation (1).

𝑟𝑋 =

𝑑𝑋
𝑑𝑡

(𝑆−𝑆 )

𝑖
= 𝜇𝑚𝑎𝑥 · 𝐾 +(𝑆−𝑆
· 𝑋 − 𝐾𝑑 · 𝑋
)
𝑠

(1)

𝑖

where Kd is the decay coefficient (d-1), X is the concentration of microorganisms (gVSS
L-1), μmax is the maximum growth rate from pesticide biodegradation (mg·d-1·gVSS-1), S
is the pesticide or TOC concentration (mgS L-1) and Ks is the half-saturation coefficient
(mgS L-1). The evolution of the pesticides concentration is expressed by two different
equations depending on using pure herbicides (2,4-D and atrazine) or commercial
formulas (oxyfluorfen). Equations (2) and (3) alternatively describe the evolution of the
organic substrate concentration. Equation (2) is used to describe 2,4-D or atrazine
concentration whereas equation (3) is used to describe TOC in the case of oxyfluorfen
biodegradation experiments.
𝑑𝑆

(𝑆−𝑆 )

1

𝑖
−𝑟𝑆 = − 𝑑𝑡 = 𝑌 · 𝜇𝑚𝑎𝑥 · 𝐾 +(𝑆−𝑆
·𝑋
)
𝑠

𝑑𝑆

1

(2)

𝑖

(𝑆−𝑆 )

𝑖
−𝑟𝑆 = − 𝑑𝑡 = 𝐾𝐿 𝑎 · 𝑆 + 𝑌 · 𝜇𝑚𝑎𝑥 · 𝐾 +(𝑆−𝑆
·𝑋
)
𝑠

(3)

𝑖

where Y is the yield coefficient (gVSS gS-1), and KLA is the surface mass transfer
coefficient (h-1). The difference between equations (2) and (3) resides on the
incorporation of a volatilization mechanisms, and it corresponds to the first term on the
right side in Eq. (3). This term was necessary in the case of oxyfluorfen biodegradation
experiments due to the existence of volatile solvents in his commercial composition.
The depletion of S in Eq. (3) has been considered to be produced by two simultaneous
mechanisms: volatilization and biodegradation. The volatilization mechanism was
modelled by Mozo et al. 2012 [38]. The biodegradation corresponds to the second term
on the right side on Eq. (3) an it is similar to Eq.(2). This term considers that there is a
biodegradable substrate fraction that is removed following Monod kinetics while an
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inert residual fraction (Si) remains at the end of the experiment [8, 39]. To estimate the
volatilization mass transfer coefficient (KLa) a series of abiotic experiments were
required. Subsequently, to fit the equations to the data set from biodegradation
experiments, equations were solved simultaneously using the Simplex algorithm and the
protocol defined in the literature [39-41]. An initial set of values (μmax, Kd, Ks and Y)
were assigned to the parameters, and after several iterations, the values of the
parameters that yielded the lowest sum of squared error (SSE) were selected. The SSE
value was determined according to equation (4), where n is the number of data points,
Xi and Si are the calculated values of the functions at the ith measurement and Xmeas,i and
Smeas,i are the experimental values at the ith measurement.
2

2

SSE= ∑𝑛𝑖=1 ((𝑋𝑖 − 𝑋𝑚𝑒𝑎𝑠,𝑖 )𝑖 − (𝑆𝑖 − 𝑆𝑚𝑒𝑎𝑠,𝑖 )𝑖 )

(4)

5.4. RESULTS AND DISCUSSION
5.4.1. Biodegradation of 2,4-D and atrazine


2,4-D removal

Figure 5.2 illustrates the obtained results in the batch experiments where the
biodegradation of 2,4-D was studied.
The curves represent the pesticide concentration evolution along the experiment.
The evolution is due to the biological consumption of 2,4-D as a carbon source. The
results revealed a lag phase in all cases. Once the lag phase was over, the mixed culture
was able to completely degrade the pesticide 2,4-D, indicating that it is an easily
biodegradable pesticide. As can be seen in Figure 5.2, the length of the lag phase
increases as 2,4-D concentration increases. The relation between the lag phase and
initial concentration is presented in Figure 5.3, where a linear relationship between both
parameters is shown.
From the results presented in Figure 5.3, it can be concluded that every 2.5 mg/L
of pesticide prolonged the lag phase by about 1 day. In Figure 5.3, the grey area
represents 95% confidence intervals.
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Figure 5.2. Degradation curves of 2,4-D at different initial concentrations.
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Figure 5.3. Relationship between lag phase length and initial concentration of 2,4-D.


Atrazine removal

Aerobic mixed culture atrazine biodegradation tests were performed in batch
reactors operating for about 12 weeks. As can be seen in Figure 5.4, atrazine
concentration slowly decreased during the study.
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Figure 5.4. Degradation curves of atrazine at different initial concentrations.

The atrazine biodegradation rate was very similar, in spite of the different initial
concentrations, in all the cases. This behaviour indicates that the atrazine was very
slowly biodegraded by the mixed microbial culture used in this work. This behaviour
also indicates that, at the concentrations studied in this work, the atrazine does not
present toxic effects over the mixed microbial culture used as inoculum. This result is in
accordance with toxicity results presented in the literature [42].
The slight biodegradability of the atrazine could be explained because it is a very
stable molecule, presenting a relative resistance to the microbial attack. The stability of
this pesticide could be related to the existence of a heterocycle in its structure.
Heterocycle compounds are cycled structures, in which at least one of the ring members
is not a carbon atom; this atom is known as heteroatom. These kinds of heterocycles are
stable and non-polar [43]. In the case of the atrazine, the heteroatom is nitrogen. Due to
its chemical structure, the persistence of atrazine is very high, presenting therefore a
very low biodegradation rate. This could be explained by the lack of specific enzymes
to carry out the biological degradation [44].
Regarding the mixed microbial culture, scarce biomass growth was observed. This
could be explained because of the combination of the low biodegradation rate and the
influence of the decay rate over the net growth rate of the microorganisms. In order to
ratify the biological removal process, trace mineral removal was determined, being the
total phosphorous and nitrogen removal about 4 and 10 mg/L respectively. The
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phosphorous to carbon and ammonium to carbon ratios obtained ratified the biological
aerobic degradation.

5.4.2. Biodegradation of oxyfluorfen
It is important to note that oxyfluorfen biodegradability was studied using a
commercial product that includes also additional organics and some of them may be
volatile. Thus, biodegradation and volatilization were considered the two responsible
mechanisms of TOC removal. To study volatilization a series of abiotic tests were
required, where biomass was not added to the reactors. Biodegradation was studied
attending to the influence the initial concentration of oxyfluorfen, but also (taking into
account the possible contribution of volatilization) to the influence of temperature.
5.4.2.1. Abiotic tests
Figure 5.5 shows the average concentration profiles of TOC obtained in the
abiotic batch tests using four herbicide concentrations at different temperatures. The
lines indicate trends only. Abiotic tests were performed to determine the evolution of
different parameters without the contribution of microbial mechanisms, such as
biodegradation or bioadsorption.
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Figure 5.5. Concentration profiles of TOC using four oxyfluorfen concentrations at 4
temperatures during abiotic tests.

Figure 5.5 shows a slow TOC concentrations decrease that is related to the
evaporation of volatile compounds contained the commercial herbicide. Moreover, the
volatilization is relatively fast during the first 15 h, whereas it becomes slower after this
period.
Figure 5.6 shows the average concentration profiles of xylene in the same
abiotic batch tests using four oxyfluorfen initial concentrations at different
temperatures.
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Figure 5.6. Concentration profiles of xylene using four oxyfluorfen concentrations at
15, 20 and 30ºC during abiotic tests.

Additionally, Figure 5.6 shows that xylene completely evaporates at every
temperatures studied. When temperature is higher, xylene evaporates faster. Finally,
oxyfluorfen analyses indicated that its concentration remained approximately constant
(nearly 5% deviation) during the abiotic experiments and no volatilization occurred.
According to these results and the physical properties of the different
compounds in the commercial herbicide (already indicated in section 5.3. Materials and
Methods), it is deduced that xylene evaporated quickly and cyclohexanone evaporated
slowly during the whole batch tests duration, with the rest of non-volatile compounds
remaining. In the case of monoaromatic compounds and low mass PAHs, previous
works have indicated that volatilization can contribute significantly to their removal
from the liquid phase in biological processes [45, 46]. Niza et al. (2015) [47] reported
that xylene easily vaporizes. When xylene is discharged to soil and water, it will
ultimately vaporize into the environment. The change of the TOC slope profile at
approximately 15 h was easily observed when a high herbicide concentration was used;
in contrast, it was negligible in the case of low TOC initial concentrations.
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5.4.2.2. Biodegradation experiments. Influence of the initial concentration
Figures 5.7 to 5.10 show the average concentration data of TOC during the
biodegradation experiments performed at 15, 20, 25 and 30 º C, respectively and using
four initial concentration of herbicide (full points). The TOC concentration data (empty
points) in the abiotic tests are also included as blank tests information. Finally, the
average microbial concentration data during the experiments are also plotted.
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Figure 5.7. Biodegradation experiments performed at 15ºC and different herbicide
concentrations (a: 85; b: 150; c: 300 and d: 500 mg L-1). Concentrations values of TOC
(●, right axis) and microbial biomass (▲, left axis). The TOC concentrations in the
abiotic tests (○, right axis) are also plotted. The lines indicate trends only.
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Figure 5.8. Biodegradation experiments performed at 20ºC
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Figure 5.9. Biodegradation experiments performed at 25ºC.

95

CHAPTER 5. BIODEGRADATION STUDY OF ORGANOCHLORINE PESTICIDES

Value

45

Standard Error

TOC

Intercept

24.38901

2.20919

TOC

B1

-0.64062

0.18483

TOC

B2

0.00638

0.00264

60
30
40
15

20
0
0

20

40

60

0
80

80

140
120

60

100
80

40

60
40

20

20
0
0

20

Time (hours)

0
80

160

90

120

60

80
30

40
0

0

60

200

(d)
300

160

250

-1

-1

Microbial biomass (mg L )

-1

TOC (mg L )

-1

Microbial biomass (mg L )

120

200

40

60

350

150

(c)
240

20

40

Time (hours)

280

0

-1

0.70987

TOC (mg L )

-1

Polynomial

100

(b)

160

200

120

150

80

100
40

50
0

80

Time (hours)

TOC (mg L )

80

-1

Model

TOC (mg L )

60

100
Adj. R-Square

Microbial biomass (mg L )

180

(a)

-1

Microbial biomass (mg L )

75
120

0

20

40

60

0
80

Time (hours)

Figure 5.10. Biodegradation experiments performed at 30ºC.

Clear differences were observed between the abiotic tests and the
biodegradation experiments in all cases. The microbial inoculation always caused
higher TOC removal compared to the abiotic test, although a final approximately
constant TOC level remained in all of the biodegradation experiments. No important
differences between the abiotic tests and the biodegradation experiments were observed
during the first 10 h; but subsequently, a fast TOC depletion in biodegradation
experiments up to approximately 50 h was observed. Simultaneously, a conventional
microbial growth profile was noted, with no apparent initial lag periods (except in some
cases where the herbicide concentration is or exceeds 300 mg L-1). The microbial
growth stopped at approximately 30 h. There are not important differences among
temperatures. The behaviour observed is similar in all the temperatures considered.
Working at the highest concentration, 500 mg L-1 of oxyfluorfen, the measurement of
microbial biomass does not offer confident results.

The xylene concentration was also measured in the same biodegradation
experiments. Figures 5.11 to 5.14 show the average xylene concentration data in the
experiments performed at 15, 20, 25 and 30ºC using the four initial concentrations of
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herbicide (full points). Additionally, the xylene concentration data in the abiotic tests
(empty points) are again included in each experiment as blank test information (abiotic
data are not available for 25ºC).

-1

85 mg L Abiotic

-1

-1

400

(a)

150 mg L Biotic

(b)

350

200

300
-1

Xylene (mg L )

-1
Xylene (mg L )

-1

150 mg L Abiotic

85 mg L Biotic

250

150
100

250
200
150
100

50

50
0

0
0

10

20

30

40

50

60

0

10

Time (hours)
-1

300 mg L Abiotic

30

40

50

60

Time (hours)

300 mg L

-1

-1

Biotic

500 mg L Abiotic

800

-1

500 mg L Biotic

1400

(c)

700

(d)
1200

Xylene (mg L )

600

-1

-1

Xylene (mg L )

20

500
400
300
200

1000
800
600
400
200

100
0

0
0

10

20

30

40

50

60

0

10

Time (hours)

20

30

40

50

60

Time (hours)

Figure 5.11. Xylene concentrations during biotic experiments (full symbols) and abiotic
tests (empty symbols) at 15ºC.
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Figure 5.12. Xylene concentrations during biodegradation experiments (full symbols)
and abiotic tests (empty symbols) at 20ºC.
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Figure 5.13. Xylene concentrations during biodegradation experiments (full symbols)
and at 25ºC.
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Figure 5.14. Xylene concentrations during biodegradation experiments (full symbols)
and abiotic tests (empty symbols) at 30ºC.

These figures show that the xylene concentration profiles are nearly identical
in both the abiotic tests and the biodegradation experiments, i.e., despite xylene being a
readily biodegradable substance, the microorganisms did not metabolize xylene because
it evaporated quickly. Moreover, it could be supposed that the acclimated culture never
metabolized xylene during the acclimation process because of its high volatility. This
behaviour has been previously reported regarding simultaneous biodegradation and
volatilization of hazardous aromatic substances [38]. These authors reported that the
biodegradation of aromatic compounds requires the acclimatization of the microbial
consortium, and this is only possible if the substrate is not removed rapidly via a nonbiotic process.
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Figure 5.15 shows the average concentration data of oxyfluorfen during the
biodegradation experiments performed at 15, 20, 25 and 30 ºC and at four initial
concentrations of herbicide.

Equation

y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))

Adj. R-Square

0.95411
Value

Oxyfluorfen A1

85 mg L
600

-1

150 mg L

-1

300 mg L

-1

500 mg L

-1

85 mg L
600

-1

345740.9568
-1
14.73123

1.02313E9

Oxyfluorfen x0

-22.57048

8534.67049

Oxyfluorfen dx

2.87751

2.06959

150 mg L

-1

Oxyfluorfen (mg L )

-1

Oxyfluorfen (mg L )

400
300
200
100

-1

500 mg L

-1

400
300
200
100
0

0

10

20

30

40

50

60

70

80

0

10

20

30

Time (hours)
85 mg L
600

-1

150 mg L

-1

40

50

60

70

80

Time (hours)

300 mg L

-1

500 mg L

-1

85 mg L
600

-1

150 mg L

(c) 25ºC

-1

300 mg L

-1

500 mg L

-1

(d) 30ºC

500

500
-1

Oxyfluorfen (mg L )

-1

300 mg L

500

0

Oxyfluorfen (mg L )

4.08234

(b) 20ºC

(a) 15ºC
500

Standard Error

Oxyfluorfen A2

400
300
200
100
0

400
300
200
100
0

0

10

20

30

40

50

60

70

80

0

10

Time (hours)

20

30

40

50

60

70

80

Time (hours)

Figure 5.15. Oxyfluorfen concentrations during biodegradations experiments at
different temperatures and initial concentrations.

It can be observed that oxyfluorfen is efficiently (although not completely)
removed in a relatively short retention time compared to the last biodegradation studies
previously reported in this chapter (2,4-D and atrazine). Most of the oxyfluorfen content
(between 70% and 85% approximately) was removed in less than 10 h when initial
concentrations at or below 300 mg L-1 were used. In contrast, a higher retention time
was necessary when a higher initial concentration was used (500 mg L-1), and the
removal rate clearly decreased after 15 h. According to the results shown so far, it can
be considered that the acclimated mixed microbial culture in the present work was able
to consume oxyfluorfen; this observation represents a first conclusion because
oxyfluorfen is known to be difficult to biodegrade [28].
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Mass spectrophotometry carried out with MALDI-TOF determined that the
final acclimated microbial culture contained the following species: Achromobacter
denitrificans, Achromobacter xylosoxidans, Pseudomonas putida, Pseudomonas
oryzihabitans and Brevibacterium casei. Pseudomonas were pointed as oxyfluorfen
degraders in other research works [33].
The oxyfluorfen concentration depletion in Figure 5.15 was found to be related
only to the biodegradation mechanism because the abiotic tests proved that no
volatilization occurred and the bioadsorption was considered to be negligible.
Regarding this mechanism, it has been considered that hypothetical fast oxyfluorfen
bioadsorption by the microbial biomass did not occur. According to a previous work
reported, the maximum amount of oxyfluorfen that could be removed by bioadsorption
is less than 3% [48].
However, it can also be observed that, despite the long retention times
maintained in the experiments (up to 60 h), oxyfluorfen was not completely removed;
apparently, there is a final residual constant oxyfluorfen concentration that cannot be
degraded (values between 10 and 40 mg L-1 depending on the experiments), and it is
considered that the presence of such residual concentration does not correspond to a
conventional biodegradation mechanism.
In Figure 5.16 appears surface tension data in the liquid medium at 20ºC. This
parameters is related directly to the surfactant concentration [49].
The figure shows that the liquid medium surface tension increased during the
experiments and reached a maximum value approximately after 25-30 h. This evolution
was found to be related to the loss of volatile and water-soluble compounds of the
commercial herbicide, such as xylene and cyclohexanone, as described in the section
5.4.2. Abiotic tests section. These compounds allow oxyfluorfen to be water-emulsified
and thus to be bioavailable for microorganisms because oxyfluorfen is non-polar and its
water solubility is very low. The volatilization of such compounds causes an increase in
surface tension and causes that oxyfluorfen becomes unavailable for the biodegradation
process; consequently, it could not be removed by the microbial culture at times greater
than approximately 35 h.
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Figure 5.16. Surface tension values during biodegradation experiments at 20ºC. Lines
indicate trends only.
The surface tension slowly decreased again after approximately 50 h, probably
because biosurfactants were slowly excreted by the microbial culture. This behaviour
has also been observed in our previous works regarding non-soluble hydrocarbon
biodegradation [8, 49]. Although the expected biosurfactant production could help to
remove oxyfluorfen completely, it is also expected that it would require long retention
times as the surface tension decreased slowly and the oxyfluorfen concentration after 50
h was very low; thus, it would not be considered as an efficient process. Additionally, as
previously explained, a residual TOC fraction remained after the experiments were
completed in all cases. Regarding these TOC levels, and despite most of the oxyfluorfen
being eliminated, it is possible that it was not completely oxidized but transformed into
intermediates (although not detected). Moreover, organic matter from microbial lysis
could be present.
5.4.2.3. Biodegradation experiments. Influence of temperature
Figure 5.17 shows TOC removal percentages in all experiments at different
initial concentrations of herbicide and different temperatures: black bars denote the total
removal percentage, and white bars denote the removal percentage via only
biodegradation mechanisms. The dashed line denotes the percentage of remaining TOC
after the experiments.
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Figure 5.17. TOC removal efficiency after biodegradation experiments (%): total
removal (black bars), removal only by biodegradation (white bars) and percentage of
remaining TOC (dashed line).
Regarding the influence of the initial concentration, a similar behaviour was
observed at all the temperatures studied as can be observed in Figure 5.17. No clear
trend was found in the total TOC removal efficiency (black bars); thus, no clear
influence of the initial concentration was observed. In contrast, the biodegradation
efficiency appears to decrease at higher herbicide concentrations because the trend of
the percentage values is decreasing in each case (white bars). In other words, the
biodegradation contribution decreased at higher concentrations while the volatilization
contribution simultaneously increased. It has been considered that a deterioration of the
biological contribution could be caused by the potential inhibition effect of high
herbicide concentration (note the lag period for biomass growth in Figures 5.7 to 5.10)
or by the possible appearance of non-biodegradable intermediates as well as a higher
volatilization rate. Substrate inhibition in herbicide biodegradation processes has been
widely reported [50]. Finally, it can be observed at all the temperature studied that an
approximately constant fraction of the initial TOC remained after the experiments
(dashed lines); thus, the influence of the initial concentration was not detected.
103

CHAPTER 5. BIODEGRADATION STUDY OF ORGANOCHLORINE PESTICIDES

Regarding the effect of temperature, it can be evaluated by comparing the
differences between parts a, b, c and d in Figure 5.17. As the temperature increases,
higher total TOC removal percentages were achieved, whereas the residual TOC
fraction decreased (note that dashed line is consistently low, and the average values of
the residual TOC fraction were 46.5%, 35.5%, 28.4% and 25.6% at 15ºC, 20 ºC, 25 ºC
and 30 ºC respectively). Moreover, the contribution of biological degradation appeared
to decrease at high temperature (note the decreasing trend of biodegradation removal
percentages, white bars, in every part in Figure 5.17). It is well known that high
temperature favoured volatilization. The effect of temperature on the biological
mechanism is not so clear. On one hand, microbial degradation rate increases with
temperature; on the other hand, thermal inhibition effects could appear if temperature
reaches excessively high values, while simultaneously, high rate volatilization of
solvents could cause oxyfluorfen to become unavailable for microorganisms.
Figure 5.18a shows the average oxyfluorfen concentration profiles during the
biodegradation experiments performed at different temperatures and at the maximum
initial herbicide concentration (500 mg L-1 of oxyfluorfen).
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Figure 5.18. (a) Oxyfluorfen concentrations during biodegradation experiments (500
mg L-1) at different temperatures. (b) Oxyfluorfen removal efficiencies (%) in all
biodegradation experiments after 70 h.

It can be observed that oxyfluorfen was completely removed only at 15 ºC and
a low concentration remained untreated after 70 h at the other temperatures. Indeed,
there is no change in the oxyfluorfen concentration after 35 h. Thus, the same behaviour
observed in Figure 5.15, where oxyfluorfen concentration over time at different
temperatures and initial concentrations is represented, is now observed again.
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Moreover, no clear differences can be observed between the decreasing concentration
profiles; thus, a clear influence of temperature on the removal rate and removal
efficiency cannot be detected. Figure 5.18b shows the oxyfluorfen removal efficiencies
(%) in all biodegradation experiments after 70 h; the main result observed is that
increases in both the initial herbicide concentration and the temperature negatively
affected the removal efficiencies. As previously indicated, a potential inhibition effect
of high herbicide concentration or the appearance of non-biodegradable intermediates
could damage oxyfluorfen biodegradation [50]. Moreover, it has been supposed again
that the influence of temperature is mainly related to the increase in evaporation rate of
volatile compounds in Fluoxil 24, which acted as solvents to become oxyfluorfen
available for the microorganisms. The higher the temperature level, the faster the
solvent evaporation; this phenomenon could cause the deceleration (even inactivation)
of the biodegradation mechanism because oxyfluorfen was hardly bioavailable. This
harmful effect also has been reported previously [51].

5.4.3. Mathematical modelling
For the bioreactor design and scale-up it is necessary to accurately determine
the model parameters of the biodegradation process [14, 52]. In this work a Monod
based model was fitted to the experimental results and the values of the main
parameters estimated. A volatilization contribution was also considered in the model in
the case of oxyfluorfen experiments. These Monod parameters provide interesting
information about biomass growth and pesticide removal due to the organism’s intrinsic
characteristics and the existing environmental conditions. Regarding the importance of
the parameters, biomass yield coefficient (Y), maximum specific growth rate (μ max),
biomass decay coefficient (Kd) and half-saturation coefficient (Ks) provide crucial
information for the evaluation of biomass concentration during the treatment. All these
parameters are very important to appropriate design biotreatment processes [14].
In order to determine the biodegradation parameters, the mathematical model
describing the pesticide removal and the biomass growth was fitted to the experimental
data set obtained in the batch experiments. An accurate estimation of the model’s
parameter requires an initial set of values. These values should guarantee the
convergence of the mathematical functions to obtain a minimal squared error. These
initial values can be taken from the literature or directly evaluated from the data sets
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used. In this work the initial Kd was experimentally determined from blank tests where
only biomass was present. The value of the Kd was 0.005 1/h. In order to obtain
accurate initial approximations for μmax, Ks and Y, linear regression analysis of the
pesticide and biomass data series were carried out according to the literature [53].
General least squares regression, for linear or nonlinear models, is derived from the
maximum likelihood method under the assumption that the variance is constant and the
errors are normal for all observations.
Nonlinear regression analysis requires accurate initial estimates of its parameters.
This can be obtained by fitting the transformed data to a linear version of the model but
the Monod model is intrinsically non-linear and cannot be transformed into a linear
equation. Anyway, provisional estimates can be obtained by replacing the infinitesimal
times (dt) with finite time increments (Δt). This supposition is correct when operating at
very low Δt values. The finite-differential equations obtained in this way were also nonlinear, but they can be linearized as follows:
𝛥𝑡

𝐾 ·𝑌

− 𝛥𝑆 · 𝑋 = 𝜇 𝑠

𝑚𝑎𝑥

𝛥𝑡

𝐾𝑠

− 𝛥𝑋 · 𝑋 = 𝜇

𝑚𝑎𝑥

1

·𝑆+
1

·𝑆+

𝑌

(4)

𝜇𝑚𝑎𝑥

𝑌

(5)

𝜇𝑚𝑎𝑥

These yield straight lines when -Δt·X / ΔS

and -Δt·X / ΔX

are represented

versus 1/S.
The initial estimates of μmax and Ks can be obtained from the y intercepts and slope
of the transformed biomass data. The μmax value can be obtained from the y intercepts of
the fitting line corresponding to the transformed biomass data. The Ks value can be
obtained by dividing the slope by the y intercepts of the fitting line corresponding to the
transformed biomass data. The Y value can be obtained by dividing the y intercepts of
the fitting line for the transformed substrate data by the y intercepts of the fitting line
corresponding to the transformed biomass data. The Y value can also be obtained by
dividing the slope of the fitting line for the transformed substrate data by the slope of
the fitting line corresponding to the transformed biomass data. Below, the determination
of the initial estimates, as well as the modelling of the 2,4-D, atrazine and oxyfluorfen
removal, are presented.
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2,4-D biodegradation modelling

As previously indicated, in order to estimate initial values of μmax, Ks and Y, the
equations of the model proposed were linearized and fitted to the 2,4-D data set. The
results obtained in the 2,4-D linearization procedure are presented in Figure 5.19.
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Figure 5.19. (a) 2,4-D model linearization and (b) model fitting for 63 mg L-1 of 2,4-D.
From the linearization, the initial estimates obtained were μmax 0.06 d-1, Ks 1
mg L-1 and Y 0.43 g g-1. These initial estimations were used to fit the mathematical
model to the experimental results corresponding to the 2,4-D biodegradation.
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All the data series were fitted simultaneously, in order to determine values of
the Y, Ks and μmax for the concentration interval studied. After the model fitting,
accurate predictions of the biomass and 2,4-D biodegradation trends were obtained. The
fitted values obtained when degrading 2,4-D are presented in Table 5.3. As an example,
the fitting of the data series corresponding to a 2,4-D initial concentration of 63 mg L-1
is shown in Figure 5.19b. As can be seen in Figure 5.19b, once the model parameters
were fitted, the profile of experimental data (biomass growth and pesticide
biodegradation) was accurately predicted

Table 5.3. Values of the main parameter for pesticides biodegradation.
Parameter
μmax ( h-1)

Atrazine

2,4-D

0.011

0.071

0.53

0.44

7.0

4.0

0.005

0.005

-1

Y (g SSV g pesticide )
-1

Ks (mg pesticide L )
-1

Kd ( h )



Atrazine biodegradation modelling

As in the case of 2,4-D, the initial estimates of μmax, Ks and Y for the atrazine
biodegradation were determined by means of model linearization. Atrazine linearization
fitting is shown in Figure 5.20.
From the linearization, the initial estimates obtained were μ max 0.015 d-1, Ks 7 mg
L-1 and Y 0.52 g g-1. These initial estimates of the variables were used to start the fitting
of the model to the experimental data obtained when degrading the atrazine. All the data
series were fitted simultaneously, in order to determine universal values of the Y, Ks
and μmax for the concentration interval studied. This could be done because no toxicity
events were observed in any of the data series. Once the model fitting was finished,
accurate predictions of the biomass and atrazine trends were obtained.
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Figure 5.20. (a) Atrazine model linearization and (b) model fitting for 37 mg L-1
of atrazine.
Fig. 5.20b illustrates the profile obtained when degrading an initial atrazine
concentration of 37 mg L-1.
From the fitting, the best estimation of μmax, Ks, Kd and Y were those presented in
Table 5.20. As can be seen in Table 5.3, the kinetic parameters presenting very low
values leading to very low atrazine biodegradation rates in all the tests. The
biodegradation rate was about 18 mg pesticide (g VSS d)-1, despite the initial atrazine
concentration.
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Comparing the biodegradation parameters of both, atrazine and 2,4-D, it must be
highlighted the very different maximum specific growth rate values obtained. This
difference in the microbial growth leads to lower biodegradability rates in the case of
atrazine when it is compared with the biodegradability rates of 2,4-D.


Oxyfluorfen biodegradation modelling

TOC data obtained from abiotic tests were used to calculate the K La values by
linear fitting according to Mozo et al. (2012) [38]. Despite the observation of a slight
change in the slope at approximately 15 h (Figure 5.5), only one average slope was
considered during the whole volatilization process to model this mechanism in a simple
manner. Table 5.4 includes the KLa values obtained in the different abiotic tests.
Regarding the biodegradation experiments, an accurate estimation of the
model's parameters (µmax, Kd, Ks and Y) requires an initial set of values. These initial
values guarantee the convergence of the mathematical functions to obtain a minimal
SSE. Initial Y values were estimated directly from the experimental results because Y
can be approximately obtained from the ratio between the biomass growth and the
biodegradable TOC consumption. The rest of initial values were chosen according to
the previous 2,4-D and atrazine models. The Kd values were allowed to vary between
0.005 and 0.035 h -1, and the maximum Ks values were allowed to reach 100 mg TOC L-1.
Table 5.4 shows the values of the model parameters obtained in all experiments. As
seen in Table 5.4, no mathematical convergence was possible in the case of
biodegradation experiments using 500 mg L-1 oxyfluorfen and 30 ºC. The parameters
obtained allowed for reproduction of the experimental data and validation of the model.
Figure 5.20a shows a comparison between the experimental data (points) and the model
predictions (lines) in one case (using 85 mg L-1 oxyfluorfen and 20ºC). Figure 5.20b
shows the variation of the µmax values as a function of the two variables (initial
oxyfluorfen concentration and temperature); this information can also be easily checked
in Table 5.4. It is considered that the evolution of the µmax values predicted by the model
approximately agree with the discussion described in the previous sections. Regarding
the influence of the initial concentration, it can be observed that µmax decreases when
the initial oxyfluorfen concentration increases; thus, the biological mechanism becomes
slower and its contribution to the total TOC removal is less important, as previously
discussed in section 5.4.2.2. Biodegradation experiments. Influence of the initial
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concentration. Regarding the influence of temperature, the µmax values initially
increased (between 15ºC and 25ºC) but decreased again between 25º C and 30ºC, that
is, an excessively high temperature negatively affected the biodegradation process
because of the reasons previously discussed in section 5.4.2.3. Biodegradation
experiments. Influence of temperature. According to the whole results discussed, it is
clear that Fluoxil24 could be efficiently but not completely removed by the acclimated
microbial culture, especially under high concentrations or temperatures. As a result,
advanced oxidation processes, such as electro-oxidation, have been proposed as posttreatment in our previous works [48] to completely eliminate such a recalcitrant
pollutant.
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Figure 5.20. (a) Example of model validation (85 mg L-1 oxyfluorfen and 20ºC):
experimental data (points) and model prediction (line). (b) µmax values as a function of
two variables (initial oxyfluorfen concentration and temperature).
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Table 5.4 . Values of model parameters after fitting between mathematical model and
experimental data.
15º

20º

25º

30º

KLa (h-1)

0.011

0.007

0.012

0.013

µmax (h-1)

85 mg L-1 Oxyfluorfen

0.37

0.45

0.83

0.56

-1

2.1

3.2

0.9

1.6

-1

Ks (mg S L )

43

75

71

78

Kd (h-1)

0.007

0.025

0.028

0.014

0.011

0.006

0.008

0.010

0.25

0.38

0.55

0.38

2.2

3.2

1.6

1.4

54

57

68

45

0.025

0.022

0.02

0.025

0.013

0.008

0.013

0.012

Y (mg X mg S)

-1

150 mg L Oxyfluorfen
KLa (h-1)
-1

µmax (h )
Y (mg X mg-1 S)
-1

Ks (mg S L )
-1

Kd (h )
300 mg L-1 Oxyfluorfen
KLa (h-1)
-1

µmax (h )

0.14

0.21

0.64

0.19

-1

2.1

3.4

2.4

1.1

-1

59

43

23

59

0.035

0.032

0.005

0.003

0.009

0.011

0.009

0.009

Y (mg X mg S)
Ks (mg S L )
-1

Kd (h )
-1

500 mg L Oxyfluorfen
KLa (h-1)
-1

µmax (h )

0.15

0.31

0.12

-1

2.6

1.8

1.6

-1

91

53

65

0.02

0.01

0.03

Y (mg X mg S)
Ks (mg S L )
-1

Kd (h )
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5.5. CONCLUSIONS
From the results obtained in this chapter, the following conclusions can be
drawn:
-

Atrazine is a persistent pesticide presenting very low degradation rates. A
bibliography study shows that an increment in temperature near to 30ºC could
improve the atrazine biodegradation rate. Due to his low biodegradability, an
electrochemical pre-treatment would be recommended in order to improve
atrazine polluted effluents biodegradability.

-

Conversely, the 2,4-D presented higher degradation rates but it shows a lag
phase proportional to its initial concentration.

-

Atrazine and 2,4-D biodegradation processes were fitted to Monod equations,
being the main difference the μmax values: 0.011 d-1 for atrazine and 0.071 d-1
for 2,4-D, which indicates that the 2,4-D biodegradation rate is about six-fold
that obtained when biodegrading atrazine.

-

Oxyfluorfen was nearly, but not completely, biodegraded because high
concentrations (from 300 mg L-1) and temperatures (from 25ºC) negatively
affected the biological process probably via inhibition effects as well as
because the volatilization of solvents. A simple mathematical model that
considered simultaneous volatilization and Monod kinetics was able to predict
the experimental results, and the calculated model parameters confirmed the
effects of the variables under study.
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CHAPTER 6. BIO-ELECTROCHEMICAL TREATMENT FOR OXYFLUORFEN REMOVAL

6.1. INTRODUCTION
In Chapter 5. Biodegradability study of organochlorine pesticides, the efficacy of
an acclimated microbial culture to degrade oxyfluorfen at different temperatures and
initial herbicide concentrations was studied. The acclimated consortium was highly
efficient in the degradation of a commercial oxyfluorfen formulation. Nevertheless, a
recalcitrant part, which microorganisms cannot degrade, resulted in all the tests
performed. Because of that, the biological methods were unable to meet the discharges
limits and therefore required additional post-treatments [1, 2].
In these cases, when the bioprocesses are not applicable because the medium
contains refractory or recalcitrant chemicals such as those present in commercial
herbicides [3, 4], the use of Advanced Oxidation Processes (AOP) seems interesting.
As mentioned in the Introduction of this thesis, the AOPs concept was
established by Glaze et al., [5, 6] who defined AOPs as processes involving the
generation of highly reactive oxidizing species able to attack and degrade organic
substances [7, 8]. These species should have a high oxidation potential, with the
purpose of degrading the organic matter in an efficient way. Table 6.1 shows the redox
potential of the most important oxidants agents [9, 10].
Table 6.1. Redox potential of common oxidants.
Oxidant species

Eº (V, 25 º)1

Fluoride (F2)

3.03

Hydroxyl radicals (OH•)

2.80

Atomic Oxygen (O•)

2.42

Ozone (O3)

2.07

Hydrogen peroxide (H2O2)

1.78

Perhydroxyl radical (O2H•)

1.70

Chlorine (Cl2)

1.36

1

reduction potential referred to the standard hydrogen electrode (SHE)
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Attending Table 6.1, it can be observed that fluoride is the oxidant which
presented the major oxidant power. However, due to its high toxicity, it is not used in
AOP. Taking into account the low toxicity of the hydroxyl radical and its high oxidation
activity to degrade organic matter, AOP are based in the generation of this powerful
specie. AOP operate at atmospheric pressure and at room temperature, and they are able
to produce important changes in the chemical structure of pollutants [11].
Electrochemical Oxidation (EO) can be used as one option of AOP technologies to
treat contaminated effluents. Anodic oxidation has been used to remove organic
pollutants in order to achieve a complete mineralization or a partial degradation of the
molecules [12]. The anodic material has an important role in the electrochemical
processes. Attending to their electrocatalytic properties, the oxidation of the organics
contained in wastewater can be attained in different ways [13]:
-

Direct EO, where electron transfer occurs at the electrode surface without
participation of other substances [14, 15].

-

Indirect EO where organic pollutants are oxidized through the mediation of
some electroactive species generated at the anode surface, which act as
intermediaries for electrons shuttling between the electrode and the organic
compounds [16-18].

Direct anodic oxidation involves direct charge transfer reactions between the
anodic surface and the organic pollutants involved. This mechanism usually requires a
prior adsorption of pollutants onto the anode surface. Here, the electrons exchange takes
place and the organic is oxidized. Finally, the final product is transferred to the liquid
bulk. Sometimes, the mass transfer can be the rate-limiting step because it takes place
slower than the water oxidation at the anode surface. If the reactive does not arrive to
the anodic surface in an enough amount, the electrons would be used to water oxidation
and generate oxygen. This side-reaction affects directly to the efficiency of the process
[11, 12]. The main problem about direct oxidation, which is possible at low potential
before oxygen evolution, is the deposition of a polymeric layer on the anodic surface,
this phenomena is called poisoning effect.
On the other hand, the main characteristic of indirect EO processes is that the
electronic transfer is carried out to an oxidant or inorganic reducing agents. These
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species react with the pollutant. The highly oxidant species are electro-generated at the
electrode surface. The Figure 6.1 schematizes the direct and indirect anodic oxidation.

(a)

e-

(b)

e-

e-

e-

Organic

Red

Organic

Product

Ox

Product

Figure 6.1. Oxidation mechanisms in an electrochemical reactor. a) Direct oxidation. b)
Indirect oxidation.

Regarding indirect oxidation, different kinds of oxidant species can be
generated. The most important are reactive oxygen species and chlorine active species.
One of the most powerful oxidant agents generated in indirect oxidation by oxygen
species is the hydroxyl radical (𝑂𝐻 • ) (Eº=2.8 V/SHE). 𝑂𝐻 • is generated at the anode
surface as an intermediate of the oxygen evolution reaction [15] via Equation 6.1.
𝑀 + 𝐻2 𝑂 → 𝑀(𝑂𝐻 • ) + 𝐻 + + 𝑒 −

(6.1)

where, 𝑀 is the anode surface and 𝑀(𝑂𝐻 • ) is the adsorbed hydroxyl radical. However,
some hydroxyl radical consumer reactions could appear.
Different authors have reported very high efficiencies of boron-doped diamond
(BDD) to remove persistent pollutants [19, 20]. These anodes have been used in
electrolysis as an emerging and very promising material that exhibits very good
properties in the electrochemical treatment of wastewaters polluted with organic
compounds [21]. BDD anodes are electrochemically stable, corrosion-resistant, have
excellent conducting properties in a wide range of temperatures and low operation costs
[22].
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From the electrochemical point of view, BDD anode shows 3 important properties
[23, 24]:
-

High thermal conductivity

-

Great electrochemical stability

-

Widen electrochemical window

The higher oxidation capacity of BDD anodes is partially explained by their higher
oxygen evolution potentials, which led to a more significant accumulation of hydroxyl
radicals on the BDD electrode surface. This behaviour is explained by their weak
adsorption properties, which resulted in that hydroxyl radicals produced on the BDD
electrode were weakly adsorbed and consequently were very reactive in pollutant
oxidation [25].
Regarding the coupling of technologies, a biological treatment prior to an
electrochemical oxidation to remove organics has not been reported in bibliography in
many articles. The complexity of organic molecules makes them difficult to degrade by
a conventional biological step. For this reason it is necessary the development of
acclimatized microbial cultures. This process is not always successful and it requires
long time. Biological treatments can also be carried out using pure cultures, which are
more selective to degrade pollutants.
Table 6.2 presents a summary of several studies performed in the field of advance
oxidation technologies, which apply an AOP as post oxidation step after a primary
biological treatment. The table gives information about the kind of AOP applied and the
biological treatment used, kind of target pollutant/wastewater and the main results
obtained.
As can be observed in the Table 6.2, it has not been found in bibliography the
treatment of a pesticide polluted effluent by combining biological-electrochemical
treatments. The number of papers which reports the opposite combination,
electrochemical-biological, is significantly higher.
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Table 6.2. Research studies which were integrated in the treatment train as AOP
post-treatment step after a biological process.
Target
pollutant

Biological
degradation

Textile
wastewater

Fluidized biofilm
process (isolated
microtubes used:
Aeromomas
salmonicida and
Pseudomonas
vesicularis)

Tannery
wastewater

Activated-Sludge
biological
treatment

Food
industry
wastewater

Biological
treatment using
Aspergillus niger

Landfill
leachate

Aged-refuse
bioreactor (ARB)

Black table
olive
processing
wastewater

Aerobic
biological
process
(Acclimation
stage taken 2
months)

Simulated
effluent
contained
dye

Up-flow
anaerobic sludge
blanket reactor

128

AOP employed
Electrochemical
oxidation (EO)
Anode: Plates of
titanium coated with
RuO2
Cathode: stainless
steel
Electrochemical
oxidation
Anode: noble metals
and metal oxides
Cathode: stainless
steel
Electrochemical
oxidation
Anode: iron
Cathode: stain steel
Electrochemical
oxidation
Anode: Ti/PbO2
Cathode: gas
diffusion cathode
Electrochemical
oxidation
Anode: BDD
Cathode: stain steel

Main results

Ref.

COD and colour
removal of 95.4%
and 98.5% were
achieved by overall
combined process

[26]

EO can be applied
as a post-treatment
after biological
step to remove
residual ammonia
with low energy
consumption
Phenol
concentration was
reduced by 65% by
biological step. EO
removed 75%

[28]

TOC removal
efficiency after two
stages was 98%

[29]

Total
mineralization after
EO applying 187.5
mA cm-2

[30]

Electrochemical
oxidation

90% of COD
removal

Anode: BDD

30% of TOC
removal

Cathode: stain steel

[27]

[31]
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Furthermore, the matrix composition of the effluent used is another parameter to
take into account. To develop an electrochemical treatment, the use of a supporting
electrolyte which supports conductivity to the medium is a required step. The efficiency
of electrochemical processes for the remediation of effluents can be enhanced by the
addition of ions, not only to yield better electrical current flow but also to provide the
electro-generation of strong oxidizing agents like active chlorine species [32, 33]. In the
literature, Moreira et al. [34] reported better results in the degradation of trimethoprim
antibiotic using ultrapure water with Na2SO4 than using an effluent from the secondary
treatment of a municipal wastewater.

6.2. OBJECTIVES
In this context, the aim of the present chapter was to evaluate the coupling of a
biological process and an electrochemical advanced oxidation process for the removal
of a commercial pesticide based on oxyfluorfen, focusing on the compatibility of both
treatments and on the necessity of their combination to reach adequate removal
efficiency and operational costs. To do this, the effluent obtained in the biological
degradation of oxyfluorfen was selected, and the post-treatment by means of
electrochemical technology was evaluated.

6.3. MATERIALS AND METHODS
6.3.1.

Biological pre-treatment

The biological experimental step-up and the experimental procedure were
described in Chapter 5. Biodegradability study of organochlorine pesticides. The
experiment selected to study the influence of the electrochemical post-treatment was
that corresponding to essay carried out at 500 mg dm-3 of oxyfluorfen at 30ºC.

6.3.2.

Electrochemical post-treatment

Electrolysis of the effluent obtained in the biological pre-treatment was carried
out in a single-compartment electrochemical flow cell (Diacell® 101, WaterDiam). The
biological effluent was stored in a glass tank and recirculated through the electrolytic
cell by means of a peristaltic pump at a flow rate 15 dm-3 s-1. A BDD electrode was used
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as the anode, and a stainless-steel electrode was used as the cathode. The electrodes
were circular with a geometric area of 78 cm2. The electrical current was applied using
a power supply (FA-376 PROMAX), and the temperature was kept constant at 25 ºC by
means of a recirculating water bath. A diagram of the experimental set-up used for the
electrolysis is shown in Figure 6.1.
1. Reservoir Tank
2. Peristaltic pump
3. Electrochemical reactor
4. Thermostatic bath
5. Power supply

5

1

2

3

4

Figure 6.1. Electrochemical set-up.
Three different current densities were studied: 10, 30 and 100 mA cm-2. The
experiments were carried out at galvanostatic mode (current intensity constant) and
discontinuous operation mode. In order to study the electrochemical oxidation of the
pollutant, samples were taken (20 cm3) over time.
The cell voltage did not vary during electrolysis, indicating that the conductive
diamond layers dis not undergo appreciable deterioration or a passivation phenomenon.
Prior to use in galvanostatic electrolysis essays, the electrode was polarized for 10 min
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using a 0.035 M Na2SO4 solution at 30 mA cm-2 to remove impurities from the
electrode surface.
Due to the presence of the mineral solution (BHB medium) required for the
previous biological process, electrolysis experiments were carried out without the
addition of an external electrolyte support. Once the electrochemical tests were finished,
a final test adding Na2SO4 was carried out to compare the performance of the
electrochemical process when operating with and without Na2SO4 as the supporting
electrolyte.

6.4. RESULTS
As previously stated, the results exposed in this chapter are focused on the removal
of the commercial herbicide solution by combining biological and electrochemical
treatments. In this research, the biological process was the first step, followed by an
electrochemical step. Below, the main aspects of both treatments are presented.

6.4.1.

Biological pre-treatment

To introduce the biological step and as a summary of the previous chapter, Figure
6.2 presents the influence of the temperature on the biological removal of oxyfluorfen
when the initial concentration was 500 ppm at 4 different temperatures (15, 20, 25 and
30ºC).
Previously, the influence of the temperature and initial oxyfluorfen concentrations
were discussed. In the present chapter, all the results were fitted to an exponential decay
model. From this fitting, it was observed that the correlation coefficient of all the
experimental data was approximately 0.93. Moreover, it is important to highlight that
any 95% prediction band of the experimental data series covered almost all the
experimental observations.
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Figure 6.2. Oxyfluorfen concentration trends during the biological pre-treatment at
different temperatures (initial concentration 500 mg dm-3). The light grey area
represents the 95% prediction band, and the dark grey area corresponds to the 95%
confidence band.
As shown in Figure 6.2 (and also previously discussed in chapter 5), at the studied
temperatures, a significant degradation of the initial oxyfluorfen was achieved,
removing approximately 90% of the initial pesticide concentration in all cases,
demonstrating the efficiency of the developed acclimated microbial culture.
From the fitting of the experimental data, it was observed that the average
biodegradation rate was 0.12 h-1. It is also important to highlight that in all cases, a very
similar remains oxyfluorfen concentration was observed at the end of the
biodegradation stage, approximately 54 mg dm-3. A similar behaviour has been reported
in the literature [35]. This residual oxyfluorfen concentration could be explained in
terms of the toxicity or inhibition experienced by the microbial culture due to its
exposure to the pesticide or by the generation of non-biodegradable intermediates
produced during the biological degradation or initially contained in the formulation of
the commercial Fluoxil®, which may affect biodegradation. In the literature, it has
been stated that the biological degradation of oxyfluorfen transforms the nitro group
into an amino group. The amino group can be subsequently acetylated to N-[4-(2chloro-4-trifluoromethyl-phenoxy)-2-ethoxy-6-hydroxy-phenyl]
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Another possible explanation could be the evaporation of the solvents added to the
commercial formulation to solubilize the oxyfluorfen.

6.4.2.

Electrochemical post-treatment

After the biological treatment, the electrochemical oxidation of the remains
oxyfluorfen and the intermediates accumulated during the biological pre-treatment of
the herbicide was studied. These tests were performed by feeding the effluent generated
by the biological pre-treatment with an initial concentration of 500 mg dm-3 at 30ºC.
This effluent contained approximately 60 mg dm-3 of oxyfluorfen, which was the
remains herbicide concentration obtained in the biodegradation process.
Because of the presence of trace minerals required during the biological stage, the
BHB medium, any additional supporting electrolyte was added during the
electrochemical treatment, and the influence of the current density was studied. Figure
6.3 shows the change in the oxyfluorfen concentration with the electric charge applied
during electrolysis carried out at current densities of 10, 30 and 100 mA cm -2.

Oxyfluorfen (mg dm-3)

60

j = 100 mA cm
-2
j = 30 mA cm
-2
j = 10 mA cm

50

-2

40
30
20
10
0
0

20

40

60

80

100

Q (Ah dm-3)

Figure 6.3. Evolution of the oxyfluorfen concentration during electrolysis with
BDD at 10, 30 and 100 mA cm-2 current density.
As shown in Figure 6.3, the complete depletion of oxyfluorfen was achieved in all
cases, although the electric charge required slightly depended on the current density
applied: approximately 22 A dm-3 in the case of working at 10 mA cm-2 and
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approximately 26 and 35 Ah dm-3

in the case of using 30 and 100 mA cm-2,

respectively. This fact indicates that lower current densities are more efficient in
oxyfluorfen degradation. It could be due to the mayor intermediates generation working
at higher current densities, therefore there is a competition between the oxidation of
intermediates and oxidation of the initial products [11]. However, it could be said that
not importance differences are obtained at different current densities, so the degradation
rate of oxyfluorfen by BDD, is not very affected by current density.
As in the case of the biological pre-treatment, the TOC content was monitored.
With regard to TOC removal, its final concentration was undetectable in all cases,
confirming the complete mineralization of the oxyfluorfen and all the intermediates
generated in the biological process. The TOC depletion is shown in Figure 6.4.
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Figure 6.4. Evolution of the TOC during electrolysis with BDD at 10, 30 and 100
mA cm-2 current density.
The oxidant concentrations were also monitored during the electrochemical
treatment at different current densities and the oxidant profiles are presented in Figure
6.5.
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Figure 6.5. Oxidant concentration during electrolysis at 10 and 100 mA cm -2.
Oxidant concentration increased over the electrical applied charged in both cases,
reaching the highest concentration at the 15 A h dm –3, when working at 10 mA cm-2,
0.37 mmol, and at 30 A h dm-3 when operating at 100 mA cm-2, 0.62 mmol. In both
cases oxidants started to increase from low applied charges and then kept constant over
time. Working at higher current density, the production of oxidant species is higher, due
to the production of more significant quantities of hydroxyl radicals [37].
In all cases, the conductivity and the pH were approximately constant during
electrolysis. The pH was maintained at 7.0 ± 1.0, and the conductivity was maintained
at approximately 400 ± 100 mS cm-1.
As a summary of the coupling of both technologies, Figure 6.6 is presented. This
figure shows the TOC depletion in the biological and electrochemical processes over
the experimental time. As can be shown, unlike the use of a single inefficient biological
treatment, the successive coupling of both technologies can mineralize completely the
pollutants contained in the wastewater. At this point, a comparison between two
possible options could be considered: (a) the complete degradation of TOC and
oxyfluorfen in the original wastewater only by EO, or (b) the proposed biologicalelectrochemical process shown in figure 6.6. The best option should consider aspects
such as the installation costs, retention time, and operation costs and energy
consumption (and thus, environmental indicators such as carbon footprint).
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Figure 6.6. TOC removal over time with the combination of biological pretreatment and anodic oxidation with BDD.
The energy consumption of the electrochemical process could be calculated
through the Equation 6.2.

𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 (𝑘𝑊ℎ ∙ 𝑚−3 ) =

𝐼 (𝑘𝐴) ∙ 𝑡(ℎ) ∙ 𝐸(𝑉)
𝑉 (𝑚−3 )

(6.2)

Taking into account that the required time to degrade 60 mg dm-3 of oxyfluorfen in
BHB medium is about 180 minutes at 30 mA cm-2, the energy consumption will be 213
kW h m-3. A higher initial concentration, 500 mg dm-3 should require higher retention
time. If the required time is estimated about 1500 minutes, the energy consumption to
degrade 500 mg dm-3 will be approximately 1778 kA h m-3. The demanded energy
consumption to develop a unique electrochemical step is 8 times higher than the
coupling a biological treatment with an electrochemical step. However, the initial
investment costs of the coupled technologies will be higher, because two different setups will be require.
These results support the fact that the coupling of biological and electrochemical
processes is a promising technology for complete removal of oxyfluorfen from
wastewater at lower costs.

136

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

Finally, an additional experiment was carried out with the aim of evaluating the
performance of the electrolysis when adding the most common supporting electrolyte,
Na2SO4. To do that, 0.035 M Na2SO4 was added to the effluent from the biological step
before the electrolysis test. The objective of this test was to determine whether the
addition of a conventional supporting electrolyte enhanced the electrolysis of the
biological effluents. This comparison is important because the biological effluent
contains a significant amount of ions due to the addition of the trace minerals of the
BHB medium used as a nutrient source. In Figure 6.7, the results obtained are
presented.
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Figure 6.7. Influence of the electrolyte nature on the TOC during the electrolysis of
oxyfluorfen solutions at 30 mA cm-2 with and without Na2SO4.
As can be seen in Figure 6.7 for the same applied charge, the TOC removal when
adding 0.035 M Na2SO4 was slightly faster than that when only the BHB nutrient
solution was present. Results of both electrochemical treatments, were fitting to the first
order model, with and without Na2SO4 [38]. The first-order rate constant obtained was
0.91 h-1 when operating with BHB and was 1.16 h-1 when Na2SO4 was added. From the
comparison of the degradation rates when operating with BHB and Na2SO4, it can be
stated that an increase in the first-order removal constant of approximately 20% was
obtained when adding Na2SO4 as the supporting electrolyte. The better results obtained
when operating with Na2SO4 can be explained by the persulfate generation during
electrolysis [20]. In comparing the values of the cell voltage and the product of these
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voltages by the specific current charge passed, the improvements in the power
consumption from adding small amounts of Na2SO4 can be better seen. For example, for
a removal of 90% of the TOC, an electrical applied charge of 18 A h dm-3 was required
when operating only with BHB medium, whereas a significant lower value, 12 A h dm-3
was required in the case of adding Na 2SO4. Taking into account that the cell voltage
decreased from 20 to 10.2 V when adding Na 2SO4, the power consumption decreased
by approximately 70%, which is a large reduction in the power consumption when
adding Na2SO4. Anyway, good results were also obtained when only operating with the
BHB nutrient medium.

6.5. CONCLUSIONS
When dealing with oxyfluorfen polluted waters, the biodegradation rate presented a
maximum removal rate of 48.9 mg dm-3 h-1. However, after about 15 h, the
biodegradation rate started to decrease due to inhibition effects as well as because the
volatilization of solvents. The subsequent electrolysis, with a BDD electrode, efficiently
removed the residual pollutants. The nutrient BHB medium, used in the previous
biodegradation stage, enabled the development of an electrolysis process without the
addition of any supporting electrolyte. Anyway, the addition of Na 2SO4 increased the
electrochemical removal rate approximately 20%, being the power consumption a 70%
lower.
These results demonstrated that the combination of a biological and
electrochemical process allowed for the removal of recalcitrant pollutants such as the
pesticides. This combination could be considered as an intermediate option that
simultaneously could avoid the possible inefficiency of single biological processes and
the high energy consumption of single EO processes.
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7.1. INTRODUCTION
At this point, it is known that pesticides are complex organic molecules which
are difficult to degrade by the action of microorganisms. For this reason, in recent years
the use of Advanced Oxidation Processes (AOPs) as a pre-treatment, prior to
conventional biological methods, has been considered a promising competitive water
treatment technology.
In this Chapter, electrochemical oxidation (EO) is going to be used as a pretreatment. This process is highly influenced by the anodic material used in the
electrolysis. For years a high variety of electrode materials have been tested and used
for electrochemical water treatment. Attending the electrocatalytic influence of the
anode material over the mineralization efficiency of pollutants, anodes can be classified
into two different groups: actives and non-actives. The activity of electrodes is related
to the interactions between hydroxyl radical and anodes [1]. In order to promote the
formation of hydroxyl radicals and to avoid the parasitic reactions, anodes with high
overpotential for oxygen evolution reaction should be used [2].
Inactive or non-actives electrodes are materials whose atoms do not change
their oxidation state during electrochemical reactions. The electro-generated OH
radicals remained physisorbed onto the anode surface [3] and they present higher
oxidant capacity for the complete electrochemical mineralization of organic pollutants
into 𝐶𝑂2 . Boron Doped Diamond (BDD) belongs to this group. By contrast, hydroxyl
radicals can be adsorbed strongly on active anodes generating higher oxidation-state
oxides, which then react with the pollutants forming pollutants oxidation products or
release free oxygen [1, 4]. The main characteristics of BDD were explained in Chapter
6. Bioelectrochemical treatment for oxyfluorfen removal.
On the contrary, the active anodes are only capable in inducing the
electrochemical conversion of organics into more biodegradable molecules such as
short-chain carboxylic acids, but they cannot achieve complete mineralisation or
organics combustion into carbon dioxide (CO2) [2, 5-7]. Characteristic active anodes
are Mixed Metal Oxides Anodes (MMO) containing iridium or ruthenium oxides and
carbon based materials. MMO anodes have been found effective in the treatment of
pesticides, phenols and other organics [8, 9]. Anyhow, carbon based electrodes are the
most cost effective, although they present weak corrosion resistance properties.
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Table 7.1 summarizes the principal advantages and drawbacks of the anode
materials used in this investigation.
Table 7.1. Advantages and disadvantages of the different anodic material used in this
research work [1].
Electrode material

Advantages

Disadvantages

Carbon electrodes

Cheap

High electrode corrosion rate

Intensive use in laboratory

Low mineralization efficiency

scale for new process
investigations
MMO

High stability

Low mineralization efficiency

Good conductivity properties
Acceptable price
BDD

High ability to mineralize

Expensive

organics
Suitable conducting properties
even at low temperatures
High electrochemical stability
and corrosion resistance

The present Chapter studies anode oxidation of organic pollutants (three
different pesticides) as a pre-treatment step prior to a biological treatment. The
pesticide-polluted liquid effluents treated in this Chapter come from soil washing (SW)
processes. SW is a mechanical ex-situ technology which allows extract pollutants from
a polluted soil. The extracting agent is a liquid, usually an aqueous solution. This
process is increasing attention in recent years for being time-efficiency and a versatile
method [10]. The use of a surfactant could be required depending on the water
solubility of the target pollutant. Surfactants form micelles with pollutants allowing
their extraction. Aside from their extracting and solubilizing abilities, they must be of
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low ecotoxicity for the soil and biodegradable [11]. For this reason one of the most used
synthetic surfactant is sodium dodecyl sulphate (SDS). The soil washing process is
schematized in Figure 7.2.
Recycling of
washing solution

Fresh Soil Washing Fluid
(SWF)

Soil Washing
Effluent (SWE)

Raw polluted
soil

Extraction of
the polluted
soil

Soil
Washing
(SW)

Remediated soil

Decantation

Figure 7.2. Soil washing process.
The three pesticides used in this Chapter are clopyralid, lindane and atrazine. The
selection of these target pollutants is due the fact that they are not easily biodegradable.
Consequently, the using of a first biological step is not possible or it will require long
time (as it has been previously demonstrated in the case of atrazine, Chapter 5.
Biodegradation study of organochlorine pesticides).
Clopyralid (3,6-dichloro-2-pyridine-carboxylic acid) is a widely used herbicide that
belongs to the pyridine chemical group. This herbicide persists in soil under anaerobic
conditions and with low microorganisms content [12]. Clopyralid presents high
solubility in water and because of that, it has been detected very frequently in the
environment and even in drinking water [13]. The high water solubility of clopyralid
makes very easy its extraction from polluted soils through a conventional SW process,
without being necessary the addition of surfactant to the washing fluid.
Lindane or γ- Hexaclorocyclohexane is an organochlorine pesticide that has been
used for many years in agricultural, veterinary and human applications. Inefficient
manufacturing of this product can generate a great amount of hazardous wastes [14]. In
fact, the hexaclorocyclohexane (HCH) isomers produced during the lindane synthesis
(α-HCH, β-HCH, and γ-HCH) were added to the list of the Stockholm convention on
persistent organic pollutants (POPs) in 2009 [15-18]. The isomer γ-HCH has been
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shown as a potential pollutant for environment and living beings. It has a rather long
lifetime that facilitates its transport at long distances and its accumulation in the food
chain [19, 20].
Finally, atrazine characteristics have been previously described in Chapter 5.
Biodegradation study of organochlorine pesticides. Lindane and atrazine soil washing
processes demand the use of surfactant due to the low water solubility that these
pesticides present.

7.2. OBJECTIVES
Given the background, the key point of the present section is to improve the
biodegradability and reduce the toxicity of the effluents generated by a SW process. To
do this, the partial anodic oxidation of polluted effluent using different anodic materials
has been studied. Thus, such partial oxidation process could be considered as a pretreatment for a subsequent biological treatment. The main objective is divided into
some partial steps:
-

At first, pesticides were extracted from a polluted soil by means of a
(surfactant-aided) soil-washing step.

-

Then, partial electro-oxidation pre-treatment batch experiments were carried
out using the polluted soil washing effluents and four different anodic
materials were checked.

-

The changes in biodegradability or toxicity of soil washing polluted effluents
were subsequently checked by using biological and toxicity standard tests.

7.3. MATERIALS AND METHODS
7.3.1. Chemicals
Clopyralid was used in a commercial formulation. Lontrel ® 72 is a commercial
herbicide based on clopyralid (72% w/w). Otherwise lindane and atrazine were used in
their pure forms. The last two pesticides are banned in Europe, for this reason they can
only be used in a pure formulation.
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7.3.2. Soil and soil washing procedure


Soil properties
The soil used in this work is a real clay soil obtained from a quarry located in

Mora (Toledo). The soil was provided by Cerámicas Millas Hijos S.A. The elemental
analysis of the soil was made by means of X-ray diffraction and the results appear in
Table 7.2.
Table 7.2. Elemental analysis of the clay soil.



Mineral

%

Quartz

12

Feldspar

6

Calcite

1

Kaolinite

23

Glauconite

24

Muscovite

8

Montmorillonite

20

Illite

6

Dry density (g cm-3)

1.65

Hydroscopic moisture

0.115

Soil washing process
To prepare the polluted soil, an amount of pesticide is dissolved in water or a

solvent (depending of the water solubility of the pesticide). The solvent required to
dissolve lindane and atrazine was hexane (Sigma Aldrich). This solution is spiked over
1 kg of the clay soil. Once the soil is polluted, the SW procedure takes place. The SW
requires the use of a Soil Washing Fluid (SWF). In all cases, the SWF employed was a
synthetic groundwater, whose composition is shown in Table 7.3. Synthetic
groundwater was prepare according to literature [21] taking into account the
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composition and concentration of a typical groundwater. In the cases where a non-polar
pesticide is used (lindane and atrazine), it is necessary the use of a surfactant and this
process is known as Surfactant-Aided Soil Washing (SASW). It has been successfully
studied and applied for the remediation of soils polluted with pesticides and polycyclic
aromatic hydrocarbons (PAHs) [22]. The surfactant used was sodium dodecyl sulphate
(SDS) and it was supplied by Panreac. The SDS concentration depends on the pesticide
used in the SW.
The spiked soil was aerated for 1 day to promote hexane evaporation. After
that, the soil was mixed with a volume of SWF over 6 hours and then, letting it settle for
12 additional hours in order to separate the soil from the aqueous phase. Finally, the
Soil-Washing Effluent (SWE) is obtained in order to perform the electrochemical
experiments. The SWE simulated synthetic polluted groundwater that ensured enough
electrical conductivity to develop the electrochemical process without the addition of an
extra electrolyte.
Table 7.3. Composition of the soil washing fluid.
Mineral salt

Concentration (mg dm-3)

MgSO4‧7H2O

0.6671

NaCl

0.1318

NaNO3

0.1302

KI

0.0255

CaCO3

0.2497

The optimization and more information about the different SW processes can
be found elsewhere [19, 23, 24]. The differences among each SW procedures are
summarized in Table 7.4.
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Table 7.4. Characteristics of the soil washing process.
Pesticide mass

Solvent

Surfactant

SWF Volume

(mg)

(dm-3)

(g SDS kg-1 soil)

(dm-3)

Clopyralid

1000

Water (0.5)

×

5

Lindane

1000

Hexane (0.1)

5

5

Atrazine

100

Hexane (0.1)

0.5

0.8

Pesticide

7.3.3. Experimental set-up
The experimental set up used to carry out the electrolysis experiments was
detailed in Chapter 6, section 6.3.2. The electrochemical cell changed as function of the
required electrodes. More information about electrode materials was described in
Chapter 4, Materials and Methods.

7.3.4. Experimental procedure
The experimental procedure was the same in all the experiments carried out.
The reservoir tank was filled with 0.6 dm-3 of the SWE and the solution was recirculated
by means of a peristaltic pump. The temperature was kept constant using a recirculating
water bath. The experiment were carried out at galvanostatic mode. Once selected the
current density, the experiments took place and different liquid samples were taken at
the selected electrical charges. Table 7.5 summarizes the main characteristic of the tests
developed.
Table 7.5. Current densities used in the experiments carried out.
Anode

Clopyralid

Lindane

Atrazine

MMO-Ir

5-15-60 mA cm-2

30-50 mA cm-2

15 mA cm-2

MMO-Ru

15-50 mA cm-2

30-50 mA cm-2

15 mA cm-2

BDD

5-10-15 mA cm-2

10-15 mA cm-2

15 mA cm-2

CF

5-10 mA cm-2

15-30 mA cm-2

15 mA cm-2
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7.3.5. Biodegradability tests
Changes in toxicity or biodegradability of the electrolysed effluents were
measured by different methods. The methods used were previously detailed in Chapter
3. Materials and Methods.
In the case of the lindane biodegradability assessment, the possible inhibition
effect of electrolysed SWE discharges over a conventional aerobic biological
wastewater treatment process was also checked. It was performed by two methods:
first, it was measured BOD5/COD ratio in a wastewater to be treated by conventional
aerobic sludge which received low discharges of such electrolysed SWE samples (4 mL
SWE discharge over a total 20 mL volume of wastewater). Second, changes in the
maximum specific aerobic sludge respiration rates after the SWE discharges were
determined [25] employing the Strathox respirometer by Strathkelvin instruments
described in Chapter 4, Materials and Methods.

7.3.6. Electrode characterization
In order to characterize the carbon felt electrode (in the experiments carried out
with clopyralid) before and after the anodic oxidation (AO) process scanning electron
microscopy (SEM), Brunauer, Emmett and Teller (BET) and Raman spectroscopy
techniques were used. SEM images were obtained by using a FEI QUANTA 250. With
regard to the BET technique, porosity measurements were carried out using a
Quadrasorb Model 2SI sorptometer apparatus with N2 at the sorbate at −196 °C. The
samples were outgassed at 180 °C under vacuum (5×10−3 Torr) for 12 h prior analysis.
Raman spectrums were obtained by means of a SENTERRA spectrometer with a
grating of 600 lines per mm and a laser wavelength of 532 nm at a very low laser power
level (< 1 mW), to avoid any heating effect. Raman spectroscopy is considered a very
interesting tool in the study of carbon materials due to its quickness and trustworthiness
[26].

7.4. RESULTS AND DISCUSSION
The contents of this Chapter are structured into 3 different parts, one for each
pesticide evaluated.
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Prior to the electrochemical treatment, 3 acclimation processes were developed
in all cases. However the sludge employed was not able to degrade any of the three
different pesticides, atrazine, clopyralid and lindane, after a long period of time, more
than 7 months. In Chapter 5 some reasons were given to explain that atrazine is a very
stable molecule difficult to be degraded. One of the most important is that atrazine is a
nitrogen heterocycle. It has been demonstrated that the commercial herbicide based on
clopyralid, Lontrel® 72, is poorly biodegradable by a typical activated sludge microbial
consortium [27]. As atrazine, clopyralid is also a nitrogen heterocycle. Finally lindane
has been shown as a toxic molecule in many reported works. In addition, the possibility
of using sludge from domestic wastewater treatment plants to remove lindane has not
been found in literature, despite lindane spills sometimes could easily reach domestic
sewers and domestic wastewater treatment plants and the occurrence of microorganisms
capable to degrade this pollutant may be expected. Some authors proposed the use of
specific bacteria, mixed bacterial cultures and different fungi species isolated from
diverse geographic polluted locations to attain lindane removal [28-32].
Taking into account this background, an electrochemical pre-treatment was
selected as a method to improve the biodegradability and to reduce the toxicity of the
polluted effluents.

7.4.1. Pre-treatment of clopyralid polluted effluents
7.4.1.1. Soil washing and anodic oxidation of the clopyralid soil washing effluents
As stated above, SW is an efficient technology for extracting pollutants from
soil and transferring them into a SWE, which should be subsequently treated as a
wastewater. As clopyralid is highly soluble in water, no addition of surfactant (or any
other chemical) was required in the formulation of SWF. In previous tests [24] different
ratios SWF/soil (w/w) were evaluated and it was found that using a ratio of 5 kg SWF
kg−1 soil allows us to extract up to 90% of the clopyralid contained in the soil,
producing in this case a SWE with a concentration of 180 mg dm−3 of herbicide. The
remaining 10% seems to be irreversible adsorbed onto the soil, because the extraction
percentage does not improve with larger ratios. The SWE does not only extract the
pesticide but also drags anions and cations contained in the clay soil. Table 7.6 shows
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the ion concentrations generated in the soil washing effluent. Results for

𝐼 − and

𝐶𝑂32− are not available.
Table 7.6. Anions and cations concentrations generated in the soil-washing effluent.
Cation

Concentration (mg dm-3)

Anion

Concentration (mg dm-3)

𝑁𝑎+

106.17

𝑆𝑂42−

234.52

𝐶𝑎2+

66.35

𝑁𝑂3−

134.71

𝑀𝑔2+

32.69

𝐶𝑙 −

83.98

𝐾+

3.41

The most important information attained is that because of these salts, the
conductivity of this SWE is high enough (1200 mS cm−1) to apply an AO process
without adding any other salts.
It is well-know that the efficiency of AO processes is related to the anode
material used and the current density applied. Some of these materials lead to soft
oxidation conditions promoting the formation of many reaction products, while other
materials generate a harsh reactive media for which carbon dioxide is the main or even
the only final product. In this work, it is aimed to select an anode capable of breaking
the biorefractory herbicide into more simple and biodegradable molecules. For this
reason, four anodes were evaluated. Three of them are typically identified in the first
group (MMO-Ru, MMO-Ir and CF) while the other (BDD) is supposed to be the best
anode to attain mineralization of wastewater. Results of the AO depend on the applied
current density, as well. Low values are known to lead to soft oxidation while high
values lead to harsh conditions. Hence, the simultaneous selection of the anode material
and the operating current density can be very important to get a suitable AO -biological
oxidation combined technology.
AO test were performed at 5.0, 15 and 60.0 mA cm−2 using the MMO-Ir and
the MMO-Ru electrodes (Figure 7.3).
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Figure 7.3. Clopyralid (a) and TOC (b) transformations during AO process using
MMO-Ir and MMO-Ru electrodes at different current densities. Empty symbols
correspond to clopyralid and full symbols to TOC. (MMO-Ir: Clopyralid: ○ 5 mA cm-2,
□ 15 mA cm-2 ∆ 60 mA cm-2. TOC: ● 5 mA cm-2, ■ 15 mA cm-2, ▲60 mA cm-2).
(MMO-Ru: Clopyralid: ✰15 mA cm-2, ◊ 60 mA cm-2, TOC: ★15 mA cm-2, ◆60 mA
cm-2).
As observed, there are almost no transformations of clopyralid, indicating both
MMO electrodes were unable to transform the clopyralid at the current densities
studied. Initially, this was an expected result for the MMO-Ir but not for the MMO-Ru,
for which mediated oxidation by chlorinated species was expected. This behaviour
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could be explained because of the low concentration of oxidant precursors contained in
the electrolyte as compared to most works found in the literature (in this work, no
additional supporting electrolyte was used but only the salts drawn during the SW
process).
Regarding to the BDD electrode, the results obtained in these test carried out at
the three current densities are presented in Figure 7.4. In this case, the current density
about 60 mA cm-2 was not used because mineralization was obtained at lower
intensities.
A very rapid removal of clopyralid is observed at the three current densities
applied and the herbicide was fully mineralized (total depletion of TOC) in all cases.
These trends agree with the expected oxidative capacity of the AO with BDD, owing to
the larger generation hydroxyl radicals. They also indicate that the most efficient
conditions are attained by working at the lowest current density, because the electric
charges required for this depletion are the lowest.
In order to get deep inside the transformation taking place when operating with
BDD anodes, the samples taken over the electrolyses were analysed by HPLC. The
obtained results (not shown) revealed that BDD anode did not generate any appreciable
concentration of reaction intermediates (only 2 peaks were observed, and they were
close to the detection limit of the analytical technique), which indicates that the
pesticide was completely mineralized, almost directly. This was ratified by the TOC
measurements (see Figure 7.4b). As can be seen, the TOC decreases at the same rate as
the clopyralid, indicating the complete oxidation to carbon dioxide. Similar results were
previously reported in the literature in many works focused on the oxidation with
diamond anodes of low concentrated wastewater. This can be explained because BBD
anodes present high O2 evolution overpotencial, which favours the complete oxidation
of the clopyralid to carbon dioxide [33, 34].

158

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

1.0

(a)
0.8

C/C0

0.6
0.4
0.2
0.0
0

4

8

12

16

12

16

-3

Q (A h dm )

1.0

(b)

TOC/TOC0

0.8
0.6
0.4
0.2
0.0
0

4

8
-3

Q (A h dm )

Figure 7.4. Clopyralid (a) and TOC (b) transformations during AO process using BDD
electrodes at different current densities. Clopyralid: ○ 5 mA cm-2, ∆ 10 mA cm-2, □ 15
mA cm-2. TOC: ● 5 mA cm-2, ▲ 10 mA cm-2, ■ 15 mA cm-2.
However, taking into account the goal of this work, this result was not
satisfactory, because here the interest is to combine electro and bio technologies in
order to minimize the high electrical consumption of AO. This fact and the bad results
obtained with the MMO anodes motivated the evaluation of the carbon felt (CF) anodes,
which initially were not considered because of their high corrosion rate.
Nevertheless, before this study, because of the porosity of the CF electrode, the
potential adsorption of the clopyralid over the electrode surface was determined. To do
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that, pieces of CF electrodes were submerged in soil washing effluents containing
different clopyralid concentrations ranging from 25 to 200 mg dm-3 during three days.
Clopyralid concentration was measured before and after three days not observing
changes in the initial values. Thus, from the obtained results (Table 7.7), it can be
concluded that the clopyralid was not absorbed on the CF electrode.

Table 7.7. Adsorption checking of carbon felt electrode over clopyralid
solution.

Experiments
with carbon
felt

Experiments
without
carbon felt

Theoretical clopyralid
concentration (mg dm-3)

200.0

170.0

125.0

100.0

25.0

Initial clopyralid
concentration
(mg dm-3)

201.7

168.0

126.7

107.0

24.5

Final clopyralid
concentration after 3 days
(mg dm-3)

202.3

172.8

126.7

108.4

23.0

Initial clopyralid
concentration
(mg dm-3)

201.7

168.0

126.7

107.0

24.5

Final clopyralid
concentration after 3 days
(mg dm-3)

201.0

167.0

125.0

106.0

24.0

Once ensured the absence of clopyralid adsorption on the CF electrode, the AO
tests using CF were performed. CF presents a low O2 evolution overpotencial, and
theoretically only permits the partial oxidation of organics. The clopyralid and TOC
removal results obtained during the AO with CF are presented in Figure 7.5. These tests
were carried out at 5 and 15 mA cm−2 because at larger current densities the CF
electrode undergoes severe degradation (it is known to be electrochemically burned at
the cell potentials originated at larger current densities).
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Figure 7.5. Clopyralid (a) and TOC (b) transformations during AO process using CF
electrode at different current densities. Clopyralid: ○ 5 mA cm-2, ∆ 10 mA cm-2. TOC: ●
5 mA cm-2, ▲ 10 mA cm-2.
As can be seen in Figure 7.5, a significant transformation of the clopyralid was
obtained. However, the TOC presented a slower removal rate and it was not completely
removed, indicating a transformation, but not a complete mineralization of the
clopyralid. The transformation of the pesticide into other more oxidized organic
compounds made the CF the most interesting electrode to perform the pre-treatment. In
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comparing the effect of the current density, it should be pointed out that similar trends
were observed when working at 5 and 10 mA cm−2. However, at 5 mA cm−2, the larger
chromatographic areas for the intermediates were obtained. For this reason, the test
carried out at the current density of 5 mA cm−2 was selected for the subsequent studies
related to the biological characterization.
In order to verify the transformation taking place when using CF as anode,
GC–MS and HPLC analyses were carried out identifying the main 3 compounds
observed to be produced from clopyralid degradation. Two of them, 2,5dichloropyridine and 2-picolinic acid, showed the typical behaviour of intermediates,
while the third one, acetic acid, behaves as final product. Figure 7.6 presents the
additive area of all the reaction intermediates detected versus the electric charge
applied, as well as the corresponding area of the final product, acetic acid. As can be
seen, the total concentration of intermediates increases during electrochemical pretreatment reaching a maximum value for electric charges passed of about 2.5 A·h dm−3.
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Figure 7.6. AO products peaks evolution along the AO process with CF anode
at 5 mA cm-2.
The pH and conductivity were also monitored during the AO pre-treatment.
Figure 7.7 shows the changes in the pH and conductivity when treating the SWE using a
CF anode. pH value evolved from a neutral value to 3.44. This can be explained in
terms of the AO process taking place on the electrode surface, but also because of the
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acidification caused by the acetic acid dissociation in the liquid bulk [35]. Because of
the subsequent biological treatment, it was necessary to adjust the pH to 7.0 after the
electrolysis in order to perform the biological tests and toxicity analyses. Regarding to
the conductivity, its value increased at the beginning of the treatment and, then, it was
kept almost constant along the electrolysis tests. As seem, values are high enough to
perform the electrolysis at not low but still suitable cell voltages (within the range of
13–18 V).
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Figure 7.7. Conductivity and pH evolution during AO process with CF.
7.4.1.2. Carbon felt electrode characterization
SEM pictures showed that CF electrodes had not changed significantly during
the AO process when working at 5 mA cm−2 of current density. The surface of the
carbon felt electrodes only suffer low corrosion effects, even after working for several
hours and deposits of minerals salts on the surface of the electrodes. The deposition of
the mineral salts can be checked in Figure 7.8. Similar results were obtained by Panizza
et. al (2009) [36].
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(a)

(b)

Figure 7.8. Scanning electron microscopy images before (a) and after
electrolysis (b).
BET analyses were used to determine the CF pores sizes. From these tests, the
average pore radio values of the electrodes before and after the treatment were 20.94 Å
and 16.34 Å, very similar values that indicates a small clogging effect of the electrode
pores during the electrolysis. As indicated previously in the SEM photos, mineral salts
deposits could have partially blocked the pores of the electrode surface.
Raman spectrum and the most characteristics Raman parameters corresponding
to the carbon felt electrodes before and after the electrochemical treatment were
identified (Raman spectra in Figure 7.9). In the CF electrodes used in this work two
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different peaks, G and D, appeared. G peak was located around 1580 cm−1 and indicated
the movement of carbon atoms linked by sp2 bonds, whereas D peak was located at
1350 cm−1 and it measures the presence of imperfections in the carbon felt structure.
The ratio between the intensities of two peaks (ID/IG) is commonly used to determine
how the structural disorder increase in the material [26]. From the results obtained in
the Raman spectra corresponding to samples before and after the AO process at 3.82 A
h dm−3 of electrical charge, the ratio ID/IG ratios were determined. The ID/IG increased
from 1.17 to 1.20 when the AO process took place indicating that the CF electrode had
suffered a slight corrosion. In this sense Raman spectrum corroborated the results
obtained with SEM pictures and BET analyses, indicating that after the AO process
hardly influenced the surface of the CF electrode.
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Figure 7.9. Raman spectra of carbon felt electrode before and after electrolysis.

7.4.1.3. Toxicity and biodegradability evaluation of the clopyralid electrolyzed
SWE
Once the SWE underwent the AO with CF at 5 mA cm−2, the changes in the
toxicity and biodegradability were evaluated. To do that, IC50, BOD5, COD and OUR
(Oxygen Uptake Rate) test were determined. The parameter IC50 gives information
about the toxicity of electrolysed effluents. Referring back to Chapter 4. Materials and
Methods, IC50 is expressed as toxicity units (TU), calculated from IC50 values (TU =
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100/IC50). This indicator refers to the percent dilution of the initial solution causing
50% reduction of the luminescence. Figure 7.10 presents the evolution of the toxicity
(TU) along the AO treatment. As can be seen, initially the toxicity slightly increased, as
indicate the TU trend. However, when the applied charge was higher than 2.5 A h dm−3
the toxicity decreased, showing a decrease in toxicity units. At the maximum applied
charge (3.83 A h dm−3), the toxicity achieved its minimum value, 0.44. The initial
toxicity of the polluted soil washing effluent was 1.87 TU. This means that the first
stages of the AO do not reduce the toxicity. However, after the application of a
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Figure 7.10. Changes in the toxicity, expressed as TU (○), oxygen uptake rate
(●) during AO process.
The IC50 is an important parameter because it informs about toxic and
inhibitory effects in the microbial population. However, toxicity/ inhibitory effects and
biodegradability could be completely different. Because of that, the biodegradability of
the samples was also measured as oxygen uptake rate (OUR) according to the literature
[37, 38] and the obtained results are also presented in Figure 7.10. The OUR of each
sample was measured using a respirometer. Each sample was analysed twice, in order to
ensure the reproducibility. When low electrical charges were applied, the
biodegradability decreased. This could be explained because of the oxidation of the
biodegradable substrates initially contained in the sample and because of the slight
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increase in the toxicity at the beginning of the electrolysis previously described due to
the presence of two chemicals presenting acute toxicity: 2,5-dichloropyridine and 2picolinic acid. Then, when the applied electric charge increased, the substrates were
transformed into more biodegradable ones, such as acetic acid, at the same time that the
toxicity decreased, leading to a sample presenting higher biodegradability. Additionally,
a partial dehalogenation of the organic molecules was ratified by IC, accounting to
about 20% of the initial chlorine contained in the organic molecule of the clopyralid.
The ionic analyses of the others species show that not important differences in the ionic
concentration took place. With regard to Figure 7.10, it must be highlighted that grey
area corresponds to negative respiration rates. These negative respiration rates, which
mean respiration rates lower than those obtained in the reference test, can only be
explained because toxic/inhibitory effect of the reaction intermediates generated during
the electrolysis. These results indicates that, in order to improve the biodegradability of
the soil washing effluents via electrolysis with CF anodes, the required electric charged
should be higher than 2.5 A h dm−3. As can be seen both, the biodegradability and the
toxicity, trends drastically changes when the applied charge exceeds 2.5 A h dm−3.
In the literature, the biodegradability of the effluents are usually measured as
the BOD5/COD ratio, being considered the effluents as easily biodegradable when its
BOD5/COD ratio exceeds 0.4 [39, 40]. In this work, the biodegradability after the AO
process, measured as BOD5/COD ratio, increased from 0.19 to 0.23. The minimum
value assigned to biodegradable samples was not reached, but the biodegradability was
improved.
7.4.1.4. Conclusions regarding electrochemical pre-treatment of clopyralid
In conclusion, MMO electrodes were not able to transform clopyralid, whereas
BDD anodes completely oxidized the clopyralid to carbon dioxide, without the
generation of any reaction intermediates. Conversely, CF anodes were able to degrade
clopyralid generating reaction intermediates such as 2,5-dichloropyridine and 2picolinic acid and acetic acid as final product. When using CF anodes, the application of
low electrical charges hardly affected to the toxicity/biodegradability of the effluents.
However, when applying electric charges over 2.5 A h dm−3, the biodegradability of the
pre-treated effluents increased at the same time that toxicity decreased.
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7.4.2. Pre-treatment of lindane polluted effluents
7.4.2.1. Soil washing and anodic oxidation of lindane soil washing effluents
Taking into account that lindane is not a soluble molecule, the SASW process
was considered as a suitable technology to extract it from soil, as it has been previously
evidenced is several research works carried out during the last decade focused on other
pollutants [23, 41, 42] and also in a recent study focused on lindane [19]. Following the
methodology of that work, the recovery of lindane from soil in the best conditions was
about 40%, which corresponded to 70 mg dm-3 of lindane in the SWE. Once the SWE
was obtained, it was treated as wastewater. It is important to take in mind that only
1.5% of the organic amount dissolved in SWE was lindane and the rest of organic
matter was SDS. This is an important difference as compared to other lindane
electrooxidation research works found in the literature, because the lindane degradation
rates, the organic degradation or mineralization efficiencies, and changes in the
biodegradability and toxicity can be influenced by the presence of such a high amount
of surfactant. The initial anions and cations concentrations in the SWE are similar to the
obtained in the SW process carried out with clopyralid. This information can be
checked in Table 7.5.
Figure 7.10 shows the changes in the concentration of lindane and TOC during
the AO tests performed at 30 and 15 mA cm-2 using BDD. The figure also shows the
concentrations of 𝑆𝑂42− and 𝐶𝑙 − vs the electric charge applied (Q).
Lindane is oxidized during both electrolyses. The higher the current density
applied, the higher is the degradation rate and the more efficient is the degradation of
lindane observed. This observation has to be explained in terms of the fact that larger
current densities promote the formation of hard oxidants in the bulk [15, 34, 43]. Thus,
depending on the species electrolyzed, in the literature it can be seen that the change in
the current density can be the same or even opposite, because when plotting the
concentration of pollutant vs the current charge, what it is really represented is not the
rate but the efficiency of the process and when the primary oxidation mechanism is the
oxidation in the nearness of the surface of the electrode (either direct of mediated by
hydroxyl radicals), mass transfer limitations appear, explaining the decrease of
efficiency at larger current charges applied. In this case, this limitation is not found,
suggesting that the primary mechanism is the oxidation of the pollutant in the bulk by
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electrogenerated oxidants. Regarding TOC, a nearly negligible decrease is observed
when using 15 mA cm-2, while a faster decrease is observed at 30 mA cm-2. It means
that despite lindane is oxidized under 15 mA cm-2, SDS oxidation is almost nil. On the
contrary, this oxidation develops at a more significant rate, 30 mA cm-2, which means
that different oxidation mechanisms can be activated simply by increasing this
parameter.
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Figure 7.10. Influence of electrical charge applied and current density on (a) lindane
concentration (full symbols) and total organic carbon concentration (empty symbols)

169

CHAPTER 7. IMPROVING BIODEGRADABILITY OF SOIL WASHING EFFLUENTS BY ANODIC OXIDATION

and (b), sulphate (empty symbols) and chloride (full symbols) during the galvanostatic
electrolysis with BDD at 30 mA cm-2 (∆▲) and 15 mA cm-2 (○●).
The sulphate ions generation shown in part b of the Figure 7.10 confirms the
above mentioned results. Sulphate is produced from the oxidation of SDS, simply by
breaking the sulphonate group contained in the tail of SDS molecule. This is very
important, not only because it states different mechanisms, but also because sulphate
released may be related to the final production of a very efficient oxidant, the
peroxosulphate (Equation 7.1), which it is expected to perform an important effect in
mediated oxidation processes [23, 44, 45] and supports the explanation given for the
different behaviour observed at 15 and 30 mA cm-2.
2𝑆𝑂42− → 𝑆2 𝑂82− + 2𝑒 −

(7.1)

The variation of chloride concentration is also shown in Figure 7.10. Chloride
concentration evolution is important because active chlorine species are powerful
oxidants, which can influence on the process via well-known ‘mediated oxidation’ [2,
15, 34]. It is important to take in mind that chloride concentration includes chloride ions
present in SWE and also the possible chloride formation because of lindane oxidation
and reduction reactions (including in this later group the hydro-dehalogenation
processes that can develop on the cathode). Thus, chlorine concentration should
increase with the applied charge (dechlorination). However, this ion can also be
consumed because it can be directly oxidized on the anode surface to chlorine (Cl2) via
Equation 7.3. This behaviour has been only observed in the present work at 30 mA cm 2

. The electrogenerated chlorine would diffuse away from the anode and it would be

quickly hydrolyzed to hypochlorous acid (HClO) and chloride by disproportionation
through Equation 7.3 and Equation 7.4.
2𝐶𝑙 − → 𝐶𝑙2 (𝑎𝑞) + 2𝑒 −

(7.2)

2𝐶𝑙2 (𝑎𝑞) + 𝐻2 𝑂 → 𝐻𝐶𝑙𝑂 + 𝐶𝑙 − + 𝐻 +

(7.3)

𝐶𝑙𝑂 ↔ 𝐻 + + 𝐶𝑙𝑂−

(7.4)

In addition, in the case of BDD, the subsequent formation of chlorite, chlorate
and perchlorate ions is expected to occur, according to Equations 7.5-7.8. In the present
work, chlorate and perchlorate ions were only formed working under 30 mA cm-2.

170

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

𝐶𝑙 − + 𝑂𝐻 • → 𝐶𝑙𝑂− + 𝐻 +

(7.5)

𝐶𝑙𝑂− + 𝑂𝐻 • → 𝐶𝑙𝑂2− + 𝐻 +

(7.6)

𝐶𝑙𝑂2− + 𝑂𝐻 • → 𝐶𝑙𝑂3− + 𝐻 +

(7.7)

𝐶𝑙𝑂3− + 𝑂𝐻 • → 𝐶𝑙𝑂4− + 𝐻 +

(7.8)

Electrical conductivity and pH evolutions over the electrical charge were also
monitored in all the experiments performed, the results appear in Figure 7.11.
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Figure 7.11. Influence of electrical charge and current intensity over pH and
conductivity during electrolysis with BDD at 30 mA cm-2 (◊♦) and 15 mA cm-2 (∆▲).
The pH evolved from a neutral value to strong acid values (pH = 2) working at
30 mA cm-2, which is clearly inadvisable for a biological post-treatment. The decrease
in the pH could be due to different causes such as the release of H + to the liquid medium
during the mineralization process according to Equation (7.9), the formation of short–
chain carboxylic acids, or the progressive oxidation of chloride ions which generates H+
[46]. Moreover, the depletion of pH has been associated with the formation of HClO
(from pH 7 to 3) and Cl2 (pH below 3) [34].
𝐶6 𝐻6 𝐶𝑙6 + 12𝐻2 𝑂 → 6𝐶𝑂2 + 6𝐶𝑙 − + 30𝐻 + + 24𝑒 −

(7.9)

On the other hand, the electrical conductivity of the liquid medium increased
from 2200 to 4070 µS cm-1 working at 30 mA cm-2. The conductivity increase could be
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caused by the rise of ion concentration in the solution, which is inadvisable again if a
biological post-treatment would be planned. Regarding the experiment performed at the
lowest current density, 15 mA cm-2, not significant changes appeared in pH and
conductivity during the electrolysis, which indicates that electrooxidation rate was
lower.
Figure 7.12 shows the results obtained using carbon felt (CF) as anodic
material during the electrolysis, where it can be seen important differences when
comparing results to those obtained with BDD.
In this case, the applied current densities (15 and 10 mA cm-2) were lower than
those used with Boron Doped Diamond anode, because of the expected corrosion
(degradation by cold electrochemical combustion) underwent by the surface on the CF
electrode during electrolysis [36]. Moreover, previous electrolyses carried out in this
range allowed to obtain successful results regarding clopyralid degradation without the
corrosion of the CF electrode.
As previously observed, the lindane degradation was faster when working at
higher current densities, while the relative TOC values were kept almost constant over
the electrolyses, indicating that no mineralization of the organic matter contained in
SWE occurred. The nil formation of sulphate also supports this nil change in the TOC
concentration. No formation of sulphate involves no degradation of surfactant, and this
is the reason that explains both trends, as SDS is the main responsible for the high TOC
concentration. Finally, chloride concentration decreases, which could be explained
again by the reactions previously described (Equations 7.2-7.4), although such decrease
is not as important as the one observed using BDD under 30 mA cm-2. The formation of
chlorate was the lowest in all the experiments carried out and no perchlorate formation
was detected (results not shown).
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Figure 7.12. Influence of electrical charge applied and current density on (a) lindane
concentration (full symbols) and total organic carbon concentration (empty symbols)
and (b) sulphate (empty symbols) and chloride (full symbols) during the galvanostatic
electrolysis with CF at 15 mA cm-2 (∆▲) and 10 mA cm-2 (○●).
Figure 7.13 presents the changes in pH and conductivity values. Regarding pH
evolution it decreased in all the experiments performed, reaching values about 4.3 (this
is not such a strong acid pH as the one observed using BDD, but again, it is a not
recommended pH value for possible biological post-treatment), and concerning
conductivity, it keeps constant at both 15 and 10 mA cm-2.
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Figure 7.13. Influence of electrical charge and current intensity over pH and
conductivity during electrolysis with CF at 15 mA cm-2 (∆▲) and 10 mA cm-2 (

◄).

Figures 7.14 and 7.15 show the results obtained using MMO-Ir and MMO-Ru
respectively. The current density applied in these experiments is higher (30 and 50 mA
cm-2) than the applied with the other anodes, because they were expected to be robuster
than the CF and, initially, they were expected to be less efficient than the BDD,
allowing only the partial oxidation of the raw pollutants [36].
As seen, lindane is efficiently degraded with the two MMO anodes. However,
TOC and sulphate concentrations were kept constant during electrolysis with the MMORu, meaning that not mineralization of SDS was carried out. It also means that lindane
is transformed into organic intermediates but not mineralized. At 50 mA cm -2, during
the electrolysis with MMO-Ir a low sulphate formation is detected and a short depletion
in TOC rate is observed, suggesting hasher oxidation conditions. However, it is not as
important as the mineralization reached by BDD, even at lower current densities.
Anyway, it could be related with the highest chlorate concentration detected that
involves the generation of oxidant species as mentioned above.

174

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

TOC/TOC0 30 mA cm

-2

TOC/TOC0 50 mA cm

C/C0 50 mA cm

-2

(a)

1.2

C/C0

-2

-2

1.2

1.0

1.0

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

0.0

TOC/TOC0

C/C0 30 mA cm

0.0
0

10

20

30

-3
Q (A h dm )

300

-2

-2

SO4

50 mA cm
-2
30 mA cm

50 mA cm

-2

-2

SO4 30 mAcm

1000

(b)

250

-2

-3
Cl (mg dm )

800
200
600

150
100

400

50

200

0

2-3
SO4 (mg dm )

-

Cl
Cl

0
0

10

20
-3
Q (A h dm )

30

Figure 7.14. Influence of electrical charge applied and current density on (a) lindane
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electrolysis with MMO-Ir at 50 mA cm-2 (◊♦) and 30 mA cm-2 (∆▲).
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Figure 7.15. Influence of electrical charge applied and current density on (a) lindane
concentration (full symbols) and total organic carbon concentration (empty symbols)
and (b) sulphate (empty symbols) and chloride (full symbols) during the galvanostatic
electrolysis with MMO-Ru at 50 mA cm-2 (◊♦) and 30 mA cm-2 (∆▲).
The next two figures, Figure 7.16 and Figure 7.17 show the evolution of pH
and conductivity. It is important to note that pH remained in values near to neutrality in
the cases of using MMO electrodes. Conductivity keeps constant during both
electrolyses.
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Figure 7.17. Influence of electrical charge and current intensity over pH and
conductivity during electrolysis with MMO-Ir at 50 mA cm-2 (○●) and 30 mA cm-2 (◊♦).
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Figure 7.17. Influence of electrical charge and current intensity over pH and
conductivity during electrolysis with MMO-Ru at 50 mA cm-2 (○●) and 30 mA cm-2
(◊♦).
Apparent lindane removal kinetics constants were calculated by fitting
experimental data to a first kinetic model. The apparent kinetic rate constant values
(kapp) for the oxidation of lindane correspond to the slopes of the linear fits of the plots
of ln(C0/C) versus time, where C is the lindane concentration [47]. No fitting for the
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experiment carried out at 15 mA cm-2 with carbon felt was possible. The results appear
in Table 7.7. The kapp fitting results confirm that BDD is the most powerful anode for
lindane elimination at 30 mA cm-2, whereas the rest of the anodes checked show a good
performance for the elimination of this compound. Moreover, Table 7.8 shows also the
influence of current density. A significant increase in kapp is observed when using higher
current densities. The kinetics equation appears in Equation 7.10.
𝑙𝑛

[𝐶0 ]
= 𝑘𝑡
[𝐶]

(7.10)

Oxidation rates obtained in the present work are lower than the ones obtained
for other organics [48] and it could due to the lindane non-aromatic and saturated
structure and the absence of the double bond. The lindane removal rate and removal
efficiency results when using BDD may be influenced by the high SDS amount present
in the SWE, as part of the oxidation effect is used for SDS degradation. The high SDS
concentration could cause lower availability for the pollutant oxidation [49].
Table 7.8. Apparent kinetics rate constants kapp (h-1) obtained during AO
treatment with different anodes.
10 mA cm-2
BDD
CF

0.162

15 mA cm-2

30 mA cm-2

0.186

0.744

50 mA cm-2

x

MMO-Ir

0.660

1.476

MMO-Ru

0.600

0.900

Some carboxylic acids were detected at the end of the electrolyses. These acids
are shown in Table 7.9. The carboxylic acids were detected by the retention time
comparison and internal standard addition methods using standard solutions. To do that,
the standard solutions were diluted in the electrolyte (groundwater) due to the complex
of the matrix used.
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Table 7.9. Carboxylic acids detected at the end of the electrolyses.

BDD

Oxamic

Glycolic

X

X

CF
X

X

MMO-Ru

X

X

Succinic

Acetic

X

X

CF
MMO-Ir
MMO-Ru

Malonic

X

MMO-Ir

BDD

Maleic

Oxalic

X
X
X
Tartaric

X
X

X
X

7.4.2.2. Toxicity and biodegradability evaluation of the lindane electrolysed SWE
Changes in the toxicity and biodegradability of the lindane polluted SWE,
during the electrolytic treatments, were evaluated with the four electrodes at selected
conditions: BDD and CF electrodes working at 15 mA cm-2, and MMO-Ir and MMORu electrodes working at 30 mA cm-2. These current density values were selected taking
into account the changes observed in the previous section in both, the lindane and TOC
concentrations.
First, it was followed the changes in the toxicity (expressed in toxicity units,
TU) during the electrolyses (Figure 7.18). As seen, as a general trend, toxicity decreases
with the applied electrical charge in all cases. However, in the case of carbon felt anode,
toxicity increases at low electrical charges. This behaviour was also observed in the
experiments carried out with clopyralid and this change was related to the formation of
intermediates with higher toxicity of the parent molecules. Working with the rest of
anodic materials, the higher the applied electrical charge is, the better the toxicity
results are. The toxicity of the soil washing effluent without lindane (that is, a reference
test using only SDS) is not shown, because toxicity was found to be negligible.
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Figure 7.18. Changes in the toxicity of the lindane polluted SWE during the electrolyses
with the different anodic materials.

The toxicity reduction indicates that the electrochemical treatment has a
positive influence on the later application of a biological step. However, it is also
important to check if the organics are being transformed during the treatment into
compounds with a higher easiness of being metabolized by microorganisms. For this
reason, biodegradability (calculated as by ratio BOD 5/COD) was evaluated. Final value
of this parameter after passing an electric charge of 18 A·h·dm-3 in the four electrolyses
are shown in Figure 7.19. The discontinuous horizontal lines show the biodegradability
of the raw SWE and that of the SWF without lindane (a reference test, only containing
SDS).
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Figure 7.19. Comparison of the biodegradability of SWE after applying 18 A h dm-3.
The presence of lindane decreases significantly the biodegradability of the
effluent and the SWE with lindane almost reaches a ratio BOD5/COD about 0.2, which
can be explained because SDS is a rather biodegradable surfactant and its concentration
in the SWE is high (5 g dm-3). It can be observed that biodegradability increased when
using CF and especially BDD, where a ratio of approximately 0.5 is reached, which
predicts a more successful biological post-treatment. However, results obtained after the
electrolyses with both MMO electrodes are much worse indicating that intermediates
formed, although less toxic, are less biodegradable than the initial composition of the
raw SWE. This is important because in those cases the depletion of the raw lindane was
obtained and it suggests that opposite to what it could be thought, MMO electrodes are
not as suitable as other electrodes for combined electrochemical-biological processes.
Both, toxicity and biodegradability shown in Figures 7.18 and 7.19, are
indicative of the results that can be obtained in the direct biological post-treatment of
the effluent of the electrochemical process, that is, with a biological wastewater
treatment which only treat these wastes (case of an industrial facility). However, the
most typical situation is the discharge of this effluent into the sewer. In this case, the
effluent will be merged with other substrates and it is important to determine if the same
conclusions can be drawn in this case regarding the biodegradability.
Figure 7.20 shows how the ratio BOD5/COD (of the wastewater to be treated
by conventional aerobic sludge which received low discharges of such electrolysed
SWE samples) decreases when SWE is added. However, this decrease is less important
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when the SWE is treated using BDD and specially CF electrodes, for which the same
biodegradability can be reached at large current charge passed than that of the
wastewater without SWE discharge. These results are also confirmed by the transient
responses in Figure 7.21 in which the specific oxygen uptake rates are shown. Thus,
changes in the maximum specific aerobic sludge respiration rates after the SWE
discharges gives the same information than the changes in the biodegradability
parameter, confirming the importance of the pre-treatment of SWE with CF or BDD in
order to discharge SWE to sewers and do not affect to the operation of the biological
treatment of municipal WWTP.
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Figure 7.20. Evolution of the ratio BOD5/COD during the aerobic treatment trough
activated sludge after discharge of different AO pre-treated SWE.
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Figure 7.21. Changes in the Specific Oxygen Uptake Rate of the aerobic treatment
trough activated sludge after discharge of different AO pre-treated SWE.
Regarding the pre-treatment with MMO electrodes, results show that the
MMO pre-treated effluents are not as suitable as the other effluents for being merged
with other wastewater and being fed to a biological treatment. These results support the
previous observations carried out during the direct treatment of the effluents.
7.4.2.3. Conclusions regarding electrochemical pre-treatment of lindane
From the lindane section, the following conclusions can be drawn:
Important differences were observed in the evolution of lindane, TOC,
sulphate, and chlorine species during the electrochemical treatment. Lindane is
degraded by the four electrodes tested but the degradation of the surfactant depends on
the electrode material. As expected, the best mineralization was reached working with
BDD, supporting the numerous papers which pointed out this anodic material as one of
the most powerful anode to degrade organic molecules.
For a direct biological treatment of the electrolyzed SWE, BDD and CF show
better performance for the reduction of toxicity and increase in the biodegradability than
the two MMO anodes tested. Alternatively, for a discharge of the electrolyzed SWE
into larger flows of water, BDD and CF show again better performance for the increase
in the biodegradability of the merged wastes than the two MMO anodes tested. The
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different biological tests confirm that BDD and CF anodes generate a higher
biodegradability improvement than MMO anodes. In spite of MMO anodes degraded
lindane, the biodegradability results shows that lindane was transformed into more
recalcitrant pollutants.

7.4.3. Pre-treatment of atrazine polluted effluents
7.4.3.1. Soil washing and anodic oxidation of atrazine soil washing effluents
As indicated above, 1 kg of soil was polluted with 100 mg of atrazine in order
to obtain the wastewater to be studied. Due to that atrazine is a not soluble molecule,
SW process requires the use of SDS. The SWE contains about 40 mg dm-3 of atrazine,
which corresponds to a 40% recovery efficiency. This percentage is similar to the one
obtained with the other non-polar pesticide, lindane. As in the case of lindane-polluted
SWE, it is important to take into account that only about 1% of the organic amount
dissolved in the SWE was atrazine, while the rest corresponds to SDS. The
concentration of the different mineral salts added to the synthetic groundwater, used as
a SWF, has been shown in Table 7.6.
In the case of atrazine experiments, the influence of the current density was not
studied. The selected current density to perform the experiments was 15 mA cm-2 with
the four anodes checked. The selection of this current density was based on the previous
experiments carried out with clopyralid and lindane. A higher current density would
generate a higher voltage, leading detrimental effects for the stability of the
carbonaceous anode [49].
Figure 7.22 presents the results of atrazine removal using the four anodes as a
function of the electrical charge between 0 to 20 A h dm-3 at 15 mA cm-2. BDD
achieved the total degradation of atrazine after applying 3 A h dm-3 of electrical charge.
In contrast, atrazine concentration was only reduced by 75% and 72% with CF and
MMO anodes respectively after applying more than 20 A h dm-3. The oxidation ability
of the anodes in the groundwater medium increased in the order MMO-Ru < MMO-Ir <
CF < BDD. This trend agrees with the expected oxidative superiority of non-active
BDD anodes over the other three active anodes [36, 49-51] . The good performances of
BDD over atrazine removal was been previously reported in some research works [23,
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52-54]. Garza-Campos et al. [55] reported an atrazine degradation efficiency higher
than 90% under analogues conditions, applying 13.3 mA cm-2 using BDD and the initial
atrazine concentration was 20 mg dm-3.
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Figure 7.22. Concentration decay of atrazine over the electrical applied charged for
the electrochemical oxidation of 40 mg dm-3 in groundwater at 15 mA cm-2.
The initial stage of atrazine depletion, from 0 to 5 A h dm-3 of electrical
applied charge can be adjusted to a first-order kinetic model. Table 7.10 summarizes the
apparent rate constants and the square of correlation coefficient of the linear fittings.
These fittings are presented in Figure 7.23. Kinetics analyses corroborate the statement
of the superior ability of BDD to degrade organic matter.
Table 7.10. Apparent rate constants and square of the correlation coefficient.
K (min-1)

R2

BDD

0.10666

0.9798

CF

0.04108

0.9117

MMO-Ir

0.03131

0.9256

MMO-Ru

0.01086

0.991
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Figure 23. First-order kinetic analysis of the concentration decays.

It is known that the active anode MMO-Ru has good performances in chloride
medium, because it allows the production of active chlorine species that can attack
rapidly the aromatic structures, and they are good catalysts for chlorine evolution [36].
Groundwater medium in the present work contains a concentration of chloride ions
about 84 mg dm-3. For this reason, it was expected that MMO-Ru could act as a good
anode material to atrazine removal. Meanwhile, the behaviour of MMO-Ru in atrazine
degradation was similar to the behaviour observed in the latest studies carried out with
clopyralid and lindane. One reason that could justify the unexpected operation of this
anode is the low concentration of NaCl in the medium. Rajkumar et al. [56] optimized a
NaCl concentration about 2.5 g dm-3 to degrade cresol using MMO-Ru anodes. On the
other hand, Panizza et al. [57] reported an optimal chloride concentration of 1.2 g dm-3
to degrade methylene blue through anodic oxidation with MMO-Ru anode. The chloride
concentration in the synthetic groundwater in the present work was only 84 mg dm-3,
this value is below to the optimum NaCl concentrations observed in bibliography.
Regarding carbon felt electrode, it has a similar behaviour to MMO-Ir.
Generally, the use of carbon based material as anode generates low efficiencies because
they can also be electrochemically incinerated (transformed into carbon dioxide) during
the electrochemical process when using high voltages to oxide organic pollutants [58].
It should be taken into account the large porosity of the carbon felt. Due to this fact, the
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electrode surface is much larger than that of other electrodes and this may help to
explain the better performance in atrazine degradation of this electrode in the current
density studied over MMO anodes.
At this point, it is know that the organic molecule is degraded during the
electrolysis but it can be converted into more recalcitrant compounds. For this reason
TOC is a significant parameter to take into account. TOC depletions appear in Figure
7.24.
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Figure 7.24. TOC removal over the electrical applied charged for the
electrochemical oxidation of 40 mg dm-3 in groundwater at 15 mA cm-2.

The figure shows that the BDD anode is the most powerful material to mineralize
the solution. It means that BDD was powerful enough not only to remove the organic
(Figure 7.22), but also to mineralize a large amount of its by-products and the
surfactant. On the contrary, MMO-Ru was the most inefficient anode to transform the
intermediates into CO2. This is not surprising based on the very slow destruction of the
atrazine. Regarding the other two materials, MMO-Ir causes an important TOC
removal, reaching a 50% of TOC decay. CF only achieves a 20% of mineralization. The
mineralization results obtained with active anodes are in agreement to the expected
because these kind of materials allow the partial organic degradation, along the
formation of many refractory species as final products [34].
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The greater mineralization achieved with BDD can then be accounted for two
factors:
-

The smaller formation of active chloride species, with subsequent
accumulation of a lower amount of chloroderivatives.

-

The larger ability of BDD to mineralize the intermediates formed [49]

The mineralization rate of the solution is directly related to the degradation of the
surfactant, SDS. It is important to remark that the SWE has an important amount of
TOC due to the use of SDS during the SW process. The TOC depletion is also related to
the generation of sulphate. As mention in the section 7.4.2. Pre-treatment of lindane
polluted effluents, when SDS is oxidized, the sulphate group is broken and generates
sulphate. The generation of sulphate ions is reported in Figure 7.25.
The results shown in Figure 7.25 are in agreement to the ones in Figure 7.24 (TOC
depletion). The highest sulphate concentration is achieved working with BDD anode,
which corroborates the good performance of BDD to eliminate TOC. In the experiment
carried out with CF, the concentration of sulphate remains constant during electrolysis,
indicating that this anodic material does not allow the surfactant degradation. MMO
anodes show a slight increase of the sulphate ion. This increase is more important
working with MMO-Ir, as can be shown in TOC depletion figure. With BDD anodes,
hydroxyl radicals are available to be combined with sulphate, forming sulphate radical
and mono and diperoxosulfate, a powerful oxidant, which may extend the oxidation
from the nearness of the electrode surface to the bulk. On the other hand, with MMO
and CF anodes these radicals are produced but are consumed in other processes
(reversible oxidation of the electrode components) before they can oxidize sulphate
anions to sulphate radicals. They are transformed into oxygen, which help to explain the
lower efficiency observed [58].
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Figure 7.25. Sulphate ions produced during the electrolysis of 40 mg dm-3 in
groundwater at 15 mA cm-2.

The changes in the pH are shown in Figure 7.26. In the experiment completed with
BDD, the value of pH dropped significantly to a final value close to 3. This behaviour is
due to the fact that atrazine can generate many acidic compounds of low molecular
weight, which decreases the pH. [59]. This drop in the pH during electrolysis of atrazine
with BDD has been previously detected [53].
On the other hand, CF produces also a decrease in the pH. This decrease is not as
high as the produced with BDD. MMO anodes do not generate an acidification. This
trend was observed also in the electrolyses carried out with MMO during lindane
degradation.
Regarding electrical conductivity, not important changes were appreciated during
the different electrolyses, and the values (not shown) were kept constants over electrical
charge with the four anodes checked.
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Figure 7.26. pH values during anodic oxidation of 40 mg dm-3 in groundwater

Before finishing the discussion of the effect of the different anodes, the changes in
the concentrations of inorganic ions were studied. Table 7.11 shows the ion
concentrations for the initial SWE and after electrolyses using the four anodes tested.

Table 7.11. Inorganic ions concentrations before and after electrolysis with
different anodic materials.
SWE

BDD (end)

CF (end)

MMO-Ir (end)

MMO-Ru (end)

𝑁𝑂3− (mg dm-3)

134.71

152.60

109.06

150.96

151.48

𝐶𝑙 − (mg dm )
-3

𝐶𝑙𝑂3−
𝐶𝑙𝑂4−

83.98

1.52

46.78

11.38

19.15

-3

-

220.23

14.88

124.11

120.99

-3

-

179.63

2.53

0

0

(mg dm )
(mg dm )

The 𝑁𝑂3− concentration increases in the case of using BDD and MMO anodes.
This trend is indicative of the presence of much lower amounts of N-derivate in the
final solutions using these three anodes. It could be due to the preferential destruction of
the by-products by active chlorine. On the contrary, the electrolysis carried out with CF
tried out a decrease in 𝑁𝑂3− concentration [49]. Moreover, deamination of the atrazine
molecule leads to the release of 𝑁𝑂3− [54]. The nitrogen of atrazine is converted
progressively into 𝑁𝑂3− , as well as 𝑁𝐻4+ to a much lesser extent, but only in the case of
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BDD, in a concentration of 3.21 mg dm-3. Similar concentrations of 𝑁𝑂3− and 𝑁𝐻4+
were detected by Borrás et al. [54] in the degradation of 30 mg dm-3 of atrazine using
BDD.
The dechlorination process of atrazine is not detected by IC because this
process competes with the chlorine evolution. 𝐶𝑙 − ion is unstable and disappears from
the solution in all electrolyses. Table 7.9 shows that initial 𝐶𝑙 − was more rapidly
removed using BDD than using MMO and CF anodes. The larger destruction of 𝐶𝑙 −
with BDD can then ascribed to the quicker consecutive oxidation of active chlorine to
𝐶𝑙𝑂3− and 𝐶𝑙𝑂4− [49] according to the reactions previously described in the Section
7.4.2.
7.4.3.2. Toxicity and biodegradability evaluation of the atrazine electrolysed SWE
As in the previous experiments carried out with clopyralid and lindane, the
changes in toxicity and biodegradability of the pre-treated atrazine polluted effluents by
anodic oxidation were studied.
The changes in toxicity are shown in Figure 7.27. It can be observed that the
toxicity trend in the case of CF anode is repeated again as in the two previous sections
(focused on clopyralid and lindane). At low electrical charge applied, the toxicity of the
pre-treated effluent increases, however, at the end of the electrolysis the toxicity
decreases. In this case, toxicity does not undergo a final significant change compared to
the initial value. The initial value of Ecotoxicity expressed in TU is 1.76. An after
electrolysis the Ecotoxicity values are: 0.52 (MMO-Ru) < 1.17 (BDD) < 1.19 CF) <
1.56 (MMO-Ir). In Chapter 5, it was indicated that atrazine does not present toxic
effects over the mixed microbial culture. However it was considered as a nonbiodegradable herbicide. This result is agreement with the results presented in Chapter
5.
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Figure 7.27. Changes in the toxicity of the atrazine polluted SWE during the
electrolyses with the different anodic materials.

After evaluating the toxicity of the effluents, the changes produced in
biodegradability were expressed according to BOD 5/COD ratios and respirometric
analysis.
The ratio BOD5/COD of the atrazine-polluted SWE shows that the effluent
without AO treatment is not biodegradable, in spite of having a high SDS concentration
(less than in the case of lindane). The biodegradability is only improved by pretreatment of the effluents with BDD. The ratio BOD5/COD of the pre-treated effluents
is shown in Table 7.10. As previously commented, BDD is the anode which achieves
the best mineralization and degradation of atrazine. BDD also achieves the best
efficiency in COD removal. This parameter is related to biodegradability and it can
explain the best performance of BDD. The COD percentage removal at the end of the
process is also expressed in Table 7.12. The initial value of COD is 1290 mg dm-3.
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Table 7.12. BOD5/COD ratios and COD % removal of the atrazine polluted
SWE before and after anodic oxidation at 15 mA cm-2.

BOD5/COD

SWE (without

BDD

CF

MMO-Ir

MMO-Ru

treatment)

(end)

(end)

(end)

(end)

0.025

0.56

0.038

0.014

0.076

-

95.94

40.86

37.74

54.35

COD %
removal

Finally the Oxygen Uptake Rate was evaluated. The results are presented in
Figure 7.28.
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Figure 7.28. Changes in the Oxygen Uptake Rate during the electrochemical pretreatment of atrazine polluted eflluents with different anodes.

The results obtained through respirometric measurements do not show a
clearly influence of the anode material over biodegradability, increasing the final
Oxygen Uptake Rate in all cases.
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7.4.3.3. Conclusions regarding electrochemical pre-treatment of atrazine
To sum up it can be concluded that BDD is the most powerful anodic material
to degrade atrazine. The other materials achieve an atrazine degradation rate about 75%.
Regarding mineralization of the SWE and sulphate formation, BDD overtakes clearly
the rest of anodes tested. All the anodes tested reduced the ecotoxicity of the water
effluents, however, this reduction is not so significant. Regarding biodegradability, the
ratio BOD5/COD shows that the effluent pre-treated with BDD is suitable for the
application of a biological step.

7.5. CONCLUSIONS
Taking into account the partial conclusions expressed in each section, the
following global conclusions can be drawn:
-

The chemical structure of the pesticide molecules affects directly to its anodic
oxidation. Each anode material works in a different way depending of the
pesticide used.

-

BDD has pointed as the most powerful anode in all the essays performed, in
degradation and mineralization of pesticides.

-

In spite of CF cannot work at high current densities, it has achieved good
removal efficiencies, demonstrating that this kind of materials can be used to
degrade partially organic structures, and therefore to apply a biological posttreatment. On the other hand, MMO anodes were not able to degrade
clopyralid, but they degraded lindane and atrazine.

-

Regarding pH, BDD and CF acidified the solutions whereas MMO kept the pH
constant.

-

With respect to SDS mineralization, BBD pointed again as the most efficient
anode, achieving better results working at higher current densities. On the
contrary, MMO and CF anodes did not show high efficiencies in SDS removal.

-

Concerning biodegradability and toxicity results, CF increased the toxicity of
all the solutions working at low electrical charges, it may be related to the
generation of toxic intermediates. However, toxicity decreased when using
higher electrical charge. BDD decreased the toxicity and improved the
biodegradability of the electrolyzed effluents. Finally, MMO anodes were the
less efficient anodes in getting biodegradability enhancements.
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COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

8.1. Introduction
As it has been demonstrated in the previous Chapter, electrolysis of clopyralid
polluted effluents with carbon felt anodes improves the biodegradability and reduces the
toxicity of these effluents.
In the literature, it has been described that the electrolytic processes could be
enhanced by means of ultraviolet irradiation and application of ultrasounds. Because of
that, in order to increase the efficiency of the electrochemical process, avoiding the
production of refractory organics during the oxidation of complex pollutants [1-4], these
two modifications have been proposed [5]:
-

Ultraviolet (UV) light irradiation coupled with electrochemical process in
order to increase the generation and/or activation of oxidizing agents in the
bulk [6-10].

-

Ultrasound (US) application to the system entailing to an increase in the
turbulence (due to the implosion of microbubbles) and, consequently,
enhancing the mass transport [11-13].

Photo-assisted treatments are based on the irradiation of a contaminated solution or
a photoactive electrode with UV [14-17]. The application of UV, as unique process or
coupled with other technologies, has been pointed as a suitable technology to treat
wastewater polluted with organics [18-21]. UV radiation is an electromagnetic radiation
having a wavelength greater than 100 nm but less than 400 nm. Thus, UV radiation has
a longer wavelength than that of X-rays but shorter than that of visible light (Figure
8.1). At this point, it has been demonstrated that a wavelength about 254 nm can
degrade the organic matter contained in a wastewater in an efficient way [22, 23]. The
UV rays can be generated through a mercury vapour lamp. In this case, the UV
irradiation is produced by means of the ionization of mercury gas at low pressure [24].
UV oxidation is a technique commonly used to treat wastewater and processing
water in different industrial sectors such as chemical, pharmaceutical, galvanic and food
industry. Therefore UV irradiation is a suitable technology to remove COD, Persistent
Organic Pollutant (POPs), metals such as Zn-Ni contained in wastewater, etc [25].
Moreover, this technology can be used to sterilize water, instead of using the
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conventional chlorine derivative products, because of the well-known mutagenic effect
of UV irradiation [23].

Figure 8.1. Electromagnetic spectrum.
This technology allows the degradation of the organic matter, mainly because of its
reaction with hydroxyl radicals, hydrogen radicals and aqueous electrons generated by
the UV irradiation [22] through the followings equations:
𝐻2 𝑂 + ℎ𝜐 → 𝑂𝐻 • + 𝐻 •

(8.1)

−
𝐻2 𝑂 + ℎ𝜐 → 𝑂𝐻 • + 𝐻 + + 𝑒𝑎𝑞

(8.2)

In most cases, the absorbance of UV radiation of organic pollutants is low and
photochemical reactions generate complex mixtures of reaction intermediates in spite of
mineralizing completely the initial pollutants. For this reason, it is important to increase
the rate of the photochemical reactions by means of combination with other Advanced
Oxidation Processes [26].
The coupling of UV with anodic oxidation affords an improvement in the
hydroxyl radicals generation and/or activation, as well as others oxidants coming from
inorganic salts, which can lead, in the majority of cases, to an improvement on the
anodic oxidation efficiency [24]. In recent years, there is an increasing interest in the
use of photoelectrochemical processes for water and wastewater remediation [27].
On the other hand, ultrasounds is an acoustic wave whose frequency is over the
threshold of human hearing [28]. The treatment technology is based on the application
of ultrasonic waves of high/medium intensity (from 20 kHz to 1 MHz). These waves
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cause the growth and cyclic collapse of gas bubbles [29, 30]. The gas implodes
generating high temperatures and pressures (4000-1000 K and 1000-10000 bar in the
centre of the collapsing bubbles). When US is applied, the organic matter degradation
can be carried out by its reaction with the radicals generated according to reactions 8.38.6:
𝐻2 𝑂 → 𝑂𝐻 • + 𝐻 •

(8.3)

𝑂2 → 2 𝑂•

(8.4)

𝐻 • + 𝑂2 → 𝑂2• 𝐻

(8.5)

𝐻 • + 𝑂2 → 𝑂𝐻 • + 𝑂 •

(8.6)

The main advantages of the coupling of electrochemical processes with the
ultrasonic technology are the following:
-

Cleaning of the electrodic surfaces because ultrasounds remove the products
formed on the anodic surfaces, avoiding possible increases of cell voltage.

-

Enhancement of the mass transport towards the electrode surface, due to the
turbulence induced to the solution. In addition, it promotes the generation of
highly reactive hydroxyl radicals.

Combination of US irradiation with electrolysis seems to be an interesting topic.
Because of that, sono-electrolysis processes have also been widely studied in the recent
years, being proposed as an adequate option for the treatment of different types of
wastewaters, leading to good removal efficiencies [31-33]
Several researches have demonstrated that combining photo and sono-technologies
with electrolysis leads to a synergistic effect [1]. In the literature, Martín de Vidales et
al. (2014) [5] studied the efficiency of the irradiated electrochemical process for the
removal of triclosan pesticide using BDD electrodes. It was shown that UV-light clearly
improves the oxidation rate, whereas US contributes to improve mass transfer to the
BDD surface. Souza et al.(2014) [1] demonstrated that coupling irradiation technologies
with BDD improve significantly the rates of oxidation and mineralization of the
electrolytic process in the removal of dimethyl phthalate (DMP), but their coupled
effect on results was smaller than expected according to their effects when they
operated separately.
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8.2. Objectives
Nowadays, the combination of electrochemical oxidation with other processes such
as oxidants production, ultraviolet radiation or ultrasound application have been pointed
as an alternative technology which allows to the treatment of wastewater polluted with
organics in an efficient way. Taking into account the good results that carbon felt anode
presented in the partial oxidation of clopyralid, this Chapter is intended to improve the
biodegradability of the polluted effluents applying electro-irradiated technologies.
Therefore, the main objective of this chapter could be divided into different partial
objectives:
-

Study of the kinetic constants of clopyralid degradation and mineralization
through the coupling of anodic oxidation with irradiated systems as ultraviolet
and ultrasound radiation.

-

Study of the synergistic effect and energy consumption.

-

Determination of the impact that electro-irradiated technologies have produced
in the biodegradability of the pre-treated effluents.

8.3. Materials and methods
8.3.1.

Experimental set-up

To perform the experiments related to photoelectrolysis and sonoelectrolysis, the
same experimental system showed in Figure 6.1 was employed. Electrolyses were
carried out in a single compartment electrochemical flow cell. The anode was a carbon
felt electrode and a stainless steel electrode was used as a cathode.
-

Photoelectrolysis experimental set-up

Figure 8.2 illustrates the experimental set-up. The ultraviolet lamp was a Filtered
Lamp Vilber Lourmat VL-215.MC with a power of 4W. The wavelength used was 254
nm (UV-C). The UV light was irradiated directly to the reservoir tank.
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Figure 8.2. Photoelectrolysis experimental set-up. 1. Reservoir tank, 2. Peristaltic pump,
3. Electrochemical reactor, 4.Thermostatic bath, 5. Power supply, 6. UV lamp.

-

Sonoelectrolysis experimental set-up

Sonoelectrolysis experiments were carried out in an experimental configuration
similar to the previous one. In this case, the system was equipped with an ultrasound
generator, as it is shown in Figure 8.3 and it was immersed directly inside the reservoir
tank. The ultrasound low frequency generator was a UP200S Hielscher Ultrasonics
GmbH, 24 kHz-200W.
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Figure 8.3. Sonoelectrolysis experimental set-up. 1. Reservoir tank, 2. Peristaltic pump,
3. Electrochemical reactor, 4.Thermostatic bath, 5. Power supply, 6. Ultrasound
generator.

8.3.2.

Experimental procedure

The experimental procedure carried out in this Chapter was similar to the
procedure developed in Chapter 7. Improving biodegradability of soil washing effluents
by anodic oxidation. The reactor was filled with 0.6 dm-3 of the soil washing effluent
polluted with clopyralid and samples were taken along the experiment. The monitored
parameters were pH and conductivity of the solution, total organic carbon, clopyralid
concentration, ionic species and oxidant concentrations. Table 8.1 presents the
experimental conditions of the experiments presented in this Chapter. The initial
clopyralid concentration was about 180 mg dm-3. The experiments were developed in
batch mode and galvanostatic conditions.
Table 8.1. Experimental conditions of the electro-irradiated essays.
Technology
Electrolysis
Photoelectrolysis
Sonoelectrolysis
Photosonoelectrolysis
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Current density
(mA cm-2)
5
5
5
5

US-radiation
Frequency (kHz)
24
24

UV-radiation
λ (nm) / Power (W)
254 / 4
254 / 4

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

8.3.3.

Synergistic effect and energy consumption

The synergy effect (SI) was used to evaluate the effect of the coupling of the
irradiated techniques to the electrolysis. It can be calculated according to Equation 8.7.
𝑆𝐼 =

𝐾 𝑒𝑙𝑒𝑡𝑟𝑜−𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑐𝑒𝑠𝑠

(8.7)

𝐾 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠+𝐾 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑐𝑒𝑠𝑠

The energy consumption associated to each electrochemical technology was
calculated according to Equations 8.8 - 8.10 considering the individual contributions of
each technique. The energy consumed by the electrolytic treatment in a discontinuous
system can be determined from Equation 8.8, where Q is the applied electric charge, I is
the cell intensity, V is the reaction volume, t is the treatment time and E is the cell
potential.

𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 (𝑘𝑊ℎ ∙ 𝑚−3 ) = 𝑄 (𝑘𝐴ℎ ∙ 𝑚−3 ) ∙ 𝐸(𝑉) =

𝐼 (𝑘𝐴)∙𝑡(ℎ)∙𝐸(𝑉)
𝑉 (𝑚3 )

(8.8)

Thus, the energy consumed by the electro-irradiated technologies can be
calculated with Equation 8.9 and 8.10, where 𝑤𝑢𝑣 is the irradiated ultraviolet light
power and 𝑤𝑢𝑠 is the irradiated ultrasound power.

𝑊𝑝ℎ𝑜𝑡𝑜𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 (𝑘𝑊ℎ ∙ 𝑚−3 ) =

𝐼 (𝑘𝐴)∙𝑡(ℎ)∙𝐸(𝑉)+ 𝑤𝑢𝑣 (𝑘𝑤)∙𝑡(ℎ)
𝑉 (𝑚3 )

(8.9)

𝑊𝑠𝑜𝑛𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 (𝑘𝑊ℎ ∙ 𝑚−3 ) =

𝐼 (𝑘𝐴)∙𝑡(ℎ)∙𝐸(𝑉)+ 𝑤𝑢𝑠 (𝑘𝑤)∙𝑡(ℎ)
𝑉 (𝑚3 )

(8.10)

8.4. RESULTS
In this Chapter, the results will be evaluated as function of the kinetics
constants obtained for clopyralid removal and mineralization. Then, the synergistic
effect and the energy consumption of the electro-irradiated technologies will be
discussed. The selected current density to carry out the experiments was 5 mA cm-2,
because previously it demonstrated good results in the partial oxidation of clopyralid
using CF as anode. Finally, the biodegradability of the effluent will be evaluated.
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8.4.1.

Clopyralid degradation and mineralization

According to the literature, the first order model could be used to describe the
electro-irradiated experiments. this reaction order is described by Equation 8.11 [34,
35].
𝐿𝑛

𝐶0
=𝑘‧𝑡
𝐶

(8.11)

Figure 8.4 shows the fitting of the experimental results obtained during the
clopyralid degradation for the different electrochemical technologies studied to a first
order model. The linear fittings show good results, showing a r2 coefficient within
range 0.97-0.99. The kinetics constants of each experiment as well as r2 coefficient are
presented also in Figure 8.4, corresponding E to electrolysis, P to photolysis, S to
sonolysis,

PE

to

photoelectrolysis,

SE

to

sonoelectrolysis

and

PSE

to

photosonoelectrolysis.
0.6

Technology
E
P
S
PE
SE
PSE

Ln(C0/C)

0.4

Kapp
(min-1)
1.72‧10-3
6.67‧10-7
5.00‧10-7
2.61‧10-3
2.11‧10-3
1.70‧10-3

r2
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0,7169
0,9597
0.9837
0.9719
0.9974
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Figure 8.4. Mathematical fitting of the first order model to the clopyralid oxidation by
means of different technologies using synthetic groundwater as a supporting electrolyte
at 5 mA cm-2 of current density. □ Electrolysis, ■ Photoelectrolysis, ● Sonoelectrolysis,
▲ Photosonoelectrolysis.
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As can be observed, photoelectrolysis presents a significant improvement of
the clopyralid kinetic constant by 52%. On the other hand, coupling of electrolysis with
sonolysis shows an improvement of 23%. Finally, coupled application of UV-light and
US irradiation with electrolysis did not change the kinetic constant, yielding a very
similar value as compared with the non-irradiated electrolysis.
The improvement observed when applying UV light can be explained in terms
of the degradation and/or activation of electrogenerated oxidants (from sulphate and
chlorine contained in the synthetic groundwater), which exhibit a higher oxidizing
capacity [6-8,10,36]. In this case, in contrast to the results observed for a single
electrolysis with CF anodes, the effect of these radicals can be extended to the bulk,
improving the removal efficiency.
The higher efficiency showed when coupling the ultrasound technology could
be related with the improvement in the mass transfer that this technology generates.
Low frequency ultrasound irradiation improves the turbulence originated by the
implosion of microbubbles in the aqueous system [37, 38].
As previously indicated, it is very interesting to evaluate the coupled effect of
the technologies presented. With this aim, the Figure 8.5 compares the synergistic effect
(SI) in terms of clopyralid degradation, calculated according Equation 8.7, of the
electro-irradiated treatment of clopyralid solutions. To calculate the SI, it has been
considered that the degradation of clopyralid by ultrasounds and photolysis technologies
is almost nil. In the literature, it has been previously reported negligible removal of
clopyralid when only applying sono or photo technologies [39, 40].
According to Figure 8.5, the irradiation of UV light or US coupled with
electrolysis

with

CF

anode

originates

a

synergistic

effect.

However,

the

photosonoelectrolysis shows as an antagonistic influence. This antagonism effect could
be related to the fact that irradiation technologies lead to an excessive formation of
radicals, which can recombine, generating less powerful and more stable oxidant, or can
decompose to oxygen, instead of attacking the target pollutant. This means that these
reactions may compete with organic oxidation and that active radicals are not available
to oxide the organic pollutants. In the literature, a similar antagonistic effect has been
previously reported [41].
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Figure 8.5. Synergistic/antagonistic effect of coupling irradiation techniques, UV light
or US, to electrolysis of clopyralid polluted effluents with CF anode in terms of
pollutant removal.
It is also important to evaluate the mineralization of the studied processes. To
do that, the experimental data of mineralization was fitted to a first order model. The
kinetic constants calculated in terms of mineralization and their fitting are represented
in Figure 8.6, as well as the kinetics constants and r2 coefficient. In the case of
photosonoelectrolysis, no mineralization was observed over the electrical charge
applied, remaining the TOC constant along the essay.
In terms of mineralization, the effect of photoelectrolysis was also better than
obtained when applying simple electrolysis, increasing the kinetic mineralization
constant in a 19%. Nevertheless, sonoelectrolysis was less significant, reducing the
kinetic constant in 48%, as compared with the simple electrolysis. In spite of
sonoelectrolysis has degraded clopyralid, this technology was not able to degrade the
by-products generated. According to clopyralid degradation, photosonoelectrolysis did
not evidence any positive effect in SWE mineralization. In fact, the efficiency in TOC
removal was near to 0%. Thus, as sonoelectrolysis, photosonoelectrolysis could not
efficiently degrade the generated by-products.
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Figure 8.6. Mathematical fitting of the first order model to the clopyralid mineralization
by means of different technologies using synthetic groundwater as a supporting
electrolyte at 5 mA cm-2 of current density. □ Electrolysis, ■ Photoelectrolysis, ●
Sonoelectrolysis, ▲ Photosonoelectrolysis.
As reported for the clopyralid degradation, the SI produced by these
technologies in terms of mineralization is going to be discussed. Figure 8.7 compares
the different SI caused by electro-irradiated technologies. According to literature, it has
been considered that sonolysis and photolysis treatment cannot mineralize clopyralid
[40].
Here the effects are more marked. Thus, according to Figure 8.7
photoelectrolysis is the unique electro-irradiated technology which produced a
synergistic effect. In fact, the SI reached in term of clopyralid degradation and
mineralization was similar, reaching a value about 1.19 in both cases. However, despite
of getting a synergistic effect in clopyralid removal, sonoelectrolysis caused an
antagonism consequence in mineralization.
The negative effect produced by the coupling of UV-light and US irradiation
with electrolysis has been reported by others authors. Thus, Vidales et al. [42] show an
antagonism effect in the mineralization of caffeine applying conductive diamond
sonophotoelectrochemical oxidation technology (CDSPEO). On the other hand, Silva et
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al. [41] reported also an antagonism effect in the degradation of amoxicillin and
ampicillin using a similar technology.

1.2
Synergism

Synergistic effect

1.0
Antagonism

0.8
0.6
0.4
0.2
0.0

Figure 8.7. Synergistic/antagonistic effect of coupling irradiation techniques, UV light
or US, to electrolysis of clopyralid polluted effluents with CF anode in terms of TOC
removal.
In order to explain the efficiency of each process, the oxidant concentrations
were measured. As it was mentioned in Chapter 7. Improving biodegradability of soil
washing effluent by anodic oxidation, the waste treated in this work consists of a
complex mixture of soluble organic pollutants and different inorganic salts coming from
the washing fluid used and the soil matrix. These salts contain Cl −, NO3−, SO42− as the
main anions and Na+, K+, Ca2+ and Mg2+ as the main cations. In literature, it has been
reported the formation of oxidants from the anions of the salts contained in wastewater
[27]. The results presented in Figure 8.8 shows that the highest oxidant concentration
was achieved in the photoelectrolysis process. This fact can be directly related to the
best performance of photoelectrolysis in clopyralid degradation and mineralization.
Oxidant concentration increases during the first moments of the electrolysis, keeping
constant over electrical charged applied. With the other technologies employed, the
oxidant concentration was similar. Figure 8.8 also shows that sonoelectrolysis is the
technology that generated the lowest oxidant concentration. However, this technology
produced a positive effect in clopyralid degradation. In order to understand this
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observation, it has to be taken into account that as reported previously, sonoelectrolysis
improves the mass transfer, so the synergistic affect reached by this technology could be
mainly explained by the mass transfer enhancement.
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Figure 8.8. Evolution of oxidants as function of the applied electric charge during the
electrolysis of SWE. □ Electrolysis, ■ Photoelectrolysis, ● Sonoelectrolysis, ▲
Photosonoelectrolysis.
It is important to remark that CF anodes do not produce oxidants in the same
range as the BDD anode. In a previous work, the oxidant concentration reached in a
electrolysis with BDD working at 10 mA cm-2 was 0.5 mmol dm-3 at 4 A h dm-3 using
the same composition of the groundwater as a supporting electrolyte [43].
Attending to inorganic salts, the concentration of these species have been
followed in order to clarify the generation of oxidants associated to the formation of
radicals from the interaction of the salt anion and the hydroxyl radicals massively
formed from the water oxidation. Then, the recombination of these radicals allows the
formation of more stable species which can extend the effects of the oxidation to the
liquid bulk. The concentration of the main anions at the beginning, in the raw Soil
Washing Effluent (SWE), and at the end of the experiments is presented in Table 8.2.
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Table 8.2. Inorganic ions concentrations before and after electrolysis with different
technologies.
SWE

E

PE

SE

PSE

𝐶𝑙 − (mg dm )

79.51

86.56

87.38

78.65

83.28

𝑁𝐻4+ (mg dm-3)

0

4.6

2.87

2.03

4.43

-3

As seen, chloride ion increases in the electrolyses performed. This parameter
gives information about the possible dechlorination of clopyralid molecule. This
process is not only related to the anodic oxidation of clopyralid (Equation 8.12), but
also to the cathodic hydrodechlorination of the molecule [40].
𝐶6 𝐻3 𝐶𝑙2 𝑁𝑂2 + 10𝐻2 𝑂 → 6𝐶𝑂2 + 19𝐻 + + 𝑁𝐻4+ + 2𝐶𝑙 − + 18𝑒 −

(8.12)

It is important to point out that no formation of chlorate and perchlorate was
detected.
On the other hand, the formation of ammonium was expected. However a very
low concentration of this ion was detected in the liquid bulk at the end of the
electrolyses experiments.
Regarding sulphate, this anion was contained in the soil washing fluid and it
was expected to lead the formation of peroxodisulphate [44]. Moreover, light irradiation
is known to promote the production of sulphate radical from persulphate as indicates the
Equation 8.13 [45, 46]. It is worth taking into account that the sulphate radical reacts
typically 10-3–105 times faster than the anion persulphate [47].
𝑆2 𝑂82− → 2 (𝑆𝑂4− )•

(8.13)

Ultrasound irradiation promotes also the generation of radicals [50] and the
formation of activated oxidant species (Equations 8.14-8.17). Additionally, by coupling
sonolysis and electrolysis, the transfer of pollutant from the bulk to the nearness of the
electrode surface can also be favoured.
𝐻2 𝑂 + 𝑈𝑆 𝑤𝑎𝑣𝑒 → 𝐻 • + 𝑂𝐻 •

(8.14)

𝑆2 𝑂82 + 𝑈𝑆 𝑤𝑎𝑣𝑒 → 2 (𝑆𝑂4− )•

(8.15)
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𝑆2 𝑂82− + 𝑂𝐻 • → 2 𝐻𝑆𝑂4− + (𝑆𝑂4− )• +

1
𝑂
2 2

𝑆2 𝑂82− + 𝐻 • → 𝐻𝑆𝑂4− + (𝑆𝑂4− )•

(8.16)

(8.17)

The highest efficiency showed in photoelectrolysis could be explained because
of the formation of additional hypochlorite during electrolysis. The SWF contained
NaCl, this chemical could be decomposed into chlorine radicals by means of UV
irradiation (Equation (8.18) [41].
𝐶𝑙 − + 𝐻2 𝑂 → 𝐻𝐶𝑙𝑂 + 𝐻 + + 2𝑒 −

(8.18)

𝐶𝑙𝑂− + 𝑈𝑉 𝑙𝑖𝑔ℎ𝑡 → 𝐶𝑙 • + 𝑂−•

(8.19)

However, the coupling of UV light and/or ultrasound with electrochemical
oxidation of clopyralid polluted washing effluents does not exhibit a noteworthy
improvement in the degradation and mineralization rate.
According to the results, it can be concluded that although the application of
irradiation by UV light or US generates (𝑆𝑂4− )• and 𝐶𝑙 • species, and also promotes the
formation of 𝑂𝐻 • , these technologies do not reflect a relevant improvement of the
degradation and mineralization process. Based on the results, the contribution of the
irradiation does not seem to be as relevant as expected.
Regarding to the pH and conductivity, the pH of electrolyzed solution by
electrolysis, sonoelectrolysis and photoelectrolysis were monitored. Figure 8.9 shows
the pH evolution.
In all cases, a decrease from neutral pH values to acid ones was observed. The
highest pH reduction was detected in photoelectrolysis, reaching a value of 3.5. The pH
of the solution pre-treated by photosonoelectrolysis was kept on neutral values.
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Figure 8.9. pH evolution as function of the applied electric charge during the
electrolysis of SWE. □ Electrolysis, ■ Photoelectrolysis, ● Sonoelectrolysis, ▲
Photosonoelectrolysis.
Otherwise, the conductivity changes from 900 μS cm-1 to 700 μS cm-1 in all
technologies, but not for sonoelectrolysis, where the conductivity was kept constant.
The evolution of conductivity is presented in Figure 8.10.

Conductivity (µS cm-1)

1000
800
600
400
200
0
0

1

2

3

4

-3

Q (A h dm )

Figure 8.10. Evolution of the electrical conductivity as function of the applied electric
charge during the electrolysis of SWE. □ Electrolysis, ■ Photoelectrolysis, ●
Sonoelectrolysis, ▲ Photosonoelectrolysis.
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8.4.3.

Effects of UV and US in biodegradability

In order to evaluate if the electro-irradiated technologies generated a positive
effect in the biodegradability of clopyralid soil washing wastes n comparison with the
simple electrolysis, some analytical techniques were applied. The biodegradability was
evaluated attending two different methods:
-

Fast changes in biodegradability: respirometric measurements to analyse the
toxic effect that the electrolysed effluents caused in a conventional activated
sludge.

-

Long term effects in biodegradability: as indicated in a previous chapter, the
ratio BOD5/COD should be higher than 0.4 to consider an effluent
biodegradable.
Firstly, results are going to describe the changes in a short biodegradability

test. The data obtained thought the respirometer are going to be analysed into two
different ways: oxygen dissolved and oxygen consumption, these results appear in
Figure 8.11. This figure shows the oxygen evolution when the effluents from the
experiments

of

electrolysis,

photoelectrolysis,

sonoelectrolysis

and

photosonoelectrolysis were fed to a conventional activated sludge. As can be seen in
this figure, microorganisms could degrade the by-products which had been formed
during the different electrochemical processes. The dissolved oxygen removal rate can
be directly associated with to the degradation of organic matter, via Equation 8.20.
Therefore, the higher the slope of the oxygen concentration, the higher the
biodegradability.
𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 + 𝑂2 + 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 → 𝐶𝑂2 + 𝐻2 𝑂 + 𝐵𝑖𝑜𝑚𝑎𝑠𝑠

(8.20)

According to the Figure 8.11 a, the process that generates the higher positive
effect in the biodegradability of the waste was the photoelectrolysis. The slope in the
photoelectrolysis was significantly higher than the obtained in the rest of treatments.
This enhancement may be related to the generation of more biodegradable by-products,
as carboxylic acids. Carboxylic acids generation can originate a reduction in the pH, as
mentioned above, being detected the most important pH decay in photoelectrolysis
process.
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If a comparison between the slopes of electrolysis and the other pre-treatments
is made, it can be obtained that the sonoelectrolysis would not show any
biodegradability improvement. Meanwhile, photosonoelectrolysis would exhibit a slight
improvement in the biodegradability, respecting simple electrolysis.
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Figure 8.11. Oxygen evolution at the end of the pre-treatments at 5 mA cm-2. □
Electrolysis, ■ Photoelectrolysis, ● Sonoelectrolysis, ▲ Photosonoelectrolysis.
On the other hand, thought the b part of the Figure 8.11, the oxygen consumption
carried out by microorganisms can be analysed. This consumption has been calculated
by derivation of the data obtained in the respirometer (part a). As can be observed in
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this figure, there is an importance difference among the oxygen consumptions, being
photoelectrolysis the process within a major consumption.
From the short test, it can be concluded that photoelectrolysis is the process
which generates the best biodegradability improvement. However, it should be analysed
the changes in biodegradability by means of a long term test as BOD 5/COD ratio.
In Chapter 7. Improving biodegradability of soil washing effluents by anodic
oxidation, it has been shown that through an electrolysis process with CF anode at 5 mA
cm-2 and after passing an electrical charge about 3.8 A h dm-3, the ratio BOD5/COD
increased to 0.23. The next Figure 8.12 shows the ratio BOD5/COD for the different
electrolysis.
0.3

BOD5/COD

0.2

0.1

0.0

Figure 8.12. Ratio BOD5/COD of the electrolysed solutions.

The ratio BOD5/COD reached by photoelectrolysis is similar to the obtained
with a simple electrolysis. On the contrary, sonoelectrolysis is the pre-treatment that
produced the lowest ratio BOD5/COD. This technology was suggested as good
treatment attending to clopyralid degradation. However it did not show good results in
the mineralization of the waste and it could be related to the more recalcitrant byproducts formation.
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From the beginning of the analysis, photosonoelectrolysis has not been
demonstrated good results in any analytical technique performed. Attending to
biodegradability tests, it was expected that this technology did not generate any
improvement, and the results confirmed this theory, showing a depletion in the ratio
BOD5/COD in comparison with electrolysis.
In the short test, photoelectrolysis showed an important increase in
biodegradability, however, the long BOD5 did not support the first statement, obtaining
a similar ratio BOD5/COD in electrolysis and photoelectrolysis.
Taking into account that the long biodegradability test did show a significant
enhancement, the power consumption is going to be calculated, so as to identify if the
application of UV light is deserved. This parameter is showed in Figure 8.13.
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Figure 8.13. Energy consumption for electrolysis and photoelectrolysis in the treatment
or SWE polluted with clopyralid.
Energy consumption was only calculated for electrolysis and photoelectrolysis,
because these technologies improved the biodegradability. Moreover, sonoelectrolysis
and photosonoelectrolysis have produced antagonism effects in clopyralid degradation
and mineralization. Sonoelectrolysis showed a little synergistic effect in clopyralid
degradation, however the coupling of US irradiation originates an important increment
in the energy consumption, due to the high power consumption associated to this
technique [36]. For this reason, the application of US just seems advisable if entails a
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high synergistic effect or with lower values of power and applications periods of the US
irradiation [37, 51].
The coupling of UV-light irradiation to electrolysis entails a slight increase of
the energy consumption. The energy consumption has increases form 46.65 kwh m-3 to
66.15 kwh m-3, due to the required power of the UV-lamp. Taking into account the poor
improvement in long biodegradability test, the application of UV would not be
recommended to increase the biodegradability of clopyralid polluted sol washing
effluents.

8.5. CONCLUSIONS
From the results exposed in this Chapter, the following conclusions can be
drawn:
-

Photoelectrolysis has shown a synergistic effect in clopyralid degradation and
mineralization, improving the kinetic contains of both cases.

-

Sonoelectrolysis shows a little enhancement in clopyralid degradation, but it
does not evidence any improvement in mineralization. On the other hand,
photosonoelectrolysis only causes an antagonism effects.

-

The

different

improvements

pointed

in

clopyralid

degradation

and

mineralization could be related to the oxidants production, showing a higher
oxidant concentration in the photoelectrolysis.
-

Photoelectrolysis improves the biodegradability of the SWE regarding short
biodegradability test, however it did not evidence important biodegradability
enhancement in the ratio BOD5/COD.

-

Taking into account the energy consumption and the biodegradability
improvements, the electro-irradiated technologies would not be appropriate to
treat clopyralid polluted soil washing effluents.
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COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

9.1. INTRODUCTION
In 1984 H.J.H Fenton discovered Fenton Oxidation [1]. The principal reaction
of this process is shown in Equation 9.1. The reaction considers that it takes places in
acid medium.
𝐹𝑒 2+ + 𝐻2 𝑂2 + 𝐻 + → 𝐹𝑒 3+ + 𝐻2 𝑂 + 𝑂𝐻 •

(9.1)

From this moment, Fenton process has been studied for nearly 40 years. The
main developments are shown in Figure 9.1 [1-6].

Study on
Fenton
process
Study on
stoichiometry mechanism
[3]
of Fenton
reaction
Discover of
[3]
Fenton
chemistry
[1]

Study on
wastewater
treatment by
Fenton
process
[4,5]

Study on
various
Fenton
optimization
processes
[6]

Figure 9.1. Development of Fenton oxidation studies.

The mayor advantage of Fenton technology over other AOPs is the highly
oxidative hydroxyl radical (𝑂𝐻 • ) formed from the reaction between H2O2 and Fe2+
under strong acid conditions, which can quickly and nonselective degrade most
recalcitrant organic pollutants to carbon dioxide and water [7].
The principal advantages and drawbacks of Fenton process are exposed in
Table 9.1.

235

CHAPTER 9. IMPROVING BIODEGRADABILITY OF CLOPYRALID POLLUTED SOIL WASHING
EFFLUENTS BY ELECTRO-FENTON

Table 9.1. Advantages and disadvantages of Fenton technology.
Fenton process
Advantages

Disadvantages

Simple and flexible operation with easy
implementation in industrial plats

Relatively high cost and risks related to
the storage, transportation and handling of
H2O2.

Easy-to-handle chemicals

High quantities of chemical for acidifying
and neutralization of effluents

No need for energy input

Accumulation of iron sludge at the end of
the treatment
Overall mineralization is not feasible
because of the formation of Fe(III)
complexes with generated carboxylic
acids that cannot be destroyed with •OH

The classical Fenton process can be implemented with others alternatives such
as physical, (photo)(sono)(electro)chemical and biological treatments [8]. In this
chapter, the electro-Fenton (EF) technology will be studied. The intensification of
Fenton process with electrochemical technology shows a significant upgrade. The
principal characteristics of EF process are the following:
-

Continuous electrogeneration of H2O2 at a suitable cathode from the reduction
of oxygen directly injected as pure gas or bubbled air, according to reaction
9.2:
𝑂2 + 2𝐻 + + 2𝑒 − → 𝐻2 𝑂2 (𝑎𝑐𝑖𝑑𝑖𝑐 𝑚𝑒𝑑𝑖𝑢𝑚)

-

(9.2)

Regeneration of Fe2+ at the cathode via Equation 9.3:
𝐹𝑒 3+ + 𝑒 − → 𝐹𝑒 2+

(9.3)

These two differences entails a reduction of cost and drawbacks related to the
production of H2O2, its transportation, storage and handling [9]. Also, the continuous
regeneration of ferrous produces a higher degradation rate of the organic pollutants
[10]. The presence of Fe3+, due to the regeneration of Fe2+, is also related to a higher
degradation rate of the starting compounds since more amount of 𝑂𝐻 • is form from
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Fenton`s reaction [11]. Electrochemistry can improve notably the conventional Fenton
process because of its advantages such as versatility, high energy efficiency,
amenability of automation, and its environmental compatibility [2]. For all these
enhancements, EF has increased interest in recent years, positioning itself as an
emerging technology for water remediation.
The principal operation parameters in the EF process which affect the
degradation efficiency or organic pollutants are the pH of the solution, applied current
intensity,

supporting

electrolyte,

initial

organic

concentration

and

catalyst

concentration. The applied current intensity is an important parameter which governs
the generation of H2O2 and regeneration of ferrous ions, therefore the generation of 𝑂𝐻 •
is also affected by this parameter. Regarding the pH of the wastewater, many researches
show that the best range of pH to achieve an efficient organic removal is between 2 and
4 [12, 13].
The coupling of EF with biological treatments can be easy and effective, due to
EF can degrade parent compounds and their aromatic intermediates within relatively
short treatments times, just producing ultimate carboxylic acids and releasing inorganic
ions [6]. This type of coupling is called bio-electro-Fenton [14] and combine the high
oxidation power of EF and the profitability of biological treatments for the removal of
refractory compounds.
Several studies have reported that target pollutants are quickly degraded during
the first stages of the EF process, and even if the mineralization rate is generally low, an
increase in the biodegradability of the pre-treated effluents can be observed, due to the
generation of biodegradable by-products. These intermediates can be eliminated by
microbial cultures during biological processes. Indeed, it is desirable to have a moderate
mineralization rate, since a large fraction of organic matter is needed for sustaining the
energy needs of microorganisms during biological treatment [14].

9.2. OBJECTIVES
The main objective of this chapter focuses on the examination of the main
parameters influencing the pre-treatment of clopyralid polluted soil washing effluents
by means of the EF process in order to increase the biodegradability. To do that, a series
of partial objectives were developed:
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-

To evaluate the influence of every mineral salt contained in the groundwater to
identify possible scavengers.

-

To evaluate the influence of the main operation parameters affecting the
clopyralid removal and mineralization.

-

To analyse the enhancement of the biodegradability of the EF pre-treated
effluent in order to consider a biological post-treatment.

9.3. MATERIALS AND METHODS
9.3.1. Chemicals
In this case, a clopyralid polluted soil washing effluent was simulated. The
liquid waste was prepared according to the mineral salts and clopyralid concentration
obtained after the soil washing process explained in Chapter 5. Improving
biodegradability of soil washing effluent by anodic oxidation.
FeSO4·7H2O (purity 99%), Na2SO4, the required mineral salts and all of the
chemicals used in this work were purchased from Acros Organics (Thermo Fisher
Scientific, Geel, Belgium).

9.3.2. Experimental set-up and experimental procedure
The electrochemical reactor consisted of a undivided cylindrical glass
compartment with a volume of 0.8 dm-3. The main components of the electrochemical
cell were a cylindrical platinum anode (32 cm2), which was placed at the centre of the
reactor and a tri-dimensional piece of carbon felt of 112 cm2 of geometrical area (Le
Carbone Loraine RVG 4000 Mersen, Paris la Défense, France), which acted as cathode.
The carbon felt electrode surrounded the platinum anode so as to get a good potential
distribution. The experimental set up is showed in Figure 9.2.
In the literature, it has been described that the optimum pH to carry out the
electro-Fenton process is 3 [13]. Because of that, the pH of the wastewater was adjusted
to 3 before the experiments by adding analytical grade sulfuric acid H 2SO4, purchased
form Acros Organics. All the solutions were prepared using Ultrapure water (Millipore
Elga). Before starting the electrolysis, compressed air was bubbled into the solution
during 15 minutes in order to provide the solution with an appropriated O 2
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concentration. The batch experiments were carried out at room temperature, about 20ºC,
and galvanostatic conditions. The current intensity was applied using a DC power
supply (Metrix, model AX 322-Chauvin Arnoux Group, Paris, France). Just before the
beginning of the EF reactions the catalytic Fe2+ was added into the reaction bulk as
FeSO4·7H2O. Liquid samples were taken during the experiments.
1.

Air supply

2.

Electro-Fenton reactor

3.

Power supply

1

2
3

-

+

Figure 9.2. Electro-Fenton experimental set up.
Table 9.2 shows the experiments carried out during the development of the
electro-Fenton study.
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Table 9.2. Operation parameters in electro-Fenton experiments.

Variable to study

Study of the
electrolyte
composition in
the degradation
and
mineralization of
clopyralid

Study of the
current intensity
in the generation
of H2O2

Study of the
current intensity
in the
regeneration of
ferrous ions

Study of the
initial
concentration of
Fe2+

Study of air mass
flow rate

Study of
biodegradability
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Clopyralid
initial
concentration
(mg dm-3)
180

Fe2+ initial
concentration
(mM)

Current
intensity
(mA)

Mass flow
rate
(dm-3 min)

Electrolyte

0.1

50/100

0.1

Groundwater

180

0.1

50/100

0.1

Na2SO4

180

0.1

50/100

0.1

Na2SO4 + KI

180

0.1

50/100

0.1

180

0.1

50/100

0.1

180

0.1

50/100

0.1

180

0.1

50/100

0.1

-

-

50

0.1

-

-

100

0.1

-

-

200

0.1

-

-

300

0.1

-

0.5

50

0.1

Groundwater

-

0.5

100

0.1

Groundwater

-

0.5

200

0.1

Groundwater

180

0.1

200

0.1

Groundwater

180

1

200

0.1

Groundwater

180

2

200

0.1

Groundwater

180
180

5
0.1

200
50

0.1
0.1

Groundwater
Groundwater

180

0.1

50

0.3

Groundwater

180

1

50 (8h)

0.1

Groundwater

180

1

200 (8h)

0.1

Groundwater

Na2SO4 +
NaCl
Na2SO4 +
NaCO3
Na2SO4 +
MgSO4
Na2SO4 +
CaCO3
Groundwater/
Na2SO4
Groundwater/
Na2SO4
Groundwater/
Na2SO4
Groundwater/
Na2SO4
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9.3.3. Analytical techniques
9.3.3.1. High performance liquid chromatography (HPLC)
Clopyralid concentration was measured by HPLC using a Waters 996 system
equipped with a Waters 996 PDA (Photodiode Array Detector) and Waters 600LCD
Pump. The column was a Waters C-18 (4.6 x 250 mm x 5 µm). Acetonitrile (purity
99.9%) (HPLC grade) was purchased from Sigma Aldrich (Saint Quentin Fallavier,
France). The mobile phase was a mixture of acetonitrile/ultra-pure water (20/80 v/v)
with 0.1% of formic acid. The flow rate was 1 ml min-1 and the herbicide was detected
at 280 nm.
9.3.3.2. Total Organic Carbon (TOC)
TOC concentration was monitored by means of a TOC-V CPH/CPG Total
Analyser Schimadzu. Organic Carbon compounds were combusted and converted to
carbon dioxide; then it was detected by a non-dispersive Infra-Red Detector (NDIR).
9.3.3.3. Ion chromatography (IC)
The carboxylic acids generated during the electrolysis process were identified
and quantify by a DIONEX DX120 ion chromatography. The chromatograph was
equipped with a conductivity detector, using an anion exchange column AS19 (4 x 250
mm) as the stationary phase, and a solution of KOH (12 mol dm-3) in water as the
mobile phase. The analysis were carried out using a gradient elution mode, starting with
10 mmol dm-3 of KOH during 10 minutes and then increasing linearly to 45 mmol dm-3
from 10 to 25 minutes. Finally, from 25 to 35 minutes the concentration of KOH was 45
mmol dm-3. The flow rate was set at 1 ml min-1
9.3.3.4. Ferrous ions and H2O2 concentrations
The ferrous ions concentration in the reactor was measured by means of a
colorimetric principle, according to the method NF 90017. The concentration of H 2O2
was determined by the potassium titanium (IV) oxalate method according to standard
DIN 38 409, part 15, DEV-18 [15].
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9.3.3.5. Chemical Oxygen Demand (COD)
CSB Nanocolor® tests were employed to analyse the COD of the samples.
They were supplied by Macherery-Nagel (Düren, Germany).
9.3.3.6. Biological Oxygen Demand (BOD5)
In order to evaluate the influence of the EF process on the biodegradability of
the soil washing effluents, BOD5 test were carried out using Oxitop ISA technology
(from WTW, Alés, France). The tests were performed under the normalised conditions;
5 days at 20ºC. Before the test, it was necessary to adjust the pH of all the samples at 7
by adding NaOH. The inoculum required to perform the analyses was collected from
the municipal wastewater treatment plant (Rennes Beaurade, France). For inoculation of
the bottles, an initial biomass concentration of 0.05 g L-1 was necessary. The following
trace minerals were used to ensure the nutrients availability along the BOD 5 tests (g L1

): MgSO4·7H2O, 22.5; CaCl2, 27.5; FeCl3, 0.15; NH4Cl, 2.0; Na2HPO4, 6.80; KH2PO4,

2.80.
To check the viability of the seed used as inoculum, a control test containing
glutamic acid (150 mg dm-3) and glucose (150 mg dm-3) was carried out. Additionally, a
blank test, in absence of carbon source, was performed in order to determine the
endogenous oxygen consumption.
9.3.2.7. Electrochemical analyses
Electrochemical analysis of clopyralid and groundwater were performed using
a conventional three-electrodes cell with a platinum electrode (3.14 mm2), which acted
as working electrode in oxidation, and with vitreous carbon electrode (S = 7.07 mm 2),
which acted as working electrode in reduction. A Pt wire was used as the counter
electrode. All the electrode potentials were measured with respect to a saturated calomel
electrode (SCE) located near to the working electrode. Experiments were performed at
ambient temperature under nitrogen atmosphere to avoid dissolved oxygen.
Voltammograms were obtained with a scan rate of 100 mV s-1 using a BioLogic SP-150
potentiostat recorded to EC-Lab V10.36 software.
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9.4. RESULTS AND DISCUSSION
9.4.1. Effect of the mineral salts contained in the groundwater on the
electro-Fenton experiments
Considering the composition of the soil washing solution, it must be
highlighted that from a thermodynamic point of view, redox reaction between the
constituents cannot occur.
From Figure 9.3 and 9.4, it can be observed that the composition of the
supporting electrolyte affected directly the mineralization and the clopyralid
degradation efficiency. To check the influence of the different mineral salts, a set of
experiments were carried out. To do these experiments, 7 different electrolyte solutions
were used. As previously stated, the groundwater could be a sustainable option for soil
washing processes. Because of that, the first electrolyte solution contained all of the
components of the synthetic groundwater; the second one was the typical electrolyte
solution presenting a Na2SO4 concentration of 50 mM. Additionally, 5 extra electrolyte
solutions were prepared. These electrolytes were based on the typical supporting
electrolyte, containing 50 mM of Na2SO4, but including one of the minerals contained
in the groundwater in each case. The aim of the 5 mixtures was to evaluate the
contribution of each mineral contained in the groundwater in the clopyralid removal by
means of EF process. The reactions conditions were 0.1 mM of Fe2+, 50 mA and 100
mA of current intensity. These operating conditions were identified as the optimum
ones in a previous work carried out when operating with a similar set-up [16]. The
results obtained at 50 mA are presented in Figure 9.2.
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Figure 9.3. Influence of the electrolyte composition on the degradation (a) and
mineralization (b) of clopyralid (initial concentration 180 mg dm-3), 0.1 mM of Fe2+, 50
mA of current intensity and 0.1 ml min-1 of compressed air. [Na2SO4] = 50 mM; [NaCl]
= 2.25 mM; [NaNO3] = 1.53 mM; [KI] = 0.15 mM; [CaCO3] = 12.47 mM.
The same experiments were performed at a higher current intensity 100 mA
(Figure 9.4), however, no important differences in the removal rate of clopyralid and
mineralization were observed. In the case of using Na2SO4 the clopyralid removal
increased a 20%. Nevertheless, mineralization did not show any improvement.

244

COUPLING ELECTROCHEMICAL AND BIOLOGICAL PROCESSES TO
REMOVE PESTICIDES FROM POLLUTED EFFLUENTS

1.0

(a)
0.9
0.8

C/C0

0.7
0.6
0.5
0.4

Na2SO4
Na2SO4 + KI

Na2SO4 + MgSO4

Groundwater

Na2SO4 + NaCl

Na2SO4 + CaCO3

Na2SO4 + NaNO3

0.3

0

20

40

60

80

100

80

100

Time (min)
1.0

(b)

TOC/TOC0

0.9
0.8
0.7
0.6

Na2SO4
Na2SO4 + KI

Na2SO4 + MgSO4

Groundwater

Na2SO4 + NaCl

Na2SO4 + CaCO3

Na2SO4 + NaNO3

0.5

0

20

40

60

Time (min)

Figure 9.4. Influence of the electrolyte composition on the degradation (a) and
mineralization (b) of clopyralid (initial concentration 180 mg dm-3), 0.1mM of Fe2+, 100
mA of current intensity and 0.1 ml min-1 of compressed air. [Na2SO4] = 50 mM; [NaCl]
= 2.25 mM; [NaNO3] = 1.53 mM; [KI] = 0.15 mM; [CaCO 3] = 12.47 mM.
As can be seen in Figures 9.3 and 9.4, the removal of the pollutant depended
on the composition of the electrolyte used. The influence was mainly visible for the
clopyralid degradation since mineralization yields did not exceed 10% for 90 min
except for Na2SO4.

245

CHAPTER 9. IMPROVING BIODEGRADABILITY OF CLOPYRALID POLLUTED SOIL WASHING
EFFLUENTS BY ELECTRO-FENTON

When groundwater was used as electrolyte average removal efficiencies were
obtained, presenting a removal rate of about 0.54 mg dm-3 min-1.
In most of the cases, except in the presence of iodide ions, the presence of a
trace mineral from the groundwater had a slight influence on the degradation rates,
presenting the best removal rate the combination of the Na2SO4 and CaCO3, showing
that these mineral ions did not interfere on the degradation of Clopyralid . In Figure
9.3a and 9.4a, iodide ions clearly worsened the clopyralid removal process. When the
KI was present in the electrolyte (groundwater and Na2SO4 + KI), only 20% of the
initial clopyralid was degraded after 90 min.
The low mineralization observed during the electrolysis could be explained by
the reaction between the hydroxyls radicals and the inorganic compounds contained in
the effluent. This reaction involves simple electron transfer of OH • to form the
hydroxide ion with a corresponding change in the oxidation state of the donor [17, 18].
Inorganic ions are hydroxyl radical consumers, this statement justify the worse
efficiency when mineral salts were used. The best mineralization yield was obtained for
Na2SO4 alone.
Moreover, considering the standard potentials of H2O2 / H2O and I3- /I- redox
couple, on a thermodynamic point of view, iodide ions can react with hydrogen
peroxide produced at the cathode surface (Equation 9.4) and then can interfere with the
Fenton reaction.
H2O2 + 3I- ↔ 2H2O+ I3-

(9.4)

Another ion which could interfere with the Fenton reaction is chloride ion.
According to Loaiza-Ambulundi et. al., [19] electrogenerated active chlorine can
oxidize Fe2+ (Equation (9.5)) or decompose hydrogen peroxide (Equation (9.6)), thus
reducing the production rate of the strong oxidant OH • by the Fenton´s reaction [20].
2 𝐹𝑒 2+ + 𝐶𝑙2 → 2 𝐹𝑒 3+ + 2 𝐶𝑙 −

(9.5)

2 𝐻2 𝑂2 + 𝐶𝑙2 → 2 𝐻𝐶𝑙 + 𝐻2 𝑂 + 𝑂2

(9.6)

It should be noted that to allow chloride ions oxidation, the potential of the
anode needs to be higher than about 1 V/SCE (E 0 (Cl2/Cl-) = 1.4 V/SHE) and then the
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production of chlorine depends on the operating conditions and mainly on the applied
current intensity.

9.4.2. Effect of the applied cathodic current intensity in H2O2 production
and ferrous regeneration
In order to select the optimal operating conditions in terms of clopyralid
degradation and mineralization, several experiments were made changing one of the
main parameters influencing the EF process, the current intensity. In the literature it has
been described that the current intensity governs the formation of H 2O2, the
regeneration of ferrous iron and therefore the production of hydroxyl radicals [21-24].
9.4.2.1. Effect on the current intensity on the H 2O2 production
Experiments were developed at different current intensities ranging from 50
mA to 300 mA. In these experiments, synthetic groundwater was used as supporting
electrolyte, during 90 minutes at pH 3 and without the addition of Fe(II) and clopyralid
to avoid EF reactions. The current intensity for H 2O2 accumulation depended on some
factors like reactor configuration, cathode material and operation conditions. An
undivided cell was used to perform these tests, being the most important advantages of
this configuration a stable pH and a lower energy requirements compared to a divided
cell [8]. 3D carbonaceous cathodes, such as carbon felt, have demonstrated good
properties for H2O2 formation. Carbon is non-toxic, presents good stability and low
catalytic activity of H2O2 decomposition [25, 26]. The obtained results were compared
with the same experiments using the typical electrolyte in electrochemistry, Na 2SO4 (50
mM), with the aim to evaluate the influence of the mineral salts used as supporting
electrolyte. All the experiments were carried out in duplicates. The production of H 2O2
as function of the electrolysis duration and applied current intensity is presented in
Figure 9.5.
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Figure 9.5. Effect of the current intensity on the H2O2 production using (a) groundwater
and (b) Na2SO4.
The H2O2 production was not linear along the experiment due to the
occurrence of parasitic reactions, mainly anodic oxidation of H 2O2 (Equation (9.7)) and
cathodic reduction to water (Equation (9.8)) [27, 28].
𝐻2 𝑂2 → 𝑂2 + 2𝑒 − + 2𝐻 +
−

+

𝐻2 𝑂2 + 2𝑒 + 2𝐻 → 2 𝐻2 𝑂

(9.7)
(9.8)

The evolution of the production of H2O2 during the experiment is directly
related with the dissolved oxygen concentration. Usually, dissolved oxygen
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concentration remains constant during the first minutes until the polarization of
electrodes takes place. After this stage, the concentration of dissolved oxygen in the
solution depends on the applied current intensity [16].
The best H2O2 productions were achieved when working at 200 mA with both
supporting electrolytes: groundwater and Na 2SO4. However, the concentrations reached
with Na2SO4 as supporting electrolyte were higher compared with groundwater. The
maximum concentration of H2O2 obtained when working at 200 mA with Na2SO4 as
supporting electrolyte was about 1.16 mM; while it was about a 10% lower using
groundwater at the same current intensity, reaching 1.08 mM. The reaction of hydrogen
peroxide with iodide ions contained in the groundwater can in part explain the lower
accumulated H2O2 concentration.
Working with groundwater as supporting electrolyte, at 50 mA, the production
of H2O2 increased during the first 30 min and then remained constant, showing the
implementation of an equilibrium between the anodic oxidation of H 2O2 (Equation
(9.7)) and its cathodic production (Equation (9.8)). This effect was not observed at the
other current intensities, which indicates that the production process outcompete the
anodic oxidation process. Moreover, the amount of O 2 produced at the anode (Equation
(9.7)) increases with the applied current intensity and then favours the production of
hydrogen peroxide [16].
𝑂2 + 2𝑒 − + 2𝐻 + → 2 𝐻2 𝑂2

(9.9)

When operating at higher current densities, the H2O2 production increased.
However, at the highest applied current intensity, 300 mA, the accumulation of H 2O2
did not show a proportional improvement. This behaviour could be explained because
the reduction of O2 to form H2O becomes preferential [29].
9.4.2.2. Effect of the current intensity on ferrous ions regeneration
The next step was the optimization of the ferrous ion regeneration in
groundwater medium, without the addition of clopyralid, during 90 minutes at pH 3. A
series of experiments at different current intensities were carried out with an initial
concentration of Fe (II) of 0.5mM. Figure 9.6 shows the evolution of ferrous iron. The
experiments were made in duplicates.
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Figure 9.6. Effect of the applied current intensity on the ferrous iron concentration.
In spite of getting the best H2O2 production at 200 mA, the worst regeneration
of ferrous ions is achieved at the same current intensity. A decrease of ferrous ions
concentration about 25% was observed when the current intensity reached 50mA. For
100 and 200 mA a significant decrease in total iron concentration took place after 90
minutes of electrolysis. The ferrous iron concentration decreased from 0.45 mM to 0.07
and 0.03 mM at 100 and 200 mA respectively.
Some of the reasons which explain the bad performance of the highest current
intensities in the iron regeneration could be the followings:
-

Water reduction can lead to a local alkalization of the solution caused by
hydroxyl anions formation during H2 release and then to the precipitation of
iron as Fe(OH)3 [6, 26].

-

Iron hydroxide could be adsorbed onto the electrode surface or iron ions could
be reduced to metallic iron considering standard potentials for iron redox
couples [21].

These phenomena could explain a lower efficiency for the highest current densities.
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9.4.3. Effect of the initial Fe2+ concentration on the electro-Fenton
experiments
The initial catalyst concentration of ferrous ions is another important parameter
in the EF process. Taking into account that the highest production of H 2O2 was obtained
at 200 mA even if the regeneration of the ferrous catalyst was not efficient throughout
the electrolysis, the influence of the initial concentration of FeSO4·H2O on the
clopyralid degradation was studied with 4 different initial concentrations of Fe 2+
ranging from 0.1 to 5 mM. As reported in Figure 9.7, the initial concentration of ferrous
ions influenced the degradation of the clopyralid, fluctuating the removal yield between
18 and 28%. Initial concentrations of 0.1 and 1 mM caused about 25% of clopyralid
degradation. The clopyralid removal slightly increased when the initial concentration of
Fe2+ was 2 mM reaching a clopyralid removal percentage of about 28%. Finally, when
the concentration of Fe2+ was 5 mM the removal yield decreased to about 18%. This
reduction in the clopyralid removal could be explained by the competitive effects
between hydroxyl radicals, resulting from the Fenton`s reaction, and the excess of
ferrous ions [21, 30], according to Equation (9.10).
𝐹𝑒 2+ + 𝑂𝐻 • ↔ 𝐹𝑒 3+ + 𝑂𝐻 −

(9.10)
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Figure 9.7. Influence of the initial Fe2+ concentration on the clopyralid degradation.
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9.4.4. Effect of oxygen mass flow rate
One of the main reactions which manage EF is the cathodic reduction of
oxygen to generate H2O2. Oxygen is transferred from the gaseous phase to the aqueous
phase, and the dissolved oxygen is transferred from the liquid bulk solution to the
cathode surface, where the reduction takes place. Consequently, it was expected that an
increment in the oxygen flow could enhance the mass transfer rate and therefore the
subsequent reactions [31]. In order to increase the availability of oxygen in the liquid
bulk, the O2 flow rate was increased from 0.1 dm-3 min-1 to 0.3 dm-3 min-1. During the
experiments, the current intensity was 50 mA and the ferrous concentration 0.1 mM.
Results presented in Figure 9.8 indicate that an increment in the flow rate from 0.1 to
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Figure 9.8. Effect of the oxygen mass flow on the removal efficiency. Clopyralid
concentration (full symbols) and TOC concentration (empty symbols).
As can be seen in Figure 9.8, the mineralization achieved was very similar in
both cases, nearly 10%, whereas the clopyralid removal was about 30% in both cases.
Similar results were obtained in research previously reported in the literature, where
Abou Dalle et al. [16] demonstrated that an increment from 0.5 dm-3 min-1 to 3 dm-3
min-1 has not an important influence on the hydrogen peroxide production and hydroxyl
radical concentration. This behaviour could be explained by the saturation of oxygen in
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the liquid bulk obtained in both cases. A similar behaviour has been previously
described in the literature [16], where saturation were also obtained when using similar
oxygen flow rates to those obtained in this work. In this sense, the slight enhancement
obtained when operating at 0.3 dm3 min-1 of oxygen flow rate could be explained by the
higher turbulence caused which leads to a higher mass transfer coefficient on the
surface of the electrode.

9.4.5. Anodic reaction during clopyralid degradation
In order to study the contribution of a direct oxidation and/or reduction of the
clopyralid at the electrode surfaces during the EF process, the electrochemical
behaviour of the target pollutant was also investigated. For this purpose, current
potential curves were plotted and electrolysis with and without tert-butanol were
implemented. Tert-butanol is used here as scavenger which reacts with hydroxyl
radicals, generating inert intermediates. These inert compounds cause the termination of
the radical chain reaction [32]. The current potential curves, obtained by cyclic
voltammetry, were carried out with a vitreous carbon electrode (S = 7.07 mm2) as a
working electrode when the curves were plotted in reduction, a platinum electrode in
oxidation (S = 3.14 mm2), a Pt counter electrode and SCE as reference electrode (r =
100 mV.s-1). These measurements were carried out under nitrogen atmosphere, at room
temperature, pH 3 and at a clopyralid concentration of 180 mg L-1. In order to isolate
the behaviour of the clopyralid two current potential curves were carried out, one of
them with groundwater as supporting electrolyte, and the other one with groundwater
and clopyralid. The obtained results are presented in Figure 9.9 and did not show any
clopyralid reaction at the electrodes surface.
The current-potential curves did not show any signal in reduction with vitreous
carbon electrode. With a platinum working electrode, a reversible signal appeared in
both curves, due to the oxidation of one of the ions in the groundwater. The peak
detected on the platinum anode took places at +0.54V and could be related with the
oxidation of I- into I3-. A signal was also observed around +1 V and can be attributed to
the oxidation of chloride ions. In this case, the formation of chlorine during the
electrolysis can influence the production of hydroxyl radicals.
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Figure 9.9. Potential-intensity curves of clopyralid in groundwater (black line) and
synthetic groundwater alone (grey line).
Besides this analysis, the degradation of clopyralid on the anodic surface was
studied through a simple electrolysis and electrolysis but in the presence of tert-butanol.
These electrolyses, as well as an electro-Fenton experiment in view of comparison,
were made in the same operating conditions, applying 50mA of current intensity during
120 minutes. Both electrolyses tests achieved only 10% of clopyralid removal, whereas
EF led to 30% removal. These results confirm again that the electrooxidation of
clopyralid on the electrode surfaces was negligible compared to the EF mechanism.

9.4.6. Biodegradability of the electrolyzed soil washing effluents
Due to the low mineralization yield, a longer EF treatment was considered in
order to improve the biodegradability of the wastewater after the treatment. Two long
duration electrolysis were implemented at 50 mA and 200 mA and the generation of
carboxylic acid was followed. In the literature, the ratio BOD5/COD is usually
employed to analyse the biodegradability of water samples [33]. If the ratio exceeds 0.4,
the sample can be considered biodegradable [34].The obtained results are presented in
Figures 9.10. Experiments were carried out by adding 1 mM of ferrous ions and lasted 8
hours.
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Figure 9.10. Time-courses of clopyralid degradation and its mineralization during EF at
50 and 200 mA.

A can be seen in Figure 9.10, when operating at a current intensity of 200 mA,
a higher mineralization efficiency and a higher degradation of clopyralid was obtained,
reaching 30 and 80% respectively. These results could be related to the higher
production of H2O2 when the system was operated at 200 mA. However, in spite of
getting a good removal of clopyralid, the mineralization yield reached only around 30%.
This result can be explained by the formation of a too low concentration of OH linked
to a non-efficient regeneration of ferrous ions to completely mineralize clopyralid [35].
The IC analysis showed the formation of 3 carboxylic acids: acetic, formic and oxalic
acids. When clopyralid was removed, these three carboxylic acids appeared, increasing
their concentration during the experiments, reaching the highest concentrations at the
end of the experiment. Figure 9.11 shows the acids concentration along the
experiments.
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Figure 9.11. Evolution of carboxylic acid concentrations along EF reactions at 50 mA
(empty symbols) and at 200 mA (full symbols).
With regard to the cumulative acids production, the electrolysis carried out at
200 mA led to the highest concentration, 0.10 mM for oxalic acid, a concentration about
ten times higher than those obtained after the electrolysis at 50 mA.
The appearance of some of the carboxylic acids detected in this research was previously
reported by different authors carrying out the removal of clopyralid by EF technology
[36, 37]. During the electrolysis at 200 mA, the production of carboxylic acids,
especially oxalic acid, seemed to significantly increase from 360 min. It can be then
expected that the biodegradability of the effluent can be improved with the significant
increase in the production rate of such carboxylic acids. In order to ratify this
hypothesis, the BOD5/COD ratios obtained after both experiments, carried out at 50 and
200 mA of current density, were determined. Table 9.3 presents the initial and final
BOD5/COD ratios obtained in the experiments carried out with 1 mM of ferrous ions
and groundwater as a supporting electrolyte at 50 and 200 mA. It should be highlighted
that there is an important difference in the value of the ratio BOD5/COD of the soil
washing effluent between doing the soil washing procedure and simulating the effluent.
During the soil washing step some compounds could be adsorbed on the soil, removing
some of the easily biodegradable components contained in the commercial clopyralid
(Lontrel 72), and therefore generating a less biodegradable effluent. Moreover,
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indigenous microorganisms contained in the soil could degrade readily biodegradable
compounds, reducing the ratio BOD5/COD of the effluent generated.
Table 9.3. Biodegradability of the pre-treated effluents by EF technology.
Conditions: C0 = 180 mg L-1, [Fe2+] = 1mM, 200 and 50 mA of current intensity.
200 mA

50 mA

Time (min)

BOD5/COD

BOD5/COD

0

0.33

0.33

480

0.48

0.39

The initial simulated solution polluted with clopyralid was not biodegradable,
with a BOD5/COD ratio below 0.4. However, the initial value of 0.33 means that some
biodegradable compounds were present in the commercial clopyralid formulation [38].
After 480 min of electrolysis at 200 mA the solution became biodegradable
(Table 9.2) as assumed from the production of carboxylic acids. This improvement of
the biodegradability can be explained by the significant generation of carboxylic acids
and especially oxalic acid that can be easily metabolized by microorganisms [39].
Monitoring the evolution of carboxylic acids during the electrolysis could be then an
interesting diagnostic tool for the estimation of biodegradability and could be easily
inserted into the process. Regarding the electrolysis at 50 mA, biodegradability of the
electrolyzed solution was nearly similar to the initial biodegradability, which can also
be explained by the low mineralization of the organic compounds and then the presence
of by-products structurally close to clopyralid [40].

9.5. CONCLUSIONS
From this study, several conclusions can be extracted.
Clopyralid removal by the electro-Fenton process can be carried out using
groundwater as sustainable supporting electrolyte. It allows the use of a natural
resource, groundwater, avoiding the addition of synthetic electrolytes and the increase
of the salinity of the natural water bodies receiving these effluents.
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The groundwater composition had a significant influence in the EF efficiency.
The mineral salt that presented the highest impact on the process was KI, reducing the
H2O2 production and, therefore, the efficiency of the EF process.
Regarding the influence of the studied operating conditions, neither the initial
catalyst concentration nor the oxygen flow rate had a significant influence in the EF
process.
Voltammetric study showed that clopyralid was not electroactive and then was
not degraded at the electrode surface by a heterogeneous electron transfer.
At a current intensity of 200 mA, 80% of clopyralid was degraded and
mineralization yield reached 30 %, improving the biodegradability ratio BOD 5/COD
from 0.33 to 0.48 in 480 minutes. The evolution of the carboxylic acids was studied and
the results seemed to show that the improvement of biodegradability can be linked to a
significant increase of the carboxylic acids production rate and more especially oxalic
acid. This opens the way to implement rapid and easy biodegradability estimation.
However complementary studies have to be carried out to confirm that.
It can be concluded that an EF pre-treatment, prior to a biological process, can
be used to improve the biodegradability of clopyralid polluted soil washing effluent
using groundwater as a supporting electrolyte.
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10.1. CONCLUSIONS
From the results that have been detailed and discussed in previous chapters, the
following conclusions for each objective established in Chapter 3 can be drawn:
1.

The biodegradation rate of pesticides depends on the existence of a
suitable acclimatized microbial culture and on the chemical nature of the
pesticides.
-

Atrazine is a persistent herbicide presenting very low degradation
rates. The low biodegradability of this molecule could be explained
due to atrazine´s heterocycle organic structure. After an acclimation
stage of 12 weeks, the microorganisms did not manage to degrade the
atrazine.

-

Otherwise, the chemical structure of 2,4-D is not as stable as atrazine,
consequently, after an acclimation period, the 2,4-D herbicide was
completely biodegraded.

-

Oxyfluorfen was almost biodegraded thanks to the use of an
acclimatized bacterial culture, although a residual concentration
remained at the end of the process. High concentrations (from 300 mg
dm-3) and temperatures (from 25ºC) affected negatively. This effect
was related to the degradation or volatilization of organic solvents,
contained in the commercial pesticide, that allowed the bioavailability
of oxyfluorfen in water.

-

Regarding mathematical models, experimental data sets from the 3
biodegradation processes were fitted to Monod equations. The main
difference resides in the addition of a simultaneous volatilization
model in the case of working with the commercial oxyfluorfen,
because of the presence of volatile organic solvents. The value of µmax
(maximum growth rate from pesticide biodegradation) was 0.011 h-1
for atrazine and 0.071 h-1 for 2,4-D, and this difference in the
microbial growth rate is reflected in the low biodegradation rate of
atrazine. Regarding oxifluorfen biodegradation kinetics, higher µmax
values were obtained. The higher µmax leaded to higher biodegradation
rates.
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2.

After

the

biological

treatment

of

commercial

oxyfluorfen,

the

electrochemical post-treatment using Boron Doped Diamond (BDD)
electrodes was a feasible option to achieve the complete mineralization of
the organic pollutants.
-

The nutrient BHB medium used in the biodegradation experiments
made possible the development of electrolysis post-treatment without
the addition of any supporting electrolyte.

-

In spite of getting good results working with BHB medium, the
addition of Na2SO4, as supporting electrolyte, improved the
electrochemical process, reducing the power consumption and
increasing the removal rate approximately 20%.

3.

In the case of toxic or low biodegradable pesticides contained in soil
washing polluted effluents (clopyralid, lindane and atrazine), an
electrochemical pre-treatment improves the biodegradability and reduces
the toxicity of such effluents.
-

Carbon felt (CF) was the unique tested anode which transformed
clopyralid into more biodegradable intermediates. At 2.5 A·h‧dm-3 of
electrical charge, biodegradability increases at the same time that
toxicity decreases. On the other hand, BDD oxidized completely the
organic molecule while Mixed Metals Oxides electrodes (MMO) were
not able to degrade it.

-

All the anodes tested in the experiments carried out with lindane were
able to get a proper removal of this pesticide. Regarding toxicity
changes, this parameter decreases over the electrical charge applied.
About biodegradability, it only increases using BDD and CF, reaching
ratios BOD5/COD higher than 0.4, which means that a biological
post-treatment would be possible.

-

BDD was the most powerful anode to degrade atrazine and improved
the biodegradability of the atrazine polluted soil washing effluents,
making possible a biological post-treatment. The other anodes did not
improve biodegradability.

4.

The

coupled

technologies

electrolysis

pre-treatment

(photoelectrolysis,

with

different

irradiated

sonoelectrolysis

and
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photosonoelectrolysis) did not improve the biodegradability of clopyralid
polluted soil washing effluents.
-

Photoelectrolysis process improved the removal efficiency of
clopyralid, as its mineralization, however, biodegradability did not
show an important enhancement. Moreover, this process has
associated an increase of the energy consumption due to the required
power of the UV-lamp.

-

The irradiated process of sonoelectrolysis and photosonoelectrolysis
did not produce any improvement in clopyralid degradation and
mineralization, or even in biodegradability of polluted effluents.

5.

Electro-Fenton

technology

contributed

to

the

enhancement

of

biodegradability of clopyralid polluted soil washing effluents.
-

Electro-Fenton process was affected by the composition of the
synthetic groundwater, reaching higher removal efficiencies when
working with Na2SO4.

-

Other operating conditions such as oxygen flow rate and initial
catalyst concentration did show important influences in the process.

-

A current intensity of 200 mA produced a better biodegradability
improvement than working at 50 mA.

10.2. CONCLUSIONES
A partir de los resultados establecidos en capítulos anteriores, las conclusiones más
relevantes obtenidas para cada uno de los objetivos establecidos en el Capítulo 3 serán
expuestas a continuación:
1.

La tasa de biodegradación de los pesticidas estudiados depende de la existencia
de cultivos microbianos aclimatados y de la naturaleza química de los
pesticidas.
-

La atrazina es un herbicida persistente, el cual presenta una baja tasa de
biodegradación. Esta baja biodegradabilidad puede ser debida a la
estructura heterocíclica de la molécula. Después de un periodo de
aclimatación 12 semanas, los microorganismos no fueron capaces de
degradar este pesticida.
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-

Por otro lado, la estructura química del herbicida 2,4-D no es tan estable
como la atrazina, por lo que después de un periodo previo de aclimatación,
el herbicida fue completamente biodegradado.

-

El pesticida oxifluorfen fue degradado casi en su totalidad gracias a la
utilización de un cultivo previamente aclimatado, sin embargo una
concentración residual quedó al final de los experimentos. Altas
concentraciones de oxifluorfen (superiores a 300 mg dm -3) y altas
temperaturas (superiores a 25ºC) afectaron negativamente al proceso. Este
hecho se debió principalmente a la volatilización o degradación de los
disolventes utilizados en la fórmula comercial, cuyo objetivo es mantener
el oxifluorfen solubilizado.

-

Todos los experimentos fueron ajustados a modelos matemáticos basados
en cinéticas tipo Monod. La principal diferencia de los tres ajustes fue la
adición de un término de volatilización simultánea en el caso del modelo
de oxifluorfen. El valor de µmax (máxima velocidad de crecimiento), fue de
0.011h-1 para atrazina y de 0.071h-1 para 2,4-D, esta diferencia en el
crecimiento microbiano está relacionada con la baja biodegradación de
atrazina. Respecto a la cinética del pesticida oxifluorfen, el valor de µmax
fue mayor, lo cual está relacionado con la rápida velocidad degradación de
oxifluorfen en comparación con los otros pesticidas.

2.

Como etapa posterior al tratamiento biológico de una disolución de oxifluorfen
comercial, el post-tratamiento electroquímico con ánodo de Diamante Dopado
con Boro (DDB) se consideró viable para completar la mineralización de la
materia orgánica.
-

El

medio

nutriente

BHB

utilizado

en

los

experimentos

de

biodegradabilidad de oxifluorfen hizo posible desarrollar un posttratamiento electroquímico sin la necesidad de adicionar un electrolito
soporte.
-

A pesar de que se obtuvieron buenos resultados trabajando con el medio
BHB como electrolito, la adición de Na2SO4 como electrolito soporte,
mejoró el proceso electroquímico, incrementado la tasa de eliminación en
aproximadamente un 20% y reduciendo el consumo energético.
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3.

En el caso de los pesticidas más tóxicos o menos biodegradables contenidos en
efluentes procedentes de lavado de suelo (clopiralida, lindano y atrazina), el
pre-tratamiento electroquímico mejoró la biodegradabilidad y disminuyó la
toxicidad de estos efluentes
-

El ánodo de fieltro de carbono (FC) fue el único material utilizado que
consiguió transformar la clopiralida en intermedios de reacción más
biodegradables. A partir de cargas eléctricas superiores a 2.5 A h dm-3, la
biodegradabilidad mejoró al mismo tiempo que bajo la toxicidad de los
efluentes. Por otra parte, el DDB degradó completamente la molécula
orgánica, mientras que los ánodos de óxidos metálicos (MMO) no
produjeron cambios significativos.

-

En el caso del lindano, todos los ánodos consiguieron una buena
eliminación del pesticida. Respecto al valor de toxicidad, este parámetro
disminuyó con la carga eléctrica aplicada. La biodegradabilidad de los
efluentes contaminados aumentó después de la electrólisis con DDB y FC
hasta que el coeficiente DBO5/DQO alcanzó valores superiores a 0.4, lo
que indica que un post-tratamiento biológico sería un tratamiento
adecuado para tratar el efluente.

-

El ánodo de DDB se posicionó como el mejor material para eliminar
atrazina y mejorar la biodegradabilidad de los efluentes contaminados, lo
que indica que un tratamiento post-biológico de estos efluentes sería
adecuado. El resto de ánodos no mejoraron al biodegradabilidad de los
efluentes.

4.

La intensificación del pre-tratamiento de electrólisis mediante el uso de las
tecnologías de fotoelectrólisis, sonoelectrólsis y fotosonoelectrólisis no mejoró
la biodegradabilidad de los efluentes procedentes de lavado de suelo y
contaminados con clopiralida.
-

El proceso de fotoelectrólisis mejoró la eliminación de clopiralida, así
como su mineralización, sin embargo la biodegradabilidad no mostró una
clara mejoría. Además, este proceso lleva asociado un aumento del
consumo energético debido a la lámpara ultravioleta.

-

El

resto

de

procesos

irradiados

utilizados,

sonoelectrólisis

y

fotosonoelectrólisis, no lograron mejorar la eliminación ni mineralización
de clopiralida, tampoco la biodegradabilidad de los efluentes.
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5.

La tecnología electro-Fenton mejoró significativamente la biodegradabilidad
de efluentes contaminados con clopiralida.
-

Este proceso se vio afectado negativamente por la composición del agua
subterránea sintética utilizada como fluido de lavado, alcanzándose
mejores eficacias de eliminación de clopiralida trabajando con Na2SO4.

-

Otras condiciones de operación como el caudal de oxígeno y la
concentración de catalizador ferroso inicial no tuvieron una gran
influencia en el proceso.

-

Una intensidad de corriente de 200 mA produjo un mejor aumento de la
biodegradabilidad, que trabajando a 50 mA.
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11. RECOMMENDATIONS
From the development of this Ph.D. the following recommendations are
proposed for future research works:
-

To evaluate the electrochemical post-treatment of oxyfluorfen biotreated
effluents with cheaper anodic materials instead of BDD.

-

To evaluate the possible using of biotreated wastewater with high
electrical conductivity as electrolyte in electrochemical post-treatment.

-

To scale-up the coupled biological-electrochemical processes and the
implementation with real wastewater.

-

To combine the electrochemical processes with renewable energy sources
so as to minimize the environmental impact.

-

To carry out a detailed economical study and also life cycle assessment
with the aim of evaluating the feasibility of using coupled biologicalelectrochemical treatments in full-scale wastewater treatments plants.
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