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CHAPTER 1. SUMMARY  



 



CHAPTER 1 

 

1. SUMMARY 

 

The water pollution and its management became a hot topic in the 

scientific community in the last decades and the efforts begun to focus 

on finding new and better ways to treat the wastewater regardless its 

provenience. Along the years, there have been many improvements in 

this aspect but the pollutants have also been upgraded. 

Within the last years, the Laboratory of Electrochemical and 

Environmental engineering from the University of Castilla-La Mancha 

focusses its efforts on the treatment of the wastewater containing 

organochlorine compounds using electrochemical technologies. There 

are currently published dozens of works in which coatings of mineral 

mixed oxides and conductive diamond are used as electrode materials, 

demonstrating great efficiency in the removal of various pollutants from 

wastewater.  

The present doctoral thesis is focused on the treatment of the 

wastewater containing organochlorine compounds reducing the 

limitations related to the low concentration in which these pollutants 

are generally found in the environment. For this, the integration of 

concentration strategies have been investigated in order to reduce the 

volume of the contaminated stream and increase its concentration, 

improving the removal efficiency by favouring the mass transfer of the 

pollutants to the electrodes and the generation of oxidant species, thus 

minimizing the related operation costs along with the waste generation.  

In this respect, the treatment approach for the organochlorine 

pesticides was chosen according to their formulation and properties. 

Electrodialysis was used for the concentration of the polar ionic 

organochlorine pesticides, meanwhile electro-oxidation was applied for 

their degradation. Furthermore, the removal technique was improved by 

integrating the electrodialysis with the electro-oxidation in the same cell 
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achieving a simultaneous concentration degradation process that 

enhances the removal degree and lower the power consumption.  

Moreover, a model of the treatment process has been developed 

in order to predict the efficiency of the integrated system in the 

treatment of the wastewater containing similar organochlorine 

compounds and to identify areas for the improvement of the proposed 

technology. 

As for the non-polar organochlorine pesticides, as a first option, 

the removal was approached by electro-oxidation. To improve the global 

removal efficiency, it was proceeded to the integration of a 

concentration step such as ultrafiltration followed by the electro-

oxidation of the obtained concentrated stream. Moreover, it was tested a 

second concentration method, electrocoagulation, that allows to obtain 

two phases: 1) a diluted phase, free of organic compounds that can be 

safely discharged and 2) a concentrated stream that contains all the 

pollutants entrapped into the electrogenerated flocs, stream that is 

further submitted to a treatment process.  

When using electrocoagulation as concentration stage, two 

options have been considered to confront the treatment of this complex 

concentrated stream: the treatment as liquid phase and the treatment 

as solid phase. The treatment as liquid phase consists in dissolving the 

iron flocs from the concentrated stream and the subsequent application 

of the electro-oxidation or electroFenton processes. 

 One its hand, the treatment of the solid waste was approached 

also by two options: the first one, the use of the ultrasonic irradiation 

followed by an electro-oxidation stage, and the second, the use of the 

electrochemical dewatering technique by comparing to cell 

configurations: anode upstream  - cathode downstream and cathode 

upstream  - anode downstream. 

The results obtained show that by choosing the appropriate 

treatment methods it is possible to successfully treat a wastewater 
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containing organochlorine pesticides. The electrodialysis turned to be a 

good concentration technique for the 2,4 – D and clopyralid, the two 

model target polar ionic organochlorine pesticides from synthetic 

wastewaters, achieving an importantat reduction of the waste stream 

and a high quality of the diluted steam. As treatment technique, the 

electro-oxidation is conditioned by the nature of the anodic material 

and electrolyte support, BDD offering better results in sulphate media ( 

around 330 mg pesticide) than MMO in chlorine media (around 135 mg 

pesticide) due to the higher reactivity of the persulfates compared to 

chlorine oxidant species. Moreover, the use of BDD lowers the operation 

time by half, from 480 minutes with MMO to 240 minutes with BDD.   

The significant improvement in the treatment efficiency is 

observed by integrating the two previous processes, electro-oxidation 

and electrodialysis achieving a simultaneous concentration and 

degradation of the pollutants. The anodic material Removals around 

330 mg of pesticide in only 240 minutes have been achieved, without 

harming the ion exchange membrane. In terms of energy consumption 

it was calculated that for a removal of 30% of TOC it is needed 320.2 

kWh kg-1 for EO and 392 kWh kg-1 for EDEO when using Nacl and 342 

kWh kg-1 for EO and 395 kWh kg-1 for EDEO when using Na2SO4. The 

slight increase observed by using the combined system becomes 

negligible due to the higher voltage required for the transfer of the 

pollutants through the membrane. 

Moreover, it was demonstrated by modelling the process that the 

removal degree can be further increased by solving the bottleneck of 

this configuration: the transfer rate of the pollutant through the 

membranes. 

For the treatment of non-polar organochlorine pesticides the 

electro-oxidation (EO) of the raw wastewater allows a removal of 50 % of 

oxyfluorfen or lindane, the two model compounds studied. As 

concentration strategy, ultrafiltration shows good results but doesn’t 

help to lower the power consumption needed to further degrade the 
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concentrated stream by electro-oxidation. On the contrary, the 

electrocoagulation seems to be more appropriate for the concentration 

of these pollutants achieving a reduction by more than 90% of the 

waste stream. Due to the heterogeneous composition of the 

concentrated stream the further treatment can be done as liquid phase 

by dissolving the hydroxide flocs with acid or as solid phase. 

 The EO of the liquid phase allows removals of 61%, which is a 

significant improvement taking into account that the concentrated 

stream has a pesticide concentration 14 times higher than the raw 

wastewater.  The ElectroFenton (EF) applied to the dissolved 

concentrated flocs showed outstanding results in the treatment for both 

model target pollutants. In addition, the power consumption for a 30% 

removal at an applied current density of j = 254.67 A m-2 was reduced 

from 27.3 (EO) to 7.55 kwh kg-1 (EF) oxyfluorfen and from 93.9 (EO) to 

49.5 kwh kg-1 lindane (EF). For the treatment of these compounds as 

solid phase low frequency ultrasound irradiation followed by EO was 

the best option achieving removal degrees of 90%. 

The treatment in solid phase by introducing pre-treatment steps 

such as ultrasound irradiation or heat prior to EO highly affects the 

removal degree. The high frequency ultrasound irradiation offers better 

results allowing to obtain a 90 % removal after EO compared to 65 % 

removal by using low frequency ultrasound irradiation. On the contrary, 

the heat leads to a more entrapment of the pollutants inside the flocs. 

At last, by applying electrochemical dewatering to the solid 

phase enhances the removal of water and can improve the electrolytic 

removal. The position of the anode in the electro-dewatering cell highly 

affects the removal of the pollutants. By using the anode upstream, 

cathode downstream configuration an increasing gradient (up to 16 V 

cm-1) is needed to achieve the complete dehydration meanwhile by using 

the swiched configuration the dyhidration is attained by applying only 1 

V cm-1. In terms of electrolytic removal, the best results are obtained by 

using the anode upstream, cathode downstream configuration in which 
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the remaining concentration in the cake was 500 mg oxyfluorfen g-1 

sludge compared to 13000 mg oxyfluorfen g-1
 by using the cathode 

upstream and anode downstream configuration. 
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2. INTRODUCTION  

 

Water has always been present in our environment in its 

different forms or origins linking all ecosystems in one cycle, as 

presented in Figure 2.1, maintaining the life on this planet. The 

processes that operate at global scales in natural environments must 

bind with the processes that operate in the engineering environments 

such as cities. 

Although it seems hard to believe, even after this rapid social, 

industrial and economic development, there are still 844 million people 

who have difficulty accessing a source of drinking water quality and 

2300 million do not have direct access to sanitation [1]. 

 

Figure 2.1. Natural water cycle 

 

According to a report by the World Economic Forum, the water 

is facing an important crisis which is ranked 5 of 10 in terms of impact 

on society because the lack of drinking water and sanitation contributes 

to the spread of infections and waterborne diseases by killing almost 1 

million people each year [1, 2].  
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For women, the water crisis is personal because in many 

affected areas they have the responsibility to provide water in their 

homes leaving them with no time to work or to ensure the education of 

their children [3]. Education is also affected by the water crisis because 

millions of families do not have the necessary resources to keep their 

children in school - drinking water and toilets in their homes [4, 5]. 

In the most developed areas, a bad management of water 

resources, pollution and overexploitation are the main ingredients of 

this water crisis. The periods of extreme drought followed by periods of 

intense rains that cause floods lead to a disturbing in the balance of the 

agricultural sector where the need for water is crucial (70% of the global 

water withdrawal).  

For example, in Figure 2.2, the percentage of global rainfall 

during the last four years is shown. As it can be seen, there are areas 

where the extreme drought predominates and areas where the large 

accumulation of water restrain a normal development of agriculture [6]. 

 

 

Figure 2.2.  Global land precipitation percentile between 2015 and 2018 

according to Nacional centres for environmental information – National 

oceanic and atmospheric administration  
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Another factor that affects the water quality is the increase in 

global temperature, as shown in Figure 2.3. According to the National 

oceanic and atmospheric administration, 2015 was one of the hottest in 

the last 4 years leading to the loss of crops and cattle [6].   

 

 

Figure 2.3. Global temperature percentiles between 2015 and 2018 

according to Nacional centres for environmental information – National 

oceanic and atmospheric administration  

 

This increasing temperature affects wildlife and their habitats. 

Some species will move to other regions and became more successful; 

others, such as polar bears, won’t be able to adapt and could become 

extinct. For example some butterflies, foxes, and alpine plants have 

migrated to cooler areas. The ice melting will reduce the freshwater 

availability since glaciers store about three-quarters of the world’s 

freshwater. Moreover, the increasing climate variability can induce 

alterations in interspecific relationships between organisms, such as 

competition or predation, possibly resulting in a decrease in food 

supplies and an increase in microbial and toxic contaminants in food. 
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At national level, the data is not entirely surprising considering 

that Spain's climate is dry. As it can be seen in Figure 2.4, the rainfall 

of the last four years has had an extreme character - a year with 

extremely dry followed by an extremely wet year [7]. 

 

Figure 2.4. National precipitation character between 2015 and 2018 

according to the State Meteorological Agency - annual climatologic 

summary  

 

Wet conditions promote the germination of spores, the spread 

and activity of zoospores and the proliferation of fungi and bacteria. 

This is also the case for extreme events and rainfall in particular, which 

aid the dispersal of diseases. In the case of soil-borne pathogens, a pre-

seasonal sclerotial stage was observed after mild winters, leading to 

more frequent root infections. These infected plants became more 

sensitive to above ground pathogens. Obviously, it is difficult to 

completely seize the links between climate and disease processes given 

the high degree of complexity in plant–pathogen systems and nonlinear 

thresholds in both. Nevertheless, an increased disease pressure is 

expected to contribute to population decline, especially for pathogens 

that are infecting multiple host species [8]. 
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The character of the precipitations concurs with the character of 

the temperatures, the year 2017 being extremely hot followed by an 

unusually cold 2018, as it is observed in Figure 2.5. 

 

 

Figure 2.5. National temperature character between 2015 and 2018 

according to the State Meteorological Agency - annual climatologic 

summary  

 

This climate change led to a significant increase in the use of 

synthetic compounds in order to satisfy the increasing food demand [9-

11].  The challenge of pests to agriculture is rising due to the higher 

prevalence of pests, diseases and weeds, which affect pesticide activity. 

In the past, application rates and total amounts of herbicides exceeded 

insecticides or fungicides, which will probably shift because of the pest 

population favouring climate changes. Nevertheless, weed resistance to 

herbicides and the according decline in interfere in the sustainable 

management of the fertile lands. 

Sustainability is a very tricky word since massive development 

and excessive consumerism leave future generations without resources. 

According to the EPA sustainability is based on a simple principle: 
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everything we need for our survival and well-being depends, directly or 

indirectly, on our natural environment [12]. Pursuing sustainability is 

creating and maintaining the conditions under which human beings 

and nature can exist in productive harmony to support present and 

future generations. In order to achieve this purpose United Nations has 

established 17 sustainable development goals to be achieved by 2030 

[13] . They address the global challenges we face, including those 

related to poverty, inequality, climate, environmental degradation, 

prosperity, and peace and justice.  

Among them, the goal for zero hunger, clean water and 

sanitation, life below water, life on land and responsible production and 

consumption are the most related to water preservation. 

 

2.1. Water pollution by organochlorine pesticides 

 

Water pollution is a very worrying topic nowadays, especially 

due to the effect of plastics, micro plastics, heavy metals and 

organochlorine compounds. According to UNESCO, 80% of wastewater 

flows back into the ecosystem without being treated and almost half of 

transboundary world’s rivers do not have a cooperative management 

framework [14]. The contamination of groundwater is even more 

alarming because, in many areas, the supply of potable water is carried 

out through direct drilling and the purification treatments are not 

properly carried out. 

Agriculture is considered the greatest contributor to pesticides 

contamination in European surface and groundwater [15]. The annual 

pesticide production rate also increased lately, reaching in 2012 

approximately 2.7 million tons [16]. The primary producers and 

consumers are USA, Japan and France. 
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Various countries in Europe report that the contamination with 

pesticides in groundwater surpasses the quality standards. According 

to data reported by the European Environment Agency, about 7 % of 

the groundwater stations recorded excessive levels for one or more 

pesticides. This contamination damages the water quality and restricts 

its use as drinking water. In aquatic ecosystems, elevated 

concentrations of pesticides may result in a reduction of population 

density and loss of biodiversity. Nowadays several European water 

bodies are at risk from diffuse pollution by pesticides [2]. 

The pesticide mobility is affected also by climate change. The 

volatilization, the runoff and leaching are the most important transfer 

pathways. The volatilization is one of the main causes of the presence of 

pesticides in the atmosphere. In climatic terms, rapid volatilization is 

mainly due to elevated temperatures, direct exposure to sunlight and 

high soil moisture content. After volatilization, compounds can be 

dispersed from areas with high concentrations and be distributed 

widely at low concentrations in the form of aerial inputs or wet 

deposition in rain [17, 18]. 

Runoff and drift are the most important transfer pathways of 

pesticides to other sites or surface waters. Pesticide emission and 

damage by droplet spray drift are defined as the amount of pesticide 

that is deflected out of the treated area by the action of air currents. 

Farmers can check wind speed and independent of climate change they 

can apply pesticides at the desired wind speed conditions reducing drift 

occurrence [19]. Managing run-off under climate change, is more 

difficult. The parcel's slope, soil type, texture and structure combined 

with crop growth and row directionality strongly influence the runoff 

rate [20]. Again, precipitation plays an important role in agricultural 

runoff and soil erosion. 

 Effects of higher temperatures were also shown by Carere et al.  

[21] who revealed an altered distribution and partitioning of 

contaminants in water and by Ficklin et al. [22], who demonstrated a 
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decreasing agricultural runoff load. The latter also proved an effect of 

increasing CO2 levels on several active ingredients, although found that 

correlations were contradictive. 

Organochlorines (OC) are a varied group of synthetic chemicals 

that include polychlorinated biphenyls (PCBs), dibenzo- p- dioxiins and 

organochlorine pesticides -  widely used all over the world. They belong 

to the group of chlorinated hydrocarbon derivatives, which have vast 

application in the chemical industry and in agriculture. These 

compounds are known for their high toxicity, slow degradation and 

bioaccumulation. Even though many of the compounds which belong to 

OC were banned in developed countries, the use of these agents has 

been rising. This concerns particularly abuse of these chemicals which 

is in practice across the continents. Though pesticides have been 

developed with the concept of target organism toxicity, often non-target 

species are affected badly by their application. 

The organochlorine pesticide production is an industrial sector 

that leads to a fast and continuous diversification of the synthetic 

pesticides changing their composition from relatively non-polar and 

persistent to more polar and less persistent. 

The behaviour of the organochlorine pesticides in environment 

depends on their properties, entrance via, season and reservoir type 

[23]. The ecological effects of the organochlorine pesticides are varied 

and are often inter-related. Effects at the organism or ecological level 

are usually considered to be an early warning indicator of potential 

human health impacts. The intensive application of pesticides is 

thought to be one of the most significant factors affecting biodiversity. It 

was reported that the continued decline of the Swedish partridge 

population is linked to changes in land use and the use of chemical 

weed control [24]. It was also demonstrated the impact of pesticides on 

soil fertility, including inhibition of nitrification with concomitant 

reduced uptake of nitrogen by plants. This means that pesticides 
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adversely affect soil microorganisms which are responsible for microbial 

degradation of plant matter, and for soil structure.  

  Different pesticides have markedly different effects on aquatic 

life which makes generalization very difficult. The important point is 

that many of these effects are chronic and are often not noticed by 

casual observers, although they have consequences for the entire food 

chain mainly caused by two principal mechanisms: bioconcentration 

and biomagnification [25]. 

 Bioconcentration is the transfer of a chemical compound from 

the surrounding medium into an organism. Some pesticides, 

such as DDT, are lipophilic, and accumulate in fatty tissue such 

as edible fish tissue and human fatty tissue.  

 Biomagnification describes the increasing concentration of a 

chemical as food energy is transformed within the food chain. 

Very high concentrations can be observed in top predators, 

including man. 

The symptoms of pesticide intoxication can appear immediately 

or arise within 48 hours after exposure [26]: respiratory tract irritations, 

allergic sensitisation, eye and skin irritation, nausea, vomiting, 

diarrhoea, headache, extreme weakness and loss of consciousness. 

Once ingested, due to reabsorption and affinity to adipose 

tissue, OCPs are not efficiently eliminated from the human body and 

may accrue in tissues altering the metabolic function leading to illness. 

Estrogenic pesticides such as DDT and chlordecone generate serious 

development and reproductive effects affecting the sperm counts and 

quality [27, 28]. 
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2.2. Available treatment techniques for wastewater 

containing organochlorine pesticides 

 

As previously mentioned, the water contamination with 

organochlorine pesticides is a matter of high interest and importance 

and for this the treatment technologies need to be carefully studied. 

It is very important to control and care for the destination, use 

and quality of the effluent returned to the natural ecosystems. For this, 

many technologies including physical, chemical and biological 

processes have been developed to achieve a safe and effective removal of 

organochlorine pesticides from wastewater. 

Next, some of these processes will be described specifying their 

advantages and limitations. 

2.2.1. Biological processes 

This group of technologies are generally the cheapest and 

therefore considered the first option for the treatment of a soil or 

wastewater contaminated with pesticides. However, the efficiency is 

affected by the bioavailability of the pollutant, temperature, anaerobic 

conditions, concentration of nutrients and co-substrates as well as the 

microbiologic community and their interactions [29].  

The bioremediation technique was tested in 2,4-dichlorofenoxy 

acetic acid (2,4-D) removal and for organochlorine compounds in 

general [30, 31]. Recent developments for the removal of 2,4 -D [32-35] 

and for the removal of atrazine by bioremediation-related technologies 

have been reported in literature [36-38].  

The phytoremediation is also a cheap and effective treatment 

process that involves the use of plants in the removal of certain organic 

pesticides. This occurs by two main mechanisms: plant uptake and 

phytoextraction. 
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2.2.2. Membrane processes 

The application of membrane processes could be an option for 

the removal of pesticides. Ultrafiltration, nanofiltration and reverse 

osmosis at low pressure offer good prospects for the removal of 

pesticides in which the sieving (excluding size by membrane) is the 

main mechanism that controls the retention of pesticides [39]. However, 

they still have to overcome important challenges that include fouling of 

the membrane and the interactions between pesticides and organic 

matter that is generally found in water (polysaccharides, humic acids, 

etc.). Therefore, it is particularly important to link the membrane 

processes with other technologies, such as adsorption or advanced 

oxidation processes, to develop an efficient process for the elimination 

of pesticides. 

i) Ultrafiltration 

Ultrafiltration uses permeable membranes to remove inorganic 

contaminants such as heavy metals along with suspended solids and 

organic compounds from wastewater [39-41] as well as a wide range of 

protein products, such as recombinant therapeutics, industrial 

enzymes, and a variety of food and beverage products [42, 43]. The 

operational process involves passage of the waste source through the 

membranes; the permeate being collected separately. The residual 

material collected on the membrane – the concentrate – contains the 

recovered pollutants [40]. The main advantages of this process are the 

low driving force and the smaller space requirement owing to its high 

packing density. 

Ultrafiltration membranes are normally rated by their nominal 

molecular weight cut-off (MWCO), which is typically defined as the 

molecular weight of a solute that has a rejection coefficient of 90%. 

However, there is no standardization in this MWCO value, and different 

manufacturers measure the rejection using solutes with very different 

physical properties under very different operating conditions. Based on 

the size of the particle, different types of ultrafiltration membranes can 
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be used to separate heavy metals, macromolecules, and suspended 

solids with a pore size varying from 1 to 100 nm [44] and a molecular 

weight of 100–100,000 Da [45].  The polysulfone and polyethersulfone 

are the dominant materials used in ultrafiltration followed by the 

acrylic, acrylonitrile, ceramic and polycarbonate. The ideal UF 

membrane would have a very high separation factor providing very high 

product retention and yield of the desired compound and very high 

permeability. 

 The application of this process is sometimes limited due to 

fouling problems. Recent studies are focused on this problem finding 

ways to minimize them as much as possible [46].   

Another problem that affects the ultrafiltration process is the 

presence of the micro plastics in the wastewater [47]. These pollutants 

may endanger the well function of the treatment installations and 

damage the structure of the membranes.  

2.2.3. Advanced oxidation processes (AOPs) 

Oxidation technologies are very important for the elimination of 

pesticides. Several recent reviews show that these technologies produce 

good results, although the operating conditions must be carefully 

evaluated to obtain high efficiencies and to avoid formation of by-

products that can be even more dangerous from a toxicological 

perspective than original pesticides. 

Advanced oxidation processes can be classified depending on the 

mechanism by which the hydroxide radical forms. So, they can be 

homogeneous, photochemical, sonochemical, and electrochemical 

oxidation processes.  

Technologies based on hydrogen peroxide [48] or other oxidant 

species have attracted considerable attention due to its simplicity, high 

efficiency and easy application. For a better efficiency, instead of using 

AOP’s as single treatment, they can be combined with other processes.  
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For example, the efficiency of the Fenton process can be enhanced by 

combining it with hydrodynamic cavitation [49, 50], heterogenous 

photocatalysis or irradiation using sono [51] or photo-energies [52]. 

These approaches can be used to achieve a complete or almost complete 

pesticide removal in the treatment of wastewaters. 

 The activation of TiO2 particles with UV radiation would be also 

a good option for the treatment of wastewater containing pesticides [53-

55]. Moreover, the UV radiation helps to disinfect the wastewater. 

The sonochemical methods have been used for the removal of 

recalcitrant organic compounds. The ultrasound irradiation leads to the 

formation, growth and disintegration of small bubbles that concentrate 

the acoustic energy into tiny reactors leading to extreme conditions in a 

short time, breaking the water molecules and allowing the formation of 

radicals, as in the Equations (2.1) – (2.5) [56]. Thermal dissociation of 

water and dissolved oxygen molecules in the cavities will convert them 

into reactive species as follows: 

 

H2O + ))) → •OH + H•    

 (2.1) 

 O2 + ))) → 2•O     (2.2) 

 •OH + •O → •OOH      (2.3) 

      •O + H2O → 2 •OH    (2.4) 

 •H + O2 → •OOH    (2.5) 

 

where ))) is the ultrasonic irradiation 
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Sonochemical degradation has been used in  the treatment of 

wastewater polluted with endocrine disrupting organochlorine pesticide 

dicofol [57]. Another interesting application of ultrasonic waves and 

hydrogen peroxide was studied by Kida et al, 2018 in the removal of a 

mixture of pesticides from wastewater [48]. In addition, the presence of 

a catalyst, such as TiO2, can enhance the dissociation reactions of water 

molecules to increase the number of free radicals generated, thereby 

increasing the rate of degradation of the organic compounds. 

2.2.4. Electrochemical technologies  

The use of electricity to treat water dates from 1889 [58]. Few 

years later, in 1904, Elmore patented the application of electrolysis and 

in 1909, the electrocoagulation using iron and aluminium electrodes. 

Years later, in 1946 it was first applied the electrocoagulation of 

drinking water on a large scale [59, 60]. 

Later on, electrochemical technologies found their applicability 

along with the increasing standard of drinking water quality and the 

rigorous environmental laws concerning the wastewater discharge [61].  

The electrochemical technologies most widely applied in 

wastewater treatment are: electro-oxidation, electrocoagulation, electro-

fenton and electrodialysis. These technologies have been developed and 

improved along decades and have found applicability in many fields in 

water and soil remediation [62].  

The electrochemical technologies are affected by several factors. 

Among them, it can be mentioned the nature of the anodic material, the 

nature and concentration of the electrolytic support and the current 

density applied. Depending on the stream that need to be treated, the 

nature of the electrodes and the electrolytic support may vary. As 

electrodes it can be used a large variety of metallic materials of different 

size and shapes. The most used are made of aluminum, iron, stainless 
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steel, titanium, MMO (mixed metal oxide) or BDD (Boron doped 

diamond). 

Electrochemical technologies gained a special attention and 

many researchers focused their attention to develop and integrate these 

techniques. The main advantage of this approach is that the addition of 

chemicals or other products is not necessarily required and that the 

processes are easily connected to renewable energy sources as the main 

input required for these technologies is electricity [63]. 

2.2.4.1. Electrocoagulation 

Electrocoagulation (EC) is directly linked to chemical 

coagulation, which has been used as a primary treatment step in water 

clarification and potabilization [64].  

In this process, metallic and organic colloidal contaminants are 

separated from the liquid phase using the electrogenarated 

destabilization agents. The electrocoagulation stars with the 

electrodisolution of the sacrificial anodes, producing the metal ions, 

which contribute to the destabilization of colloids and emulsions. Then 

the formation of the aggregates is followed by their coagulation in flocs.  

The electrocoagulation resulted to be much more effective than 

the chemical process because showed better and faster results in the 

organic matter separation, the operation costs have been considerable 

reduced, the purchase, storage and manipulation of chemicals is no 

needed and very important, a lower amount of sludge is generated [65-

67]. However, some disadvantages hold back an expanded use of this 

technology. Among them it is worth mentioning the possible anode 

passivation that can suppress the continuous operation mode of the 

process. Another problem is the deposition of hydroxides on the cathode 

surface and so compromise the H2 generation and so the entire process 

[68, 69] .  
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The sacrificial anode materials used are iron or steel, and 

aluminium. Next, the reactions that take place in the electrocoagulation 

process are briefly described by the Equations (2.6) – (2.14) [70, 71]. 

Fe →Fe2+ + 2e-      (2.6) 

2H2O + 2e- → 2OH- + H2 (g)    (2.7) 

Fe2+ + 2OH- → Fe(OH2) (s)    (2.8) 

Fe + 2H2O →  Fe(OH2) (s) + H2 (g)   (2.9) 

Fe →Fe3+ + 3e-     

 (2.10) 

4Fe2+ + 10H2O + O(g) → 4Fe(OH)3(s) + 8H+  (2.11) 

2H + 2e → 2H2 (g)     (2.12) 

 

When aluminium is employed as sacrificial anode, the reactions 

that take place are represented in Equations (2.13) and (2.14). 

 

Al → Al 3+ + 3e-     (2.13) 

Al + 3H2O → Al(OH)3(s)+ 3/2 H2 (g)    (2.14) 

 

Taking into account the behaviour of the pollutants, the 

mechanisms involved in the electrocoagulation process can be classified 

in two main groups: heavy metal removal and organics removal. 

Heavy metals can be removed from a liquid phase using 

electrocoagulation mainly by surface complexation and electrostatic 

attraction [72]. When complexation mechanism occur the heavy metal 

acts as a ligand to form superior aggregates with the electrogenerated 
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hydroxides (Equation (2.15)) and so the separation from the water is 

promoted.  

Metal + (HO)OFe(s) → metal-OFe   (2.15) 

On the other hand, when the conditions are more appropriated 

for electrostatic attractions mechanisms, the positive or negative charge 

in the floc attracts the metal into flocs to a further precipitation. 

These reactions depend on many factors such as electrode 

material, pH, current density, supporting electrolyte, reactor design 

parameters, inter-electrode gap distance and electrode arrangements.  

The removal of organics by electrocoagulation is a bit more 

complicated because it depends on their nature and functional group of 

the pollutants. Therefore, the mechanisms involved in their removal are: 

charge neutralization, complexation, entrapment and absorption 

followed by the sedimentation of the formatted flocs [73, 74]. It is also 

very possible that two or more mechanisms occur at the same time.  

The electrocoagulation process can be controlled using the 

Faraday law, Equation (2.11), and previous chemical coagulation tests. 

In this way it is possible to avoid the excessive hydroxide generation 

and establish the appropriate operating conditions (current density, 

hydroxide generation and time) for the treatment of the wastewater in 

question. 

 The electrode material is very important in the 

electrocoagulation process because it must be chosen taking into 

account the characteristics of the water that is to be treated. For 

example when iron anode is used, it promotes the formation of small 

brown particles, which settle down faster that the gel flocs formed using 

aluminum [75]. 

Another important parameter that affects the electrocoagulation 

is the pH because the electrogenerated hydroxyl species and also the 

neutralization capacity of the pollutants depend on the pKa number. 
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2.2.4.2. Electrodialysis 

Electrodialysis (ED) is an electrochemical technology used to 

separate ionic species and other components from an aqueous solution 

with the help of charged membranes and a difference in electrical 

potential. ED is widely used for the desalination of brackish water being 

in some areas of the world the only process for the drinking water 

production. 

Although is one of the most important use, water desalination 

and table salt production are not the only significant applications [76]. 

The slightly modified ED is used to separate mixtures of amino acids or 

proteins [77] in the production of acids and bases of the corresponding 

salts, when combined with the dissociation of electrically forced water 

in the bipolar membranes.  

In many applications, ED is in direct competition with other 

separation processes such as distillation, reverse osmosis and various 

chromatographic procedures [78]. For certain applications, there are 

very few economic alternatives to ED. Although this process is known in 

principle for more than eighty years, the use on an industrial scale 

began twenty-five years ago. The classic ED or unidirectional standard 

was developed during the 1950s. However, during the past two and a 

half decades the main feature has been the development of the reverse 

polarity process known as reverse electrodialysis. 

Ion exchange membranes are the key components in 

electrodialysis. Polymer structures carrying negatively charged groups 

are referred to as cation exchange membranes, while those carrying 

positively charged groups are referred to as anion exchange 

membranes. 

In a cation exchange membrane, the fixed negative charges are 

in electrical equilibrium with mobile cations in the interstices of the 

polymer. The mobile anions, called co-ions, are almost completely 

excluded from the polymer matrix because their electrical charge is 
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identical to that of the fixed ions. The extent to which co-ions are 

excluded from an ion exchange membrane depends on the membrane 

as well as on the solution properties [79]. 

The most important properties for ion exchange membranes are: 

 High permselectivity – the membrane should be permeable to 

counter-ions only 

 Low electrical resistance – the membrane should have high 

counter ion permeability 

 Good mechanical and form stability – the membrane should 

be mechanically strong and should have a low degree of 

swelling in dilute solutions 

 High chemical stability – the membrane should be stable 

over the entire pH range and in the presence of oxidizing 

agents and organic solvents 

 Ion exchange membranes are referred to as weakly or strongly 

acidic or basic in character depending on the charged groups they 

contain [80].  In Figure 2.6 it can be seen a graphical description of the 

distribution of the co and counter ions between the membrane and the 

bulk solution. 

 

Figure 2.6.  Distribution of the co and counter ion between the membranes 

and the bulk solution 
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The exact ion transport mechanisms in a membrane are very 

complicated and occur next to each other. The four possible 

mechanisms for the transport of common ions are diffusion, 

electromigration, convection and surface site hopping. Although 

diffusion and convection can both contribute to the ion movement in 

the membrane, when the driving force is the electric potential their 

effect is small compared to electromigration. This occurs because IEMs 

are dense and the electrolyte diffusion coefficient in the membrane is 

one of the three orders of magnitude lower than that in the bulk 

solution [81, 82]. 

The development of the new ionic membrane exchange with 

better selections, lower electrical resistance and improved thermal, 

chemical and mechanical properties has recently generated great 

interest in ED applications, especially in the food, medicine and 

chemical processes, as well as in biotechnology and wastewater 

treatment. 

2.2.4.3. Electro-oxidation 

The electro-oxidation (EO) is a well-known process used for the 

removal of organic pollutants from wastewater by two different 

mechanisms [83-85]: 

 Direct oxidation: the contaminant is directly oxidized on the 

surface of the anode, through the formation of active oxygen 

which is absorbed on the surface of the anode (OH-hydroxyl 

radicals absorbed at the anode) or active oxygen absorbed on 

the surface of the anode (oxygen)  present in the metal oxide 

network of the anode MOx + 1). The absorbed hydroxyl 

radicals cause the complete combustion of the pollutants; in 

turn the absorbed active oxygen causes the partial oxidation 

of the polluting compounds. 

 Indirect oxidation: the oxidation process does not occur on 

the surface of the anode. Oxidant species such as ozone, 
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chlorine or hydrogen peroxide are produced at the anode. 

These oxidizing species come from the oxidation of the ions 

contained in the water, which, when released, cause the 

oxidation of the organic matter and the contained in the 

wastewater. 

Analysing and comparing the two types of reactions, it can be 

observed that the main drawback of direct reactions is given in the 

oxidation reaction of water for the production of oxygen. This reaction 

occurs at the anode and knowing that water is the solvent and its 

concentration is much higher than the contaminant, this reaction is 

favoured what would prevent or slow down, the oxidation reaction of 

organic matter desired, greatly reducing the effectiveness of the process. 

This problem can be solved partially using anodes of materials with 

high oxygen overpotential (they are materials which need a greater 

electrical potential to overcome the activation energy in the production 

of molecular oxygen). 

The electrochemical oxidation process [84, 86] showed good 

results in the treatment of wastewater polluted with lindane wastes and 

other chlorinated herbicides [87]. However, the huge volume of 

wastewater still represents an important problem that urges to be 

solved. When dealing with high amounts of wastewaters, the size of the 

equipment and installations increases along with the energy 

consumption and waste generation. Moreover, by treating high amounts 

of low concentrated wastewater the formation of side reactions and 

mass transfer limitations are almost impossible to avoid [88, 89].  

2.2.4.4. ElectroFenton 

Electrochemical advanced oxidation processes based on Fenton 

reaction are eco-friendly methods and for that they have received much 

attention in the recent years. The most used is the electroFenton (EF) 

process. The EF process has normally two configurations: in the first 

one the reagents are added to the reactor from the outside and inert 

electrodes with high catalytic activity are used as anode material while 
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in the second configuration only hydrogen peroxide is added from the 

outside and Fe2+ is generated by a sacrificial anode [90]. 

Oxidation using Fenton’s reagent is an attractive and effective 

technology for the degradation of a large number of hazardous and 

organic pollutants because of the lack of toxicity of the reagents leaving 

no residues [91]. There are some steps involved in the Fenton’s process: 

oxidation, neutralization flocculation and sedimentation. The Fenton 

reaction is most effective at pH near to 3. The oxidation of organic 

pollutants is due to •OH radicals and coagulation is ascribed to the 

formation of ferric hydroxyl complexes as presented in Equations (2.16) 

– (2.19) [92]. 

 

   Fe2+ + H2O2 → Fe3+ + OH- + HO•   (2.16) 

   RH + HO• → R• + H2O    (2.17) 

   R• + Fe3+ → R+ + Fe2+     (2.18) 

   Fe2+ + HO• → Fe3+ + OH-    (2.19) 

where RH represents the organic pollutants 

 

2.2.4.5. Electrochemical dewatering  

The dewatering is performed by mechanical techniques based on 

gravitational settling, centrifugation, filtration or compression. The 

presence of organic components, in the sludge makes it very difficult to 

dewater even at high pressure. For this reason, the assisted dewatering 

techniques are gaining a special attention lately being a good solution 

for the operation cost reduction and improving efficiencies [93-96].  

The electrochemical dewatering is a technology that uses an 

electric field between an anode and a cathode to promote the 

mobilization of charged ions (electromigration) or particles 
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(electrophoresis). Additionally, the water from the nearness of the 

anodes is mobilized to the proximities of the cathodes by the well-

known electro-osmotic process, extensively studied for soil 

decontamination [97-99].  

 

Figure 2.7. Schematic representation of the electrochemical dewatering 

process 

 

The operating conditions of the electric field and pressure used 

in the electrochemical dewatering are sufficient to remove a significant 

proportion of the water that cannot be removed using mechanical 

dewatering technologies alone. Thus electrochemical dewatering has the 

potential to be viable for a range of slurries [100-103] , which either 

could not be sufficiently dewatered or would otherwise require extreme 

conditions using conventional dewatering devices.  

Due to the electrical field application, oxidation - reduction, 

corrosion, and precipitation reactions occur at the electrode surface. 

These reactions strongly depend on the material of electrode and the 

ions present in electrolyte [104]. In addition, the high electric current 

generates a large amount of heat and lead to the increase of 

temperature of the sludge segment. Higher sludge temperature relates 

to a reduction in viscosity, which facilitates the extra water removal 

from the slurry cake [100]. 
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2.2.4.6. Limitations and drawbacks of electrochemical 

technologies 

Electrochemical technologies showed very good results in the 

removal of organochlorine pesticides. However, most of these processes 

are still limited due to the huge volume of wastewater. When dealing 

with high amounts of wastewaters the size of the equipment and 

installations increases along with the energy consumption and waste 

generation. Moreover, by treating high amounts of low concentrated 

wastewater the formation of side reactions and mass transfer 

limitations are almost impossible to avoid [88, 89]. Next, the more 

important limitations will be briefly discussed:  

Mass transfer limitation  

This problem occurs when the wastewater submitted to the 

electrochemical treatment process has a low concentration of pollutants 

because, in order to achieve an effective process, the system requires a 

high specific electrode area and high mass transfer rates (turbulence). 

Formation of side reactions and byproducts 

 The formation of halogenated byproducts is a concern when 

using electrochemical technique for the wastewater treatment especially 

when dealing with organochlorine pollutants [105]. Byproducts include 

halogenated oxyanions [106, 107] and a wide variety of halogenated 

organic compounds. The formation of halogenated oxyanions such as 

ClO3, ClO4, and BrO3, has been detected in numerous studies [108, 

109], ClO4 being especially problematic. This oxyanion is a terminal 

oxidation product and its consumption represents a serious health risk.  

The formation of halogenated-organic compounds has been 

detected during the application of electrochemical treatment techniques 

in the oxidation of organics in landfill leachate [110]. Their formation is 

attributed to addition and substitution reactions between organic 

compounds and in situ formed halogenated oxidants. 
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Substrate degradation 

Another drawback of these processes is related to the substrate 

degradation rates that are affected by solution conditions. The effects 

can lead to the fouling at the electrode surface and scavenging of OH• 

by natural organic matter and other inorganic ions in solution. These 

factors can result in reduced reaction rates of the target substrate. 

In order to overcome these limitations, researchers focussed 

their attention on changing the reactor and electrode design [111], or 

use hybrid techniques [112, 113]. In addition, the development and 

integration of concentrations strategies seems to bring promising 

results in this research area.  
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3. OBJECTIVE 

 

The environmental pollution along with the climate change makes 

day by day more difficult to carry on a normal and safe life. We are 

dealing now with more toxic compounds, more persistent and more 

difficult to remove.  

In the last decades, the Laboratory of Electrochemical and 

Environmental Engineering from the University of Castilla-La Mancha 

focussed its efforts on the treatment of the wastewater containing 

organochlorine compounds using electrochemical technologies. There 

are currently published dozens of works in which coatings of mineral 

mixed oxides and conductive diamond are used as electrode materials, 

demonstrating great efficiency in the removal of various pollutants from 

wastewater.  

The present Doctoral Thesis is part of a national project dealing 

with the abatement of organochlorines (CTM2016-76197-R) and its 

main aim is to couple pre-concentration and electrochemical degradation 

processes for the treatment of wastewaters containing organochlorine 

pesticides to achieve a higher treatment yield as represented 

schematically in Figure 3.1.  
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Figure 3.1. Schematic representation of the integration of concentration 

strategies and degradation technologies to achieve higher treatment 

efficiencies 

 

The increase in the energy efficiency of the treatment will reduce 

the presence of the target pollutant using the minimum amount of 

energy and, therefore, minimizing the environmental impact of the 

process. In addition, electrochemical processes are easily integrated 

with renewable energy sources, so the proposed process would allow the 

development of a remediation system that leads to a zero or, at least, 

very limited environmental impact. 

In order to achieve this global aim two partial aims were set: 

1. The treatment of the wastewater containing polar ionic 

organochlorine compounds choosing as model compounds 

the 2,4 dichlorofenoxiacetic acid and clopyralid; 

2. The treatment of the wastewater containing non-polar 

organochlorine compounds choosing as model compounds 

oxyfluorfen and lindane. 
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The model organochlorine compounds chosen as aims 1 and 2 

have different properties and so, the development and planning of the 

experimentation needs to be adapted considering this aspect. Therefore, 

in order to achieve the partial aim 1 the following targets were 

established: 

1. The concentration of the polar ionic organochlorine 

pesticides by electrodialysis; 

2. The degradation by electro-oxidation considering the 

influence of the supporting electrolyte used, the current 

density applied and the nature of the anodic material; 

3. The development of an integrated concentration degradation 

process by electrodialysis/electro-oxidation considering the 

influence of the supporting electrolyte used, the current 

density applied and the nature of the anodic material; 

4. The estimation of the mineralization current efficiency of the 

process along with the power consumption associated to the 

developed process; 

5. The modelling of the process in order to determine its 

applicability in the treatment of wastewater containing 

similar organochlorine compounds. 

On the other side, in order to achieve the partial aim 2, the 

following targets were set: 

1. The treatment of the raw wastewater by  electro-oxidation 

considering the current density applied; 

2. The concentration step by ultrafiltration followed by the 

treatment of the concentrated stream using electro-

oxidation; 

3. The concentration by electrocoagulation followed by the 

treatment of the concentrated phase obtained. In this case, 

the concentrated phase  obtained can be further treated by 
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two approaches, leading to the last two final targets of the 

work: 

3.1. The treatment of the concentrate as  liquid phase by 

electro-oxidation and electroFenton; 

3.2. The treatment of the concentrate as solid phase by 

applying pre-treatments step such as ultrasound 

irradiation or heat followed by electro-oxidation or by 

using electrochemical dewatering. 
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5. NON-POLAR ORGANOCHLORINE PESTICIDES: 

OXYFLUORFEN AND LINDANE 

 

In this section, it will be discussed the treatment of wastewater 

containing non-polar organochlorine compounds. These compounds are 

characterized by their low water solubility and their need to be mixed 

with surfactants and other organic compounds in order to be properly 

used. As model compounds, oxyfluorfen and hexchlorocyclohexane 

(lindane) were chosen. Although the use of lindane is now forbidden in 

most of the European countries, its persistency still endangers the 

human health and the environment. 

For the concentration of these pollutants, it was used the 

electrocoagulation and ultrafiltration and for their degradation it was 

used the electro-oxidation (EO) and electrofenton (EF). Moreover, the 

treatment of the solid produced in electrocoagulation was confronted by 

electrochemical dewatering and by a combination electro-oxidation with 

other pretreatment steps such as ultrasonic irradiation. The influence 

of electrod material, supporting electrolyte, state of matter and degree of 

concentration will also be studied. 

 

5.1. Materials and methods  

The materials and methods used to study the behaviour and 

degradation of the selected non-polar organochlorine model compounds 

oxyfluorfen and lindane are now to be listed. 

Taking into account the characteristics of the model pollutants, 

the treatment approach can be divided into three main scenarios as 

presented in the Figure 5.1. 
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The first scenario is based in one step treatment of the 

wastewater using electro-oxidation. The second scenario introduces a 

concentration step based on the use of an ultrafiltration stage. This 

concentration step allows the reduction of the total volume of the 

wastewater by dividing it into two streams: the permeate stream 

represents the cleaned wastewater which is free of pesticides and can 

be reused or safety discharged. The second stream is a concentrated 

stream that can be further submitted to other treatment techniques as 

electro-oxidation. 

The third scenario has a bit more complexity due to the 

formation, in the concentration stage, of two phases of different nature. 

It begins with the electrocoagulation as concentration step allowing to 

obtain two phases: 1) a diluted phase, free of organic compounds that 

can be safely discharged and 2) a concentrated stream that contains all 

the pollutants entrapped into the electrogenerated flocs, stream that is 

further submitted to a treatment process.  

The complexity of the concentrated phase (a liquid with a high 

concentration of solids) makes this scenario the most complex approach 

of this work. Two options have been considered to confront the 

treatment of this complex concentrated stream: the treatment as liquid 

phase and the treatment as solid phase. The treatment as liquid phase 

consists in dissolving the iron flocs from the concentrated stream and 

the subsequent application of the electro-oxidation or elecroFenton 

processes. 
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Figure 5.1. Treatment options for the removal of non-ionic no polar 

organochlorine compounds from wastewater. 
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The treatment of the solid waste will be approached by two 

options: the first one, the use of the ultrasonic irradiation followed by 

an EO stage and the second, the use of an electrochemical dewatering 

technique. 

 

5.1.1. Materials 

In this section, it will be listed and described the materials and 

the methods used for performing the different treatment processes used 

for the removal of oxyfluorfen and lindane from wastewater.  

In the Table 5.1 it can be seen the regents used for the study of 

these pollutants. All chemicals were used without further purification. 

The water used in the preparation of the synthetic wastewater was 

deionized HPLC grade. 

Depending on the commercial availability of the oxyfluorfen, two 

formulations were used in this work: 

 Barre® (provided by a local store named Jovenes 

Agricultores). Apart from the pesticide (Oxyfluorfen 24%) 

this formulation also includes naphtha (petroleum) and 

cyclohexanone as solvents. 

 Fluoxil ® 24 EC (provided by Cheminova Agro S.A., 

Spain) was used as commercial source of oxyfluorfen 

(24% wt.). Apart from the pesticide, the formulation of 

Fluoxil® includes cyclohexanone, calcium 

dodecylbenzene sulphonate (surfactant) and xylene. 
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Table 5.1. Characteristics of the reagents used in this section 

Reagent Supplier Purity, % 

Hydrogen peroxide Panreac 33 

Sodium sulphate Sigma- Aldrich 100 

Sulphuric acid Panreac 96 

Fe2(SO4)3 Panreac 75 

Acetonitrile Sigma- Aldrich 100 

Ethyl acetate Sigma- Aldrich 100 

SDS Sigma- Aldrich 100 

Lindane Sigma-Aldrich 97 

Barre Jovenes Agricultores 24 

Fluoxil  Cheminova  24 

 

Next, the characteristics of the two model compounds chosen for 

this study will be detailed: 

i) Oxyfluorfen 

Oxyfluorfen contaminates surface water through spray drift and 

runoff, being unlikely to reach the groundwater [1]. It is classified as 

slightly mobile to immobile in soil, and it is nearly insoluble in water 

with a tendency to adsorb in soils [2]. Oxyfluorfen was also classified as 

a low acute toxicity compound by the World Health Organization (WHO) 

and by the Environmental Protection Agency (EPA) [1, 3]. It is assessed 
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as very toxic to aquatic organisms and affects terrestrial plants and 

aquatic ecological systems at all levels [4-6]. In addition, it is stable to 

hydrolysis at pH 4−9 but degraded rapidly by the sunlight in aqueous 

solution [7]. The commercial brands that contain oxyfluorfen commonly 

include other chemicals with higher water solubility (surfactant, 

cyclohexanone, etc.) to enhance its dosage to the crops. It is worth 

noting that the conventional treatment in a wastewater treatment plant 

(WWTP) does not achieve efficient depletion of the pesticide. 

Oxyfluorfen presents low water solubility 0.116 mg dm−3 at 20 

°C, low vapor pressure 0.026 mPa at 25 °C , high Koc (log Koc = 

3.46−4.13), and high Kow (log Kow = 4.86) [1].  

The physical state of oxyfluorfen is a crystalline white solid. Its 

molecular weight is 361.62 g mol-1 and its empirical formula 

C15H11ClF3NO4. In Figure 5.2 it can be seen the molecular structure 

of oxyfluorfen. 

 

 

 

Figure 5.2. Molecular structure of oxyfluorfen 

 

ii) Lindane 

Hexchlorocyclohexane (or lindane) is an effective but very 

controversial pesticide. Today, pesticide farming is banned in the large 

group of countries that signed the Stockholm Convention on persistent 

organic pollutants [8]. Lindane was used as an insecticide on fruit and 
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vegetable crops, for seed treatment and forestry acting as stimulant to 

the nervous system. 

Today, the only use of this compound is as pharmaceutical 

products for the treatment of lice and scabies developing countries. 

Regarding its effects on human health, it is known to damage 

the nervous system and it is suspected to be carcinogenic [9]. In terms 

of the environment, lindane has a great persistence and a high potential 

to be transported over long distances and accumulated in the food 

chain [10]. Its physical state is a white and odourless crystalline 

powder. In contact with hot surfaces or with flames it decomposes 

forming toxic and corrosive fumes. 

Lindane was produced in Spain in four factories: two of which 

were located in the Basque country; a third in Galicia and the fourth in 

the province of Huesca, the old factory called Inquinosa. The latter 

remains – even today – in a ruined state, being located some 15 meters 

away from the Sabiñánigo reservoir [11, 12]. 

 The Inquinosa factory synthesized lindane from 1975 to 1988 

and stopped its trading activity in 1992. During this period, it is 

estimated that more than 150,000 tons of waste with high content of 

lindane and other organochlorine compounds were produced. In fact, 

every kilogram of lindane manufactured produced about 10 kilograms 

of toxic waste. 

These powdered and liquid wastes were dumped at the Sardas 

landfill, and later on at the Bailín landfill [13].  

In Figure 5.3 it can be appreciated the molecular structure of 

lindane. 
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Figure 5.3. Molecular structure of Lindane 

 

It presents low water solubility 8.52 mg dm−3 at 20 °C, low vapor 

pressure 4.4 mPa at 20 °C, the boiling point at 323.4°C and a bulk 

density of 1.88 g ml-1. Its molecular mass is 290.9 g mol-1 and its 

chemical formula is C6H6Cl6.  

 

5.1.2. Methods  

As mentioned before, several treatment technologies were tested 

for the removal of both pollutants from wastewater. All the installations 

setup, cell configurations, operation conditions and analytical 

measurements are next described: 

i) Electro-oxidation 

The installation setup used for the treatment of wastewaters 

containing non polar no ionic organochlorine compounds by electro-

oxidation, shown in Figure 5.4, is equipped with a commercial Adamant 

electrochemical cell  clothed with BDD electrodes having a thickness of 

2.7 µm ± 10%, an sp3/sp2 ratio 220 ± 5% and boron concentration 

500-700 mg dm-3. The electrical current was provided by a Delta 

Electronika ES030-10 power supply (0−30 V, 0−10 A). The wastewater 

was stored in a 5 dm3 glass tank stirred by a mechanical overhead 
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stainless steel rod stirrer Heidolph RZR 2041. The synthetic water was 

flowed through the electrolytic cell by means of a peristaltic pump. 

 

 

 

Figure 5.4. EO experimental setup  

 

For the tests that require lower volume of wastewater it was 

used a smaller homemade electrochemical cell equipped with a BDD 

anode and a stainless steel plate as cathode. The anodic area was 28 

cm2 with 1 cm electrode gap. 

ii) Electrocoagulation 

For the concentration by electrocoagulation, it was used the 

installation setup presented in Figure 5.5 which is similar with the one 

used for the EO. In this case the electrochemical cell is a homemade 

electrochemical cell equipped with an iron plate as sacrificial anode and 

a stainless steel plate as cathode, with an electrode area of 100 cm2 and 

1 cm electrode gap.  
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Figure 5.5. Electrocoagulation setup 

 

 

iii) Ultrafiltration 

The concentration by ultrafiltration was conducted in a pilot 

scale experimental setup schematized in Figure 5.6. 

It is equipped with a 100 dm-3 capacity feed tank, a centrifugal 

pump Pompes Hilge Sarl model Panda 00/04 Super, a regulating valve 

which controls the working pressure and a recirculation pump Pompes 

Hilge Sarl model Panda 00/03 Super. The flowrate inside the 

ultrafiltration module is controlled with a regulating valve meanwhile 

the temperature and the pressure are monitored with a thermometer 

Jumo and a manometer Bourdon Sedeme 0 – 6. 
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Figure 5.6. Ultrafiltration experimental setup  

 

The ultrafiltration module Mini Kerasep from Novasep, 

presented in Figure 5.7, is equipped with a ceramic mulitubular 

membrane formed by 19 channels (Dh = 3,5 mm), 38 cm long, 25 mm 

of external diameter and   0,0816 m2 of filtration area.  

 

 

 

Figure 5.7. Mini Kerasep ultrafiltration module 
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The membrane used, presented in the figure 5.8, has a cut-off of 

15.000 Da and is formed by a monolithic support of Al2O3 - TiO2 and an 

active layer of ZrO2-TiO2.  

 

  

 

Figure 5.8. Ultrafiltration ceramic membranes 

 

iv) ElectroFenton 

The electroFenton (EF) assay takes place in the same 

installation setup as the EO previously presented in Figure 4. Taking 

advantage of the existing in Fe from the previous EC stage, the EF was 

run with the addition of 200 mg dm-3 hydrogen peroxide every 10 

minutes until the end of the test. 

v) Ultrasound irradiation 

The proposed techniques for this study are: low frequency 

ultrasonic irradiation- 75 khZ, high frequency ultrasonic irradiation – 1 

MhZ, heat - 90⁰C and a blank – no pretreatment. The ultrasonic probes 

are introduced into the concentrated liquid waste in order to achieve a 

proper and homogeneous procedure. 

For the low frequency ultrasonic irradiation, it was used an 

ultrasonic processor UP200S provided by Hielscher. Meanwhile, for the 

low frequency ultrasonic irradiation it was used an EPOCH 650 
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Ultrasonic Flaw Detector equipped with a 1 MhZ ultrasonic probe 

provided by Olympus. In addition, it was decided to test the effect of 

heat in order to check the efficiency of the ultrasonic irradiation. 

The installation device is shown in Figure 5.9. 

 

  

 

Figure 5.9. US / Heating system  

 

vi) Electrochemical dewatering 

The dewatering process consists in extracting the water from the 

concentrated solid phase. It was used a homemade dewatering device as 

shown in the Figure 5.10. It consists in a PVC clear tube with a 100 

mm diameter and 250 mm longitude closed in the lower side with a PVC 

tap in which the outlet of the treated wastewater and the electrode 

connection are placed. 

Inside the tube, a 2 cm layer of glass spheres filler followed by a 

3 cm sand filter is placed in order to achieve a good separation of the 

two phases. Next, a silicone sieve is placed, on top of which the grilled 

shaped electrode is placed.  
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Figure 5.10. Electrochemical dewatering installation setup 

 

The device is equipped with two different weights, 6 and 8 

kilograms, in order to obtain the maximum dehydration when 

gravitation reached its limit. Moreover, the electrodes are connected to 

the system in order to perform the EO in situ once the dewatering step 

is finished. 

5.1.3. Experimental procedure  

Before starting the experiments, the electrodes were polarized for 

15 minutes at 300 A m-2 with a Na2SO4 solution of 5000 mg dm-3 at pH 

2 and subsequently rinsed several times with deionized water. In this 

way, an effective cleaning of the entire installation was achieved. 

Scenario 1 

EO assays were performed in discontinuous mode at three 

current densities:  254.7, 177.3 and 63.6 A m-2. The raw diluted 

synthetic wastewater having a concentration of oxyfluorfen of 100 mg 

dm-3 or 50 mg dm-3 lindane and 3000 mg dm-3 Na2SO4 is placed into the 
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glass tank and pumped into the electrochemical cell. Once the desired 

current density is set, the assay starts taking samples of 15 mL every 

10 minutes during 8 hours. 

Scenario 2 

UF assays were first performed in total recirculation mode at 

pressure values ranged from 0 to 4.5 bars. Next, a test in discontinuous 

mode was carried out maintaining the working pressure at 4 bar for 

160 minutes. The total volume of synthetic wastewater used in the 

concentration step was 80 L with a concentration of oxyfluorfen of 100 

mg dm-3 and no electrolytic support. Samples were taken every 10 

minutes recording the temperature, pressure and flowrate of the 

system. The permeate obtained was free of pollutants and can be safely 

discharged meanwhile the concentrate is properly stored for its further 

treatment by EO. 

The EO assays ware performed in the EO experimental setup in 

potentiostatic mode comparing the influence of the salt addition (1000 

mg dm-3 of Na2SO4). The concentrated one is placed into the glass tank 

and once the potential is set samples of 15 mL are taken every 10 

minutes until the experiment is over. 

Scenario 3 

In this scenario, the concentration by electrocoagulation  has 

been performed in two ways: the first way (EC I) was for the study and 

characterization of the coagulation mechanisms involved in the removal 

of the pesticides meanwhile the second way (EC II) was for the 

optimization of the operation time and Fe generation. For both ways, it 

was used a synthetic wastewater with an oxyfluorfen concentration of 

100 mg dm-3 or 50 mg dm-3 lindane and 3000 mg dm-3 of Na2SO4. 

 After the sedimentation, two phases were obtained: a liquid 

phase free of pollutants and a concentrated solid phase, which has 

entrapped the pollutant. The liquid phase, free of pollutants, can be 
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safely discharged and the concentrated phase was properly stored for 

its further treatment. 

After each batch, the installation setup was submitted to a 

cleaning process with HCl 4 % in order to remove the remaining iron 

hydroxide from the electrode surface and pipeline.  

EC I 

The experiments were carried out at current densities ranged 

from 20 to 200 A m−2. Moreover, a test was performed working with two 

different stages: (1) discontinuous mode at 200 A m−2 during 2 hours to 

increase the concentration of iron hydroxide in the reactor; and (2) 

continuous mode at 50 A m−2 by feeding a flow rate to the system and 

extracting the same volume of treated water and solids.  

EC II 

The electrocoagulation batches were performed also in 

galvanostatic conditions applying a current density of 50 A m-2 during 

40 minutes, generating the sufficient amount of iron needed to entrap 

all the pollutants found in the wastewater. Due to the unavailability of 

the commercial formulation Fluoxil it was used another commercial 

formulation of oxyfluorfen 24%, Barre, to carry out these experimental 

assays.  

Concentrated stream handling 

 Liquid phase treatment 

As stated in previously the concentrated stream will be 

submitted to several types of treatment techniques. The first one is the 

treatment as liquid phase. To achieve this, the concentrated stream 

from the concentration step EC I was dissolved by adding concentrated 

H2SO4 and further submitted to the electro-oxidation and electroFenton. 

In order to reduce the operation time, it was decided to work with a 

synthetic concentrated wastewater that has the same characteristics 
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that the one obtained from the real EC I: 1400 mg dm-3 oxyfluorfen, 

2800 mg dm-3 Fe and 3000 mg dm-3 of Na2SO4. As for the lindane, the 

concentration of the concentrated synthetic wastewater was 250 mg 

dm-3, 2800 mg dm-3 Fe 3000 mg dm-3 Na2SO4. 

The EO assays were performed in discontinuous mode and three 

current density were compared: 254.67, 177.33 and 63.6 A m-2. 

Taking advantage of the iron electrogenerated in the EC stage, it 

was tested the EF process for the degradation stage. In this matter, the 

assay was performed at a current density of 254.67 A m-2 after 

adjusting the pH at 3 followed by the addition of 200 mg dm-3 H2O2 

every 10 minutes during the test. 

 Solid phase treatment  

For the treatment of the concentrated stream as solid phase, two 

technologies will be tested: Electrochemical dewatering and ultrasonic 

irradiation followed by the EO. For the electrochemical dewatering 

system, it was used a synthetic solid phase as obtained from the EC I 

(1400 mg dm-3 oxyfluorfen and 2800 mg dm-3 of Fe) meanwhile for the 

ultrasound irradiation it was used the real concentrated wastewater 

obtained from the EC II (3000 mg dm-3 oxyfluorfen and 3000 mg dm-3 of 

Fe). 

i) Ultrasonic irradiation  

To study the efficiency of the pretreatment step by ultrasonic 

irradiation, volumes of 0.175 dm3 were submitted to various 

techniques: low frequency ultrasonic irradiation- 75 khZ, high 

frequency ultrasonic irradiation – 1 MhZ, heat - 90⁰C and a blank – no 

pretreatment. The ultrasonic probes were introduced into the solid 

waste during 5, 10 and 15 minutes then let to cool. For the heating test, 

it was set the same operation time, 15 minutes, and a temperature of 

90⁰C provided by a heating plate followed by the natural cooling. 
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After the pretreatment, a sample of 15 mL was taken in order to 

test the chemical oxidation by hydrogen peroxide process (ChOx) 

process and its effect on the system by adding a concentration of 3000 

mg dm-3 of H2O2 after the proper pH adjustment. The rest will be 

submitted to the electro-oxidation process in discontinuous mode 

during 60 minutes and applying a current density of 172.57 A m-2. 

Samples of 2 mL were taken every 10 minutes until the end of 

the experiment and prepared for analysis.  

ii) Electrochemical Dewatering  

The electrochemical dewatering assay was carried out by placing 

the solid phase in the electrochemical device and allowing its 

dehydration by opening the lower outlet. First, the water was eliminated 

by gravitation then, an 8 kg weight was slowly placed over the solid 

waste to force the water extraction and finally increasing potentials 

ranged between 1 and 16 V cm-1 were applied to promote the water 

movement and so to achieve the total dehydration. Apart from the 

dewatering this process aims to perform a simultaneous dehydration 

and degradation of the pollutants entrapped in the solid phase.  

Two configurations were tested operating with a volume of 3 

dm3: the first one, and an UP – DOWN anode - cathode configuration 

and the second, a DOWN – UP anode - cathode configuration.  

Once the dewatering concluded and no more water was obtained 

from the experimental device, the cylindrical steel cylinder and the 

upper electrode were withdrawn from the device and the final solid 

sample was collected integrally to determine the amount of oxyfluorfen 

present in different parts of the cake. The samples were separated with 

the help of a scalpel and they were subdivided into zone close to the 

anode (AN), middle zone (MD) and zone close to the cathode (CA) then 

dissolved in water for the further extraction of the pollutant. For a 

better understanding of the procedure Figure 5.11 represents the 

sampling position. 
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Figure 5.11. Schematic representation of post-mortem sampling procedure 

of the final sludge cake 

 

5.1.4. Analytical techniques 

For a proper study and characterization of the treatment of 

wastewater containing no polar no ionic organochlorine compounds, 

several analytical parameters need to be examined. These parameters 

are: pH, conductivity, total organic carbon (TOC), chemical oxygen 

demand (COD), oxyfluorfen, lindane and iron concentration, zeta 

potential and particle size.  Prior to each analysis, all samples were 

filtered with 0.22 μm nylon filters Scharlau provided by Scharlab. 

pH and conductivity were measured using a CRISON pH25+ 

and CRISON CM35+, respectively.   

TOC was measured with a Multi N/C 3100 Analytik Jena 

analyser. 

COD was determined for oxyfluorfen experiments by COD 

measurement kits and a Spectroquant Pharo 100 supplied by Merck 

KGaA (Darmstadt, Germany).  

The evolution of oxyfluorfen concentration was measured by 

high permeation liquid chromatography (HPLC) after its L–L extraction 



NON-POLAR ORGANOCHLORINE PESTICIDES: OXYFLUORFEN AND LINDANE 

 

118 
 

with acetonitrile. The HPLC uses an analytical column Phenomenex 

Gemini 5 μm C18 and as the mobile phase a mixture of acetonitrile/ 

water (70:30 (v/v)) at 0.3 cm3 min−1. The detection wavelength was 220 

nm, (oxyfluorfen detection limit 0.2 mg dm−3) with an injection of 20 μL 

maintaining the temperature of the oven at 25 °C.  

Lindane concentration was measured, after its L–L extraction 

process using ethyl acetate as extraction solvent, using a Gas 

Chromatography-Electron Capture Detector (GC ECD) (Thermo Fisher 

Scientific). It uses a TG-5MS capillary column (30 m × 0.25 mm 0.25 

mm) and 63Ni micro-electron capture detector, a split/splitless inyector 

and ChromCard Software with the quantification limit of the GC ECD 

was 0.02 mg dm−3. The flow rate of gas He was 1.0 mL min−1 and the 

temperature of the injector was maintained at 210 °C. 

The total iron concentration was measured off-line using an 

inductively coupled plasma spectrometer (Liberty Sequential, Varian) 

(detection limit < 1.5 ppb) by diluting the samples to 50:50 (v/v) using 

NH4NO3 to ensure the total solubility of the metal.  

The particle size was monitored off-line using a Mastersizer 

hydro 2000SM (Malvern) without using any filters, just allowing the 

sedimentation of bigger and heavier flocs. In this way, two phases are 

formed in the sample, and only colloidal particles from the upper phase 

are measured. A volume of particle size distribution was used because 

the number of particle size distribution does not show significant 

results due to the lower particles of oxyfluorfen in the total volume of 

dissolution.  

Zeta potential was determined by measuring the phase change 

in light scattered by particles moving under the influence of an applied 

electric field, using a Zetasizer Nano ZS (Malvern, UK). 
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5.2. Results and discussion 

 

In this section, it will be discussed the most relevant results 

obtained after testing the proposed technologies in the three scenarios 

above described with the two model pollutants. 

 It will be started with the wastewater containing oxyfluorfen 

following the proposed scenarios.  

5.2.1. Wastewater containing oxyfluorfen  

5.2.1.1. Treatment scenario 1: direct removal by EO  

The simplest way to confront the electrochemical degradation of 

the target effluent is by directly performing an electro-oxidation stage of 

the raw water. Thus, Figure 5.12 presents the results obtained using 

the BDD as anodic material in the elimination of oxyfluorfen and COD 

during the electro-oxidation of a diluted stream at three different 

current density values: 254.7, 177.3 and 63.6 A m-2. 

 

 

Figure 5.12. Influence of the current density applied to a dilute stream on 

the a) oxyfluorfen and b) COD removal at: ▲ j= 63.6 A m-2, ■ j= 177.3 A m-2 

and ● j= 254.7 A m-2. [oxyfluorfen]0 = 100 mg dm-3, [Na2SO4] = 3000 mg dm-

3, [Anode / Cathode]:[BDD / SS] 
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 At the beginning of the experiment, it can be observed a 

progressive depletion of the pollutant until reaching a plateau when 

getting around 50% removal of the initial oxyfluorfen. As it is well-

known, the removal of organics by electro-oxidation can be explained by 

a combination of direct oxidation process and oxidation mediated by the 

formation of oxidants [14-16]. It is worth noting that the efficiency in 

the removal of oxyfluorfen is similar regardless the value of current 

density applied.  

The removal of COD is related to the removal of oxyfluorfen and 

the rest of organics of the commercial formulation (cyclohexanone and 

petroleum naphtha) and not only on the main target pollutant. In this 

case, a maximum removal close to 35% of the initial COD value is 

reached. The existence of a refractory fraction difficult to be degraded 

may be related to the formation of short-chain carboxylic acids which 

are well known to be resistant to degradation by hydroxyl radicals [17]. 

The combination of direct and indirect process is the responsible 

of the similar removal efficiency at the different current densities tested. 

On the one hand, if mass transfer limitations are expected when 

working at low concentration of the pollutant, the removal efficiency of 

direct oxidation processes is expected to decrease when increasing 

current densities. On the contrary, the production of oxidants by BDD 

electrolysis may be promoted at higher values of current densities [18]. 

As the oxidation of organics by the oxidants electrochemically produced 

is expected to be occurring in the bulk (and thus is not limited by mass 

transfer to the electrode surface), the combined result is a similar value 

of efficiency regardless the value of the current density applied [19].  

The second noticeable result obtained is the plateau reached, 

that is, the existence of a fraction of oxyfluorfen that is not degraded at 

the values of applied electric charges applied in this Doctoral Thesis. In 

other works, it was tested the removal of oxyfluorfen from soil washing 

effluents by electro-oxidation with BDD anodes [20]. When dealing with 

solutions prepared with pure oxyfluorfen (not a commercial 
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denomination) and adding increasing concentrations of sodium dodecyl 

sulphate (SDS) the removal efficiency of oxyfluorfen is expected to 

increase when higher concentration of SDS were added to the solution. 

This is mainly due to the formation of persulphate from the sulphate 

ions released from the oxidation of SDS, according to Equation (5.1) 

[21, 22]. 

 

 2SO4
2-    2S2O8

2- + 2e-   (5.1) 

 

 A similar explanation was given in the work of Chair et al. that 

combines biosorption with electrolysis for the removal of oxyfluorfen 

[23]. Moreover, in these cases, the water mixed with surfactants drags 

minerals and other substances found in soil along with the pollutant. 

These minerals may favor the formation of oxidant species and enhance 

the removal efficiency. Although sulphate is used as supporting 

electrolyte in the present work, the high concentration of SDS used in 

those works and the dissimilar matrix may explain the differences in 

the performance of the electrolysis processes.  

 

5.2.1.2. Treatment scenario 2: concentration by ultrafiltration 

and subsequent degradation technologies  

 

i) Concentration step by ultrafiltration 

In this section, the results obtained regarding the concentration 

of oxyfluorfen by ultrafiltration (UF) will be presented.  

The first step consisted in studying the permeate flux and the 

rejection coefficient of both oxyfluorfen and TOC using the UF set up 

described in section 5.1, working in total recirculation mode. Figure 
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5.13 gathers the influence of transmembrane pressure (P) in both 

permeate flux (Jp, l h-1 m-2, LHM) and rejection coefficient (R).   

 

 

Figure 5.13. Evolution of the permeate (primary axis) and TOC and 

oxyfluorfen rejection coefficient (secondary axis) in total recirculation 

assays. ● – oxyfluorfen rejection; ▲ – TOC rejection; ■ – permeate flux. 

[oxyfluorfen]0 = 100 mg dm-3 

 

Several important conclusions can be obtained from the analysis 

of Figure 5.13. The first important one is that the concentration 

polarization phenomena do not play an important role until reaching a 

transmembrane pressure higher than 4 bar. Until this value of 

pressure, the plot of permeate flux vs. transmembrane pressure is 

almost linear, meaning that the flux is not limited by mass transfer.  

  The second important finding is that the UF membrane selected 

completely rejects oxyfluorfen. This behaviour is somehow unexpected if 

one compares the size of the molecule of oxyfluorfen and the pore size of 

the membrane. The molecule of oxyfluorfen presents a molecular weight 

of 361.7 Da and an estimated size of 1.23 nm [24], meanwhile the 

selected UF membrane has a Molecular Weight Cut-off (MWCO) of 

15000 Da. To explain this unexpected high rejection coefficient, it is 
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necessary to look for different mechanisms from the exclusion of the 

oxyfluorfen molecules by size. 

   At this point, it is important to remind that a commercial 

formulation, which includes surfactants in order to enhance the 

application of oxyfluorfen to the crops, was used in this study. This 

allows the molecules of oxyfluorfen to be trapped inside micelles, which 

size is much higher than the pore size of the membrane. Thus, the 

mechanism for the rejection of oxyfluorfen is similar to the technique so 

called Micellar Enhanced Ultrafiltration (MEUF)[25-27]. 

Regarding the rejection of TOC (between 0.6 and 0.7 within the 

range or pressure selected), it is lower than the rejection of oxyfluorfen. 

The fraction of TOC that is not rejected may correspond to the fraction 

of the organics that are included in the formulation of Barre but are not 

trapped inside the micelles.  

According to the previously described results, a discontinuous 

test was performed with two aims. The first one consists in evaluating 

the potential role of fouling mechanisms in a real UF test. The second 

one is producing a concentrated solution that will be further treated by 

EO means.  

According to the results obtained at total recirlulation mode, the 

transmembrane pressure was fixed to 4 bar, the maximum value in 

order to limit the occurrence of the concentration polarization 

phenomena. Figure 5.14 shows the results regarding the evolution of 

permeate flux and oxyfluorfen and TOC rejection with time in a 

discontinuous test.  
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Figure 5.14. Evolution of the permeate (primary axis) and TOC and 

oxyfluorfen rejection coefficient (secondary axis) in discontinuous  assay 

at 4 bar of transmembrane pressure. ● – oxyfluorfen rejection; ▲ – TOC 

rejection; ■ – permeate flux. [oxyfluorfen]0 = 100 mg dm-3 

 

As it can be observed, the rejection of oxyfluorfen is maintained 

close to one throughout the entire test. This assures a proper behaviour 

of UF as a concentration technique and allows the production of a 

solution free of oxyfluorfen in this stage of concentration. Regarding the 

evolution of permeate flux, it can be stated that this parameter 

continuously decreased throughout the test, due to the fouling 

phenomena occurring throughout the experiment. This evolution of 

permeate flux is consistent with the slight increase in the rejection of 

TOC, as fouling phenomena are caused by physical and chemical 

interactions between the solutes and the membrane active layer [28, 

29], causing both an increase in the rejection and a decrease in the 

permeate flux produced. 

In order to study more in depth the occurrence of fouling 

phenomena, the evolution of the permeate flux was adjusted to three 

models, typically used in ultrafiltration systems to characterize the 

main mechanism of fouling: standard pore blocking (Equation 5.2); 

intermediate pore blocking (Equation (5.3)); cake layer formation 

(Equation (5.4)) [30].  
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a) Standard pore blocking: 

-2

pospop tJAK
2

1
1JJ 








     (5.2)

  

b) Intermediate pore blocking: 

 -1poipop tJAK1JJ     (5.3) 

c) Cake layer formation: 

  -1/22

pocpop tJAK21JJ    (5.4) 

 

where Jpo is the initial permeate flux (l h-1 m-2), Ks the standard pore 

blocking constant (l-1), Ki the intermediate pore blocking constant (l-1), 

Kc the cake layer formation constant (h l-2) and A the membrane area 

(m2). Figure 5.15 shows the results of permeate flux together with the 

adjustment of the three models proposed.  

 

 

Figure 5.15. Adjustment of fouling models to permeate flow data in batch 

mode. IPB: intermediate pore blocking; SPB: standard pore blocking; CFM: 

cake layer formation: ● – raw data,  ⁃⁃⁃⁃⁃ Model 1: IPB; ‧‧‧‧‧ Model 2: SPB; ⸺ 

Model 3: CFM. 
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As it can be observed, all proposed models adjust the evolution 

of permeate flux with accuracy, a behaviour typical of the systems in 

which the resistance due to fouling is less than double that of the 

membrane [31]. This means that the hydrodynamic conditions of the 

system were properly selected and that the concentration stage could be 

carried out successfully.   

ii) Degradation by electro-oxidation  

Once the solution containing oxyfluorfen is concentrated by UF, 

the concentrated stream is submitted to a process of degradation by 

electrochemical oxidation. Figure 5.16 gathers the influence of current 

density in the evolution of both oxyfluorfen (Figure 5.16a) and TOC 

(Figure 5.16b) with the applied electric charge.  

 

 

 

Figure 5.16. EO assays of UF concentrated stream. Influence of the current 

density applied in the removal of oxyfluorfen and TOC: ●  j =  500 A m-2; ■ j = 

250 A m-2; ▲ j = 50 A m-2. [oxyfluorfen]0 = 234 mg dm-3, [Anode / 

Cathode]:[BDD / SS] 

 

As it can be observed in Figure 5.16a, the efficiency in the 

degradation of oxyfluorfen increases with the current density. 

Surprisingly, a different behaviour is obtained in the degradation of 

TOC as in this case the highest efficiency is obtained for the lowest 
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current density (50 A m-2). This result is again related to the complexity 

of the initial sample to be treated. As previously commented, the 

commercial formulation selected has also surfactant and other organic 

molecules together with oxyfluorfen.  

According to the results obtained, oxyfluorfen is most hardly 

degraded than the rest of the molecules causing that a high current 

density is needed to degrade this target molecule. Conversely, with a 

low current density the rest of organic molecules of this complex 

mixture can be degraded at high efficiency, causing an effective 

decrease in TOC but a negligible degradation of oxyfluorfen. 

 Another important aspect to evaluate the electrochemical 

degradation of the concentrated stream is the influence of adding an 

electrolyte to the concentrate stream to improve the degradation in the 

electrochemical oxidation stage. Thus, Figure 5.17 shows the influence 

of adding sodium sulphate on the removal of oxyfluorfen and on the 

applied potential.  

 

 

Figure 5.17. EO assays of UF concentrated stream. Influence of the 

electrolyte concentration in the removal of oxyfluorfen and TOC at  500 A 

m-2: ● with and ▲ without electrolyte.  [oxyfluorfen]0 = 234 mg dm-3, 

[Na2SO4] = 0 / 1000  mg dm-3 [Anode / Cathode]:[BDD / SS] 
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As it can be observed, adding sodium sulphate has a negligible 

effect on the efficiency on oxyfluorfen degradation but a marked effect 

on the applied potential required to maintain the required value of 

intensity. This result has a direct impact on the specific power 

consumption (PC) needed to deplete the same amount of oxyfluorfen, 

represented in Figure 5.18.  

 

 

Figure 5.18. Specific energy consumption for the removal of 25 % of 

oxyfluorfen  at  500 A m-2: without preconcentration, using UF and Using UF 

with electrolyte. 

 

As it can be observed, the PC required dramatically decreases 

when adding sodium sulphate to the concentrated solution, due to the 

marked decrease in the applied potential, gathered in Figure 5.17. On 

the contrary, an unexpected result can also be deduced from Figure 

5.18: the power consumption required to deplete oxyfluorfen in the 

concentrated stream is higher than that needed in the dilute stream. 

This is just the opposite effect than that observed in the concentration 

of polar organochlorines, previously described in the chapter 4 of this 

Doctoral Thesis.  

To explain the lower efficiency of the EO system to deplete 

oxyfluorfen from the concentrated stream is it important to remind that, 
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in the concentration stage, the rejection of TOC was close to 70%, what 

means that a fraction of the initial organic matter present in the 

solution is not retained by the UF membrane and, thus, its 

concentrated in the concentrated stream is expected to be lower than in 

the original sample. One of this organic matter that is only partially 

rejected is the surfactant added to allow the solubilization of oxyfluorfen 

and enhance its application to the crops. As it has been previously 

described in several works, the efficiency in the degradation of non-

polar organochlorines is higher in the presence of surfactant [23, 32, 

33] due to the production of persulphate, produced by the sulphate ions 

released from the oxidation of the surfactant.  

Taking into account these preliminary results regarding the integration 

of UF and EO, it seems necessary to explore other technologies for the 

pre-concentration of non-polar organochlorines. These technologies will 

be further explained in the following sections of this Doctoral Thesis. 

 

5.2.1.3. Treatment scenario 3: Concentration by 

electrocoagulation and subsequent degradation 

technologies. 

The results obtained from the concentration by 

electrocoagulation tests are further detailed.  

i) Concentration by electrocoagulation 

The first approach of concentration by EC was performed using 

the experimental device so called EC I, described in section 5.1. Figure 

5.19 compares the time-course of TOC and oxyfluorfen concentrations 

during the EC of synthetic wastewater polluted with 100 mg dm-3 of the 

pesticide and 3000 mg dm-3 of Na2SO4 as supporting electrolyte. As it 

can be observed, a different behaviour is observed in the removal of 

TOC and oxyfluorfen. In both cases, the concentration of pollutant 

decreases until a constant value, from which it seems not possible to 
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remove more pollutant from the liquid phase by electrocoagulation. The 

main difference between the removal of TOC and oxyfluorfen is the 

efficiency of the treatment: it is possible to reduce around 35 % of initial 

TOC meanwhile the removal of oxyfluorfen is higher than 90 %. 

 

 

Figure 5.19. Removal of TOC (○) and oxyfluorfen (■) function of the applied 

electric charge in the eletrocoagulation of synthetic wastewater containing 

oxyfluorfen at j=50 A m-2. [oxyfluorfen]0 = 100 mg dm-3, [Na2SO4] = 3000 mg 

dm-3, [Anode / Cathode]:[Fe / SS] 

 

There are two possible explanations for this discrepancy: 1) 

reactivity or 2) presence of species - which cannot coagulate. Regarding 

the first (formation of reaction intermediates due to anodic oxidation 

during the electrocoagulation tests), although various works have 

reported a partial oxidation of organic molecules on iron anodes during 

electrocoagulation [34, 35], it is well-known that other reactions such 

as the water oxidation or the dissolution of the anode are favored in 

electrocoagulation processes [36]. In fact, the oxidation rates of organics 

described in those works are not high enough to explain the huge 

differences observed between the removal of TOC and oxyfluorfen in the 

present work.  
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Regarding the second, in order to completely discard the 

contribution of anodic oxidation, the results of EC were compared to 

that of chemical coagulation, where the removal of organic compounds 

is produced only by physicochemical processes and not by oxidation. In 

this case, a further adjustment of pH is necessary to assure similar 

conditions in both chemical coagulation and EC, because the key 

difference between the coagulation and the electrocoagulation is in the 

pH changes and how they affect to the removal of pollutants [37]. Thus, 

the TOC and oxyfluorfen concentration remaining in the waste after the 

coagulation as a function of iron dosed are shown in Figure 5.20. 

 

 

Figure 5.20. Removal of TOC (○) and oxyfluorfen (■) function of the iron 

concentration in chemical coagulation of synthetic wastewater containing 

oxyfluorfen. [oxyfluorfen]0 = 100 mg dm-3, [Na2SO4] = 3000 mg dm-3, [Anode 

/ Cathode]:[Fe / SS] 

 

 As it can be observed, the removal efficiency of TOC and 

oxyfluorfen in chemical coagulation is similar to that observed in EC, 

that is, a clear much higher efficiency in the removal of oxyfluorfen. 

Thus, the great differences in the removal of TOC and oxyfluorfen in EC 

are not explained by the formation of reaction intermediates caused by 

the anodic oxidation of the pesticide as they are not possible in the 

chemical coagulation. At this point, it is important to bear in mind that 
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a commercial source of oxyfluorfen (Fluoxil®) is being used in the 

present work and this is a realistic situation in the treatment of 

oxyfluorfen polluted wastes, in which the pure compound is not used. 

As commented in the experimental procedure section, Fluoxil® 

formulation includes not only oxyfluorfen but also other chemicals as 

surfactant (calcium dodecylbenzene sulphonate) and cyclohexanone. 

Thus, the different removal of TOC and pesticide can only be due to a 

different separation efficiency of the different components of Fluoxil® by 

the coagulants dosed to the solution, either chemically or 

electrochemically.  

To understand the removal mechanisms that explain this 

dissimilar separation efficiency, key variables such as pH, conductivity, 

iron dosed, pH, conductivity and Z potential were monitored throughout 

the electrocoagulation test, and they are presented in Figure 5.21. 

 

 

 

Figure 5.21. Electrocoagulation of synthetic waste containing oxyfluoren 

and Na2SO4 as supporting electrolyte at j=50 A m-2. a) ● - iron dissolved 

and ♦ - - pH and ▲ - zeta potential. [oxyfluorfen]0 = 100 

mg dm-3, [Na2SO4] = 3000 mg dm-3, [Anode / Cathode]:[Fe / SS] 

 

Both pH and conductivity did not vary appreciably during the 

experiments (average pH between 7 to 8, average conductivity from 600 
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to 650 μS cm-1), which is an expected result in electrocoagulation 

treatment and a key advantage of the technology over the chemical 

coagulation in which the addition of salts and the neutralization of pH 

produce an effluent with a higher salinity. Regarding iron dosed, iron 

predicted by Faraday’s law is higher than the experimental measured, 

what means an under-Faradaic dosing of iron. This result has been 

previously reported at slightly basic pH and with the presence of 

organics and can be attributed to the significant contributions of side 

reactions, in particular water oxidation [36, 38, 39].  

Under these operating conditions and according to the 

literature, the dominant coagulant species are iron hydroxide (Fe(OH)3) 

precipitates [49, 50]. With respect to Z potential, represented in Figure 

5.20b, it was observed a partial neutralization of charge throughout the 

test although the charge was not fully neutralized and z-potential tends 

to stabilize in values below -5 mV. It is important to remind that zeta 

potential is a measurement of the magnitude of the surface charge of 

particles, being one of the fundamental parameters that affect the 

removal mechanisms in coagulation processes. The initial value is 

negative (nearly to -20 mV) due to the sulfonic groups of the surfactant 

used in commercial Fluoxil®. As it has previously mentioned, pH is 

nearly constant around 7 - 8, value at which iron precipitates have 

slightly positive charge, thus explaining the partial neutralization of 

zeta potential observed.  

According to these results, namely the presence of iron 

hydroxide and not fully charge neutralization, it can be concluded that 

the main coagulation mechanism is sweep flocculation. The dissimilar 

efficiency in TOC and oxyfluorfen removal can be attributed to the 

different water solubility of the components of Fluoxil®. Oxyfluorfen, 

with a very limited solubility in water, and present as micelles, is easily 

trapped into the growing flocs meanwhile other components as 

cyclohexanone and surfactant, with a higher water solubility, are not 
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efficiently trapped, causing the limited removal of TOC from the target 

effluent.  

The removal of oxyfluorfen by growing flocs can be monitored by 

measuring particle size distribution. Thus, Figure 5.22a shows the 

evolution of particle size, where the average size of the particles is 

represented by dots and the dispersion of this particle size is included 

as error bars. Moreover, Figure 5.22b represents the specific surface 

area (SSA) and the concentration of particles measured by light 

scattering. 

 

Figure 5.22. a) Evolution in the volume particle mean size as function of 

applied electric charge. b) ● - Evolution in the Specific surface area (SSA) □ 

- volume concentration as function of applied electric charge at j = 50 A m-

2. [oxyfluorfen]0 = 100 mg dm-3, [Na2SO4] = 3000 mg dm-3, [Anode / 

Cathode]:[Fe / SS] 

 

Results indicate a reduction in the particle size together with a 

decrease in the concentration and an increase in the SSA of particles. 

At this point, it is worth noting that the growing flocs present a size 

much higher than the upper detection limit of the measurement device 

(1 mm), so the evolution of the particle size does not corresponds to the 

size of the flocs but to the size of the aggregates of pesticide. Moreover, 

as previously commented, the solubility of oxyfluorfen in water is very 

limited (0.116 mg dm-3) so the pesticide forms a dispersion of 
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oxyfluorfen molecules stabilized by the formation of micelles and by the 

presence of cyclohexanone.  

The removal of oxyfluorfen aggregates in this dispersion 

corresponds to the decrease in the particle size and the subsequent 

increase in the SSA due to the smaller size of the particles. Moreover, 

the removal of the aggregates of pesticide is also confirmed by the 

decrease in the concentration of particles. 

Next, the behaviour of the process was improved by slightly 

modifying the design of the system, using the cell EC II described in 

section 5.1. In Figure 5.23 are detailed the characteristics of the initial 

synthetic wastewater and its final phases after the concentration step. 

Taking into account that the electrocoagulation process has been fully 

studied in the previous section, EC I, the second option, EC II it will be 

briefly discussed.  

The main aim of this step is to reduce the operation time along 

with the waste generation.  

The concentration step, as represented in Figure 5.23, has been 

carried out in several batches, (7.1 dm3 per batch), obtaining a final 

reduction of the raw wastewater of 97.22%. 
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Figure 5.23. Concentration assays using electrocoagulation – 7.1 dm-3 

wastewater per test at an applied electric charge at j = 50 A m-2. Dark blue 

- raw wastewater; light blue –treated wastewater; brown - concentrate. 

[oxyfluorfen]0 = 100 mg dm-3, [Na2SO4] = 3000 mg dm-3, [Anode / 

Cathode]:[Fe /  BDD] 

 

As it can be seen, the concentration step has been improved and 

optimized being able to reduce to 2.78% the initial volume of the 

wastewater in less time with even less hydroxide generation than the 

first approach of this strategy [40]. Once concentrated the pollutant, it 

is preceded to the treatment options. 

 

i) Treatment of the concentrate stream as a liquid 

phase  

The sludge produced during the electrocoagulation was further 

processed. It was concentrated by sedimentation and then acidified. 

Under those conditions, the flocs were dissolved and hence the 

oxyfluorfen was released to solution reaching concentrations as high as 

1400 mg dm-3, 14 times higher than the initial concentration contained 

in the raw wastewater.  
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Next, the degradation of the concentrated stream previously 

obtained in an EC process was confronted. It was studied the influence 

of the current density applied in the removal of oxyfluorfen and COD 

during the electro-oxidation, at the same values of current density used 

in the tests with diluted solutions (254.7, 177.3 and 63.6 A m-2). 

In Figure 5.24, it can be seen the influence of the current 

density applied in the electro-oxidation of the concentrated liquid 

stream.  

 

 

Figure 5.24. Influence of the current density applied to a concentrated 

stream on the a) oxyfluorfen and b) COD removal: ▲ j= 63.6 A m-2, ■ j= 

177.3 A m-2 and ● j= 254.7 A m-2. [oxyfluorfen]0 = 1400 mg dm-3, [Na2SO4] = 

1500 mg dm-3, [Anode / Cathode]:[SS] 

 

As it can be observed, the profile of the degradation of 

oxyfluorfen is similar to that obtained with diluted solutions: similar 

removal efficiency for the different current densities and a plateau 

reached at 50% removal of oxyfluorfen and 30% COD removal.  

The only difference is a slightly higher efficiency on the removal 

of oxyfluorfen in the case of the lowest current density, although it 

cannot be considered noticeable taking into account the complex matrix 

analysed. Nevertheless, it is key to notice that the initial concentration 

of oxyfluorfen was close to 14 times higher in this case than for the 
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diluted solution but similar degree of removal (50 %) was obtained for 

similar values of applied electric charge. This result has a direct impact 

on the electrical consumption (PC), gathered in Figure 5.25 for diluted 

and concentrated streams and for a 30% removal of oxyfluorfen in all 

cases.  

 

Figure 5.25.  Influence of the applied current density and the 

concentration of the solution in the energy consumption: grilled-diluted 

solution and dotted - concentrated solution. ([oxyfluorfen]0 = 100 / 1400 

mg dm-3, [Na2SO4] = 1500 mg dm-3, [Anode / Cathode]:[BDD / SS] 

 

As expected, the specific power consumption decreases by a 

factor closely related to the increase in the concentration. The power 

consumption decreases by a factor of 21.6 for the highest current 

density, 16.8 for 177.3 A m-2 and 20.8 for the lowest value of current 

density, meanwhile the initial concentration of oxyfluorfen increased by 

a factor of 14. This result was previously found for the concentration of 

polar organochlorines by our research group [41] and it is closely 

related to the higher rate of both direct (influenced by mass transfer) 

and indirect oxidation processes, both of which depend on the 

concentration of the target pollutant [42-45]. The slight differences 

between the different current densities are related to the values of the 
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total voltage applied to the cell (average value of 10.2 V for 254.7 A m-2, 

of 7.9 V for 177.3 A m-2 and 6.1 V for 63.6 A m-2). 

These results are confirming the viability of the approach of 

scenario 3 for the treatment of oxyfluorfen from the viewpoint of the 

power consumption. Nevertheless, this operation could not be used as a 

final treatment technology as there is still a 50% of the pollutant that it 

is not removed by electro-oxidation. To solve this issue, the treatment of 

the concentrated stream was also confronted by electro-Fenton. It is 

important to highlight that this concentrated solution comes from the 

previous EC stage, so a high concentration of iron is found in the water 

effluent and it is only required to add hydrogen peroxide to promote the 

Fenton reaction.  

Thus, Figure 5.26 represents a comparison between the results 

obtained by performing the EO and EF for the removal of the pollutant 

from the liquid waste. The current density selected was the highest 

value tested (254.7 A m-2) because similar efficiencies were found for 

increasing values of this parameter but the highest current density 

would lead to the lowest required area if a real treatment plant is aimed 

to be designed [46].  

 

Figure 5.26. Influence of the treatment on the oxyfluorfen removal at j= 

254.67 A m-2.  Electro-oxidation, ● ElectroFenton. [oxyfluorfen]0 = 1400 

mg dm-3, [Na2SO4] = 1500 mg dm-3, [Anode / Cathode]:[BDD / SS] 



NON-POLAR ORGANOCHLORINE PESTICIDES: OXYFLUORFEN AND LINDANE 

 

140 
 

As it can be clearly observed in Figure 5.26, promoting the 

Fenton process by adding H2O2 to the iron-rich solution has a clear 

positive effect in both the efficiency of the process and the maximum 

percentage of oxyfluorfen removal. In a simplified way, it is considered 

that in the Fenton process the reaction between H2O2 and Fe2+ in acid 

medium (pH ≤ 3) generates hydroxyl radicals (OH ●) according to 

Equation (5.5) [47]. As it can be seen, this mechanism achieves an 

almost total degradation of the pollutant against a single electro-

oxidation process, where the maximum amount degraded was around 

51% of the initial amount. The promotion of Fenton process and its 

combination with BDD electrolysis has been proved efficient in the 

removal of a wide spectra of organics from both synthetic and real 

wastewaters [48, 49], thus confirming the applicability of this technique 

to the treatment of the proposed process.  

 

   𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝑂𝐻− + 𝑂𝐻•  (5.5) 

 

The power consumption also decreased compared to EO, 

reaching a power consumption of 7.55  kWh kg-1 for a 30% removal of 

oxyfluorfen. In this case the removal of oxyfluorfen is close to 100%, so 

it is possible to perform an accurate calculation of the energy 

consumption per order (EEO, for a 90% removal), a figure of merit that 

can be more easily compared to other data previously published [45]. 

This EEO can be estimated to be 12.04 kWh kg-1order-1, if it is referred to 

the unit of mass of oxyfluorfen removal, and to 14.51 kWh m-3order-1, if 

it is referred to the volume of concentrated solution. This consumption 

is in the range of the 25th percentile of lowest consumptions reported for 

electrochemical advanced oxidation process, according to the review 

recently published by Miklos et al. [50]. 

These results demonstrate that coupling EC as concentration 

stage, followed by EO results in a clear decrease in the required power 
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consumption needed to perform the degradation of a model non-polar 

organochlorine. Nevertheless, it could be possible to improve the 

process if the solid phase obtained in the EC stage is directly treated 

without the addition of chemicals to dissolve the iron dosed. This would 

imply the treatment of the concentrate (a binary mixture of liquid and a 

high concentration of solids) without the dissolution of the solid phase. 

This approach will be discussed in the following sections.  

ii) Treatment of the concentrate as a solid phase. 

Another treatment option of the concentrated solid phase is to 

handle it as it is without modifications. It was previously demonstrated 

that the pollutant, oxyfluorfen, remains trapped into the iron hydroxide 

flocs. As mentioned in the materials and methods section, the treatment 

in solid phase was carried out by applying two types of pretreatments: 

ultrasonic irradiation followed by electro-oxidation and electrochemical 

dewatering.  

Next, it will be discussed the results obtained by applying the 

two pretreatments on the concentrated stream.  

o Ultrasonic irradiation and Electro-oxidation 

Once obtained the concentrated solid phase from the 

electrocoagulation step EC II, 1.39 dm3 it was divided into equal parts, 

175 mL each, and submitted to various techniques such as ultrasonic 

irradiation (low and high frequency) and heat. The results were 

compared to a reference sample. 

The mechanical energy applied with the waves of ultrasound is 

expected to have an influence on the structure of the flocs allowing the 

release of the micelles (at least partially). In addition, as these processes 

also lead to a heating of the waste, a thermic treatment was also 

studied for the sake of comparison. Results obtained during the 

application of these three techniques to the flocs obtained in the 

electrocoagulation tests carried out are shown in Figure 5.27. 
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Figure 5.27. Influence of the pretreatment applied on the a) compaction of 

the iron hydroxyl flocs: black column – solid phase; grey – liquid phase. b) 

liberation of Oxyfluorfen from the solid phase represented as milimols in: * 

- liquid phase; ■ - solid phase; ○ - mixed sample. [oxyflorfen0] ≈ 3000 mg 

dm-3, [Fe0] ≈ 3000 mg dm-3. 

 

In Figure 5.27a, it can be seen that additional compaction of the 

flocs is obtained with the application of ultrasonic irradiation (US) with 

respect to the obtained in an equivalent settling time with the non-

processed sludge. These changes of the structure of the flocs are also 

seen with the application of heat and, comparing the typology of the US, 

they are more important for low frequency US (LF-US) than for high 

frequency waves (HF-US).  

In Figure 5.27b, where the continuous line stands for the initial 

concentration, it can be seen that the final value of oxyfluorfen 

measured in the mixture is lower than the initial value. Because all 

tests were made open air, this difference can be explained by the 

evaporation, which increases with the heating of the liquid mixture. In 

addition, what it is more relevant is the higher presence of oxyfluorfen 

in the liquid phase in the LF-US test, which indicates the breakage of 

the floc and the release of micelles when the liquid undergoes the 

application of this type of mechanical energy. This is not observed in 

the other cases. In fact, in the case of the preheating treatment the floc 

seems to be more compact and difficult to be attacked, and an 
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important concentration of the micelles remain in the flocs, even after 

adding very large amounts of acids to produce its release [51].  

 Oxyfluorfen decomposes before boiling point and can be 

degraded at 331⁰C [52]. Taking this into account there is not a surprise 

the fact that by applying heat no degradation occurs. 

In comparing the type of US applied, when HF-US energy is 

applied, it can be observed that the liberation of oxyfluorfen is also 

achieved but in lower extension, as compared to the results obtained by 

applying LF-US.  This means that there is an important influence of the 

type of US applied and that LF (which are associated more to 

mechanical changes rather than to the formation of radicals) seems to 

be more effective for this application. 

Anyway, this pre-treatment is used for improving the 

performance of a later oxidation stage and its success has to be related 

to the enhancement in a later oxidation stage. Because of that, the 

effluents of the previous tests were submitted to different oxidation 

technologies in order to evaluate the effect of the changes produced in 

the mixture during the pretreatments on the availability of the micelles 

for being oxidized and, hence, on efficiency of these oxidation processes.   

In order to evaluate if the changes undergone by the sludge may 

affect to the efficiency of the removal, the oxidation with hydrogen 

peroxide was proposed, because of its simplicity and because of the 

huge amounts of iron contained in the sludge (that in 

electrocoagulation is produced as iron (II) species, although in the later 

oxidation is primary present as iron (III), so it cannot be considered as 

an optimized Fenton process). 

 To test this process, the pH was adjusted to 3 and hydrogen 

peroxide was added with an over-stoichiometric ratio of 1.1:1 (mg H2O2/ 

mg oxyfluorfen).  
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Figure 5.28 presents the variation of the concentration of 

oxyfluorfen in the mixed sample after 30 minutes of ChOx reaction.  

 

Figure 5.28. Influence of the pretreatment on the degradation efficiency of 

ChOx process: white column – before H2O2; black column – after H2O2. 

[oxyfluorfen0] ≈ 2900 mg dm-3, [H2O2] = 3000 mg dm-3. 

 

As seen, the effects of the hydrogen peroxide addition are more 

important in the case of the sludge pretreated with LF-US, although the 

total removal obtained is not very high in any of the cases evaluated. No 

differences are found in comparing the non-pretreated sample with that 

pretreated with HF-US. Results are even worse for the system 

pretreated with heat, indicating again the floc-compacting effects 

previously described. These results are in agreement with those shown 

before regarding the release of micelles and indicate that the energy 

applied with the LF-US has a very positive effect on the treatment 

efficiency, allowing to improve the removal by more than 4 times.   

The effects of the hydrogen peroxide and ultrasonic irradiation 

on the removal of a similar organochlorine compound have been seen in 

other works [53, 54]. Kida et al., 2018 showed that  ultrasonic wave 

assisted by hydrogen peroxide considerably improved the removal of 

several endocrine-disrupting compounds [55].   
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The addition of hydrogen peroxide can lead to additional 

oxidative degradation pathways while acting as a radical promotor. 

However, it can also act as a scavenger if the concentration is beyond 

the optimum level. Although +3 is the oxidation state of the primary 

iron species contained in the sludge, the product of the 

electrocoagulation is iron (II) cation. This means that an important 

amount of iron (II) species can be present during the ChOx process 

inside the flocs and that in a certain way, this process can be 

considered as a Fenton process. The H2O2 reaction, as previously 

presented in  equation (5.2),  is predominant in the bulk solution phase 

where the reaction between the pollutant and active radicals follows the 

removal of OH rather than at bubble interfacial region where the 

recombination of active radicals along with thermal decomposition 

govern  [56, 57].  

On the other hand, an excessive addition of hydrogen peroxide 

can lower the efficiency of degradation. This is due to the formation of 

radicals with a significantly lower oxidant potential than hydroxyl 

radicals generated by the reaction of hydroxyl radicals with hydrogen 

peroxide as detailed in the Equations (5.6) – (5.9) [58]. 

 

OH∙ +OH∙ → H2O    (5.6) 

H2O2 + OH∙ →HO2∙ + H2O   (5.7) 

HO2∙ + HO2∙ → H2O + O2    (5.8) 

OH∙ + O2 → HO2∙ + O∙    (5.9) 

The role of free radical reaction can be defined with respect to 

the pollutant degradation rate in the presence of scavengers.         

The emulsion used in the preparation of synthetic wastewater 

contains high concentrations of surfactants. The influence of the 

pretreatment on the mobility of the surfactant and solvent naphtha 
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from the concentrate phase after the pretreatment was observed.  Both 

of these compounds appear in the solid phase even from the beginning. 

This means that the concentration was successfully carried out and all 

the contaminants have been swept from the wastewater. 

By applying low frequency ultrasonic irradiation part of 

surfactant is released along with oxyfluorfen. This means that with a 

proper optimization, the iron hydroxide may be recovered and used in 

other applications [59-61].  

The results obtained in the test with the ChOx process have 

informed about the good prospective of using LF-US to pre-treat sludge 

containing micelles of oxyfluorfen before the application of an oxidation 

technology. However, this process was not as suitable as the 

electrochemical oxidation for the treatment of sludge, because in this 

later treatment many oxidation mechanisms are combined which help 

to avoid the flanks observed in the ChOx technology.  

 In Figure 5.29, it can be seen the evolution of the concentration 

of oxyfluorfen during the electrolytic experiments for each of the 

pretreatment performed to the sludge. During the tests an important 

production of foam was observed, which can be explained in terms of 

the surfactants contained in the sludge. 
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Figure 5.29. Influence of the pretreatment process on the removal of 

Oxyfluorfen during electro-oxidation test j=172 A m-2: ■ heat 90°C;▲us 1 

MhZ ; * us 75 khZ; ● no us. [oxyflorfen0] ≈2900mg dm-3, [Fe0] ≈ 3000 mg 

dm-3, [Anode / Cathode]:[BDD / SS] 

 

As it can be seen, oxyfluorfen can be successfully removed from 

sludge, regardless of the pre-treatment used, although this pre-

treatment has a great influence on the rate of removal and, hence, on 

the efficiency of the process. Thus, when no pretreatment is applied, it 

is achieved a modest removal efficiency of 23% after applying a specific 

current charge of 3.2 Ah dm-3. It is a good result, in particular if 

considering the complexity of the system and that we are dealing with a 

highly concentrated mixture and that the electric charge applied is low. 

It indicates that the electrolytic treatment is generating oxidants 

capable of destroying the micelles more efficiency than the hydrogen 

peroxide. At this point, it has to be taken into account that the presence 

of sulphate and other anions in the mixture leads to the formation of 

strong oxidant species such as persulfates, peroxophosphates or 

peroxocarbonates. The BDD is very well known for its impressive 

efficiency in the removal of persistent organic pollutants [62-65]. 

 When ultrasonic irradiation is applied prior electro-oxidation 

the removal efficiency significantly improves. In the case of LF-US the 

performance improves greatly and this pre-treatment provides the best 
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results, with about 90%, meanwhile the high frequency shows a lower 

removal of about 65%. These are good results because they 

demonstrate the capability of US to enhance the performance of the 

electrolysis and open the possibility of designing new more efficient 

treatments for non-soluble pollution. In addition, these results 

strengthen the initial theory that the cavitation helps to open the floc 

and to liberate the pollutant favoring the degradation by means of direct 

and indirect oxidant reactions.  

As it was previously mentioned, a heating pretreatment can seal 

the pollutant into the flocs and hinder its destruction. As it can be seen 

from Figure 5.29, there is no degradation during the electro-oxidation 

[66, 67].  

Figure 5.30 represents the amount of oxyfluorfen in millimoles 

found in each one of the final phases after the electro-oxidation. In this 

way it can be quantified if the pollutant in question has been removed 

of just transferred to another phase. 

 

Figure 5.30. Influence of the combined processes on the: a) compaction of 

the solid phase and foam production: black column – solid phase: grey – 

liquid phase; white – foam.  b) oxyfluorfen concentration on each phase of 

the sample: * - liquid phase; ■ - solid phase; ▲ - foam; ○ – mixed sample 
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As it can be seen, the speciation reveals the high performance of 

the combined process. Once again, the best results are obtained when 

low frequency ultrasonic irradiation is applied as pretreatment 

achieving the highest reduction in the concentration of the pollutant. 

Once established that the pretreatment with low frequency 

ultrasonic energy allows to attain the best results on the degradation by 

electro-oxidation, it was decided to study the influence of the LF-US 

energy dosing time. In this way, the whole process can be optimized in 

order to obtain the maximum removal efficiency with the minimum 

energy consumption. For this, tests were conducted at 75 KhZ during 5, 

10 and 15 minutes.  

In Figure 5.31 it can be seen the influence of the US application time on 

the pollutant release represented in mg dm-3. As expected, this amount 

increases with the LF-US application time. 

 

       

Figure 5.31. Influence of the irradiation time on the liberation of 

Oxyfluorfen from the solid phase at 75 kHz. [oxyflorfen0] ≈ 2900 mg dm-3, 

[Fe0] ≈ 3000 mg dm-3. 

 

This means that by adjusting the irradiation time to the 

pollutant concentration from the mixture it is possible to divide the 
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hydroxide and the oxyfluorfen micelles for their further treatment or 

reuse. 

In Figure 5.32 it can be appreciated the influence of the 

irradiation time on the liberation of oxyfluorfen from the iron hydroxide 

found in each phase of the mixture represented in milimoles along with 

their volume. 

 

Figure 5.32. Influence of the irradiation time on the: a) compaction of the 

solid phase: black column – mixture sample; grey- solid phase: white – 

liquid phase. b) oxyfluorfen concentration on each phase of the mixture: * - 

liquid phase; ■ - solid phase; ○ – mixed sample 

 

Dealing with a heterogeneous phase it can be easy to 

misunderstand the analytical data. This representation helps to 

understand the behavior and the mobility of the pollutant from one 

phase to another. 

  As it can be seen, the irradiation time plays an important role. 

Although the results are very promising it must be taken into account 

the fact that during the iron irradiation generates heat. The use of 

temperature controller should be considered due to undesired results of 

the heat on the unbroken flocs. Next, it will be studied if indeed the 

liberation degree is related to the removal capacity.  
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In Figure 5.33, it can be seen the influence of the irradiation 

time on the removal of the oxyfluorfen during electro-oxidation tests.  

 

 

Figure 5.33. Influence of the ultrasonic irradiation time at 75 kHz on the 

removal of Oxyfluorfen during electro-oxidation tests at 172 A m-2: ■ 10 

min; ▲ 0 min; * 15 min; • 5 min.  [Anode / Cathode] : [BDD / SS] 

 

As it can be seen the removal efficiency increases with the 

irradiation time and current density applied. The behavior of the 

untreated sample is very similar to the one that has with only 5 

minutes of ultrasound irradiation. This means that the degradation is 

related to the liberation degree and proves once more the stability of the 

concentrate mixture. 

With 10 minutes of ultrasound irradiation, it seems that the 

degradation gets to a stationary state after 40 minutes of electro-

oxidation. On the other hand, by increasing the irradiation time to 15 

minutes it is possible to achieve a 90 % of removal efficiency. It is 

interesting to compare the changes at the two highest times, which 

indicates that changes in the floc structure needs for longer irradiation 

periods. Likewise, as explained earlier, it is very important to represent 

the concentration of the pollutant from each final phase. 



NON-POLAR ORGANOCHLORINE PESTICIDES: OXYFLUORFEN AND LINDANE 

 

152 
 

 For this, Figure 5.34 presents the influence of the US 

application time on the oxyfluorfen removal. The amount of pollutants 

is expressed in millimoles for a better quantification.  

 

Figure 5.34. Influence of irradiation timeon the: a) compaction of the solid 

phase and foam production: black –solid phase; grey – liquid phase; white – 

foam.  b) oxyfluorfen concentration on each phase of the mixture: * - liquid 

phase; ■ - solid phase; ▲ - foam; ○ – mixed sample 

 

The electro-oxidation test sustains the fact that by applying an 

adequate disturbing agent and liberate the pollutant it can be easier to 

degrade. The longer US application times affect to the amount of 

pollutant contained in the foam, promoting its oxidation and 

consequently leading to a much more efficient removal of the pollutant. 

Because of the enmeshment coagulation mechanisms, after the 

electrocoagulation, most part of the pollutant is found trapped in the 

iron hydroxide flocs. This structure presents certain stability allowing to 

separate the pollutants by sedimentation. By applying a disturbing 

agent such ultrasonic energy or heat, the structure can be damaged 

and the flocs can change their properties as represented in Figure 5.35. 
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Figure 5.35. Schematic representation of the ultrasonic irradiation effect 

on the iron hydroxyl flocs which contain the oxyfluorfen micelles and they 

further removal options. 

 

 Depending on the treatment applied, the floc may break, open or 

even compress being able to release the pollutant or seal it better. As it 

can be seen when ultrasonic irradiation is applied the floc opens and 

release part of the pollutant. Meanwhile, heat does the opposite and 

produces a more compact floc. These changes in the floc mean that with 

a proper optimization, the iron hydroxide may be recovered and used in 

other applications [59-61].  

When oxidants are added, they can attack easily the micelles 

suspended in solution. In addition, they can adsorb onto the flocs and 

attack the micelles enmeshed into them, although with a lower 

efficiency. Same mechanisms applied for electrochemical oxidation, 

although in this case there are more oxidation mechanisms and this 

explains the higher efficiency observed with this technology.  
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o Electrochemical dewatering 

 In this section, it will be presented the results obtained by 

applying the electrochemical dewatering technique.  

The sludge, obtained according to the procedure previously 

described in the section 5.1.3. of the present Doctoral Thesis, was 

placed in the dewatering cell, where two different configurations were 

evaluated: scheme 1 - anode upstream and cathode downstream and 

scheme 2 - anode downstream and cathode upstream as shown in 

Figure 5.36. 

 

 

Figure 5.36. Schematic representation of the gravitational and 

electrophoretic flux in the experimental setup according with the 

electrode configuration. 

 

The percentage of recovered water in each configuration is 

depicted in Figure 5.37, where it can be noticed that in order to obtain 

the maximum dehydration, the anode downstream and cathode 

upstream configuration requires only the application of and electric 

field of 1.0 V cm-1. Conversely, to reach the maximum dewatering from 

the cake in scheme 1, it was needed an increasing application of electric 

fields from 1.0 up to 16.0 V cm-1.  
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Figure 5.37. Amount of water recovered (in weight percentage) in both 

configurations: ● - anode upstream and cathode downstream, and * - anode 

downstream and cathode upstream, inset -  water released in the entire 

experiment. [V0] = 3 cm-3, [Anode / Cathode] : [BDD / SS]. 

 

It is important to take into account that the maximum 

dewatering was different in both configurations, being higher in the 

case of scheme 1, as it will be shown later. Differences observed may be 

explained by the effect of the pH on the Z-potential of the sludge, which 

is known to affect the charged layer of water surrounding the flocs in 

the sludge [68-72]. 

Initially, the sludge has a z-potential of -13.4 mV (pH 6.8) but it 

was changed with the application of the electric fields due of the 

extreme changes in the pH observed in the nearness of the electrodes. 

Z-potential decreases in the nearness of the anode (-10.6 mV at pH 1.0) 

and increases in the nearness of the cathode (-18.6 mV at pH 10). 

Although z-potentials were always negative, these changes are 

influencing the electro-osmotic mobility, the strength of the electrostatic 

interactions between flocs and the layer of water that surround them, 
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and they can also affect to the mobility of other species (either by 

electromigration or electrophoresis) [68, 69, 73, 74]. 

This means that, the higher the z-potential, the higher is the 

expected electro-osmotic flux (EOF), which, in addition, in the two 

configurations tested, can be in the same or in opposite direction of the 

gravity flux. When the EOF is in the same direction as the gravity flux, 

it could be expected a better performance. However, there is also 

another competing process which may affect results: the strength of the 

electrostatic attraction / repulsion forces [75-77].   

Therefore, the lower z-potential observed in the bottom of the 

cell in the second test favors the more effective dewatering by gravity 

because of the lower electrostatic attraction between the surface of the 

flocs and the layer of water that surrounds it (which is around 30% 

lower as compared with the non-electrified sludge and 80% lower than 

in the case of sludge electrified the first test) [78, 79]. 

Figure 5.38 shows the dewatering of the sludge in terms of 

weight loss associated to dewatering. 

 

 

Figure 5.38. Total weight loss (in %) achieved according with the electric 

potential applied in: * - test 1 anode upstream and cathode downstream;  ● 

test 2 anode downstream and cathode upstream electrode configuration. 

[V0] = 3 cm-3, [Anode / Cathode] : [BDD / SS] 
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As seen, the final water content of sludge that underwent from 

the first test is lower than that of the sludge processed in the second 

test. As indicated in the phenomenological model shown in Figure 5.36, 

the gravity and the electroosmotic fluxes are in the same direction. 

Although electrostatic interactions in the bottom of the cell should favor 

the dewatering reached by the anode downstream cathode upstream 

electrode configuration, the opposite directions of the gravitational and 

the electrophoretic fluxes lead to the accumulation of water near to the 

cathode that was unable to exit the cake.  

The iron (Fe) and oxyfluorfen drained with the released water 

were also analyzed for the two electro-dewatering configurations tested. 

Results obtained first test, are shown in Figure 5.39.  

 

 

Figure 5.39. Influence of electrochemical dewatering applying ascendant 

electric fields on: + - pH, release of ● – oxyfluorfen, and * - Fe  using the 

anode upstream and the cathode downstream configuration. [V0] = 3 cm-3, 

[Anode / Cathode]: [BDD / SS] 

As expected because of position of the cathode, pH in the outlet 

of this cell became more alkaline as the electric field increased. Thus, 

during the non-electrochemical dewatering (gravity and pressure driving 

forces), the pH of the water was near to neutrality, increasing with the 



NON-POLAR ORGANOCHLORINE PESTICIDES: OXYFLUORFEN AND LINDANE 

 

158 
 

application of electric fields event up to 12 units. Cathodic water 

reduction to hydrogen and hydroxyl ions according to Equation (5.10) 

allowing to explain the changes which, in turn, may also affect iron and 

oxyfluorfen released [80].  

 

H2O + e- → OH- + 0.5H2   (5.10) 

 

A slight release of iron (around 50 mg cm-3) was observed when 

the first potential was applied to the electro-dewatering cell, conditions 

at which the pH was not so alkaline still and which can be explained 

because of the transport of the positively charged species attracted by 

electromigration to the cathode. After that, iron released from the cell 

was almost nil, regardless of the applied electric field. 

 Regarding oxyfluorfen, it only escapes from the sludge during 

the pressure-driven stage (only around 8 mg dm-3) and, over the 

electrochemical stages, the concentrations of oxyfluorfen measured into 

the obtained water were negligible with measured values close to zero, 

which might also be explained in terms of the pH,  because it is well 

known that iron remains in flocs at values higher than 6, and that this 

electrode configuration basified the environment leading to an improve 

capture of oxyfluorfen into the iron flocs, preventing the drain of the 

pollutant [38, 81]. 

Results obtained in the cell operated according to Scheme 2 are 

shown in Figure 5.40.  
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Figure 5.40. Influence of electrochemical dewatering applying ascendant 

electric fields on: + - pH, release of: ● – oxyfluorfen, and * - Fe  using the 

anode upstream and the cathode downstream configuration. [V0] = 3 cm-3, 

[Anode / Cathode] : [BDD / SS] 

 

In this case, the electrode closer to the outlet is the anode. This 

explains the observed acidification up to values close to 3.0, once the 

electric potential (1.0 V cm-1) was applied, which can be explained in 

terms of the oxidation of water to oxygen and protons according to 

Equation (5.11) [80]. 

 

H2O → 2H+ + 0.5O2 + 2e-   (5.11) 

 

This acidification led to the release of an important amount of 

oxyfluorfen - 428.05 mg dm-3, and iron - 360 mg dm-3, during the 

electrochemical stage, caused by the decrease of the pH. Obviously, no 

release of iron nor oxyfluorfen were noticed in the preceding phases 

(gravity and pressure driven dewatering). 

Finally, the distribution of oxyfluorfen in the final cake was also 

studied for both schemes, trying to determine if oxyfluorfen was 



NON-POLAR ORGANOCHLORINE PESTICIDES: OXYFLUORFEN AND LINDANE 

 

160 
 

successfully oxidized in the nearness of the BDD anode. To do this, the 

cake was divided into three portions: two portions next to the electrodes 

and the middle zone.  

Results are shown in Figure 5.41, where it can be noticed that 

in the first test, concentrations are much lower than expected taking 

into account the almost null release of oxyfluorfen during the 

dewatering, indicating that extensive electrochemical oxidation may be 

happening in the system [68, 82]. 

 

 

Figure 5.41. Oxyfluorfen content in the final dewatered cake in three 

different areas: area close to the anode, area located at the middle zone of 

the final cake and area close to the cathode in both tests: a) anode 

upstream and cathode downstream and b) anode downstream and cathode 

upstream. 

 

 The final concentration of oxyfluorfen is around 500 mg 

oxyfluorfen g-1 of dewatered sludge, being more concentrated in the area 

close to the anode. Transport of oxyfluorfen micelles to the anode is 

favoured by electrophoresis because the micelles of oxyfluorfen in the 

commercial formulation are negatively charged [83]. This explains this 

profile of concentration. On the contrary, in the second configuration, 

the concentration of oxyfluorfen is much higher, even taking into 

account the important released observed during the application of 

electric fields. 
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 The values observed are around 13000 mg oxyfluorfen g-1 in 

which case, the low electric field was not able to attain an important 

electrolytic removal of the organochlorine pesticide, and the amounts 

released are rapidly flushed because of the proximity of the anode with 

the outlet of the cell. 

 

5.2.2. Treatment of wastewater containing lindane 

 

The performance of the electro-oxidation process without 

(scenario 1) and with (scenario 3) previous concentration with 

electrocoagulation was tested using a synthetic wastewater containing a 

pure nonpolar organochlorine pesticide. In this case, it was used pure 

lindane for the preparation of the synthetic wastewater. A wastewater 

with this composition could be found in wastewater from the 

manufacture plants or from the accidental spills that might occur in the 

storage areas. In order to perform the treatment, lindane should be 

solubilized by adding a proper concentration of SDS.  

 

5.2.2.1. Treatment scenario 1: direct removal by EO  

 For the study of the direct removal by EO of lindane from 

synthetic wastewaters, solutions with a concentration of 50 mg dm-3 of 

pure lindane, 10000 mg dm-3 SDS and 3000 mg dm-3 Na2SO4 were 

prepared. 

The tests were conducted in discontinuous mode at three values 

of current density applied: 63.6, 177.33 and 254.67 A m-2 as presented 

in Figure 5.41.  
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Figure 5.42. Influence of the current density applied on the lindane 

removal from a diluted stream during EO: ▲ j= 63.6 A m-2, ■ j= 177.33 A m-

2 and ● j= 254.67 A m-2. [lindane]0 = 50  mg dm-3, [Na2SO4] = 3000 mg dm-3, 

[SDS] = 10000 mg dm-3, , [Anode / Cathode]:[BDD / SS] 

 

In general terms, the efficiency of the treatment seems to rise 

when increasing the current density from 63.6 to 177.33 A m-2 reaching 

a degradation of 50 % compared to a 20% degradation obtained by 

applying 63.6 A m-2.  

When increasing the current density from 177.3 to 254.7 A m-2, 

a slight increment in the removal was observed, to about 60%. This 

behaviour is different from that observed in the case of oxyfluorfen, and 

may be related to the highest contribution of mediated oxidation 

processes, that are promoted as the current density increases [84]. This 

marked contribution of mediated processes must be related to the 

addition of SDS, which  interferes with the pollutant degradation, as it 

was previously explained in section 5.2.1 for the degradation of 

oxyfluorfen and in literature in other studies [85, 86]. 
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5.2.2.2. Treatment scenario 3: Concentration by 

electrocoagulation and subsequent degradation 

technologies 

 

i)  Concentration by electrocoagulation 

 The concentration of the diluted synthetic wastewater 

(containing 50 mg dm-3 lindane, 10000 mg dm-3 SDS and 3000 mg dm-3 

Na2SO4) by electrocoagulation was studied. The results in terms of 

lindane removal are gathered in Figure 5.43. 

 

 

Figure 5.43. Removal of lindane function of time in the eletrocoagulation 

of synthetic wastewater containing lindane at j = 177.33 A m-2. [lindane0] = 

50 mg dm-3, [Na2SO4] = 3000 mg dm-3, [SDS] = 10000 mg dm-3. [Anode / 

Cathode]:[Fe / SS] 

 

 As it can be seen in Figure 5.43, a complete removal of lindane 

from the wastewater was achieved in a short time. As demonstrated in 

the case of concentration by electrocoagulation of oxyfluorfen, the 

process might be optimized due to the complete removal of the pollutant 

after the first 40 minutes of the test.  This result confirms that the 

presence of the surfactant added to the solution is easily to destabilize 

and their use might be the key in the removal of such toxic and 
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dangerous pollutants allowing to be managed as final solid waste when 

another viable treatment option is no available. 

ii) Degradation by EO 

The concentrated stream was further dissolved by adding H2SO4 

and submitted to the electro-oxidation process. Thus, electro-oxidation 

tests were performed with the concentrated waste containing 250 mg 

dm-3 lindane, 3000 mg dm-3 Na2SO4 and 2800 mg dm-3 of Fe in the form 

of Fe2(SO4)3 at three values of current density applied. 

Next, Figure 5.44 presents the influence of the current density 

applied (63.6, 177.33 and 254.67 A m-2) on the removal of lindane from 

the concentrated synthetic waste. 

 

 

Figure 5.44. Influence of the current density applied on the lindane 

removal from a diluted stream during EO: ▲ j= 63.6 A m-2, ■ j= 177.33 A m-

2 and ● j= 254.67 A m-2. [lindane]0 = 250  mg dm-3, [Na2SO4] = 3000 mg dm-3, 

[SDS] = 10000 mg dm-3, [Anode / Cathode]:[BDD / SS] 

 

As it can be seen, the performance of the process changes when 

increasing the concentration from 50 (Figure 5.42) to 250 ppm (Figure 

5.44). In general terms, the efficiency of the treatment rises when 

increasing the current density. Nevertheless, for the lowest initial 
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concentration, there is not a noticeable change when increasing the 

current density from 177.3 to 254.7 A m-2, meanwhile it does if the test 

is performed at the highest initial concentration. Moreover, in this case 

the removal rate is not affected by the amount of charge passed, being 

the highest removal of lindane (61%) obtained for a value of applied 

electric charge of 8.73 Ah dm-3. 

 This behavior is different from that observed in the case of 

oxyfluorfen and may be related to the highest contribution of mediated 

oxidation processes, that are promoted as the current density increases. 

This marked contribution of mediated processes must be related to the 

addition of SDS, as it was previously explained for the removal of 

oxyfluorfen in section 5.2.1. 

Although the maximum degradation attained is a high value 

taking into account the low applied electric charge, the EF process was 

also evaluated as the degradation stage with the aim of increasing the 

performance of the degradation stage using the highest value of the 

current density.  

The results obtained are presented in Figure 5.45, meanwhile 

Figure 5.46 represents the specific power consumption for a 30% 

removal of lindane. 
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Figure 5.45. Influence of the treatment on lindane removal at j= 254.67 A 

m-2 using: ■ Electro-oxidation, ● Electro-Fenton. [lindane]0 = 250 mg dm-3, 

[Na2SO4] = 1500 mg dm-3, [SDS] = 10000 mg dm-3 , [Anode / Cathode]:[BDD / 

SS] 

As it can be seen, the performance of both processes is similar 

in the first part of the test, although the EF process rapidly overcomes 

the performance of EO for applied charges higher than 1 Ah dm-3.  The 

differences are not as marked as in the case of oxyfluorfen due to the 

contribution of persulphate obtained from SDS oxidation in the EO 

process. 

 

Figure 5.46. Influence of the current density applied and the 

concentration on the stream on the energy consumption: grilled – diluted 

stream; dotted - concentrated stream by EO; empty – concentrated stream 

by EF at j = 254.67 A m-2. [lindane]0 = 50 / 250 mg dm-3, [Na2SO4] = 3000 

mg dm-3, [SDS] = 10000 mg dm-3, [Anode / Cathode]:[BDD / SS] 
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Nevertheless, the additional contribution of EF process is 

noticeable and it can be observed in the power consumption. In this 

case, the power consumption is reduced by a factor of 15, meanwhile 

the initial concentration was only increased by a factor of 5. Regarding 

the energy consumption per order, it is estimated to be equal to 214.4  

kWh kg-1order-1, if it is referred to the unit of mass of lindane removal, 

and to 49.7 kWh m-3order-1, if it is referred to the volume of 

concentrated solution.  

This value of power consumption is close to the median of the 

previously published values for the removal of organics by 

electrochemical advanced oxidation processes [50] and in the range of 

those values calculated in works directly devoted to the removal of 

lindane by EF [87]. All values obtained are over the values calculated for 

the removal of lindane in the line with the lower concentration of the 

raw effluents selected, thus confirming again the key role of the 

concentration in the performance of electrochemical degradation 

technologies. 

 

5.3. Conclusions 

 

The degradation of non-ionic organochlorine pesticides, 

oxyfluorfen and lindane in synthetic wastewaters has been studied. 

Ultrafiltration and electrocoagulation were chosen as concentration 

strategies, offering important information regarding the behaviour of the 

pollutant in the system and the operating parameters that affect the 

proper function of the installation setup meanwhile the electro-

oxidation and electroFenton were chosen as removal techniques. 

Moreover, the concentrated phase obtained from the electrocoagulation 

step was treated following two approaches: in liquid phase by electro-

oxidation or electroFenton or in solid phase by applying ultrasonic 

irradiation followed by electro-oxidation or electrochemical dewatering. 
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After discussing the results obtained several conclusions have been 

stated: 

 The direct electro-oxidation of the raw wastewater allows a 50% 

removal degree by applying a current density of j = 177.77Am-2; 

 A solution of oxyfluorfen can be efficiently concentrated using 

ultrafiltration by a mechanism of micelles with the surfactant 

added to the commercial formulation of oxyfluorfen; 

 The combination of UF and EO does not produce a decrease in 

the power consumtion needed to degrade the oxyfluorfen; 

 Electrocoagulation exhibits a promising behavior in removing 

non-ionic pesticides from polluted wastewater, allowing 

concentrations at least 14 times higher in the solid phase and 

reducing its volume by more than 90%; 

 This concentrated waste obtained can be further treated as 

liquid phase by dissolving the elecrogenerated flocs and 

applying electrolysis obtaining removal degrees up to 61%.  

 The electroFenton process resulted to be a breakthrough for the 

electrochemical treatment for this type of liquid wastes 

achieving for both model compounds removals of 90%. 

Moreover, the power consumption significantly decreases for a 

30% removal at an applied current density of j = 254.67 A m-2 

from 27.3 to 7.55 kwh kg-1 oxyfluorfen and from 93.9 to 49.5 

kwh kg-1 lindane;     

 Combination of electrocoagulation, ultrasounds and electrolysis 

is a feasible technology for the removal of micelles from liquid 

wastes; 

 LF-US shows better performance than HF-US, being able to 

release the oxyfluorfen from the flocs favouring the removal by 

electro-oxidation by 90% compared a removal of 65% in 

obtained after HF-US. Heating (which is a side effect of the 

application of US) has the opposite effect and lead to a more 

important entrapping of the pollutant inside the flocs; 
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 Performance of the chemical oxidation with hydrogen peroxide 

and electrolysis is greatly improved with the pre-treatment with 

US of the flocs. In every case, electrolysis overcomes results 

obtained by the addition of hydrogen peroxide; 

 US application time is a very important parameter and it does 

not only influence on the release of the pollutants from the flocs 

but also on the floc compaction. The best results are obtained 

with 15 minutes of irradiation time achieving a concentration of 

oxyfluorfen in the liquid phase of 350 mg dm-3. 

 The application electrochemical dewatering to the concentrated 

sludge containing oxyfluorfen enhances the removal of water 

and may help in the electrolytic removal of the pollutant.  

 The electro-dewatering cell configuration has an important 

influence on the performance of the process. By placing the 

anode upstream and the cathode downstream, an increasing 

gradient (1.0 to 16.0 Vcm-1) of the imposed electric field is 

needed to achieve the complete dewatering of the final cake. On 

the other hand, by changing the configuration placing the 

anode downstream and cathode upstream, the electric field 

intensity needed for the complete dewatering of the cake is 

much lower (1 Vcm-1); 

 The electro-dewatering cell also attains an electrolytic removal 

of the oxyfluorfen from the sludge, being much more efficient 

the configuration in which the cathode is placed next to the 

outlet.  In this case the concentration remained in the cake was 

500 mg oxyfluorfen g-1 sludge compared to 13000 mg 

oxyfluorfen g-1 sludge for the configuration in which the anode 

is placed near the outlet. 
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4. POLAR IONIC ORGANOCHLORINE PESTICIDES: 

2,4 –D AND CLOPYRALID 

 

This section addresses to treatment of the wastewaters 

containing polar ionic organochlorine pesticides. In order to perform 

this study, two model compounds have been chosen: 2,4-

dichlorophenoxyacetic and clopyralid. 

Electrodialysis has been chosen for the concentration of this 

type of pollutants. As removal technique, it was used electro-oxidation 

for both raw wastewater and concentrated stream. A combined system 

of electro-oxidation and electrodialysis was tested using as electrode 

materials both mineral mixed oxides (MMO) and the boron doped 

diamond (BDD). 

 

4.1. Materials and methods 

In this section, it will be discussed the materials and methods 

along with the installation setup, cell configuration, operation condition 

and analytical measurements used to study the behaviour of the 2,4-D 

and clopyralid. 

 

4.1.1. Materials  

 

The regents used for the study of the removal of polar 

organochlorine pesticides are listed in the Table 4.1.   
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Table 4.1. Characteristics of the reagents used in this section  

 

All chemicals were used without further purification. The water 

used in the preparation of the synthetic wastewater was deionized HPLC 

grade. 

The synthetic wastewater was prepared with 2,4-

dichlorophenoxyacetic acid / clopyralid with concentrations of 100 mg 

dm-3 and inorganic salts such as sodium chloride and sodium sulphate, 

with a concentration of 3000 mg dm-3, either one or the other salt.  

Next, the characteristics of the two model compounds will be 

discussed.  

i) 2,4-dichlorophenoxyacetic 

2,4-dichlorophenoxyacetic (2,4 - D), developed by Dow Chemical 

in 1942,  was described as a synthetic auxin, a class of plant hormones 

belonging to the organochlorine group [1]. It is one of the herbicides 

most used for the protection of agricultural crops and green spaces to 

prevent the proliferation of invasive herbs. This herbicide is capable of 

Reagent Provider Purity, % 

Sodium chlorine Panreac 100 

Sodium sulphate Panreac 100 

Sulphuric acid Sigma-Aldrich 97 

Sodium hydroxide Sigma-Aldrich 100 

Acetic acid  Sigma-Aldrich  100 

Formic acid Sigma-Aldrich 100 

Clopyralid Cymit Quimica 97 

2,4-dichlorophenoxyacetic 
acid 

Alfa Aesar 99 
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acting on the mechanisms that regulate the vegetative growth of 

dicotyledonous plants (broadleaf flora both terrestrial and aquatic) 

respecting the monocotyledons, a group of cereals. The natural 

tolerance of monocotyledons is somewhat limited, affecting the corn 

plants in late life stage [2].  Another application of this organochlorine 

compound is for the maintenance of large civil works such as roads, 

train lines, improving the safety and control the forests which act as 

firebreaks. Therefore, its widespread use can be observed against other 

more selective and less toxic herbicides, mainly due to its low cost. 2,4 - 

D has a molecular structure shown in Figure 4.1. 

 

 

 

Figure 4.1. Molecular structure of 2,4 - D 

 

It has a high solubility in water, so it can easily migrate to other 

aquatic ecosystems being resistant to biodegradation. World Health 

Organization (WHO) considers its toxic potential to be moderate (class II 

or III). Its great use generates a high interest in the development of 

cleaning and environmental decontamination methods, especially in 

effluents and water resources [3]. Depending on the formulation, it can 

drift through the air from the fields where it is sprayed or be attain 

inside homes by pets or children. By the EPA's own measure, 2,4 - D 

has already been detected in groundwater and surface water, as well as 

in drinking water. Australian scientists reported that it was found in 

more than 90 percent of samples taken from agricultural catchments 

bordering the Great Barrier Reef [4-6]. These findings endanger the fish 
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population, for whom the herbicide can be toxic. It can also poison 

small mammals, including dogs who can ingest it after eating grass 

treated with 2,4 - D.   

 It has a solubility of 24300 mg L-1 at 20ºC, a boiling point at 

273.0 ºC a degradation point at 200 ºC, a bulk density specific gravity 

of 1.57 g mL-1, a dissociation constant (pKa) of 3.40 at 25 ºC and a 

vapour pressure of 0.009 mPa at 20 ºC.  

ii) Clopyralid  

Clopyralid is another ionic organochlorine herbicide intensively 

used for controlling a wide range of weeds particularly of the sunflower 

family, legume family, nightshade family, knotweed family, and violet 

family. Like other auxin-mimics, it has little effect on grasses and other 

monocots, but also does little harm to members of the mustard family 

and several other groups of broad-leaved plants. 

It was first used in France 1977 and it can be commercially 

found as emulsified concentrate mixed with fluroxypyr, benazolin, 

cyanazine, bifenox and mecoprop, ioxinil and bifenox, triclopir under 

the following names: Cyronal, Lontrel, Matrigon, Reclaim, Dow Shield.   

When clopyralid enters the soil through direct spray, runoff from 

plant foliage, or translocation from the roots of treated plants, it rapidly 

disassociates to the anion form. The negatively charged anion formed is 

highly water-soluble and has a very low capacity to adsorb to soil 

particles. Consequently, clopyralid has the potential to be highly mobile 

in the environment [7]. Elliott et al. (1998) found clopyralid leached to 

depths as great as 180 cm within 20 days of application. Clopyralid’s 

chemical characteristics suggest it has a high potential for movement. 

Where clopyralid leaches to lower soil depths, it persists longer than it 

does at the surface because the microbial populations generally 

decrease with soil depth. 

Clopyralid passes rapidly into leaves and roots of plants and is 

rain-fast within two hours. Once inside the plant, clopyralid is 
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converted to the anion form and transported throughout the plant. It is 

not readily degraded by the plant and can be persistent, even in non-

susceptible species. It is relatively low toxic to mammals but can cause 

severe eye damage including permanent loss of vision. 

Although it can be degraded by microorganisms, clopyralid does 

not bound with suspended particles found in water and in absence of a 

substrate the biodegradation becomes difficult [8]. It has a moderate 

toxicity affecting birds, fish, aquatic invertebrates, honeybees and 

earthworms disturbing the natural ecosystems. In the Figure 4.2 it can 

be observed the molecular structure of clopyralid. 

 

 

 

Figure 4.2. Molecular structure of clopyralid 

 

It has a solubility in water of  7850 mg L-1 at 20ºC, it 

decomposes before boiling  a degradation point at 164 ºC, lower that its 

boiling point, a bulk density specific gravity of 1.76 g mL-1, a 

dissociation constant (pKa) of 2.01 at 25 ºC and a vapor pressure of 

1.36 10-09 mPa at 20 ºC. As 2,4-D it has a strong acidic character being 

possible to be treated as an anion [9].  
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4.1.2. Methods  

The methods used in the study of the concentration and 

degradation of the two model compounds, 2,4 – D and clopyralid, are 

next described.  

i) Electrodialysis 

The experiments were carried out in a laboratory scale 

installation, with a discontinuous mode of operation. An outline of the 

elements that make up this unit is shown in Figure 4.3. 

 

 

 

Figure 4.3. Electrodialysis setup 

 

The electrodialysis unit consists of three tanks with cooling 

jacket connected to a thermostatic bath model Frigiterm (JP Selecta), 

three centrifugal pumps, Viton EPDM model, a power supply, with a 

maximum intensity of 22 amperes and a potential difference up to 36 
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volts as upper limit, two Crison® conductimeters, two rotameters, two 

pressure gauges and the electrochemical cell. 

 

 

 

Figure 4.4.  ED Electrochemical cell arrangement 

 

The cell, presented in Figure 4.4, is composed of two electrodes, 

among which are the anionic and cationic membranes arranged 

alternately. Between the membranes, separators are placed for the 

perfect distribution of the liquid inside the cell. 

The membranes, presented in the Figure 4.5, have a square 

geometry of 11 x 11 cm and a thickness of 0.17 mm for cationic and 

0.14 mm for anionic. The cationic membrane has an ion exchange 

coefficient between 1.5 - 1.8 meq g-1 and an electrical resistance of 3 Ω 

cm2 while the anionic membrane has an ion exchange coefficient 

between 1.4 - 1.7 meq g- 1 and an electrical resistance of 2.4 Ω cm2. The 

manufacturer of both is ASTOM Corp. 
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Figure 4.5. Ion exchange membranes  

 

The electrodes used have a square grid-shaped geometry, of 7.5 

x 7.5 cm and a thickness of 0.2 cm, as it can be seen in Figure 4.6. The 

first type of electrodes used in this work are formed by a mixture of 

oxides, MMO (Industrie de Nora). This material was chosen for its high 

resistance to corrosion and stability against changes in temperature, 

pH and electric current flow. The second type of electrodes were 3D-

mesh Diachem®, BDD electrode (Condias), having the same geometrical 

characteristics. This material is one of the known materials with higher 

oxygen overpotential.  

 

              

 

Figure 4.6. MMO/ BDD electrodes 
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ED tests were performed to characterize the transport of 2,4 - D 

and clopyralid through the anionic membranes and to evaluate its 

behaviour in the ED cell. For this, the most simple and common mode 

of operation in electrodialysis was selected: discontinuous mode and 

constant voltage. The ED experiments were carried out at three 

increasing potential values: 10, 5 and 1 V. 

ii) Electro-oxidation  

The first approach to deal with the treatment of water polluted 

with polar organochlorines was electro-oxidation. The unit used is 

schematized in Figures 4.7 and 4.8. This unit consists of a single tank, 

a conductivity meter, a thermostatic bath and power supply. The cell in 

this case lacks of membranes and spacers and works in a continuous 

operation mode. 

 

 

 

Figure 4.7. EO unit 
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Figure 4.8. EO electrochemical cell arrangement 

 

iii) Electrodialysis combined with electro-oxidation (EDEO) 

For the efficient elimination of these type of ionic organochlorine 

compounds, a combination of electrodialysis and electro-oxidation is 

proposed. To achieve this, a new configuration of the installation and 

the electrochemical cell is used, as shown in Figures 4.9 and 4.10. In 

this configuration, the ion exchange membranes are placed in such way 

that the washing electrodes and the concentrate are mixed, favoring the 

contact of the contaminant with the anodic surface and, thus, with the 

oxidizing species.  

 

 

Figure 4.9. EDEO setup 
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This configuration brings the novelty of combining the previous 

two configurations by performing simultaneously electrodialysis and 

electro-oxidation in the same cell (EDEO process). In this case, two 

membranes were used in order to obtain two compartments: a dilute 

compartment and a mixed compartment in which the electrode rinse 

and the concentrate are brought together. In this way, it is possible to 

improve the degradation process and to favour the direct and indirect 

oxidation mechanisms. It works in a continuous mode of operation.  

 

 

 

Figure 4.10. EDEO electrochemical cell arrangement 

 

4.1.3. Experimental procedure 

Before starting the experiments the electrodes were polarized for 

15 minutes at 300 A m-2 with a Na2SO4 solution of 5000 mg dm-3 at pH 

2 and subsequently rinsed several times with deionized water. In this 

way, an effective cleaning of the entire installation is achieved. 

 The anionic exchange membranes were submerged in a solution 

of 500 mg dm-3 of 2,4 - D / clopyralid for 72 hours in order to achieve a 
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complete saturation prior to their use. As it will be further explained 

below, the anionic membranes have the capacity of adsorb a fraction of 

the polymers. For this reason, it is important to use saturated 

membranes in order to be sure that the amount of organochlorines that 

are removed from the system is due to electrochemical degradation and 

not to adsorption. 

The raw synthetic wastewater used in the study of concentration 

and removal of polar ionic organochlorine compounds has a 

concentration of pesticide of 100 mg dm-3, either 2,4 – D or clopyralid 

and 3000 mg dm-3 of salt, either NaCl or Na2SO4. 

i) Electrodialysis 

 The electrodialysis assays were conducted in discontinuous 

mode and constant voltage. The ionic exchange membranes were 

properly placed inside the electrochemical cell and the compartments 

were filled with 1000 dm3 of solution. The dilute and concentrate 

compartment were filled with synthetic wastewater containing 100 mg 

dm-3 2,4 - D or clopyralid meanwhile the electrode rinse compartment 

was filled with the electrolyte. The assays were conducted at potentials 

ranging between 1 and 10 V monitoring the pH and the conductivity of 

the two compartments and taking samples of 15 mL every 10 minutes 

until the experiment is over. 

ii) Electro-oxidation and simultaneous electrodialysis 

electro-oxidation 

 The EO system was operated without membranes, by filling the 

compartment used with 2 dm3 of synthetic wastewater meanwhile the 

EDEO system was operated by placing the ionic exchange membranes 

so it can be obtained the mixed compartment. Then, each compartment 

was filled with 1 dm3 of synthetic wastewater. 

Both systems were conducted in galvanostatic conditions and 

continuous mode. To run the system in continuous mode, volumes of 

50 mL from the dilute compartment and 10 mL from the concentrate 
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compartment were replaced every ten minutes during the first hour. 

After this (and until the end of the experiments) the same volumes were 

replaced every five minutes. It has to be mentioned that in the case of 

using NaCl as supporting electrolyte, the volumes added after the first 

hour needed to be doubled due to the higher reactivity of the MMO 

electrodes in chloride media. This dissimilar feeding flow rate allows 

working with similar 2,4 - D and clopyralid concentrations with both 

supporting electrolytes.  

Three intensity ranges, 35.55, 89.88 and 177.77 A m-2, two 

anodic materials, BDD and MMO, and two supporting electrolytes, NaCl 

and Na2SO4 were studied in order to obtain a maximum degree of 

elimination with adequate energy consumption and to avoid the 

undesired formation of intermediate products.  

Both behaviour and the degree of elimination of the two chosen 

compounds are compared to establish the operation parameters of the 

installation with the help of the 15 mL of sample that is taken from 

each compartment every ten minutes until the experiment is completed.  

4.1.4. Analytical techniques 

 For the study of concentration and degradation efficiencies 

several parameters were measured: pesticide concentration, TOC, pH 

and conductivity. 

Pesticide concentration: For the measurement of 2,4 - D and 

clopyralid it was used the HPLC Agilent 1100 equipped with a UV 

detector (280 nm) and a Phenomenex Gemini 5 μm C18 column. The 

mobile phase for the measurement of 2,4 – D consists of 60% 

acetonitrile and 40% water with 2% acetic acid at a flow rate of 0.4 cm3 

min-1. The mobile phase used for the measurement of clopyralid was 70 

% water containing 0.1% formic acid and 30 % methanol with a flow 

rate of 0.8 cm3 min-1. The oven temperature and the injection volume 

were the same for both compounds: 25 ° C and 20 μL respectively.   
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TOC quantification was made with the Multi N / C 3100 

Analytik Jena equipment. This equipment uses the complete 

combustion of the sample in a pure oxygen atmosphere. The 

combustion is carried out at 680ºC in a furnace containing platinum 

supported on alumina as catalyst. The product measured by infrared 

spectrophotometry is carbon dioxide, a value that gives us the total 

carbon (CT) of the sample. 

pH and conductivity were measured using a CRISON pH25+ 

and CRISON CM35+, respectively. 

 Moreover, the mineralization current efficiency and power 

consumption have been calculated in order to estimate the global 

efficiency of these processes. 

The ED process causes changes in the pH between the diluted 

and concentrated compartment and taking into account the acidic 

character of 2,4 - D it is expected that the analytical measurement 

depend on the pH. For this, a sample of known concentration - 100 mg 

dm-3 – was measured at different values of pH.  

In Figure 4.11 it can be seen the influence of the pH on the 2,4 -

D measurement. 

 

 

 

Figure 4.11. Influence of the pH on the 2,4 - D measurement: [2,4-D]0 =100 

mg dm-3 
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The test confirmed that the pollutant shifts form acidic form 

when changes in pH occur and for this reason the pH of the samples 

ware adjusted to a pH=10 prior analysis. The change is due to the pKa 

of 2,4 – D which, at low pH values dissociates in its anionic form giving 

confusing signals. 

4.1.5. Calculation of mineralization current efficiency and power 

consumption 

In order to establish and compare the global efficiency of the 

processes studied in this chapter, a brief evaluation of the 

mineralization current efficiency and power consumption has been 

developed. 

Considering the following reaction for the total mineralization of 

2,4 - D (Equation 4.1), mineralization current efficiency (MCE, %) can 

be calculated by Equation (4.2) [10]. 

 

C8H6Cl2O3 + 13H2O → 8 CO2 + 2 Cl- + 32 H+ + 30 e-    (4.1) 

MCE, % =  
𝑚𝑇𝑂𝐶 ∙ 𝑛 ∙ 𝐹

𝐼 ∙ 𝑡 ∙ 96
 ∙ 100     (4.2) 

 

where mTOC is the mass of TOC degraded (g), n the number of 

electrons needed for the complete mineralization (n = 30), F the Faraday 

constant (96500 C mol-1), I the intensity (A), t the time (s) and 96 the 

mass of carbon atoms per molecule of 2,4 - D (g mol-1). Obviously, there 

is not a direct 30 e- transfer, being this parameter used only for 

comparison purposes. The power consumption (PC, kWh kg-1 TOC) has 

been calculated by Equation (4.3).  

PC,  kWh kg-1 TOC =  
𝐼 ∙𝑉

𝑚𝑇𝑂𝐶
   (4.3) 

 where V is the average applied voltage (V) and mTOC is the mass of TOC 

removed throughout the test. 
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Finally, a model of the process has been developed in order to 

predict its applicability in the treatment of other similar compounds. 

4.1.6. Process modelling  

Based on the results that will be obtained from the experimental 

tests, the diagrams presented in the Figure 4.12 will be considered for 

the modelling of the EO system and for the EDEO system.  

 

 

Figure 4.12. Schematic diagram of EO and EDEO processes, Q - flowrates; 

C - concentration; V – volume (L); rD -  degradation rate (mg min-1 ml-1); rT - 

transport rate (mg min-1). Subscripts for concentration, volume and 

flowrate: 0 - inlet; C - concentrate; D – diluate 

 

As it can be seen in the EO process, the removal degree will 

depend on the degradation rate. The degradation rate will mainly 

depend on the electrode material and the current density applied.  For 

the combined system, things are a bit more complicated. Apart from the 

degradation rate, it must be taken into account the transfer rate from 

the dilute compartment to the concentrate through the ionic exchange 

membrane. To model the system, a continuous stirred-tank reactor 

(CSTR) model is proposed for both the EO and the EDEO systems. 
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i) Continuous stirred-tank reactor (CSTR), model for 

the EO system 

The Equations (4.4) and (4.5) describe a conventional CSTR 

model at non-stationary regime for the EO system, assuming first order 

kinetics for the degradation of the target organochlorine.  

 

𝑑(𝑉·𝐶)

𝑑𝑡
= 𝑄 · 𝐶0 − 𝑄 · 𝐶 − 𝑟𝐷     (4.4) 

𝑑(𝑉·𝐶)

𝑑𝑡
= 𝑄 · 𝐶0 − 𝑄 · 𝐶 − 𝑉 · 𝐾 · 𝐶          (4.5) 

 

To solve this model, the finite elements method is applied, giving 

as a result Equations (4.6) to (4.8). According to the final equation 

(Equation 4.8) it is possible to calculate the evolution of the pollutant 

concentration for given values of the flowrate, the system volume and 

the constant rate. The evolution of the experimental data was adjusted 

to Equation 4.8, being the value of the degradation constant (K) the 

setting parameter to minimize the error of the adjustment by the 

method of least squares. 

 

𝑉 ·
∆𝐶

∆𝑡
= 𝑄 · 𝐶0 − 𝑄 · 𝐶 − 𝑉 · 𝐾 · 𝐶  (4.6) 

𝑉 ·
𝐶𝑡+1− 𝐶𝑡

∆𝑡
= 𝑄 · 𝐶0 − 𝑄 · 𝐶𝑡 − 𝑉 · 𝐾 · 𝐶𝑡 (4.7) 

𝐶𝑡+1 = 𝐶𝑡 +
∆𝑡·𝑄·𝐶0

𝑉
−

∆𝑡·𝑄·𝐶𝑡

𝑉
− ∆𝑡 · 𝐾 · 𝐶𝑡 (4.8) 
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ii) Continuous stirred-tank reactor (CSTR) for the EDEO 

system  

 For the development of the continuous stirred-tank reactor for 

the EDEO system, the transport rate should be added to the mass 

balance, giving as a result the Equations (4.9) – (4.13). 

 

𝑑(𝑉𝐶·𝐶𝐶)

𝑑𝑡
= 𝑄𝐶 · 𝐶0 − 𝑄𝐶 · 𝐶𝐶 + 𝑟𝑇 − 𝑟𝐷    (4.9) 

𝑑(𝑉𝐶·𝐶𝐶)

𝑑𝑡
= 𝑄𝐶 · 𝐶0 − 𝑄𝐶 · 𝐶𝐶 + 𝑟𝑇 − 𝑉 · 𝐾 · 𝐶    (4.10) 

𝑉𝐶 ·
∆𝐶𝐶

∆𝑡
= 𝑄𝐶 · 𝐶0 − 𝑄𝐶 · 𝐶𝐶 + 𝑟𝑇 − 𝑉 · 𝐾 · 𝐶   

 (4.11) 

𝑉𝐶 ·
𝐶𝑐,𝑡+1− 𝐶𝑐,𝑡

∆𝑡
= 𝑄𝐶 · 𝐶0 − 𝑄𝐶 · 𝐶𝑐,𝑡 + 𝑟𝑇 − 𝑉 · 𝐾 · 𝐶𝑐,𝑡  (4.12) 

𝐶𝑐,𝑡+1 = 𝐶𝑐,𝑡 +
∆𝑡·𝑄𝐶·𝐶0

𝑉
−

∆𝑡·𝑄𝐶·𝐶𝑐,𝑡

𝑉
+

∆𝑡·𝑟𝑇

𝑉
− ∆𝑡 · 𝐾 · 𝐶𝑐,𝑡  (4.13) 

 

 The main different between Equations (4.13) and (4.8) is the 

presence of the transport rate (rT).  Once the degradation rate has been 

calculated by fitting EO tests to Equation (4.8), Equation (4.13) can be 

used to model the evolution of the concentration of the pollutant for 

increasing transport rates, thus allowing to study the influence of this 

parameter in the performance of the combined EDEO process.  

 

4.2. Results and discussion 

 

This section presents the most relevant results obtained for the 

concentration processes (Electrodialysis) as well as for the different 

removal techniques (Electro-oxidation and electrodialysis combined 

with electro-oxidation) for both model compounds chosen (2,4 - D and 
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clopyralid). Moreover, a model has been developed in order to predict 

the behaviour and potential applications of this kind of process in the 

removal of similar pollutants. 

4.2.1. Wastewaters containing 2,4 - D  

A synthetic wastewater containing 100 mg dm-3 of 2,4 – D was 

used in the study of the concentration techniques (ED) and degradation 

processes (EO and EDEO). In order to fully understand the behaviour of 

the pollutant during its treatment, several parameters have been 

studied: the influence of the applied current density, supporting 

electrolyte and the influence of anodic material. 

i) Electrodialysis process 

ED tests were carried out to characterize the behaviour and 

transport of the contaminant through the anion exchange membrane. 

For this, the simplest and most common mode of operation is 

discontinuous mode and constant voltage. 

 Conventional electrodialysis tests were performed in order to 

characterize the mobility of the pesticide and the driving force needed to 

achieve the maximum allowable transfer rate in ED. The experimental 

setup has been previously described in the material and methods 

section, Figure 4.3. Each compartment was filled with 1000 dm3 of 

solution, the desired cell potential was set and the test started.  

Therefore, Figure 4.13 shows the evolution of 2,4-D concentration 

in both dilute and concentrate compartments for cell potentials ranging 

from 1.0 to 10.0 V.  
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Figure 4.13. Influence of the cell potential on the concentration / dilution 

of the 2,4-D using NaCl as supporting electrolyte  ▲ 1 V; ■ 5 V; ●10 V; full 

symbol – concentrate, empty symbol – dilute. [2,4–D]0 = 100 mg dm-3 , 

[NaCl] = 3000 mg dm-3, [Anode / Cathode]:[MMO / MMO] 

 

At 1.0 V there is no ionic mobility, which means that this cell 

voltage is not high enough to promote the transport of 2,4 - D through 

the anionic membrane. As the potential increases, so does the mass 

transfer, being able to dilute the synthetic wastewater from 100 down to 

approximately 10 mg dm-3 and concentrate it from 100 up to 130 mg 

dm-3 after 120 minutes. No significant differences were observed 

between the results obtained in the tests carried out at 5.0 and 10.0 V. 

Hence, ED can be used to treat waste polluted with 2,4 - D. 

 However, a significant difference between the degree of dilution 

and the degree of concentration should be pointed out in both ED tests. 

This difference does not depend on the cell voltage applied and it has to 

be explained in terms of the adsorption of 2,4 - D onto the anionic 

membranes, which is compatible with the behaviour of the pesticide 

during the first 40 min of experiment. 

To confirm this hypothesis and to calculate the adsorption 

capacity of the anionic membranes, batch 2,4 - D adsorption tests were 

conducted by immersing membranes into high concentrated 2,4 - D 

solutions, in which pieces of anionic exchange membranes of increasing 
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areas were introduced. After three days, the membranes were recovered 

and the remaining amount of pesticide was measures. The Figure 4.14 

shows the results of the adoption test made using different areas of 

anionic exchange membrane. 

 

 

Figure 4.14. 2,4-D adsorption test with AMX membrane. [2,4–D]0 = 100 mg 

dm-3 

 

 As it can be seen, the membrane has an important absorption 

capacity, being able to retain up to 3.41 ± 0.24 mg cm-2 of 2,4 - D. 

Taking into account these results, it was decided that, to avoid 

confusion between the amount of pollutant adsorbed or degraded, the 

membranes should be saturated before use. This way, the amount of 

pollutant that is removed from the solution is only due to degradation 

processes, and not to adsorption mechanisms. 

To prove this finding, the saturated membranes were tested in 

an electrodialysis assay at an applied potential of 10 V (Figure 4.15). As 

it can be observed in Figure 4.15, the degree of concentration is similar 

to the degree of dilution thus demonstrating that, once saturated, the 

membrane does not further adsorb 2,4 - D. 
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Figure 4.15. Electrodialysis assay using saturated ion exchange 

membranes at 10 V ; full symbol – concentrate, empty symbol – dilute. 

[2,4–D]0=100 mg dm-3 , [NaCl] = 3000 mg dm-3, [Anode / Cathode]:[MMO / 

MMO] 

 

ii) Electro-oxidation and electrodialysis combined with 

electro-oxidation processes of the raw wastewater 

The performance of direct electro-oxidation (EO) and combined 

electrodialysis and electro-oxidation (EDEO) were compared, using two 

anode materials of different behaviour: one active anode (Mixed mineral 

oxides, MMO) and one non-active anode (Boron-doped diamond, BDD).  

EO and EDEO tests were run under galvanostatic conditions 

(typical of EO processes) and continuous mode. This mode of operation 

was selected mainly for two reasons: 1) a real treatment plant is 

expected to be operated at continuous mode; 2) with this mode of 

operation the formation of excessive concentration gradients between 

both compartments is avoided, allowing operating the tests throughout 

sufficient time to observe noticeable differences between the two 

configurations proposed.  

In Figure 4.16, it can be seen the influence of the current 

density applied on the removal of 2,4 - D during EO assays.  
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Figure 4.16.  Influence of the supporting electrolyte in the electro-

oxidation of 2,4 – D using a) NaCl and b) Na2SO4 at three current densities 

applied ▲j= 35.55, A m-2, ● j= 89.88 A m-2 and ■ j= 177.77 A m-2. [2,4–

D]0=100 mg dm-3, [NaCl]/ [Na2SO4] = 3000 mg dm-3, [Anode / Cathode]: 

[MMO / MMO] 

 

As in can be seen, when NaCl is used as supporting electrolyte 

the removal degree increases with the current density applied. A 

removal of 138 mg of 2,4 - D by using NaCl compared to 61 mg 

obtained using Na2SO4 after 480 minutes is obtained. This is due to the 

formation of active chlorine species favoured by the activity of the 

anodic material MMO as describes by the Equations (4.16) – (4.18). 

    2Cl-    Cl2 + 2e-     (4.16) 

Cl2 + H2O      HClO + Cl- + H+  (4.17) 

  HClO            ClO- + H+     (4.18) 

 

            When Na2SO4 is used as supporting electrolyte, the removal 

efficiency does not seem to depend on the current density applied. This 

behaviour was expected because the MMO hardly promote the 

production of sulphate oxidizing species. It is a good result because the 

degraded amount is due to direct oxidation reaction and even at low 

current densities applied the removal of the pesticide is possible. 



POLAR IONIC ORGANOCHLORINE PESTICIDES: 2,4 – D AND CLOPYRALID 

 

72 
 

 

Figure 4.17.  Influence of the supporting electrolyte in the EDEO of 2,4 – D 

using a) NaCl and b) Na2SO4 at three current densities applied ▲ j= 35.55, 

A m-2, ● j= 89.88 A m-2 and ■ j= 177.77 A m-2. [2,4–D]0= 100 mg dm-3, [NaCl]/ 

[Na2SO4]= 3000 mg dm-3, [Anode / Cathode]: [MMO / MMO] 

 

The purpose of the integration is to join the concentrate stream 

with the electrode-rinsing solution to increase the rate of both the direct 

and indirect oxidation mechanisms.  

From the analysis of the results so far (Figures 4.16 and 4.17), it 

can be stated that the average removal rate of EDEO system is 2.5 

times higher than that of EO when using Na2SO4 as supporting 

electrolyte. A similar behaviour is observed when using NaCl as 

supporting electrolyte, showing removals of 2,4 - D of 138.4 mg for EO 

and 320.79 mg for EDEO after the same electrolysis time, 480 minutes. 

This means an increase in the efficiency of more than double. Hence, as 

expected, the removal efficiency increases when the concentrate and the 

electrode solution share the same compartment because the efficiency 

of anodic oxidation depends on the mass transfer of pollutants from the 

bulk to the anode surface or its vicinity, and this mass transfer is 

directly linked to the concentration  [11] . 

 It is well-known that the electrolysis of diluted wastes fits well 

to a pseudo-first order kinetic and this means that the higher the 

concentration of pollutant, the higher is the efficiency expected [12, 13]. 

Electrochemical processes occur at the nearness of the electrodes 
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(direct on the surface and mediated near to it) and, for this reason, 

when the concentration of the pollutant decreases mass transfer control 

is expected, causing a decrease in the degradation efficiency due to the 

appearance of competitive oxidation reactions [14, 15]. Thus, it is 

consistent that the use of concentrated solutions leads to the removal of 

higher amounts of pollutants per unit of charge applied [16-20]. 

Moreover, in the two configurations, it can be seen that the 

nature of the supporting electrolyte highly affects the degradation 

kinetics, being the removal rate higher in the case of using NaCl, even 

when applying a lower specific charge as previously described in the 

experimental section. This result is explained on the basis of the 

reactivity of the MMO in chloride media. Thus, it has been previously 

demonstrated that the removal of target compounds and mineralization 

occur more rapidly using NaCl compared to Na2SO4 [11, 21, 22] due to 

the formation of active chlorine species produced by direct oxidation of 

chloride at the anode [23, 24]. So, the higher concentration reached in 

the EDEO configuration near to the anode surface also enhance the 

mediated oxidation mechanisms and so the overall degradation rate. 

The current density applied affects the removal efficiency being the 

177.77 A m-2 the most effective. 

The TOC quantification straightens the results obtained so far. 

The removal of TOC in both EO and EDEO for the same value of current 

density (177.77 A m-2) is represented in Figure 4.18.  
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Figure 4.18.  Influence of the supporting electrolyte in the TOC removal 

using a) EO and b) EDEO at ▲ j= 177.77 A m-2: ● Na2SO4 , ■ NaCl. [2,4–

D]0=100 mg dm-3, [NaCl]/ [Na2SO4]= 3000 mg dm-3, [Anode / Cathode]:[MMO 

/ MMO] 

 

As it can be observed in Figure 4.18, the combined system leads 

to a mineralization degree of the pesticide clearly greater than that 

obtained by the EO system. Moreover, as expected, when NaCl is used 

as supporting electrolyte and MMO as anodic material, a higher degree 

of mineralization is achieved.  

To explore the applicability of the process with a different anode 

material, a mesh with a BDD layer, an anode material that has 

exhibited an outstanding behaviour in the degradation of a wide spectra 

of organic molecules [25], was used. The performance of EDEO and EO 

systems in terms of 2,4-D abatement and mineralization rate are to be 

compared. 

In Figure 4.19, it can be seen the results obtained by applying EO 

with BDD anode for the removal of the 2.4 - D at three current densities 

applied and with two supporting electrolytes (NaCl and Na2SO4). 
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Figure 4.19.  Influence of the supporting electrolyte in the electro-

oxidation of 2,4 – D using a) NaCl and b) Na2SO4 at three current densities 

applied ▲ j= 35.55, A m-2, ● j= 89.88 A m-2 and ■ j= 177.77 A m-2. [2,4–

D]0=100 mg dm-3, [NaCl]/ [Na2SO4]= 3000 mg dm-3, [Anode / Cathode]:[BDD 

/ MMO] 

 

The first result that can be obtained from this figure is that the 

mass of 2,4 - D depleted with BDD is much higher than that reached 

with MMO anodes. This result is in agreement with the high 

performance of diamond-based anodes for the production of oxidants as 

it is the case of chlorine-based oxidant species or hydroxyl radicals, due 

to the non-active nature of its surface [26-28].  

This improvement is especially relevant when using sulphate ad 

supporting electrode, what can be explained in terms of the ability of 

BDD anodes to form peroxodisulfate from sulphate ions, according to 

Equation (4.19) [29]. Peroxodisulfate is relatively stable but it behaves 

as a strong oxidant, capable to degrade a wide spectra of organic 

molecules [30], once it is activated by the addition of iron(II) salts [31, 

32], UV irradiation [33] or electrochemically by BDD anode [29, 34].  

 

2SO4
2-     S2O8

2 + 2e‾    (4.19) 
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Figure 4.20 gathers the results obtained for the EDEO system 

and BDD anode.  

 

Figure 4.20.  Influence of the supporting electrolyte in the EDEO of 2,4 – D 

using a) NaCl and b) Na2SO4 at three current densities applied ▲  j= 35.55, 

A m-2, ● j= 89.88 A m-2 and ■ j= 177.77 A m-2. [2,4–D]0= 100 mg dm-3, 

[NaCl]/ [Na2SO4]= 3000 mg dm-3, [Anode / Cathode]: [BDD / MMO] 

 

As in can be seen, similar results are obtained for both 

supporting electrolytes at a current density of 177.77 m-2, around 330 

mg of 2,4 - D removed after 240 minutes of treatment. When compared 

with the performance of the EO system (Figure 4.19), it can be observed 

that there is not a clear improvement, as it was the case of MMO 

anodes. 

To explain this behaviour, it is important to state that the EDEO 

system is based on two stages: 1) the transport of 2,4 - D through the 

ion exchange membranes (IEM) and 2) the degradation of 2,4-D in the 

concentrate. The balance between both rates (degradation and 

transport) is essential to reach the target of getting a higher 

concentration in the EDEO system compared to the EO process. If 

degradation rate is higher than transport rate, the EDEO system would 

not be able to concentrate the solution and so to increase the rate of the 

degradation process, a hypothesis that will be further developed in the 

following section. 
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Next, in the Figure 4.21 it can be seen the influence of the 

supporting electrolyte in the TOC removal for the EO system.  

 

Figure 4.21.  Influence of the supporting electrolyte in the TOC removal 

during the EO using a) NaCl and b) Na2SO4 at three current densities 

applied ▲ j= 35.55, A m-2, ● j= 89.88 A m-2 and ■ j= 177.77 A m-2. [2,4–

D]0=100 mg dm-3, [NaCl]/ [Na2SO4]= 3000 mg dm-3, [Anode / Cathode]:[BDD 

/ MMO] 

 

As it can be observed in Figure 4.21a, when NaCl is used as 

supporting electrolyte the current density applied highly affects the TOC 

removal. At 35.55 and 89.88 A m-2 no TOC removal is observed 

meanwhile at 177.77 A m-2 it can be achieved a TOC removal of 66 mg 

after 240 minutes of treatment. This result may be explained by the 

activity of the BDD anode at high current density applied in the direct 

oxidation reactions.  

On the contrary, when using sodium sulphate as supporting 

electrolyte, Figure 4.21b, the mineralization of the pollutant can be 

achieved even when applying low current densities. The TOC removal 

increases with the current density applied although the higher removal 

degree is achieved at 89.88 A m-2, 107 mg of TOC removed, and not at 

177.77 A m-2, 89 mg of TOC removed after 240 minutes of treatment, as 

it was observed in the case of sodium chlorine. This behaviour is due to 

the reactions that take place in the bulk when oxidizing species are 

formed. If the current density applied surpasses a limit the oxidizing 
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species are destroyed or transformed before attacking the organic 

matter.   

 In Figure, 4.22, it can be appreciated the results obtained in 

terms of TOC removal for the EDEO system. 

 

 

Figure 4.22.  Influence of the supporting electrolyte in the EDEO 

system in the TOC removal using a) NaCl and b) Na2SO4  at three 

current densities applied ▲ j= 35.55, A m-2, ● j= 89.88 A m-2 and ■ 

j= 177.77 A m-2. [2,4–D]0=100 mg dm-3, [NaCl]/ [Na2SO4]= 3000 mg 

dm-3, [Anode / Cathode]:[BDD / MMO] 

 

It can be observed in Figure 4.22a, slight increase of the TOC 

removal (much lower than in the case of MMO anodes) in the case of 

sodium chlorine used as supporting electrolyte compared to the results 

obtained in the EO system. This result can be explained because of the 

lower volume of the electrode compartment in the EDEO system, which 

implies a higher concentration of the reaction intermediates and, 

consequently, a greater efficiency of mineralization.  

As said before, the use of BDD anodes may activate 

peroxodisulfate when sodium sulphate is used as supporting 

electrolyte, increasing its capacity of degrading organic matter, as it is 

schematically represented by Equation 4.20. Moreover, it has been 

recently demonstrated that the electrochemically activated 
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peroxodisulfate may enhance the production of hydroxyl radicals and 

inhibit the oxygen evolution reaction, producing a greater concentration 

of hydroxyl radicals [34]. All together result in a higher rate in the 

degradation of organics. 

 

BDD - S2O8
2                Reactive species   (4.20) 

 

Moreover, once again the performances of both EDEO and EO 

systems become closer. As it was the case of NaCl, the higher 

degradation rate, due to the formation of peroxodisulfate, explains the 

similar behaviour of EDEO and EO systems: the degradation rate is 

higher than the transport of 2,4 - D through the electrodialysis 

membranes at the first stage of the tests so the EDEO process is not 

able to produce a higher concentration, and therefore a greater 

degradation rate, than the electro-oxidation process. 

 

iii) Calculation of mineralization current efficiency and 

power consumption 

 

Regarding power consumption, Table 4.2 gathers the values of 

the power consumption per unit of TOC removed, all of them calculated 

for 30% of TOC removal (with respect to the total TOC fed to the system) 

at j = 177.77 A m-2. The value of kWh m-3 order-1, recently used as an 

interesting figure of merit for the calculation of power consumption of 

electrochemical degradation technologies [52], has not been used here 

due to the low percentage of TOC removal under the conditions tested. 
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Table 4.2. Power consumption in the mineralization of 30% of TOC at j = 177.77 A 

m-2  

Electrode System Electrolyte 

Electric 

consumption 
per TOC 

mass/kWh kg−1 

Average 

applied 
potential/V 

BDD 

EO 

NaCl 320.2 5.4 

Na2SO4 342.1 7.1 

EDEO 

NaCl 293.2 7.1 

Na2SO4 395.5 9.3 

 

As it can be observed, the effect of EDEO process in the specific 

power consumption becomes negligible due to the higher voltage 

required when the membranes are placed inside the electrochemical 

cell. It is expected that, in future developments of the technology, the 

higher rate in TOC degradation will overcome the higher voltage 

required in the EDEO system. 

Figure 4.23 presents the degradation rate as a function of time 

influence of the intensity and cell configuration on the 2,4 - D and TOC 

removal rate.  
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Figure 4.23. Time course of degradation rate of EO - dotted bars and EDEO  

- stripped bars with b) BDD and b) MMO in NaCl media. The ratio between 

degradation rates of EDEO and EO systems is included as full triangles 

(secondary axis). Dashed line: estimation of the average transport rate of 

2,4-D (0.97 mg min-1). [NaCl] = 3000 mg dm-3, [Anode] / [Cathode] = [BDD] / 

[MMO] 

 

As it can be observed, the degradation rates of both processes 

decrease for higher times, which can be explained by the lower 

concentration of 2,4 - D in the electrode compartments. At the 

beginning of the test with BDD, it can be clearly observed that the 

degradation rates of EDEO and EO processes are almost equal, 

meanwhile the transport rate is lower than the degradation rate of both 

systems. As it can be observed from the evolution of the ratio between 

the degradation rates of both process, the rate of the EDEO process 

becomes to be appreciably higher than the EO only when the transport 

rate becomes higher than de degradation rate (ratio of 1.02 at the 

beginning of the test; ratio of 1.22 at 240 minutes). These results 

exhibit a limitation in the applicability of EDEO process to systems in 

which the transport rate is higher than the degradation rate, as it was 

stated in the previous sections 

As observed in Figure 4.25a, the degradation rate was lower 

when the system was run with the MMO anode, being in this case the 

transport rate large enough to increase the concentration of the 

electrode compartment of EDEO process and, thus, to give a higher rate 

of this configuration compared to the EO system. This behaviour is 
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clearly observed when analysing  the Figure 4.25b. Although the rate of 

both processes (EO and EDEO) is almost equal at the very beginning of 

the test, the EDEO process clearly overcomes the behaviour of the EO 

process, as the transport rate is higher than the degradation rate 

throughout the entire run (except for the point at t = 0). In this case, the 

rate of EDEO process is from 3.7 at 30 minutes to 4.8 times at 240 

minutes, higher than the degradation rate of the EO system.  

In Figure 4.24a and b, it can be observed the influence of the 

intensity and cell configuration on the 2,4 - D and TOC removal 

comparing the EO and EDEO systems using sodium sulphate as 

supporting electrolyte and BDD as anodic material, including the 

calculation of the mineralization current efficiency (MCE). 

 

 

Figure 4.24.  Influence of the intensity and cell configuration on the a) 

2,4-D and TOC removal and b) mineralization current efficiency at 177.7 A 

m-2; □ 2,4-D, ○ TOC. Full symbols: EDEO; Empty symbols: EO. [Na2SO4] = 

3000 mg dm-3, [Anode] / [Cathode] = [BDD] / [MMO] 

 

Once again, the performances of both EDEO and EO systems 

become closer, due to the balance of both the degradation and transport 

rates.  

According to these findings, the transport rate of the pollutant 

through the anion IEM is found to be a bottleneck for the advance of 
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the technology. Hence, to be further developed, the experimental design 

and working conditions of EDEO system should assure enough 

transport rate to permit the concentration of the pollutant in the 

electrode compartment and, as a consequence, to allow higher 

degradation rates. This aspect will be further evaluated at the end of the 

Section 4.2.2 by proposing a model of the system and analysing 

simulations in different scenarious. 

 

4.2.2. Wastewater containing clopyralid  

In this section, the most relevant results of the treatment of 

wastewater containing clopyralid are presented. This part of the work 

has the main aim of exploring the applicability of the technology to 

other polar organochlorines. Moreover, the experimental data was used 

in the development of a model which can help to explain the results 

obtained so far and also to predict the efficiency of the developed 

process, EDEO, in future application for the removal of other ionic 

organochlorine pollutants. To achieve this, it was employed the same 

experimental procedure as for the study of the removal of 2,4 – D.  

As it was the case for the study of 2,4 - D removal, the first step 

consisted in studying the mobility of the pollutant through the anion 

exchange membranes. To do this, a non-saturated AMX was tested in 

two consecutive uses using synthetic water with 100 mg dm-3 of 

clopyralid in ED experiments. 

The electro-migration of the pollutant within the electrochemical 

cell was characterized by two consecutive ED tests performed with the 

same IEM. Figure 4.25a shows the evolution of the concentration of 

clopyralid in both dilute and concentrate compartments within these 

consecutive tests. Figure 4.25b gathers the influence of the applied 

voltage on the concentration of clopyralid with membranes previously 

saturated in this compound. 
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Figure 4.25. ED of clopyralid solutions: a) Performance of AMX membranes 

- 1st use; ● - 2nd 

use ; b) influence of applied potential with saturated AMC membranes at 

constant voltage ▲ - - 6V; ● - 9V.  Full symbols – concentrate; empty 

symbols – dilute. [Clopyralid] = 100 mg dm-3, [Na2SO4] = 3000 mg dm-3, 

[Anode] / [Cathode] = [BDD] / [MMO] 

 

As it can be observed, the dilution is clearly lower than the 

concentration throughout the first ED test. This situation changes in 

the second test, being the concentration attained much closer to the 

dilution reached in the other compartment. Taking into account that 

the volume of concentrate and dilute was equal (1 dm3 each) and that 

no reaction can take place in neither the concentrate or diluate 

compartments, the only plausible explanation for this behaviour is the 

adsorption of clopyralid on the anion exchange membrane where the 

adsorption capacity of the pollutant by this anion exchange membrane 

was determined to be 1.64 mg cm-2. 

Regarding the Figure 4.25b, even at low voltage, it can be 

appreciated a certain ionic migration. This phenomenon occurs when 

low voltage is applied and the ion – ion interactions are altered 

favouring the ion - membrane interactions because the external 

electrical field cannot control the ion-ion interactions and as well as 

divalent ions interactions with fixed charged groups in the ion exchange 

membrane phase [35].  
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As the potential increases, so does the transport of the pollutant 

through the membrane until reaches the maximum concentration 

gradient. This phenomenon is also known as concentration polarization 

and it affects all membrane separation processes. In addition, it can 

lead to an accumulation of ions on the membrane surface which faces 

the concentrate stream and the precipitation of salts. H. Strathmann 

described very well in his study these mechanisms and their solutions 

[36].  

It also worth to be mentioned that so far in this work membrane 

fouling problems have not been reported as seen in other works [37]. 

Anyway, and following the procedure with 2,4 - D, all tests were 

performed with saturated membranes in order to avoid confusion 

between the amount of pollutant degraded and adsorbed. 

 Once it is clear the ability of the system to concentrate clopyralid 

by electrodialysis, EO and EDEO tests were performed comparing BDD 

and MMO anodes and both supporting electrolytes previously studied 

(sodium chloride and sodium sulphate). Figure 4.26 compares the 

results obtained for both materials and supporting electrolytes.  

 

 

Figure 4.26. Influence of the anodic material and supporting electrolyte on 

the removal of clopyralid for EO (a) and EDEO (b) processes. j = 177.7 A m-

2 2SO4 . [Na2SO4] / 

[NaCl] = 3000 mg dm-3, [Anode] / [Cathode] = [MMO] / [MMO], [BDD] / 

[MMO]. 
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As it can be seen, the BDD anode offers removal rates 

significantly higher than the ones obtained with the MMO anode.  When 

the combined system is used, the removal degree increases especially 

when MMO anodes are employed. These results are similar to those 

obtained in the study of the removal of 2,4 – D and sustain the 

important relation between the transport rate and degradation rate. 

With BDD anodes, the degradation rate is clearly higher than for MMO 

but the transport rate is expected to be similar in both cases. Taking 

this into account, the transport rate is expected to be higher than 

degradation rate for MMO anodes but in the same order than the 

degradation rate of BDD anodes. As it was previously described for 2,4 - 

D, this may cause the EDEO system not to be able to concentrate the 

target pollutant and thus to improve the overall degradation rate. 

To prove this hypothesis and state the guidelines to improve the 

developed technology, a model is proposed. By using this model, 

described in section 4.1.6, it is possible to obtain the value of the 

degradation constant from EO tests. This degradation constant depends 

on the target pollutant, the electrode material and the current density. 

Once obtained the degradation constant, it is possible to explore the 

transport rate that is required for EDEO to performs better than EO. 

Following this procedure, Figure 4.27 shows the evolution of the 

concentration of clopyralid predicted by the model (Equation 4.8) for 

increasing values of current density and both electrolytes, together with 

the experimental data. Moreover, the values of the degradation constant 

(k) are depicted in Table 4.3.  
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Figure 4.27. Influence of current density in the EO of clopyralid 

with BDD. a) Na2SO4 -2; ● j = 88.88 A m-2 ; 

▲ j = 35.55 A m-2 . Continuous lines: model adjustment. . [Na2SO4] 

/ [NaCl] = 3000 mg dm-3, [Anode] / [Cathode] = [BDD] / [MMO]. 

 

As it can be observed, the values presented in Table 3 have 

physical meaning and concord with the degradation rate observed. A 

higher degradation rate when using BDD and a higher degradation rate 

when using sodium sulphate, which corresponds with the major K 

value observed. Moreover, it can be observed the negligible degradation 

performance of the system when using MMO anodes, specially when 

selecting sulphate as supporting electrolyte.  
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Table 4.3. Values of k for the degradation of clopyralid.  

k (min-1) 

BDD MMO 

Current 

density (A m-

2) 

NaCl Na2SO4 

Current 

density (A m-

2) 

NaCl Na2SO4 

177.7 0.0183 0.0196 177.7 0.000699 0.000387 

88.85 0.0113 0.019 88.85 0.000483 0* 

35.54 0.0058 0.0089 35.54 0.00026 0* 

*No degradation was observed within these tests. 

 

Once obtained the values of the degradation constant (min-1), it 

is possible to obtain the degradation rate (mg min-1 ml-1) just by 

multiplying this constant by the concentration of the pollutant. 

Following this procedure, the expected value of the degradation 

constant is simulated for two increasing values of the degradation 

constant: a) one higher that could correspond to the use of BDD anode 

according to the data gathered in Table 4.3 (k=0.019 min-1); b) one 10 

times lower that could represent the data obtained with MMO anodes 

(k=0.0019 min-1). The results of these simulations are gathered in 

Figure 4.28 for three increasing values of the transport rat from 0.1 to 1 

mg min-1.  
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Figure 4.28. Simulation of the degradation rate for EO (continuous) and b) 

EDEO for three increasing values of rT a) higher, lower degradation rate: (- · 

-) 0.1 mg min-1; (- · · -) 0.3 mg min-1; (- - -) 1 mg min-1. a) k=0.019 min-1; b) 

0.0019 min-1 

 

As it can be observed, in the case of the higher degradation rate 

(Figure 4.28 a), the degradation expected for the EDEO system only 

overcomes that of EO for the higher value of the transport rate. In this 

case, the performance of the combined EDEO process is even worse 

than that of EO for the lowest value of the transport rate because, in 

this case, the slow transport of the pollutant would act as the limiting 

stage in the degradation process. On the contrary, in the system with 

the lowest degradation rate (Figure 4.28b), the performance of the 

EDEO system overcomes that of EO in the entire range of transport 

rates evaluated. This behaviour is exactly that described in the tests for 

both 2,4 - D and clopyralid: a much better improvement of the 

degradation rate when the EDEO process is applied to an EO system 

with lower degradation constant (MMO electrodes). Moreover, and more 

importantly, these results strength the line in which the technology 

should be improved: an increasing in the transport rate would certainly 

improve the overall degradation.  

 Once evaluated the behaviour in terms of the degradation of 

clopyralid, the results obtained for the TOC removal comparing the 

electrode materials and supporting electrolytes for both EO and EDEO 
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process are presented in Figure 4.29. Moreover, Figure 4.30 gathers the 

mineralization efficiency. 

 

Figure 4.29. Influence of the anodic material and supporting electrolyte on 

the removal of TOC for a) EO and b) EDEO processes, j = 177.7 A m-2, full 

2SO4.  [Na2SO4] / [NaCl] = 

3000 mg dm-3, [Anode] / [Cathode] = [MMO] / [MMO], [BDD] / [MMO]. 

 

 

 

Figure 4.30. Influence of the anodic material and supporting electrolyte on 

the MCE for a) EO and b) EDEO processes. j = 177.7 A m-2, full symbols: 

BDD, empty symbols: MM 2SO4. [Na2SO4] / [NaCl] = 3000 mg 

dm-3, [Anode] / [Cathode] = [BDD] / [MMO]. 

 

As it was the case for 2,4 - D removal, the mineralization 

efficiency was much higher when using BDD than when applying MMO 

as anode material. Moreover, the influence of the supporting electrolyte 
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on the mineralization efficiency depends on the anode material selected: 

greater with chloride when using MMO but higher with sulphate when 

using BDD. These results can be explained in terms of the ability of 

MMO anodes to promote the formation of chlorine active species and 

that of BDD to enhance the production and activation of persulphate, 

as previously described in detail for the degradation of 2,4 - D.  The 

efficiency of the mineralization is higher than the obtained in the 2,4 - 

D study, mainly because the structure of clopyralid is easier to break in 

these conditions.  

 

4.3. Conclusions  

The degradation of two model polar ionic organochlorine 

pesticides, 2,4 – D and clopyralid, present in synthetic wastewater has 

been studied. Electrodialysis has been chosen as concentration strategy 

offering important information regarding the behaviour of the pollutant 

in the system and the operating parameters that affect the proper 

function of the installation setup meanwhile the electro-oxidation was 

chosen as removal technique. Moreover, by integrating the two 

techniques, a higher removal efficiency was achieved along with the 

operating time reduction. After discussing the results obtained several 

conclusions have been stated: 

 

 It is possible to concentrate the target pollutants by 

electrodialysis considerably reducing the volume of the raw 

wastewater;  

 The adsorption capacity of the anion exchange membranes 

(AMX) was calculated to be approximately 3.24 mg cm-2 of 2,4 - 

D and 1.64 mg cm-2 of clopyralid; 

 The anodic material highly affects the removal degree, BDD 

offering higher removal rates than MMO due to its higher 

reactivity in the formation of active oxidant species such as 
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persulphates. By applying electro-oxidation to the raw 

wastewater it can be removed 138 mg of 2,4 - D using NaCl and 

61 mg using Na2SO4 after 480 minutes. Similar removal degrees 

have been obtained for clopyralid;  

 The integration of the two previous technologies (EDEO) has 

been successfully accomplished. The improvement of EDEO vs 

EO is higher when using MMO anodes due to the higher relative 

value of transport vs degradation rates. As an example the 

degradation rate increases from 138 mg to 320 mg of 2,4 – D 

with NaCl and from 61 mg to 133 mg of 2,4 – D for Na2SO4 

(both after 480 minutes). A noticeable increase in the efficiency 

was also observed for MMO ad TOC degradation for the assays 

using clopyralid. The use of BDD significantly improved the 

removal efficiency achieving a removal around 330 mg of 2,4 – D 

in just 240 minutes regardless the nature of the supporting 

electrolyte used. 

 The membrane doesn’t describe fouling problems or other 

structural damages and doesn’t need special cleaning 

procedures; 

 By using the combined system the increment of the energy 

consumption becomes negligible due to the higher voltage 

required when the membranes are placed inside the 

electrochemical cell – from 320.2 to 392 kWh kg−1 for NaCl and 

from 342 to 395 kWh kg−1 for Na2SO4. The calculation was made 

for a 30% TOC removal; 

 The process has been modelled in order to explore the field of 

potential applications of the EDEO technology for the removal of 

polar organochlorine pesticides. The simulation properly 

described the behaviour of the system and confirms the key role 

of the relative value of degradation and transport rates: to allow 

the EDEO system to perform better than EO it requires that the 

transport rate overcome the degradation rate. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

 

In the Laboratory of Electrochemical and Environmental 

engineering from the University of Castilla-La Mancha the treatment of 

wastewater containing organochlorine compounds using 

electrochemical technologies is one of the main research line. There are 

currently published dozens of works in which coatings of mineral mixed 

oxides and conductive diamond are used as electrode materials, 

demonstrating great efficiency in the removal of various pollutants from 

wastewater. 

The high amount of low concentrated wastewater containing 

organochlorine pesticides represents a problem nowadays due to the 

need of big and expensive treatment plants where is difficult to control 

the generation of byproducts that can be as toxic as the target 

pollutants. Therefore, the idea of coupling pre-concentration and 

electrochemical degradation processes, emerged as a solution for these 

struggling drawbacks. 

The main aim of this Doctoral Thesis was the concentration and 

removal of polar and non-polar organochlorine pesticide from 

wastewater. Among all types of organochlorine pesticide for this study 

were chosen the polar and non-polar compounds due to their different 

formulation and behaviour. Four model compounds have been studied, 

three concentration techniques and four degradation methods were 

tested. Removal degrees higher than 90% were achieved, enriching the 

background of this concerning topic. Moreover, the development of a 

process model offering the possibility to estimate its applicability for the 

treatment of similar pollutants opens the path for future upgrades. 

This study demonstrated the importance of the pollutant 

properties in choosing the right removal method: 



Conclusions and recommendations 

 

184 
 

The electrodialysis proved to be right concentration technique 

for the 2,4 – D and clopyralid, the two model target polar ionic 

organochlorine pesticides from synthetic wastewaters, achieving an 

importantat reduction of the waste stream and a high quality of the 

diluted steam. As treatment technique, the electro-oxidation is 

conditioned by the nature of the anodic material and electrolyte 

support, BDD offering better results in sulphate media ( around 330 mg 

pesticide) than MMO in chlorine media (around 135 mg pesticide) due 

to the higher reactivity of the persulfates compared to chlorine oxidant 

species. Moreover, the use of BDD lowers the operation time by half, 

from 480 minutes with MMO to 240 minutes with BDD.   

The significant improvement in the treatment efficiency is 

observed by integrating the two previous processes, electro-oxidation 

and electrodialysis achieving a simultaneous concentration and 

degradation of the pollutants. The anodic material Removals around 

330 mg of pesticide in only 240 minutes have been achieved, without 

harming the ion exchange membrane. In terms of energy consumption 

it was calculated that for a removal of 30% of TOC it is needed 320.2 

kWh kg-1 for EO and 392 kWh kg-1 for EDEO when using Nacl and 342 

kWh kg-1 for EO and 395 kWh kg-1 for EDEO when using Na2SO4. The 

slight increase observed by using the combined system becomes 

negligible due to the higher voltage required for the transfer of the 

pollutants through the membrane. 

Moreover, it was demonstrated by modelling the process that the 

removal degree can be further increased by solving the bottleneck of 

this configuration: the transfer rate of the pollutant through the 

membranes. 

When dealing with watsewaters containing non-polar 

organochlorine pesticides such as oxyfluorfen or lindane, the two model 

compounds chosen for this part of the study, the electro-oxidation (EO) 

as treatment technique for the raw wastewater allows a removal of 50 

%. Ultrafiltration used as concentration strategy shows good results but 
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doesn’t lead to the reduction of the power consumption needed to 

further degrade the concentrated stream by EO. On the contrary, the 

electrocoagulation resulted to be more appropriate for the concentration 

of these pollutants reducing by more than 90% of the final waste 

stream. Due to the heterogeneous composition of the concentrated 

stream the further treatment can be carried out as liquid phase by 

dissolving the hydroxide flocs in acidic media or as solid phase. 

  The EO of the liquid phase allows removals of 61%, which is a 

significant improvement of the process taking into account that the 

concentrated stream has a pollutant concentration 14 times higher 

than the raw wastewater.  The ElectroFenton (EF) applied to the 

dissolved concentrated flocs showed outstanding results in the 

treatment for both model target pollutants. In addition, the power 

consumption for a 30% removal at an applied current density of j = 

254.67 A m-2 was reduced from 27.3 (EO) to 7.55 kwh kg-1 (EF) 

oxyfluorfen and from 93.9 (EO) to 49.5 kwh kg-1 lindane (EF). For the 

treatment of these compounds as solid phase low frequency ultrasound 

irradiation followed by EO was the best option achieving removal 

degrees of 90%. 

The treatment in solid phase by introducing pre-treatment steps 

such as ultrasound irradiation or heat prior to EO highly affects the 

removal degree. The high frequency ultrasound irradiation offers better 

results allowing to obtain a 90 % removal after EO compared to 65 % 

removal by using low frequency ultrasound irradiation. On the contrary, 

the heat leads to a more entrapment of the pollutants inside the flocs. 

At last, by applying electrochemical dewatering to the solid 

phase enhances the removal of water and can improve the electrolytic 

removal. The position of the anode in the electro-dewatering cell highly 

affects the removal of the pollutants. By using the anode upstream, 

cathode downstream configuration an increasing gradient (up to 16 V 

cm-1) is needed to achieve the complete dehydration meanwhile by using 

the swiched configuration the dyhidration is attained by applying only 1 
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V cm-1. In terms of electrolytic removal, the best results are obtained by 

using the anode upstream, cathode downstream configuration in which 

the remaining concentration in the cake was 500 mg oxyfluorfen g-1 

sludge compared to 13000 mg oxyfluorfen g-1
 by using the cathode 

upstream and anode downstream configuration. 

This study is worth to be continued and based on the findings 

this doctoral thesis made few recommendations can be suggested. Once 

that the behaviour of the organochlorine model compounds has been 

evaluated by separate it be interesting to study the treatment of a 

wastewater containing a mixture of more compounds. Although the 

preliminary results could not be mentioned in this doctoral thesis, this 

approach was implemented and the study of a wastewater containing 

three organochlorine pesticides (imidachloprid, clothianidine and 

thiametoxam) was started. Moreover, caffeine was added to the 

synthetic wastewater containing the pesticide mixture due to its 

increased presence in wastewater. The aim of the study is to develop a 

new treatment method based on filtration using modified ceramic 

membranes and the influence of the UV light on the process. The water 

matrix tested was of natural provenience, filtered river water, to which, 

a mixture of the four pollutants was added. 

The modification of the membrane consists in the deposition of a 

layer of titanium dioxide with the end of improving the filtration 

conditions by minimising the pore size of the membrane. In addition by 

applying the UV light, the removal of the pollutants increase by direct 

photolysis and by the activation of titanium particles which in turn 

promote the oxidation mechanisms and the generation of oxidant 

species. 

This Doctoral Thesis opened the path to the development of 

improved removal techniques for the treatment of wastewaters 

containing organochlorine pesticides. Other options to be considered in 

this research field can be related to the improvement of reactor and 

electrode design by improving the turbulence and so reducing the mass 
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transfer limitation or to design reactors that allow the simultaneous 

concentration and degradation reactions.  

Wastewater matrix and electrolyte support should also be 

considered. The use of real water (surface or growndwater) in the 

preparation of the synthetic wastewater would considerably reduce the 

global treatment cost by reducing the addition of salts. Moreover, a 

disinfection of the wastewater will be achieved along with the target 

pollutant removal. 

The development and modification of ion exchange membranes 

and filtration support by adding active sites could be a good option to 

be considered especially for the ionic polar organochlorine compounds 

obtaining the degradation as the pollutants pass through. 

There are many technologies to be tested in this research field 

and by carefully implementing and integrating the electrochemical 

treatment processes allow the development of remediation systems that 

leads to a zero or, at least, very limited environmental impact. 
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